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ABSTRACT

Block copolymer (BCP) self-assembly is a powerful tool for fabricating nanostructured
materials featuring domains in the sub-50 nm regime. Introducing surface reactivity into
such nanomaterials would make them extremely attractive for specific applications in the

areas of controlled immobilization, nanopatterning, and micro-/nanoarray fabrication.

This dissertation presents an original strategy for the preparation of reactive nanostructured
materials possessing nanodomains of < 20 nm using functional BCPs. For this, libraries of
functional BCPs were first prepared by a post-polymerization modification (PPM) ap-
proach. A poly(methyl methacrylate-stat-pentaflurophenyl methacrylate)-block-poly(sty-
rene-stat-pentafluorostyrene) (P(MMA-r-PFPMA)-b-P(S-r-PFS)) precursor BCP was syn-
thesized by reversible addition-fragmentation chain-transfer (RAFT) polymerization. Sub-
sequently, bifunctional PMMA-b-PS BCPs were generated by PPM of PFPMA and PFS
with functional amines and thiols, respectively. Orthogonality between para-fluoro—thiol
substitution reaction (PFTR) and amidation was established in the process, while revealing

a new reactivity of PFPMA towards thiols.

Subsequently, preparation of nanostructured nanoparticles and membranes is targeted us-
ing the self-assembly of functional BCPs. ‘Patchy’ nanoparticles were prepared by self-
organized precipitation of chloro, azido and pentafluorophenyl (PFP) functionalized poly-
styrene-block-polyisoprene (PS-b-P1) BCPs. The presence of pendant and lateral functional
groups in the BCP, as well as the nanoparticle preparation conditions influenced the for-
mation of nanoparticles, leading to morphologies such as dots, onion-like, and stacked la-
mellae. Model thiols could be patterned selectively on the PS domains in the stacked la-
mellae nanoparticles demonstrating the potential of such reactive nanoparticles for precise
immobilization. Further, a strategy to generate nanoporous membranes using the self-as-
sembly of an amphiphilic BCP containing a PFP-based cleavable junction has been devel-
oped. Optimum PFTR conditions to synthesize the amphiphilic BCP containing PS and a
water-soluble segment are highlighted. Lastly, functional copolymers containing novel
photoacid and photobase generators were synthesized to trigger pH changes upon light

irradiation to uncover the underlying influence of pH on inflammation.






ZUSAMMENFASSUNG

Selbstassemblierung von Blockcopolymeren (BCPs) stellt ein méchtiges Werkzeug in der
Herstellung nanostrukturierter Materialien mit Doménen unter 50 nm dar. Die Bestlickung
derartiger Materialien mit reaktiven Oberflachenelementen macht sie hochattraktiv fur die
Bereiche kontrollierter Immobilisierung, Nanostrukturierung und Fabrikation von Mikro-

/Nanoarrays.

Die vorliegende Dissertation prasentiert eine neuartige Strategie zur Darstellung reaktiver
nanostrukturierter Materialien mit Nanodoménen in einer GroRenordnung von weniger als
20 nm unter Verwendung funktionalisierter Blockcopolymere. Zu diesem Zweck wurden
Bibliotheken bifunktionaler BCPs, basierend auf poly(Methylmethacrylat—stat-
Pentafluorophenylmethacrylat)-block-(Polystyrol-stat-Pentafluorostyrol) (P(MMA-r-
PFPMA)-b-P(S-r-PFS)) mittels Postpolymerisationsmodifikation hergestellt. Die BCPs
wurden mithilfe reversibler Additions-Fragmentierungs Polymerisation (RAFT)
synthetisiert. Funktionalisierung erfolgte durch Modifikation der PFPMA-Einheiten mit
Aminen und PFS-Einheiten mit Thiolen. Im Zuge dessen wurde die Orthogonalitét
zwischen der para-Fluoro-Thiol Reaktion (PFTR) und der Amidierung von PFP-
Aktivestern etabliert, sowie ein weiterer Reaktionsweg zwischen PFPMA und Thiolen

aufgedeckt.

Die Darstellung nanostrukturierter Nanopartikel und Membranen wurde durch
Selbstassemblierung funktioneller BCPs in Angriff genommen. Gemusterte Nanopartikel
wurden mittels selbstorganisierender Fallung von Chloro-, Azido- und PFP-funktionalen
PS-b-Pl BCPs hergestellt. Die Gegenwart funktionaler lateraler und Seitengruppen im
BCP, sowie die genutzten Herstellungsbedingungen beeinflussten die Ausbildung
gepunkteter, zwiebelartiger oder gestapelt lamellarer Morphologien. Modellthiole konnten
selektiv auf den PS Doménen gestapelt lamellarer Nanopartikel immobilisiert werden, was
das auBerordentliche Potential solcher Nanopartikel fir selektive Modifikationen
demonstriert. Des Weiteren wurde eine Strategie entwickelt, um nanoporése Membranen
unter Ausnutzung der Selbstassemblierung amphiphiler BCPs mit spaltbarer PFP-basierter
Verkniipfung zu gewinnen. Dariiber hinaus wurden ideale PFTR Bedingungen zur

Darstellung amphiphiler BCPs aus PS und wasserléslichen Einheiten aufgezeigt. Zuletzt



ZUSAMMENFASSUNG

wurden funktionelle Copolymere mit neuartigen Photosdure- und Photobasegeneratoren
synthetisiert, mithilfe derer der grundlegende Einfluss wvon pH-Wert auf
Entzindungsreaktionen anhand bestrahlungsgesteuerter pH-Spriinge untersucht werden

kann.
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1. INTRODUCTION

The future of nanotechnology and device miniaturization lies in the development of high
resolution nanopatterns for applications in the field of nanolithography, selective separa-
tion membranes, and substrates for precise nanopatterning. Currently, certain top-down
approaches such as dip-pen lithography (DPN)* and electron-beam lithography? are exten-
sively used to achieve chemical patterning in the sub-50 nm range, but come with limita-
tions such as high instrumentation and production costs. In this respect, block copolymers
(BCPs) are a fascinating class of soft materials that have the ability to self-assemble form-
ing ordered phase-separated nanostructures with feature sizes as small as 5 nm.2 Capitaliz-
ing on the capabilities of BCPs, the central concept of the current work revolves around
fabrication of functional nanostructured materials using BCPs for patterned surface immo-
bilization. The key to obtain materials with defined morphologies and periodicities lies in
understanding the principles of BCP self-organization with respect to both their synthetic
and physicochemical properties. In view of this, reversible-deactivation radical polymeri-
zation (RDRP) techniques provide access to numerous chemical as well as architectural
diversities that are important handles to tune the morphology of phase segregation.

skl

Functional BCP Self-assembly >
Tunable size, morphologies,

periodicity
MIC
hydrophobic
cleavable junction

Scheme 1.1. Strategy employed in this thesis for the fabrication of functional nanomateri-
als for patterned immobilization using BCPs.

30-40 nm
Reactlve anchors

Following this, the presented work can broadly be divided in two parts: (i) modular syn-

thetic approach towards the synthesis of functional homo- and block copolymers, and (ii)
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fabrication of functional nanostructured materials such as ‘patchy’ nanoparticles and po-
rous membranes using functional BCPs. The strategy used to achieve the aforementioned
goals in this thesis is represented in Scheme 1.1. This strategy is unique as BCPs already
known to phase separate are equipped with small amounts of reactive functional groups,
thereby retaining the properties of the backbone polymer. We envisage that the self-assem-
bly of such functional BCPs will lead to nanopatterned surfaces that possess chemically
heterogeneous reactive domains. These ordered functional anchors can further be used for

immobilization of (bio)molecules in close proximity.

Amidation
R*NH2 r-SH PFTR
> 2 PFTR
PFTR+PFTR & r-°
& e &
L RS K
F & &
3 )

Scheme 1.2. Orthogonality problem addressed to obtain functional BCPs

To achieve this, a large part of this thesis deals with the synthesis of libraries of functional
BCPs based on poly(methyl methacrylate)-block-polystyrene (PMMA-b-PS) and polysty-
rene-block-polyisoprene (PS-b-Pl). Different reversible deactivation radical polymeriza-
tion (RDRP) techniques have been employed to obtain the precursor BCPs. Further, either
a simple well-known post-polymerization modification (PPM) approach for the PMMA-b-
PS system, or direct copolymerization with functional comonomers for PS-b-PI were em-
ployed to incorporate functional handles. For the PPM approach, two main chemistries,
namely para-fluoro—thiol substitution reaction (PFTR) and activated ester-amine reaction
(amidation) were exploited (Scheme 1.2). Within this framework, the synthetic challenges
to obtain well-defined functional BCP precursors possessing versatile functional anchors

for further modification has been addressed.

The second section of this thesis focusses on the self-organization of the functional BCPs
to obtain different nanostructured particles. A detailed study to understand the influence of
various parameters such as the nature of the functional groups and the method of prepara-

tion of the nanoparticles has been conducted. This allowed for general conclusions to be
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drawn regarding their influence on the morphologies of phase separation in the nanoparti-
cles. Such functional nanostructured nanoparticles can be used for precise chemical pat-
terning with molecules of interest in an orthogonal fashion on the same substrate. Apart
from nanoparticles, nanoporous membranes derived from BCPs are desirable materials for
selective separation owing to their tunable pore sizes and the possibility of selective func-
tionalization. In this direction, a BCP possessing a cleavable junction between the two
blocks to create pores has been introduced. This method is highly versatile as the choice of
monomers for the BCPs, their molar masses as well as incorporation of functional anchors

can be tailored to obtain the desired functional porous membrane.

Finally, novel photoreactive polymers have been developed to use them as tools to study
the pH change that occurs during inflammation. A novel near-IR cleavable photoacid and
photobase generator (PAG and PBG, respectively) has been designed to firstly be incorpo-
rated into polymeric scaffolds that act as carriers. Furthermore, their ability to undergo
photolysis and in turn release or catch protons has been studied. Such functional polymers
can be modified further for use in targeted delivery to sites of inflammation to better un-

derstand of the underlying mechanism of inflammation.






2. THEORETICAL BACKGROUND

The theory behind all the concepts, methods, and instrumentations used in this thesis is
dealt with in this chapter. Firstly, an introduction into the synthetic strategies employed for
the synthesis of functional copolymers and block copolymers (BCPs) are described, draw-
ing a comparison between free radical polymerization (FRP) and reversible-deactivation
radical polymerization (RDRP) techniques. In the next section, post-polymerization mod-
ification (PPM) as a versatile and robust technique to obtain a library of functional BCPs
is outlined. Further, the theory of microphase separation of BCPs both in bulk and in solu-
tion, laying focus on the latter, is detailed. Lastly, important analytical methods used for

analyzing nanostructured nanoparticles are explained.

2.1 Block Copolymers (BCPs)

Block copolymers are a specific class of copolymers, in which chemically distinct mono-
mer units are grouped together and covalently attached to each other at junction points
along the polymer chain. Figure 2.1 shows some of the BCP architectures, which can be
categorized into linear, branched (graft and star BCPs), and cyclic architectures. The ad-
vancement in several polymer synthetic strategies such as reversible-deactivation radical
polymerization (RDRP), along with simple and robust post-polymerization modification
(PPM) techniques has allowed for the synthesis of precise BCPs with tailored architectures.
One of the ubiquitous features of BCPs is their ability to undergo microphase separation to
form a wide range of nanoscale ordered structures. Due to this fascinating feature, BCPs
have been a popular topic of interest for several decades. Apart from this, BCPs are being
extensively used for fabricating advanced materials such as thermoplastic elastomers, po-
rous materials, nanostructured nanoparticles, etc. As the synthesis of defined BCPs and
their phase separation behavior contributes a large part of this thesis, the following sections
in this chapter describe the various methods used for BCP synthesis followed by a detailed

discussion about BCP phase separation and their applications.
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AN AN

Linear
AB ABC
Branched
“comb” graft copolymer “miktoarm” star terpolymer
Cyclic

Figure 2.1. Classification of different BCP architectures, where A, B, and C represent a
distinct monomer.

2.2 Free Radical Polymerization (FRP)

The use of radical polymerization (RP) in industry* to produce commercial polymers orig-
inates from several unique characteristics that differentiate it from other polymerization
processes like step-growth and ionic polymerizations. Conventional FRP has certain ad-
vantages over other polymerization processes as it does not require rigorous process con-
ditions and can be used for the (co)polymerization of several vinyl monomers. It is much
less sensitive to the effects of impurities and more tolerant to functional groups. The mech-
anism of FRP consists of three fundamental steps - initiation, propagation, and termina-

tion:

Initiation: This step involves two processes, namely, the decomposition of the initiator to
produce free radicals and the addition of a monomer to the primary radical R+ to yield the
chain radical, which is called the initiation. Among other methods, the radicals are com-
monly produced either by thermal or photochemical decomposition of organic peroxides
or azo/diazo compounds. The efficiency of the radicals to initiate chains can be estimated
by comparing the number of initiators decomposed to that of the polymer chains formed

as follows:



2.2 FREE RADICAL POLYMERIZATION (FRP)

Ry = d[M e]/dt = 2 f kq [I]

where only a fraction f of the initiator initiates the polymerization. Consequently, the rate
of initiation is proportional to the initiator concentration [1] and its efficiency f, as well as

kq is the rate constant for initiation.

Propagation: During this step, the growth of polymer chains occurs by successive addition
of the monomers. In general, it is assumed that the radical reactivity is independent of the
chain length of the growing polymers, which means, all the propagation steps have the
same rate constant. Therefore, the rate of polymerization equals the monomer consumption
in the propagation step. Since both the monomer M and the growing polymer chain Me are

involved in propagation, the rate constant kp is proportional to both and described as below:
R, = —d[M]/dt = ky [M] [M e]

Termination: Termination occurs when pairs of radicals react with each other and annihi-
late their activities. This can occur via combination or disproportionation. In the former
case, two growing polymer chains combine to form a single, non-reactive polymer chain,
while in the latter case a hydrogen is transferred from one radical to another resulting in
two polymer chains, one with a saturated chain end and another with an unsaturated chain

end. Both types of termination are combined into one rate equation as:
Rt = _d[M .]/dt = 2 kt [M .]2

Although FRP is ranked among the most important polymerization techniques for indus-
trial production of polymers, it bears limitations such as poor control over some of the key
elements of the process that do not allow for the formation of well-defined polymers, with
control over their molar masses, dispersities, chain architecture, composition, as well as
site specific functionality. “Living” polymerization on the other hand provides such con-
trol,® leading to unique opportunities in material design. The development of functional
polymers with well-defined structures opens the door to improving the properties of mate-
rials currently available and developing new materials that precisely meet the targeted

properties.
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2.3 Reversible-Deactivation Radical Polymerization (RDRP)

Radical polymerization (RP) is still extensively used for the industrial production of poly-
mers, but classical RP does not allow for the synthesis of polymers with designer architec-
tures or with predetermined narrow molar mass distributions. This situation started to
change dramatically in 1982 with the seminal work of Otsu,®’ who then proposed a re-
versible deactivation of the growing chains as one of the first existing theories in the field
of RP. Since then, a plethora of such controlled radical polymerization (CRP) techniques,
or now referred to as RDRP, are available. The underlying concept is that the growing
polymer chains are regularly reverting to a dormant form and the overall period of chain
growth of an individual propagating chain is now extended to a few hours from ~ 1 sec in
conventional RPs. At any given instant, only a small fraction of chains are growing, but as
long as the interconversion between the active and dormant species is faster than the prop-
agation, all chains grow at the same rate. Nonetheless, it is important to note that even in
such a polymerization where chain termination and irreversible chain transfers are reduced

to a very low level, they are not completely absent.

The extension of the lifetime of the propagating species relies on establishing a dynamic
equilibrium between a low concentration of active propagating chains and a predominant
amount of dormant chains that are incapable of propagation or termination. This renders
the polymerization “controlled”.®® Therefore, an ideal RDRP should exhibit the following:
(i) a linear evolution of In((1/1-conversion)) with time which would account for a constant
radical propagation concentration, (ii) a linear increase of the molar mass (Mn) with mon-
omer conversion, (iii) low dispersities, (iv) a quantitative oo and o end functionalization,
and (v) the possibility to further grow the polymer chain on addition of additionl monomers
finally enabling the synthesis of BCPs.°

Although several RDRP techniques are now established, this chapter deals with the three
most prominent ones, nitroxide-mediated polymerization (NMP), atom-transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain-transfer polymeriza-
tion (RAFT).



2.3 REVERSIBLE-DEACTIVATION RADICAL POLYMERIZATION (RDRP)

2.3.1 Nitroxide-Mediated Polymerization (NMP)

NMP is historically the first, and perhaps the easiest of the three RDRP techniques. It is a
process where the dynamic equilibrium (described in the previous section) and hence, a
control over the polymerization is achieved by persistent radical effect (PRE).! It is based
on a thermally controlled reversible termination mechanism between the growing propa-
gating macroradical and a nitroxide, which acts as the controlling agent, to generate a
macroalkoxyamine as the predominant species. This dormant functionality then generates
back the propagating species and the nitroxide by a simple homolytic cleavage. When the

latter is chosen wisely, the activation-deactivation equilibrium is established (Scheme 2.1)

monomer

Scheme 2.1. Activation-deactivation equilibrium in NMP. The thermal dissociation of
dormant species (Kact) ensures a low concentration of radicals.

Consequently, two types of initiating systems exist: (i) bimolecular system where a classi-
cal thermal initiator like 2,2’-azobisisobutyrylnitrile (AIBN) and a separate stable free ni-
troxide like 2,2,6,6- tetramethylpiperidinyl-1-oxy (TEMPO) is used,*? and (ii) one compo-
nent system where unimolecular initiator alkoxyamine is used.?** The bimolecular system
bears an advantage that conventional RP processes can be used with only addition of the
nitroxide species, but the activation-deactivation equilibrium is now shifted towards the
dormant species due to an excess of the free nitroxide and thereby decreasing the polymer-
ization rate. Yet another problem of the bimolecular system is that the radical initiator has
an efficiency (f, described earlier) less than 1, and an exponentially decaying decomposi-
tion. These problem are circumvented using a unimolecular initiating system due to its
structure, where a 1:1 ratio of the initiating radical and nitroxide is released after dissocia-
tion, which is rather fast compared to the former system. Among the several nitrox-
ides/alkoxyamines commonly used (Figure 2.2), MAMA-SG1,'® also known as

Blocbuilder™, has been used as the alkoxyamine for the synthesis of BCPs discussed in
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Chapter 4. This MAMA-SG1 has a high dissociation rate coefficient and, in addition, con-
tains a carboxylic acid group, which could be further transformed offering numerous pos-

sibilities to produce complex macroarchitectures.

(0]
| ) ) 1~0 ! -0
o (0] O O K o O K
(o) OH
TEMPO TIPNO SG1 MAMA-SG1

Figure 2.2. Structure of various nitroxides for a bimolecular system (black) and of an
alkoxyamine for a unimolecular system (red) used as controlling agents in NMP.

Despite all the intensive research carried out in the last 30 years in academia and industry,
several issues limit the exploitation of NMP for commercial use. Some of these issues are
the slow polymerization rates, insufficient availability of commercial NMP controlling
agents, low molar masses (< 150 kg mol™), and restriction in usage of a wide variety of

monomers, although some progress has been made recently.

2.3.2 Atom-Transfer Radical Polymerization (ATRP)

ATRP is arguably the most extensively used RDRP techniques used for building complex
polymer architectures with high degree of precision. It was first independently reported by
Matyjaszewski,'® Sawamoto,'” and Percec.'® It can be run with a large range of monomers
(with the exception of acids) using relatively accessible initiators in a range of temperatures

from 0 °C and above.

ATREP is based on an electron transfer process, where, the (pseudo)halogen is transferred
between a dormant species (an alkyl halide or macromolecular species, R-X or Py-X) and
a transition metal complex in the lower oxidation state (Mt"/L, activators). This in turn
results in the formation of propagating radicals (Pse).X® The metal complex in a higher ox-
idation state (Mt"*/L, deactivators) is coordinated to a ligand (Scheme 2.2). The deactiva-
tor then reacts with the propagating radical in a reverse reaction to form the dormant species

and the activator again. Consequently, in ATRP, which is controlled by the equilibrium
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2.3 REVERSIBLE-DEACTIVATION RADICAL POLYMERIZATION (RDRP)

between the propagating radicals and dormant species, the equilibrium is strongly shifted

towards the latter (Kact << Kgeact).

kact
P X + Mt"L <——= P, + X-Mt"™/L

kdeact .
K
kp K

A\
monomer

Mt" - transition metal
L - ligand

P, - polymer chain

X -Bror Cl

Scheme 2.2. ATRP equilibrium showing transition metal activation (kact) of a dormant
species with a radically transferable atom.

Among several transition metals such as Ru, Fe, Mo, Os, Cu is the most commonly used
as the metal in the redox-active transition metal complexes Cu'/L and X-Cu'/L. The choice
of this metal-ligand complex?! has a strong influence on the activation-deactivation con-
stant (Katre) in addition to temperature,?>% pressure?*?® and solvent® (Katre is directly
proportional to the solvent polarity). For example, the ideal catalyst for ATRP of less re-
active monomers or used at lower concentration should have a large value for Katrp i.€.,
large Kact. Further, kact increases with temperature and activation energy is higher for less
reactive R-X and Cu-ligand complexes.?? A study on the effect of pressure showed negative
value of activation for ATRP making it more feasible at higher pressures.?*

Overall, ATRP is a versatile method for the synthesis of several functional (co)polymers
and BCPs with precise control over their molar mass, dispersity, chain end functionality
and fidelity. Nonetheless, a prerequisite for precise synthesis of such polymers is an accu-
rate understanding of the mechanism through detailed structure-activity correlations and

effects of several parameters such as temperature, solvent, pressure, etc.

2.3.3 Reversible Addition-Fragmentation Chain-Transfer Polymerization (RAFT)

Since the first report of RAFT polymerization in 1998,%"% it has grown to be one of the
most useful techniques to prepare complex polymers. Recently, it has gained popularity

over NMP and ATRP owing to its wide tolerance to functional monomers compared to
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NMP and ATRP, while having an easy experimental set-up compared to that of ATRP. Its
attraction lies in the fact that it is a degenerative transfer system where there is ideally no
change in the overall number of radicals during the activation-deactivation process, unlike
that of NMP and ATRP.

A schematic representation of a typical RAFT is depicted in Scheme 2.3 A. In the RAFT
mechanism, following the activation step (forming radical species from the radical initia-
tor), the radical species adds to the RAFT agent (chain-transfer agent, CTA) to enter an
equilibrium between the active and the dormant species (Scheme 2.3 B). The basis of
RAFT mechanism seen from the chain transfer step are degenerate as they involve a re-
versible transfer of the chain end group (typically a thiocarbonylthio group, Z—C(=S)S—R)

between the dormant chain (macroCTA) and the propagating radicals.

S
A Z—‘v\
S—R
B s S
P . Z ’ Kexch —Z P
" S—Pp P,—S * m
(o) v ()
Ry ;'
monomer monomer

Scheme 2.3. (A) General structure of a RAFT agent. (B) Equilibrium between the active
and dormant species in a RAFT process.

The overall RAFT process consists of the monomer insertion between the R (o chain end)
and the Z (o chain end) groups of the CTA. It is important to note that unlike in the other
RDRP systems, the radical initiator is a key requirement in RAFT as it allows for the tuning
of the system with respect to the polymerization rate and the number of fraction of living
chains under well-chosen polymerization conditions. Although bimolecular termination di-
rectly corresponds to the number of radicals, such an event in a RAFT process does not
lead to the loss of “livingness” of a chain end, but the number of chains bearing the thio-

carbonylthio end group remains independent of the extent of termination.
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2.3 REVERSIBLE-DEACTIVATION RADICAL POLYMERIZATION (RDRP)

RAFT polymerization is deemed superior for the formation of BCPs owing to its mecha-
nism leading to the formation of “living” chains. Unlike in NMP and ATRP, in RAFT,
since the number of dead chains is directly a product of radical species generated by the
initiator, independently of the monomer conversion, BCPs can be synthesized with 100%
monomer conversions. Using this unique property of RAFT polymerization, BCPs with
100% monomer conversion and up to 20 blocks have been prepared.?® As a key feature of
RAFT that allows for the polymerization of a wide class of monomers, they can be divided
into “more activated” monomers (MAMs) and “less activated” monomers (LAMS). With
an exception of amine containing monomers that interferes with the thiocarbonythio- group
(can be solved by its protonation),®° all other monomers compatible with FRP are also
polymerizable by RAFT. Figure 2.3 depicts the guidelines for the selection of an appropri-

ate CTA for any chosen monomer.3!

R group
CH; CH, CH; CH,
I—CN~|—Ph |—Ph = |—Ph~ |—c00Et >> I—CH2—|—CH3 I—CN = |—Ph = |—CH3 I—CN * |—Ph
CH; CH; COOEt CN CH; CH,
......... -
LAMS - oo oooeeeeeeeeieieieeooo..__MAc,NVP,NVC .. -
Z group

fo) ~N ~N
N, L
Ph>>S— AIk>E>N> | ~ Me =L/N >>N > OPh > OEt =~ [ X » > “NH

IZ

LAMs o m e

Figure 2.3. Guidelines for the selection of R (blue) and Z (red) groups of the RAFT agent
for various monomers.®! Solid lines represent good control over the polymerization while
dotted ones stand for poor control. Abbreviations: MMA (methyl methacrylate), HPMA
(N-2- (hydroxypropyl)methacrylamide), VAc (vinyl acetate), NVP (N-vinylpyrrolidone)
and NVC (N-vinyl carbazole). Adapted from “Macromolecules 2017, 50, 7433—7447” 3

The key aspect for a successful RAFT polymerization with respect to the choice of CTA
and monomer is to have a more reactive C=S bond towards radical addition than the C=C

bond of the monomer by careful choice of the Z and R groups. While the Z group is largely
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responsible for the reactivity of the C=S towards radical addition, the R group affects the
RAFT process through radical addition to the CTA, subsequent fragmentation (requires to
be a good leaving group) and finally propagation. In summary, for an optimal RAFT sys-
tem, one requires a high rate of radical generation and/or a solvent-induced acceleration.
Additionally, a higher polymerization rate allows for shorter polymerization times or lower

initiator amounts in order to reach higher conversions.3-%

2.4 Post-Polymerization Modification (PPM)

As discussed in Section 2.3, RDRP has paved the path for the synthesis of a wide array of
polymers with targeted molar masses, narrow molar mass distributions, with a rich variety
in functionality and defined architectures like BCPs, gradient and graft copolymers, and
stars. With this, RDRP has brought tremendous focus to the synthesis of BCPs, which due
to the covalent attachment of two (or more) distinct segments gives rise to a variety of
intriguing properties and applications. Consequently, there has been a huge demand for the
synthesis of libraries of BCPs bearing several discrete functionalities. Post-polymerization
modification (PPM) is a robust technique based on the homo- or copolymerization of mon-
omers bearing chemoselective handles that do not polymerize themselves, but can quanti-
tatively be converted to a broad range of functional handles in a subsequent step (Scheme
2.4). The viability of such a method arises from the excellent conversions that are achiev-
able under mild conditions, the functional group tolerance as well as the orthogonality of
the PPM reactions.*’
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2 N 2 - "% B Y
$ PPM :
. Thiol exchange/addition ‘E‘x
Reaction with activated esters

Huisgens 1,3 — dipolar cycloaddition
Michael-type addition

Polymer precursor Functional polymer
with chemical library
handles

Scheme 2.4. Synthesis of functional polymer libraries by post-polymerization modifica-
tion.

Subsequently, the emergence of RDRP gave rise to the discovery and/or revival of various
chemoselective coupling reactions as well as substitution reactions such as azide — alkyne
cycloaddition (AAC),3" thiol-addition,***? Michael-type addition,**** nucleophilic ac-
tive ester-amine exchange,*>! Huisgen 1,3- dipolar cycloaddition®°2-¢ etc. Together,
RDRP and PPM have expanded the platform for the exploitation of their combined use to
obtain various functional polymers. In particular, activated ester-amine conjugation chem-
istry for the preparation of functional polymers has been used during the course of this
thesis, taking advantage of the wide availability of natural and synthetic amines. In addi-
tion, owing to the biological, clinical, environmental relevance, and the ability of thiols to
undergo various reactions,® a particular type of thiol-substitution reaction, para-fluoro
thiol substitution reaction (PFTR) was exploited. Consequently, these two PPM tools have

been discussed in the following two sections in detail.

2.4.1 Activated Ester-Amine Substitution

The synthesis as well as the PPM of polymers containing activated esters was pioneered
by Ferruti*” and Ringsdorf*® in the 1970s. Active esters are classical reactive groups and
yet remain one of the most reactive groups for PPM because their reaction with amines

proceeds at room temperature to 100% conversion leading to the corresponding amides.
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Scheme 2.5 represents a selection of useful active ester monomers that are used for the

synthesis of functional polymers.

NHS based i \l
O 9 (o]
R = H; NHSA
R = Me; NHSMA  NHS4VB NHSNorb NorbNHSA
PFP based R | |
(o) o
F F o0 o
o o) F F
F F o~ "o
F F F F
F F F
F F
R = H; PFPA F
R = Me; PFPMA PFP4VB PFPNorb PFPEB

R
Others 1 I I
9 o (o) (o]

o~ o 0" o
F F . B
+
NO, /s\c 3503
R =H; PNPA
AOA R = Me; PNPMA TFPMA DMSPA

Scheme 2.5. Collection of a few activated-ester monomers. N-hydroxy succinimide acry-
late (NHSA), and N-hydroxy succinimide methacrylate (NHSMA),*-4857-60 N-succin-
imidyl 4-vinylbenzoate (NHS4VB),*®6162 N-hydroxysuccinimidyl 5-norbornene-2-car-
boxylate ~ (NHSNorb),®*%  endo-N-hydroxy-5-norborene-2,3-dicarboxyimidacrylate
(NorbNHSA),®” pentafluorophenyl acrylate (PFPA) and pentafluorophenyl methacrylate
(PFPMA),®8 pentafluorophenyl 4-vinylbenzoate (PFP4VB),%%%"0 pentafluorophenyl 5-
norbornene-2-carboxylate (PFPNorb),”* pentafluorophenyl 4-ethynylbenzoate (PFPEB),"?
acetonoxime acrylate (AOA),”®"# p-nitrophenyl acrylate (PNPA), p-nitrophenyl methacry-
late (PNPMA),’>7 2 35 6-tetrafluorophenyl methacrylate (TFPMA)’" and 4-acryloxy-
phenyldimethylsulfonium triflate (DMSPA)."®
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2.4 POST-POLYMERIZATION MODIFICATION (PPM)

In general, amines are reacted with the polymers containing activated ester comonomers
owing to their good nucleophilicity compared to alcohols, for example, providing selectiv-
ity without the need for protecting groups. The polymerization of the above mentioned
activated ester monomers gives rise to functional polymer precursors which can then be

modified further by PPM by reaction with amines (Scheme 2.6).

Among the NHS based monomers, NHSA and NHSMA are most commonly used to pre-
pare side chain NHS ester based polymers. The drawbacks of such a polymer system would
be the limited solubility of the polymers in solvents like DMF and DMSO and unexpected
side chain reactions taking place during the aminolysis step.’® The solubility problem can
be solved by copolymerization with other monomers or a better alternative to combat both
problems would be replacing the NHS ester with other activating groups, such as pen-

tafluorophenyl (PFP) ester groups as shown by Theato and co-workers. "

e (Rl (B
A

- ~ A

g1 o NO

Scheme 2.6. PPM by activated ester-amine chemistry.

Consequently, after NHS ester monomers, PFP ester monomers are next most exploited
monomers that can be homo- or copolymerized by various RDRP techniques. Generally,
PFP ester (co)polymers are more reactive to amines compared to their NHS ester ana-
logues, and their acrylates are more reactive than the respective methacrylates.®% Apart
from showing reactivity to a range of amines,>*& some PFP ester monomers like PFPMA
also help in the improvement of the physical properties of a polymer, for example, the glass
transition temperature of methyl methacrylate (MMA) by copolymerizing it with
PFPMA.8! Barz and Zentel described the synthesis of water-soluble, biologically relevant
hydroxypropyl methacylamide (HPMA) based (co)polymers by the PPM of PFPMA with
2-hydroxypropyl amine.2-8 Another interesting property of PFPMA based copolymer was
recently reported in our group regarding the reactivity of its fluorine atoms towards thiols
in a substitution reaction, while retaining its reactivity towards amines as an activated ester

in certain cases.® Unequivocally, it can be said that PFP ester based homo- and copolymers
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2. THEORETICAL BACKGROUND

are extremely useful for PPM to obtain new novel functional polymers, and especially
worthwhile as they are often fully orthogonal to other click chemistries (like PFTR), mak-

ing them extremely powerful synthetic handles.

2.4.2 Para-Fluoro —Thiol Substitution Reaction (PFTR)

Thiols are an important class of synthetic reagents due to their large commercial and syn-
thetic availability, biological relevance as well as their ability to undergo several thiol-X
ligations. The three most widely studied reactions of thiols are radical thiol-ene, and thiol-
yne additions, as well as Michael addition.*>#-%° Recently, another thiol-based ligation has
gained popularity, namely, the para-fluoro —thiol substitution reaction (PFTR), wherein
the para fluorine atom of a pentafluorophenyl (PFP) moiety undergoes nucleophilic sub-
stitution by thiols (Scheme 2.7).

NVV'I'NW NVV"NW
|
F F R-SH F F
—_—
F F base or high pH F F
F S.
R

Scheme 2.7. Schematic representation of PFTR on PFP-based moieties.

PFP moieties are particularly interesting as the aromatic ring is stable during (radical)
polymerizations, and undergoes PFTR exclusively in the para position under mild condi-
tions due to its large activation from its ortho and meta fluorine neighbours.®* It is im-
portant to note that this reactivity holds true for aliphatically connected PFP groups, like
pentafluorobenzyl derivatives, but differs for PFP esters.®® Combining two such PFP based
molecules, namely 2,3,4,5,6 pentafluorostyrene (PFS) and pentafluorophenyl methacrylate
(PFPMA) incorporated as comonomers in a BCP, we recently reported the feasibility of
performing amidation using amines on PFPMA and PFTR on PFS in a orthogonal fashion.
Interestingly, as a first report, we could identify the reaction of para and meta fluorine of
PFPMA (an activated ester with a carbonyl connection to PFP) towards PFTR even faster
than PFS (aliphatic connection to PFP).8°
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In the field of polymer chemistry, although polyPFS homo- and copolymers have been
extensively exploited as handles for PFTR, polyPFS homopolymer is largely insoluble in
most polar solvents® limiting its versatility. Addressing this concern, Roth and co-workers
reported the synthesis of several PFP-based methacrylic monomers that were polymerized
by RAFT polymerization and further subjected to PFTR with a variety of thiols.*® None-
theless, as PFS-based homo- and copolymers still remain largely useful to conduct mech-
anistic investigations of the underlying processes, our group also demonstrated the orthog-
onality of PFTR with thiol-ene type addition, where the former requires a nucleophile while
the latter follows a radical mechanism.®® Although it is seen that all PFTRs are carried out
with the polymers in organic solvents like DMF, we recently achieved the PFTR in aqueous
media, wherein high pH was used for thiol deprotonation unlike in a classical PFTR where
a base is used for the same purpose.®® Lastly, with respect to the reactivity of para fluorine
of PFP containing polymers towards para fluoro substitution reactions, apart from thiols,
it can also undergo substitutions with other nucleophiles such as amines, alcohols, and

carbonylthiolates (Scheme 2.8).%

R;-SH
R,-NH2

R i e i e i
F F Ry “sH F F F F F F F F F F
s 7, .
F F F F F F F F F F F F
HN. S._R SH
Ry R, e
0

thiol deprotonation

Scheme 2.8. General overview of the para-fluoro substitution reactions of PFP based
homo- or copolymers with various nucleophiles.

Finally, PFTR is a highly versatile modular ligation owing to high yields, modularity,
chemoselectivity, formation of stable products and large scale purification in most cases.
As a result of this, it has found applications in various fields. For example, it has been used
to form cross-linked polymers,®® in porphyrin chemistry,®® and for side-chain functionali-
zation of cyclic polymers to form hyperbranched polymers.1® It was also used for the syn-

thesis of glycopolymersi®-1% because the formation of S-glycosidic bond after PFTR is
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stable towards enzymatic cleavage and to perform surface reactions.'® Broadly, PFTR is

used in the polymer chemistry to create novel polymers with improved properties,3%:106-109

2.5 Phase Separation and Self-Assembly of BCPs in Bulk

Self-assembly is the spontaneous arrangement of building blocks into larger structures that
may have defined symmetry, long range order and complex architectures. For several ap-

110 and lab-on-a-chip technology in biosciences,'**!12 etc., tra-

plications such as photonics,
ditional lithographic techniques (top-down approach) are being extensively used in spite
of the highly expensive mass production. Shrinking this patterning (from a few microns)
with added chemical specificity down to sub 100 nm regime can be made possible with a
bottom-up approach. This approach utilises the unique properties of different molecules to
self-assemble and lead to complex structures, such as patterned surfaces with domains in
the sub 100 nm range. Bottom-up fabrication method is considered superior to the top-
down approach as it is typically more cost-effective and does not lay a limitation on the
resolution that can be obtained.***'!* In this respect, BCPs are gaining popularity as their
self-assembly into ordered, micro-phase separated nanoscale morphologies offers high spa-
tial resolution.!*>!1® In order to get more complex functional systems for real world appli-
cations, both strategies could be integrated (Figure 2.4).1*" Therefore, it is important to

understand the theory behind BCP microphase separation.
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Figure 2.4. Various structure hierarchies from BCP systems.

2.5.1 Thermodynamic explanation of microphase separation

BCP consists of at least two chemically distinct polymer chains that are covalently linked
at junction points. To understand the microphase-separation theory (MST), a simple di-
block copolymer (diBCP) in its molten state was considered and the thermodynamic de-
scription was developed by Leibler in 1980.1%8 Considering such a system, only two rele-
vant quantities are needed for the characterization of phase equilibria: (i) composition of
the BCP (f) that describes the volume fractions of each block, (ii) the product x N, where,
N = the degree of polymerization, and y = the Flory-Huggins interaction parameter. Two
important assumptions in addition are that all the chains in the diBCP system have the same

N and that the BCP is monodispersed.
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In an A-B type BCP, the two species A and B reach an equilibrium density profile pa and
pB Which minimizes the free energy of the system. The energy of interaction of the different

species is described in equation 2.1 as:

apaps = kTxpaps (2.1)

where a is the effective interaction parameter that is related to the energy of interactions
between A-A (eana), B-B (eeg) and A-B (gag) as in equation 2.2.

a = eAB — 1/5 (eaa + £55) (2.2)

The two factors f and N are regulated through the polymerization stoichiometry and affect
the translational and configurational entropy, while the magnitude of (the largely enthalpic)
X is determined by the selection of A—B monomer pairs and has a temperature dependence

given by:

N IR

x=2+p (2.3)

where a and B are constants depending on the architectural constraints and composition of
the BCP. On increasing the energy parameter y (i.e., by lowering the temperature), a ten-
dency to decrease the contact between A and B is seen in order to lower the contribution
of the interaction energy parameter to the free energy (equation 2.1 and 2.3). But, this de-
creases the entropy of the system and thereby there is an increase in the free energy. 119120
Consequently, microphase separation in BCPs relies on the fact that the chemically distinct
polymer chains induce thermodynamic incompatibility, which implies an unfavourable

mixing enthalpy in combination with a small mixing entropy.

On the one hand, for y =0 or positive, but sufficiently small, the entropy effects are dom-
inantly favoring mixing, which means that the system exhibits an isotropic phase with the
polymer chains A and B interpenetrating — such a phase is called the disordered phase. On
the other hand, when the system is cooled or is made up of long chains such that Y N is
larger than a critical value, the enthalpic term (in equation 2.1) dominates and the BCP
exhibits microphase separation or order-disorder transition (ODT). This implies that the

thermal average of pa (pa>) and ps (¢ps>) are not uniform, which in turn means that there
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are domains that are rich in phase A and others that are rich in phase B. Therefore, at all
points, the product paps is low and hence the enthalpic term. A phase of the system in
which a microdomain structure occurs is an ordered phase or a mesophase, and depending
on the composition of the BCP (f), on the interaction parameter (x) and temperature (T),
several different mesophases can be observed (Figure 2.5). As polystyrene-block-polyiso-
prene (PS-b-PI) has been used during the course of the work in this thesis (Chapter 4), an
experimental phase diagram of this system is represented in Figure 2.5 as reported by Bates
and co-workers.'?! It can be seen that the resemblance to the theoretical phase diagram is
rather high.?
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Figure 2.5. (a) Equilibrium morphologies of AB diBCP in bulk, where S and S' = bcc
(body-centered-cubic spheres), C and C' = hcp (hexagonally packed cylinders), G and G' =
bcg (bicontinuous gyroids), and L = lamellae. (b) Theoretical phase diagram predicted by
self-consistent field theory (SCFT), based on the volume fraction (f) of the two blocks and
XN where y is the Flory-Huggins interaction parameter and N is the overall degree of
polymerization, and CPS and CPS' = closely packed spheres. (c) Experimental phase dia-
gram of polystyrene-block-polyisoprene (PS-b-Pl), where fa is the volume fraction of Pl
and PL is the perforated lamellae phase. Reprinted with permission from reference 121
from The Royal Society of Chemistry.
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2.5.1.1 Explanation of the phase diagram

The phase diagram is separated into several regions (as seen in Figure 2.5) which is char-
acterized by the relative stability of the microstructures and the dependency of the sizes of
the microstructures (periodicity or domain sizes, Lo), on the overall molar mass of the pol-
ymer. Most BCPs exhibit ordered microdomain structures at lower temperatures but with
increasing temperature the incompatibility of the components decreases. At a critical tem-
perature, the order-to-disorder temperature (Toot), BCPs become ordered.'81° The Topr
depends on f, N, y and the conformational symmetry of each block. For Yy N << 1, a BCP
melt is disordered and the A-B interactions are sufficiently low. This regime is called the
weak segregation limit (WSL). The BCPs showing this behavior are characterized by a
widened interface and approaching this regime, thermotropic order-order transitions
(OOT) are predicted. As y N > 10, nearly pure A and B domains are formed and this regime
is the strong segregation limit (SSL). In this regime, the thermotropic OOT are not ex-
pected. The interaction energy associated with the A-B contacts is localized in the interfa-
cial regions; the system minimizes the total area of such an interface by decreasing the
energetically unfavorable contacts. To combine the above two segregation limits, the self-
consistent mean field theory (SCFT) was developed.®

Between YN = 10.5 and 12.5 (WSL), Lo is proportional to N°S. In the intermediate region,
when ¥ N = 12.5 to 95, Lo is proportional to N®'2 and above this in the SSL, Lo is propor-
tional to N®%7, Although the WSL area gives the smallest feature sizes or domain sizes, the
thermodynamic driving force is small and there is a possibility of formation of disordered
regions. On the other hand, the SSL could also be problematic in the use of such materials
because the thermodynamic driving force for microphase separation is very strong and
achieving equilibrium might require annealing techniques. In the region of the phase dia-
gram where balance of intermolecular forces results in microphase separation as seen in
Figure 2.5, when fa = fg = 0.5, lamellae (L) structures are formed. As fa increases to 0.6-
0.7, a bicontinuous gyroid (bcg) phase of cubic symmetry is formed. It is important to note
here that this phase has a narrow stable composition range, particularly in the SSL and
intermediate segregation limits. At higher fa values, a composition range exists where hcp
arrangement is seen, where block B cylinders are in a matrix of A. Finally, block B adopts

bcc spheres arrangement. As the gyroid structure is structurally complex to obtain and has
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a narrow stability range, it has been less studied. It is nevertheless of interest for particular
applications as it consists of two interpenetrating continuous networks of A and B. On the
contrary, lamellar, hcp and bcc are extensively studied, and of those, lamellar structure is

widely used for nanopatterning and material development as discussed later in this chapter.

2.5.2 Effect of BCP composition on microphase separation

One of the most important factors determining the phase separation morphology in BCPs
is their composition. It is understood that the shape of the polymer/polymer interface varies
with the chain lengths of both components of the BCP. As microphase separation occurs,
the two blocks A and B of an AB BCP separate from each other to lower the interfacial
energy. The degree of stretching depends on the volume fraction of one of the blocks with
respect to the other. In the case of an AB symmetrical BCP (where the volume fractions of
both blocks are equal), the AB interface is flat as seen in Figure 2.6 a. With increase in
volume fraction of one of the components f relative to the other (i.e., fa) and as the BCP
starts becoming compositionally asymmetric, it is more likely to observe a curved interface
because the A chains have to stretch significantly for the formation of a planar interface
(Figure 2.6 b). In such a case, the conformational entropy loss of A is too high. Hence, ‘A’
chains expand along the direction that is parallel to the interface to gain the conformational
entropy under a condition where the segment densities of A and B must be kept constant
and must be the same as that of the bulk densities of the homopolymers. As a result of this,
the interface becomes convex towards B (Figure 2.6 c). The effect of curvature becomes
more pronounced as the composition of the BCP becomes more asymmetric and therefore,
the morphological variations for a two-component BCP system is as shown in Figure 2.5

a.
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Figure 2.6. Schematic representation of chain conformations at the microphase separated
state: a) flat interface from compositionally symmetric AB BCP system, b) an unstable flat
interface when fa >> f, and c) a stable curved interface when fa >> fg. The black line in all
morphologies represents a part of the interface between the two blocks A and B of an AB
BCP.

2.5.3 Effect of molar mass and dispersity on microphase separation

A wide variety of microstructure develops in BCP systems upon microphase separation
(MS) as discussed previously. MS is a result of two effects that compete: (i) dissimilar
blocks prefer to segregate due to their chemical incompatibility, and (ii) the spatial extent
of phase separation is limited by the fact that the two incompatible segments are covalently
bound. As a compromise of both these effects, periodic microstructures are observed. The
scale at which this phase segregation occurs in directly related to the length of the polymer
chains: the periodicity (Lo) or domain diameters smaller than 50 nm can be obtained.'?? In
general, Lo is directly proportional to the molar mass, 123124 j.e., to obtain larger periodicity,
the overall molar mass of the BCP must be increased. In BCP melts, the segregation effects
are strong: when 0.3 <f < 0.7, YN is of the order 10-15. For many monomer pairs, x is
approximately 0.1, so the microphase separation does not occur for chains where N <
100.1*8 Taking into consideration the formation of a simple microphase separated lamellae
structures, where fa = fg = 0.5, the value of Y N was simplified by Farrell et al. and deter-
mined as follows: for microphase separation to occur, ¥ N should be greater than 10.4
arising from equation 2.4. Their simple approach is very similar to the more complex the-
ories first developed by Leibler using SCFT.*?

119 () s = WaeN)/, (24)
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Most BCPs are nowadays prepared by RDRP techniques. The resulting polymer architec-
tures are not monodisperse. In view of this, it must be noted that the dispersities of the
polymer has an effect on the periodicity.*?® This was demonstrated experimentally by Lynd
et al. for two polymer systems poly(ethylene-alt-propylene)-b-poly(DL-lactide) (PL) and
PS-b-PI. Typically, it was observed that increasing dispersities decreased (Y N)opt except
when the dispersity is increased in a block comprising the majority of the diblock copoly-

mer, wherein (¥ N)opr then increased with the dispersity value.'?®
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2.5.4 Microphase separation in BCP/Homopolymer blends

A diBCP A-block-B at appropriate conditions undergoes microphase separation to form
microdomain structures. Addition of a homopolymer hA or hB which is chemically equiv-
alent or similar to one of the two blocks significantly influences the equilibrium struc-
ture.2-12% Such diBCP/hA or diBCP/hB blends exhibit both macro- and microphase sep-
aration structures. Certain parameters influence the phase separation behaviour: (i) the BCP
composition [fa = Na/(Na + Ng), where Na and Ng are the degrees of polymerizations of
the two components A and B]; (ii) the concentration of the homopolymer pa and ¢g = Vha
orhe/V; (iii) The ratio of N in the diBCP to Nha or Nhg in the homopolymer (iv) the homo-
polymer molecular weight; and (v) temperature. When N/Nh << 1, macrophase separation

is observed in addition to microphase separation (N/Np > 1).

Let us consider a mixture of AB diBCP and homopolymer (hB) when Ny >> N. In the
strong segregation limit (SSL) long homopolymers must separate from the diBCP since an
insertion of hB significantly increases the elastic energy of the block elongation.** In this

case, the hB contribution (Fn) is as shown in equation 2.5.

1
F, = %ma (2.5)

The free energy is then calculated as: 13!
1_
Fora = == \ANW(f,9) + Fy (2.6)

where, Forq IS the free energy in SSL and W is the geometric factor which depends on the
type of the ordered structure. Consequently, the period of the structure is given by:

R= aN’/3 x'ls W, (f, ) (2.7)

Various theories prove that bicontinuous phases are stable in the region f = 0.56 to 0.68 of
the BCP compositions and homopolymer volume fractions between 0.18 to 1.3 Likhtman
et al. on the other hand predict that the bicontinuous phases are rather stable for homopol-

ymer fractions of 0.33 to 0.4.2% They also prove that long homopolymer chains added to
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the minority block of the BCP can induce morphological transformation from lamellar to

bicontinuos structure or lamellar to cylindrical or cylindrical to spherical.

In a particular example PS-b-P1/PS or Pl blend system,**! Floudas et al. arrived at the fol-
lowing conclusions: (i) only microphase separation takes place when < 25% PS or PI ho-
mopolymer is added to PS-b-PlI, (ii) addition of the majority component of the BCP de-
creases the Topr (order-to-disorder transition temperature) due to the increase in the free
energy of the ordered diBCP and a decrease in the disordered free energy, (iii) addition of
the minority component of the BCP can decrease (N > Np) or increase (N < Nh) the Topr,
where the latter is a result of the decrease of the ordered diblock free energy on addition of
the homopolymer, (iv) drastic changes occur in the periodicity and the formation of non-
equilibrium structures with the addition of minority phase. Therefore, the compatibility
between the two blocks of a BCP can be controlled by the addition of a small amount of

homopolymer.

2.6 Self-Assembly of BCPs in Solution

As discussed previously, BCP self-assemblies are observed due to the energetic incompat-
ibility of the two blocks as the covalent bond linking them prevents macrophasic separa-
tion. From BCP phase separation in melt to its phase separation in solution, the introduction
of solvent increases the level of complexity for the self-assembly of BCPs in solution. For
example, the self-assembly of A-B diBCP in a good solvent/non-solvent mixture involves
six X parameters, namely Y as, X ac, X AN, X BN, X' BG, and Y en, Where G represents the
good solvent for both blocks and N the nonsolvent. The complexity increases with increas-

ing number of components in the BCP solution.

The self-assembly of BCPs in aqueous media has largely been studied where water is used
as the selective solvent for the formation of a wide variety of materials. Depending on the
solubility of the blocks in water, the BCPs can be classified as amphiphilic,***'3* double
hydrophilict®® and double hydrophobic systems.**® The self-assembly of extensively stud-
ied amphiphilic BCP systems are based on polystyrene-block-polyacrylic acid (PS-b-
PAA), PS-block-polyethylene oxide (PS-b-PEO) and PS-block-polyvinylpyridine (PS-b-
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PVP).137138 various morphologies such as spherical micelles, rods, bicontinuous struc-
tures, lamellae, vesicles, large compound micelles and vesicles (LCMs, LCVs), tubules,
““onions’’, or ‘‘eggshells’’ that are either thermodynamically induced or kinetically con-
trolled can be obtained during the microphase separation of such asymmetric amphiphilic
BCPs. Likewise, the phase separation behavior of double-hydrophilic BCPs in dilute or
concentrated aqueous solutions have been studied leading to different morphologies.*3%140
In these cases it was observed that even a small difference in hydrophilicity of the blocks
resulted in the formation of various morphologies. Although both types of BCPs can lead
to a plethora of morphologies and applications in various fields, the third variety of BCP
containing two hydrophobic components is also widely studied. Chapter 4 further deals

with the BCP phase separation of double hydrophobic BCP systems.

2.6.1 BCP self-assembly under confinement

BCPs can self-assemble in bulk, solution, and in thin films.311%141 As described in the pre-
vious section, microphase separation structures in bulk can be influenced by the volume
fraction of both blocks and their incompatibility, among other parameters, to obtain various
morphologies.®!!® This symmetry can be broken using confinement in one (1D), two (2D),
and three dimensions (3D) in order to obtain novel morphologies and phase alignments not
accessible in the bulk (Figure 2.7 a). Confinement in 1D in the form of thin films confined
between two planar surfaces!#?43 is one of the most widely studied system. In such a sita-
tion, the film thickness and the interfacial interactions act as the boundary conditions for
confinement.!#4-14¢ 2D confinement has also been investigated theoretically'*’~14° and ex-
perimentally.%15! Examples include the inner part of electrospun fibres'>? and nanoim-

printed trenches.>
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a A Dimension b

Stiffness of Interface

Figure 2.7. a) BCP self-assembly under 1D, 2D (fibers), and 3D confinement (particles)
and their symmetry and interface stiffness. b) Comparing the definition of periodicity (Lo)
of a phase separated structure (e.g., lamellae) in the bulk state and size D corresponding to
the confinement space. Reprinted with permission from reference 154.

A few examples of 3D confinement spaces include spheres,>>*" inverted spheres,°815°
and more recently, hemispheres.6%161 3D spherical confinement can be formed by several
processes, for example, self-organised precipitation (SORP)!? to obtain different morphol-
ogies like onion-like, concentric cylinders among others.1>163-165 |n this method, nano- or
microparticles are prepared by the evaporation of the good solvent in which the BCP is
initially dissolved from a mixture of good and non- solvents containing different kinetically
trapped morphologies.>>162166.167 Tq gbtain the thermodynamically favored morphology,

the sample can further be annealed by temperature®® or by solvent.*®°

2.6.1.1 Shape and size in 3D confinement systems

Spherical (spherical and ellipsoidal) and polyhedral (tetrahedron, cubic, etc.) are examples
of 3D confinement as shown in Figure 2.8. In any confinement system, it is crucial to un-
derstand the size of the confinement. The periodicity of the domains in a phase separated
structure is described as Lo in the bulk phase, while the size of the confinement spaces in
3D is defined as D. To be able to assess the strength of confinement, D/Lo is used as a tool
for determination of the strength of the polymer frustration.™ This is because the size of
the confinement is normalized by the periodicity of the domains in the phase separated

structure. In other words, a small value of D/L, indicates a strong frustration of the polymer
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chains and vice-versa. The size of the phase separated structures in BCPs is solely thermo-

dynamically driven as the polymer chains are covalently bound.*"

The degree of confinement is weak if the value of D/Lo is greater than 3 or 4, while it is
strong when D is approximately equal to L.1>>!2 In the weak confinement as the size of
the confinement space D is much larger than the periodicity of the original phase separated
structure in the bulk phase, the morphologies are rather similar to that of the bulk state.
Whereas, in the strong confinement, deviations in the phase separated structure from that

of the bulk state are observed.

Spherical Ellipsoidal ~ Polyhedral  Cubic

Figure 2.8. Selection of possible shapes for 3D confinement of BCPs.

2.6.1.2 Understanding the Interface in 3D confinement

In a system where the polymer chains are confined in a 3D environment, the interface such
as air, solvent, or resin plays an important role in the phase separation behaviour of the
polymer leading to different morphologies. If one considers a BCP made up of two poly-
meric chains A and B confined within a 3D matrix M, the interaction energy € can change
depending on the interaction between one of the components A or B and M (Figure 2.9).
Chi et al have demonstrated various phase separated structures obtained using SCFT

simply by varying the interaction energy.1’
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BCP A-B

|

3D confinement matrix M

Figure 2.9. Interaction between the polymer chains A and B of a diBCP A-b-B and the
matrix in a 3D confinement space.

If the BCPs are confined within hard matrices, the confinement size and the interface be-
tween the BCP and matrix are clearly defined. This concept was first demonstrated by
Arsenault et al. using colloidal crystals and inverse opals.’ Unlike hard matrices that can-
not be deformed, polymers can also be confined within “soft” matrices that can be de-
formed and provide higher mobility for the polymer chains within the confinement. This
also means that the shape of the interface may change between that of the polymer chains
and the matrix in order to reduce the free energy. When the polymers are confined in “soft”
matrices such as liquid or air, the interactions between the interface and the polymer chains
can be controlled leading to various phase-separated structures. Therefore, by tuning the

interface, different morphologies of phase separation of a BCP can be observed.

2.6.1.3 Fabrication of 3D confinement spaces for BCPs

Polymer nanoparticles produce 3D confinement spaces. Some of the methods to prepare
polymer nanoparticles are aerosol,'”> emulsion and mini emulsion polymerization,'6:"
solvent evaporation from emulsion droplets that contain polymer solutions,*’® and precip-
itation.%2 Among them, as an example, using emulsification of BCP, droplets rich in pol-
ystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) BCPs were produced when a solution
of this polymer in chloroform was added to water where the resulting particles were stabi-
lized by a surfactant (Figure 2.10 a).1”® The resulting BCP nanoparticles showed axially

stacked lamellae internal structures as seen in Figure 2.10 b.
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DI water Emulsification . . . Evaporation .
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Figure 2.10. BCPs in 3D confinement. a) Schematic representation of preparation of PS-
b-P4VP BCP colloidal particles. b) Transmission electron microscopy (TEM) image of
BCP nanoparticles containing axially stacked PS and P4VP domains. Reprinted with per-
mission from J. Am. Chem. Soc., 2013, 135, 6649-6657. © 2013 American Chemical So-
ciety.

Precipitation is yet another technique with which BCP particles can be prepared. In precip-
itation, the polymer is dissolved in a solvent and poured into a large excess of a poor solvent
that is miscible with the good solvent by vigorously stirring the solution. By changing the
stirring speed and the temperature of the poor solvent, polymer particles of the order of ten
to hundreds of nanometers can be obtained. Nonetheless, preparing hydrophobic BCP na-
noparticles has not been easy. In this respect, self-organised precipitation (SORP) is a ver-
satile precipitation method wherein the BCP is dissolved in a good solvent for both blocks
and a non-solvent is added dropwise into it followed by the evaporation of the good sol-
vent.'® Here, by changing the polymer concentration in the good solvent, the mixing ratio
of good and poor solvent and the evaporation speed of the good solvent, polymer particles
ranging from tens of nanometers to micrometers can be obtained. Nanoparticles of hydro-
phobic BCPs can be prepared in hydrophilic solvents as the interface between a hydrophilic
solvent such as water and a hydrophobic BCP is stabilized by the absorption of oxonium
ions on the hydrophobic surface.'® In general, precipitation is advantageous for the prep-
aration of BCP particles as it does not require the use of surfactants for the stabilization of
the particles. Using the aforementioned fabrication techniques, nanoparticles of BCPs with

internally phase-separated nanostructures can be prepared.

Apart from the above mentioned methods, nanoparticles can also be prepared by electro-
hydrodynamic (EHD) co-jetting.'®? Using this technique, different morphologies of phase-
separation in the nanoparticles can be obtained by varying the properties of the polymer
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solution, as well as EHD parameters that include the electric potential and the flow rate.
This technique has been shown to be useful to prepare nano- and microparticles containing
more than two compartments and several unique architectures.'® Such multicompartment
particles possess dissimilar materials in each compartment and combine orthogonal prop-
erties in the same particle allowing for precise surface modification to create surface pat-
terns. Multicompartment particles with a combination of tailored physical and chemical

properties for different applications is further discussed in Section 2.7.2.

2.6.1.4 Morphologies of BCPs in nanoparticles (3D spherical confinement)

As discussed in Section 2.6.1.1, 3D confinement may be weak or strong depending on the
values of D/Lo. The boundary between both confinements occurs at approximately D/Lo =
4. The value of D/Lo is important to determine the morphologies of phase-separated struc-
tures in the weak confinement regime too. Manners and co-workers demonstrated the pres-
ence of different morphologies of polystyrene-block-polybutadiene (PS-b-PB) copolymers
with PS encapsulated in the 3D confinement. The particles were prepared by the emulsion
method using pluronic (PEO-b-polypropylene oxide-b-PEO) as a surfactant. Although the
microphase-separated structures are perforated lamellae in the bulk state, the TEM images
inside the particles showed blends of particles with various sizes and different orientation
of the frustrated phases proving the effect of D/Lo on the morphologies.!’* As experimental
methods can become difficult to observe complex morphologies, computer simulations
(Monte Carlo) have also been performed to obtain predicted self-assembled morphologies
of a symmetrical diBCP confined in spheres (Figure 2.11).17°
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Figure 2.11. Self-assembled morphologies for symmetric diblock copolymers confined in
spherical pores as functions of the ratio D/Lo and a, where for each concentric-spherical
lamellar morphology, only a cross-section view is given and the boundary of the concentric
spherical lamellae is given with two identical structures at each D/Lo value. In each Figure,
the morphologies are corresponding to the lower a coordinate for D/Lo < 3.8, and corre-
sponding to the upper R coordinate for D/Lo > 3.8. Red parts represent the component “A”
of the BCP while the green that of component “B”. Reprinted with permission from refer-
ence Macromolecules, 2007, 40, 9133-9142. © 2007 American Chemical Society.

The above simulation was performed for a symmetrical diBCP of the type AsBs, where the
number of monomers in a polymer chain Na = Ng = 6, volume fraction of each of the blocks
fa = fg = 0.5, total monomer concentration at 85% and this model forms lamellae structures
in bulk with Lo = 9.33. a represents the surface preference of component “A” of the model
BCP. It is clear that a variety of morphologies can be obtained depending on the value of
D/Lo and a. One characteristic feature observed at the intermediate o values shown is that
embedded structures where A segments form specific features on the surface and B seg-
ments form struts embedded in the A-segment are common for pores where D/Lo < 2.7.
Another trend can be observed at D/Lo ~ 2.3-2.5, the shape of the strut changes with in-

crease in a. Finally, it can also be seen that at intermediate a values (= 0.05), single and
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double helical structures are obtained when D/Lo = 2.5-3.3 and 4.0 and D/Lo = 2.7-3.3,

respectively.

From an experimental point of view, when nanoparticles of BCPs like PS-b-PI are prepared
by SORP, one observes striking changes in the internal morphologies in the strong con-
finement region compared to that in the bulk.

Structure

TEM images PSt+PI
b7) DL, 1.89) of PSt

Particle diameter, D/L,

Figure 2.12. (al-a7) TEM images of PS-b-PI BCP nanoparticles where the dark regions
represent P1 and the bright regions that of PS. (b1-b7) Reconstructed 3D images of the
nanoparticles represented in al-a7, where the PS and Pl phases are shown in blue and
green, respectively. (c1-c7) Pl and (d1-d7) PS phases shown separately. Reprinted with
permission from reference 156 from The Royal Society of Chemistry.

Figure 2.12 shows the microphase-separated structures of PS-b-P1 nanoparticles prepared

by SORP and their 3D reconstruction by transmission electron microtomography
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(TEMT),® which is a powerful method for observing static and dynamic phase transi-
tions.’8 From the TEMT, it can be seen that D/Lo influences the morphologies of the in-
ternal phase-separated structures in the nanoparticles. Based on the PS phases represented
in Figure 2.12 (d1-d7), the microphase-separated structures can be classified into ring (D/Lo
= 0.66), helix (0.97 < D/Lo < 1.52) or branched helix (1.52 < D/Lo < 1.89). With increase
in D/Lo, the helix in the PS phase twists more intricately in the surface regions as seen in
Figure 2.12 d4 and d5. But, for D/Lo > 1.17, spherical PS domains can be seen with their

size increases with increasing particle diameters.

In summary, the interfacial energy between the polymer chains of the BCP and the interface
plays an important role in determining the microphase-separated structures in nanoparti-
cles. This can be seen as a function of the surface structures of the nanoparticles. There can
be two different scenarios: (i) the interaction of one of the blocks of the BCP is higher than
the other with the interface in case of which the microdomains of that block cover the
particle surface, and (ii) when both blocks of the BCP interact equally with the interface,
the particle surface encompasses both blocks on the surface as discussed above. Morphol-
ogies of BCPs in bulk and in confined spaces can therefore differ. In the bulk, the mor-
phologies are a consequence of the volume fraction of both blocks of a BCP (f) and their
interaction parameter ) . On the contrary, in confined environments, the interfaces between
the confinement matrix and the polymer chains tend to bend the morphologies observed in
bulk.

2.6.1.5 Effect of molar mass of BCPs on the microphase-separated structures in nano-
particles

As discussed previously, the internal phase-separated structures of BCPs in 3D confine-
ment are influenced by the volume fraction of both blocks and their interaction with the
interface. In addition to this, the molar mass of the BCP also has an influence on the phase-
separated structures in nanoparticles (3D spherical confinement). In the strong confinement
region, the microphase separation in bulk differs from that in solution. For example, a hy-
drophobic diBCP that shows lamellae structures in films, microphase separates to form
unidirectionally stacked lamellae and onion structures in nanoparticles.*%¢18 Higuchi et al.

studied the influence of molar mass of hydrophobic PS-b-PI BCPs on the internal phase
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separation structures formed in nanoparticles as a function of their D/Lo ratio and measured
the same by scanning transmission electron microscopy (STEM) to observe the internal
phase-separated structures.’> The nanoparticles were prepared by SORP using PS-b-Pl
BCPs of various molecular weights ranging from 30,000 to 1.5 million g mol* (Figure 2.13

a).

A) Evaporation STEM image
of THF (dark field)
Water
. - O D -THF
Block copolymer Nanoparticles
THF solutions dispersed in water

B) o, STEM images
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Figure 2.13. A) Preparation of PS-b-P1 BCP nanoparticles by self-organized precipitation
(SORP). B) STEM images of various phase separation morphologies in PS-b-PI BCP na-
noparticles as a function of molar masss and D/Lo ratio, where D is the particle diameter
and Lo corresponds to the period of lamellae structures in thin films. In figure b), (a), (b),
(c-f), (g-k) and (m-p) show the internal phase-separated structures of PS-b-Plzo, PS-b-Plzs,
PS-b-Pl2es, PS-b-Pls12 and PS-b-Plisso respectively. In each of the cases from (a-p), the
D/Lo ratio is represented in the top right corner of each TEM image. © Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.

The nanoparticles exhibited various internal structures such as Janus-, tennis ball-, mush-

room-, screw- and wheel-like in spite of their films only forming lamellae structures in all
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cases (Figure 2.13b). Compared to the simulation results obtained in a 3D confinement
system, few observations were reported: (i) when D/Lo > 2.0, unidirectionally stacked la-
mellae structures were formed in the nanoparticles, (ii) when 1< D/Lo < 2, non-lamellae
structures were observed such as screw like (D/Lo = 1.7), mushroom- and wheel-like (D/Lo
=1.5,), tennis ball-like (D/Lo = 1.1-1.2), Janus-type (D/Lo < 1.0). Therefore, different mor-
phologies of phase separation as a function of D/L, are seen for BCPs confined in nano-

particles by varying the molar mass of the BCPs.

2.7 Applications of BCP Self-Assembly

Most of the desirable properties of BCPs arise from their ability to undergo microphase
separation to form well-defined nanostructures with various morphologies, sizes and tuna-
ble functionality and sizes. This has been a tremendous driving force for the extensive
amount of research done on BCP phase separation to use them for various applications, for
instance in the form of BCP porous membranes*®’ and multicompartment or nanostructured

nanoparticles.'®

2.7.1 Nanoporous membranes

Membrane technology has already been well established, for example in the reverse osmo-
sis (RO) system for water purification, but BCPs have not been much used for membrane
applications than that of homopolymers. One of the biggest advantages of using BCPs for
porous membrane preparation is the versatility in the control of pore morphology, being
able to attain narrow pore size distribution and high porosity. With these unique features,
nanoporous materials find applications largely in the field of energy conversion and stor-
age,'8 biomimetic channels,® antifouling coatings,*®* as well as water purification sys-
tems.%2 In general, two methods can be used to generate pores in BCP membranes: (i)
casting a BCP film followed by selective block sacrifice, and (ii) self-assembly and non-
solvent-induced phase separation (SNIPS).'8” SNIPS is more promising for industrial pro-
duction of porous membranes as it a fast and scalable process. Nevertheless, cleaving the
junction between a BCP and selectively solubilizing the minor phase or degrading its back-
bone is extremely useful for the mechanistic studies of pore formation. Utilizing this con-
cept, a pioneer work was published by Lee et al., where they prepared a BCP film contain-

ing isoprene and generated pores by exposing it to ozone, while the other block was cross-
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linked.1%31% More recently, Theato and co-workers described the preparation of function-
alized nanoporous films and fibres from BCPs linked by a photocleavable molecule, and
in addition featuring activated esters for further modification.'® Herein, PEO-b-PPFPMA
BCP films and fibers were prepared with ortho-nitrobenzyl as the photo-cleavable junction
which was cleaved by UV light (Figure 2.14).

%ﬁf»@(w«@

', [Functional'parous
membrane

Figure 2.14. PEO-b-PPFPMA BCP with ortho-nitrobenzyl (ONB) photocleavable junc-
tion (in red). a) and b) AFM phase image of the BCP thin film and functional porous BCP
thin film after UV induced cleavage of linker and treatment with amine, respectively. c)
and d) SEM image of electrospun BCP fibers and confocal microscopy image of functional
porous fibers after functionalization with a green dye, respectively. Scale: 2 um x 2 pm
(@), 1 um x 1 um (b), 10 um (c¢), and 100 um (d). Reprinted with permission from reference
Macromolecules, 2013, 46, 5195-5201. © 2013 American Chemical Society

BCP nanoporous membranes also find applications in the field of biology and in medicine
for drug delivery. Yang et al. demonstrated the tremendous potential for BCP nanoporous
membranes for controlled drug release.'®® They developed a new drug delivery device for
controlled protein drug delivery. For this, the nanoporous membranes with controllable
pore sizes were prepared using polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) BCP with fps:fomma = 0.75:0.25 that gave rise to cylindrical microdomains. To
obtain the pores, the PMMA domains were etched by immersing the film into acetic acid
and controlled protein drug delivery tests were successful with bovine serum albumin
(BSA) for up to 2 months using the nanoporous BCP membrane containing cylindrical

nanochannels (Figure 2.15).
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Therefore, using functional linkers at junction points cleavable by different methods can
be an interesting strategy to generate pores in films. Such an example of preparing porous
membranes using BCPs containing an active-ester junction has been described in Chapter
4.

=

Si wafer

EN SO, Bl PS-ran-PMMA
PSblock W PMMA block (1)
I PMMA homopolymer (2)

Pore generation by the removal of (2)
& swelling of (1) in acetic acid

Figure 2.15. (a) Schematics for the preparation of block copolymer membrane with cylin-
drical nanochannels. (b) Field-emission scanning electron microscopy (FE-SEM) images
of the top surface exhibiting cylindrical pores. Scale bar in the inset corresponds to 30 nm.
Reprinted with permission from reference ACS Nano, 2010, 4, 3817-3822. © 2010 Amer-
ican Chemical Society

2.7.2 Multicompartment nanoparticles

Self-assembly of BCPs using selective solvents is a powerful and versatile method to create
nanoparticles with defined size, surface morphology/internal structures and functionality.
BCP design directly influences the morphology of phase-separation in the nanoparticle
(volume fractions of each block), size of the nanoparticle (overall molar mass) as well as
the incorporation of functional moieties as chemical anchors. There are several examples
in literature where amphiphilic BCPs and their blends are used for the preparation of mi-
cellar nanoparticles with tunable surface chemistry and physical behaviour directed at var-
ious applications.*®2%° On the other hand, amphiphilic BCPs or hydrophobic BCPs and
their blends can also be used for the preparation of multicompartment particles, i.e.,
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“patchy” particles with small domains (sub 100 or 50 nm range) and have accessible func-
tional groups making them useful for small molecule or biomolecule conjugation. Such
materials can be fabricated in different ways: (i) EHD co-jetting of polymer solutions to
obtain particles with multiple compartments or patches, where functional moieties as
comonomers in the polymer may be introduced, or (ii) BCP or BCP blends self-assembly
in solution to obtain much smaller domains in sub 50 nm range. In the latter case, one may
introduce functional comonomers for further attachment of molecules of interest and also
induce morphological transformations from within the nanoparticle, to supramolecular
transformations leading to new architectures. Some examples in the respective fields have

been stated below.

Rahmani et al. demonstrated the fabrication of several micropatterned particles displaying
orthogonal functionalities.*®® Functional polylactide derivatives were subjected to EHD co-
jetting leading to compartmentalized fibres which were then sliced into microdiscs. Fur-
ther, using orthogonal chemistries, different biomolecules such as biotin-streptavidin con-

jugate and BSA were immobilized precisely on the patches (Figure 2.16).
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Figure 2.16. Al) Three-patch particle decorated with alkyne, carboxylic acid and benzo-
phenone functional groups and their utilization for attachment of biomolecules. A2) Con-
focal images of the microparticles after functionalization. A3) 3D volume rendered image
of the confocal microscope images shown in A2. Scale bars represent 5 um. © Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.
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2. THEORETICAL BACKGROUND

As this technique does not allow for the fabrication of functional nanoparticles with sub
100 nm patches, BCP self-assembly is extensively used for this purpose. Several reports of
BCPs such as PS-b-PI have been shown to self-assemble in solution to form nanoparticles
with surface nanostructures.?°22% |n an interesting report by Higuchi et al., PS-b-P1 BCPs
were prepared by SORP at different temperatures to form disordered, unidirectional
stacked lamellae and onion-like phase-separated structures in nanoparticles.*®® Further, on
thermal annealing, disorder-order and order-order transformation in phase separation mor-

phology was induced (Figure 2.17).

Further, BCPs and their blends can also be used for the fabrication of nanoparticles with
ordered phase-separated structures in the sub 50 nm regime and further be supramolecu-
larly transformed into other materials (e.g., stacked-lamellae structured nanoparticles into
nanodiscs,'®” onion-like structures into nanorings,?** and hexagonal cylinders into nan-
owires).2%* BCP blends have also been used to obtain nanoparticles with different morphol-
ogies of phase separation,1®7:2052% and more recently, some functional analogues for pre-

cise patterned immobilization.?%’

Figure 2.17. a-c) STEM images (dark field) of PS-b-Plso nanoparticles prepared at differ-
ent temperatures showing spheres, stacked-lamellae and onion-like sinternal structures, re-
spectively. Scale bars represent 300 nm. d-i) STEM images of transformation of stacked
lamellae structured nanoparticles shown in ‘b’ (d-h) to finally obtain onion-like structures
in nanoparticles (g). Scale bars represent 100 nm. © Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.

44



2.7 APPLICATIONS OF BCP SELF-ASSEMBLY

Schmidt et al. demonstrated the fabrication of functional striped ellipsoidal nanoparticles
for spatially controlled functionalization using a new synthetic platform.?%” This was
achieved by blending PS-block-poly(2-vinylpyridine) (PS-b-P2VP) with functional PS or
P2VP copolymers. The nanoparticles were prepared by an emulsification strategy and de-
sired properties were imparted by changing the nature of the functional PS or P2VP copol-
ymers used for blending. (Figure 2.18). Up to date, although several BCP thin films as
platforms for precise patterning have been developed, not many examples of BCP (func-
tional) self-assembly in solution leading to nanoparticles with patterned surface structures
have been reported. Owing to the great potential for improvement and its suitability for
practical applications, Chapter 4 deals with the preparation of reactive “patchy” nanopar-
ticles.
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Figure 2.18. (Top) Schematic representation of the developed platform approach for spa-
tially controlled functionalization of striped ellipsoidal particles. (Bottom) Multifunctional
ellipsoidal striped nanoparticles via non-covalent post-assembly modification. Synthetic
route describing the introduction of gold nanoparticles into the P2VP domains and TEM
dark field images of the respective BCP blended nanoparticles. Reprinted with permission
from reference 207 from The Royal Society of Chemistry.
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2.8 Analytical Methods for Nanostructured Nanoparticles

2.8.1 Transmission Electron Microscopy (TEM)

2.8.1.1 Basic principle

TEM using high energy monochromatic beam of electrons accelerated at voltages up to
300 kV i.e., nearly to the speed of light. The electron beam behaves like a wave with wave-
lengths shorter than light waves by a million fold. The electron beam is transmitted through
an ultra-thin specimen, interacting with the specimen as it passes through. When the highly
energetic primary electron beam interacts with the specimen, electrons can scatter or
backscatter elastically or inelastically, produce many interactions, or give rise to different
signals like X-rays, Auger electrons, or electromagnetic radiation (Scheme 2.9). Some of
them are relevant to TEM. An image is formed from the interaction between the electrons
and the specimen, the image is then magnified and focused on to an imaging device, such
as a fluorescent screen, a layer of photographic film, or to be detected by a sensor such as
a CCD camera.?®

Primary electron beam (PE)

Back Scattered Electrons (BSE)
Electromagnetic radiation

R

X-Rays . Scattered Electrons (SE)
Ultra-thin Auger Electrons
specimen . .
elastic Inelastic
scattered scattered
electrons electrons
TEM, HREM EELS

Scheme 2.9. Probable interactions between the primary electron beam and a specimen.

2.8.1.2 Instrumentation

The instrumentation of a TEM can be classified into three major sections: (i) electron gun,
(ii) condenser system, and (iii) image production. A ray diagram showing all three sections
is shown in Scheme 2.10.
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Scheme 2.10. Schematic representation of the three components (electron gun, condenser
system and image production system) in a TEM.

Electron gun: The electron gun is responsible for firing the electrons towards the specimen.
There are several types of electron guns, but a heated tungsten filament is most commonly
used to create the primary electron beam. The electrons are then drawn toward an anode at
one end of the electron gun, where a hole allows the passage of the electrons towards the

specimen.

Condenser system: After the electrons leave the electron gun, they enter the condenser

system. This system consists of one or two electromagnetic lenses that are made up of coils
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2. THEORETICAL BACKGROUND

of wires. The first condenser lens determines the “spot size” of the electron beam and the
second lens changes the size of this spot on the sample. The magnetic field created by the
lenses focuses and constricts the electrons into a thin beam. The condenser aperture is a
thin disk or a metal strip with a small circular aperture that restricts the electron beams and
filters the unwanted scattered electrons before image formation.

Image production: The electrons from the condenser system enters the image production
system after it passes through the specimen. Depending on the type of interaction of the
electron beam and the specimen, transmitted beam, diffracted beam, and inelastically scat-
tered electrons are generated. The objective aperture enhances contrast by blocking the
high-angle scattered electrons. Depending on the position of the objective aperture, two
different types of TEM images, bright field (BF) and dark field (DF) images can be ob-
tained (Scheme 2.11). The projector lens then expands the focused electron beam of inter-
est onto a fluorescent or phosphorescent screen to create an image. The phosphor screen is
usually made up of fine zinc sulfide for direct observation by the user.

A) Bright Field (BF) Imaging B) Dark Field (DF) Imaging

X
Incident beam e)\{\(‘\
QW
YV VYV WV
Specimen \\\ —» Specimen

Objective lens

Objective lens

Diffracted beam Transmitted beam

Objective aperture Obijective aperture

Transmitted beam Diffracted beam

Scheme 2.11. Ray diagram illustrating the image formation in the BF (A) and DF (B)
mode.
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2.8.1.3 Resolution of a TEM

Resolution in TEM is given by the following equation:

d - 0.753
B a\Vv

where d is the resolution in nm; a is the half aperture angle and V is the accelerating voltage
in volts. For example, when the electron beam is accelerated at 100 KV, the resolution of

the TEM is 0.24 nm. The resolution improves with higher accelerating voltages.

2.8.1.4 Advantages and disadvantages of TEM

TEM has certain advantages such as real and diffraction pattern information can be ob-
tained from a sample region; chemical information via energy dispersive X-ray spectros-
copy (EDX) and high resolution imaging is possible; and several phase contrast images can
be obtained. On the other hand, TEM requires special sample preparation; high vacuum is
a requirement; non-conducting samples require gold or carbon coating and it implies high

capital and running costs.
2.8.2 Scanning Transmission Electron Microscopy (STEM)

2.8.2.1 Basic principle

A schematic representation of the optical configuration of STEM is shown in Scheme
2.12.2%° A series of lenses focus an electron beam to form a precise probe that is incident
upon an ultra-thin sample. The final focusing lens is the objective lens while the other pre-
lenses are the condenser lenses. The lens system on the whole provides enough demagni-
fication of the spot-sized electron source to form an atomic scale probing on the sample.
The objective lens provides the final and the largest demagnification step. An objective
aperture restricts the numerical aperture down to a size where any kind of aberration in the
optical system can be lowered to avoid blurring of the sample. Finally, scan coils are ar-
ranged to scan the probe over the sample and a variety of scattered beams are obtained that
can be plotted as a function of the probe position to obtain a magnified image of the sample.

The most commonly collected ones are: (i) transmitted electrons, where the electrons leave
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the sample at low angles with respect to the optical axis (BF mode), (ii) transmitted elec-
trons that leave the sample at high angles compared to the optical axis (annular dark field
(ADF) mode), (iii) X-rays generated from any electron excitation in the sample (EDX),
and (iv) transmitted electrons that have lost energy by transmitting through the sample.
These electrons can be plotted as a function of their energy loss to obtain an electron energy

loss spectrum, known as EELS.
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BF
Detectors

Scheme 2.12. A general schematic representation of the optical configuration of a STEM.

2.8.2.2 STEMvs TEM

An important concept concerning STEM is the “principle of reciprocity”. According to this

principle, the STEM imaging optics (before the sample) are equivalent to the TEM imaging
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optics (after the sample) (Scheme 2.13). Likewise, the role of the detector plane in STEM
can be compared to the illumination setup in the TEM. For example, for a BF image, in
TEM, the sample is illuminated with a coherent electron beam, and post-specimen optics
are responsible for obtaining a highly magnified image of the transmitted electron beam
from the sample. On the other hand, in the case of STEM, the highly demagnified imaging
optics of the source on the sample is scanned over the specimen. The transmission from
the specimen interaction is then calculated with respect to the position of the probe. This
principle is the key to understanding that the image contrast in case of TEM and STEM

will have the same form.
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TEM Objective aperture
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Scheme 2.13. A schematic diagram showing the equivalence between bright-field STEM
and conventional TEM (CTEM) using the principle of reciprocity.

2.8.3 Stimulated Emission Depletion Microscopy (STED)

2.8.3.1 Basic principle?!0

Stimulated emission depletion microscopy is a variant of high resolution fluorescence mi-

croscopy technique. It differs from other confocal microscopies as it overcomes diffraction
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limits. A schematic representation of the STED microscope as well as the difference in
energy diagram compared to that of a confocal microscope are shown in Figure 2.19. STED
uses pairs of synchronised laser pulses, where the first pulse is used to excite the fluores-
cence dye and an ordinary diffraction limited focus is obtained. The second pulse, known
as the depletion pulse, is red-shifted in frequency to the emission spectrum of the dye. The
depletion pulses are spatially arranged in the shape of a doughnut such that only the fluo-
rescence from the molecules at the periphery of it are quenched via stimulated emission.
The depletion laser intensity remains zero at the centre of the doughnut where the fluores-
cence from the molecule remains unaffected and is detected by single-photon sensitive

detectors.
Beam splitter
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Figure 2.19. The STED concept. (a) Schematic representation of a STED microscope. En-
ergy diagram comparisons between fluorescence and depletion in confocal (b) and STED
microscopies (C).
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2.8.3.2 Resolution

The resolution of STED microscopy is given by:!!

A
d =

2NA+( 1+1/,S)

Where d is the resolution is nm, 4 is the wavelength of light in nm, , NA is the numerical
aperture of the objective lens, I is the maximum intensity of the STED beam and Is is the
saturation intensity characteristic to the dye used. If the STED laser intensity is higher than
a certain threshold, all the spontaneous emission is dominated by the stimulated emission

which leads to the complete suppression of the fluorescence, called depletion.
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3. SYNTHESIS OF FUNCTIONAL BLOCK
COPOLYMERS

3.1 Introduction

The availability of RDRP techniques as discussed Section 2.3 allows for the facile synthe-
sis of functional BCPs, but is limited depending on the complexity and polymerizing ability
of the functional comonomers. Advantageously, post-polymerization modification (PPM)
IS a technique using which functional BCPs can by synthesized by simple chemical modi-
fications of well-defined precursor BCP. On the one hand, it is possible to synthesize a new
BCP from a precursor BCP that finally differs in its physical and chemical properties. For
example, water-soluble polymers can be synthesized by PPM of a well-defined activated
ester-containing polymer precursor (hydrophobic) with amines in a simple reaction under
mild conditions.?*? On the other hand, it is widely used to obtain functional BCPs with
tunable functionality, where certain properties of the backbone such as degree of polymer-
ization, amount of functional comonomer, architecture, and fractions of the blocks are re-
tained while only altering the nature of their functionality. In the past few years, several
coupling reactions such asradical thiol-ene and thiol-yne additions, Michael addition,*’
thiol-disulfide exchange, azide-alkyne cycloaddition, Diels-Alder, and activated es-
ter/amine exchange?*2!* have been popular in this regime. Another important aspect is the
feasibility and compatibility of the functional comonomer for copolymerization with an-
other monomer by RDRP techniques. Considering the feasibility of polymerization and
robustness of their PPM reactions, pentafluorophenyl (PFP) based esters are emerging as
popular synthetic handles for PPM owing to their ability to readily undergo nucleophilic
substitution reactions with the abundant pool of commercially available amines.***"* The
PFP group is capable of undergoing yet another “click” type of reaction known as para-
fluoro—thiol substitution reaction (PFTR). Taking advantage of versatility of the PFP moi-
ety, this chapter describes the synthesis of PFP-functionalized BCP precursors, and their

Parts of this chapter and the associated experimental section (Section 8.1 and Appendix A) are adapted or
reproduced from reference 85 and 235: D. Varadharajan, G. Delaittre, Polym. Chem., 2016, 7, 7488-7499.
© The Royal Society of Chemistry; H. Turgut, D. Varadharajan, Nico Dingenouts, G. Delaittre, Macromol.
Rapid Comm., 2018, marc.201800231, accepted. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. SYNTHESIS OF FUNCTIONAL BLOCK COPOLYMERS

PPM to obtain a variety of functional BCPs. A simple technique such as PPM was sought
after to be able to generate a library of functional BCPs, to then be able to screen them for

the preparation of functional nanostructured nanoparticles (discussed in Chapter 4).

3.2 Strategy
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Scheme 3.1. Schematic representation of the strategy used (amidation + PFTR) to create
dual reactive PMMA-b-PS and PnBMA-b-PS BCP precursors.

A BCP containing relatively well-established segments, poly(methyl methacrylate-stat-
pentafluorophenyl  methacrylate)-b-poly(styrene-stat-pentafluorostyrene) (P(MMA-r-
PFPMA)-b-P(S-r-PFS)) was used to establish a suitable platform for facile generation of
functional BCP libraries. PFPMA and PFS were chosen because: (i) of the high reactivity
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of PFPMA with amines, (ii) among the others, carbon-linked PFP derivative (PFS) is the
most employed for thiol-halo?*>2® reactions?"?'8 and, (iii) PFS structurally resembles sty-

rene and hence is a compatible comonomer for the PS block.

In general, two steps were performed: (ii) a functional BCP precursor based on P(MMA-
r-PFPMA)-b-P(S-r-PFS) was synthesized by RAFT polymerization, and (ii) PPM follow-
ing two pathways, i.e., active-ester—amine reaction or amidation followed by PFTR (Path-
way 1), or PFTR followed by amidation (Pathway 2). This was helpful to understand the
reactivities of PFS and PFPMA towards thiols and amines, respectively. A general sche-
matic representation of the strategy is represented in Scheme 3.1. Certain important param-
eters such as reaction time (10-60 min), nature of the base used for PFTR (trimethylamine
(TEA) or 1,8-diazabiscyclo[5.4.0]-undec-7-ene (DBU)), and temperature (room tempera-
ture (RT) and 50 °C) were investigated to formulate an ideal route towards functional BCP
synthesis. The optimum conditions were further used to obtain reactive BCP precursors
based on poly(n-butyl methacrylate-r-pentafluorophenyl methacrylate)-b-poly(styrene-r-
pentafluorostyrene) (P(nBMA-r-PFPMA)-b-P(S-r-PFS)).

3.3 Results and Discussion

3.3.1 Synthesis of PFP-functionalized BCPs

Firstly, a well-defined BCP precursor (P(MMA-r-PFPMA)-b-P(S-r-PFS), 2) was synthe-
sized by RAFT polymerization, where the functional monomers PFPMA and PFS were
statistically incorporated in the PMMA and PS block, respectively (Scheme 3.2). Two fac-
tors were considered for the synthesis of the BCPs: (i) final molar mass of approximately
50000 g mol™ was targeted to ensure the microphase separation of the BCP in bulk to
ultimately obtain nanostructured nanoparticles, and (ii) equivalent volume fractions of both
block were maintained to obtain specific morphologies (discussed in Chapter 4). The over-
all molar mass was calculated using the *H NMR spectrum, and the formation of the BCP
was confirmed by size-exclusion chromatography (SEC) (Figure 3.1 A and C, respec-
tively). The molar mass of P(MMA-r-PFPMA) macroRAFT agent 1 was first determined
by SEC, which was then used to calculate the molar mass of the final BCP 2 using the 'H
NMR spectrum (Mnnmr = 51600 g mol™?; Mnsec = 46500 g mol™; D = 1.25). Due to the
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absence of any distinct protons corresponding to the functional comonomers PFPMA and
PFS after polymerization, their presence was qualitatively confirmed by **F NMR spec-

troscopy (Figure 3.1 B).
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Scheme 3.2. Synthetic route towards the synthesis of P(MMA-r-PFPMA)-b-P(S-r-PFS)
and the capping of the RAFT end group.

The amount of functional group incorporated in both blocks was kept below 10 mol% to
not alter the properties of the backbone of the BCP. This is important to study their phase
separation behavior as discussed in the next chapter. Keeping this in mind, an initial feed
of 5 mol% of PFPMA and 3 mol% of PFS was employed. But, as both PFPMA and PFS
polymerize faster than their respective monomers MMA and styrene, 8% of PFPMA and
7 mol% of PFS were finally incorporated in BCP 2 (the calculations for the exact incorpo-
ration of the functional monomers have been elaborated in Section 8.3 using Figure A1-A,
B, and D (Appendix A) .
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PMMA and PS backbone
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Figure 3.1. A) *H NMR spectrum of BCP 2 showing the integrals used for calculating the
overall molar mass. B) 1°F NMR spectrum of BCP 2a. C) SEC traces of macroRAFT agent
1, polymer 1a, and BCPs 2 and 2a. Adapted from reference 85 from The Royal Society of
Chemistry.
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Having obtained the BCP precursor, the dithiobenzoate RAFT end group was “capped” as
it is susceptible to aminolysis, readily leading to the formation of thiols.?!® This could lead
to the formation of disulfide bridges or cross-linking as a consequence of PFTR. The
end group capping was performed using 2-methoxy-6-methylbenzaldehyde in a photo-trig-
gered Diels-Alder cycloaddition reaction to form the deactivated counter part of BCP 2,
i.e. BCP 2a (Scheme 3.2). Similarly, the end-group in polymer 1 was also capped to form
polymer 1a which was later used for mechanistic investigations. The conventional method
of radical combination using AIBN?% was avoided due to its unreliable reproducibility.
The end-group capping was characterized by UV-Vis spectrometry by the disappearance
of the characteristic absorption band of the RAFT end group at 310 nm (Figure 3.2). Fur-
thermore, the SEC traces before and after the photocapping remain unchanged (Figure 3.1
C).

1.0

0.8

Absorbance
Absorbance

T 1 T 1
400 500 400 500
Wavelength / nm Wavelength / nm

Figure 3.2. UV-Vis spectra of 1 and 2 before (pink and blue dashed line, respectively) and
after (pink and blue solid line, 1a and 2a respectively) end group capping with 2-methoxy-
6-methylbenzaldehyde. Adapted from reference 85 from The Royal Society of Chemistry.

3.3.2 Functional BCP library: Establishing orthogonal reactions between two dis-

tinct PFP-derivatives

In this study, the conditions to perform amidation (on PFPMA) and PFTR (on PFS) in an
orthogonal fashion on a single BCP 2a bearing both the PFP moieties was optimized.
(Scheme 3.1). Two routes, Pathway 1, and Pathway 2, as mentioned earlier are possible to

achieve the same. If both pathways emerge successful, the scope for synthesizing large
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libraries of functional BCPs using various combinations of amines and thiols can be
achieved. For instance, one could incorporate a single amine alongside a pool of thiols
using Pathway 1, while Pathway 2 could serve for the opposite. Hence, both pathways

were investigated in detail leading to certain fundamental observations.

Table 3.1. Characteristics of the BCPs obtained through modification of 2a using Pathway
1 with different amines and octanethiol (OT) as a model thiol.

Amine 2aamine Zaamine-)OT

Mn,NMR Mn,SEC Mn,NMR Mn,SEc
D Xor

Name Structure

X, .
amine

(gmol™) (g mol’) (gmol) (gmol )

allyl ~~nn 0.93 52500 49500 1.18 0.97 52500 48000 1.24

2

fur J/ \ NH 0.95 52500 47000 1.22 0.99 51500 45000 1.23
2
(o)

nor @\/NH 0.89 53000 47500 1.22 0.99 52000 47000 1.21
2

(0]
az K %ANHzo.sa 53000 46000 1.23 096 55000 46000 1.24

R calculated grafted amine content/calculated original PFPMA content

amin

Xor = calculated grafted octanethiol content/calculated original PFS content

Investigation of Pathway 1: Chronologically, Pathway 1 was first investigated. Several
amines bearing a second reactive group on the other end of the molecule were reacted with
the PFPMA units by amidation, followed by PFTR using octanethiol (OT) as a model thiol
(Table 3.1). Amines possessing a second reactive group were specifically chosen to enable
the synthesis of yet another sub-library, after a second round of functionalization of this
new moiety. The second reactive groups in the amines are alkenyl moieties such as allyl
and norbornyl (nor) that undergo several ene-reactions or cycloadditions, furanyl (fur) in-
volved in Diels-Alder cylcloadditions, and azide (az) for 1,3-dipolar cycloadditions (refer
to Table 3.1). Nevertheless, this secondary functionalization is not dealt with in this thesis
as we aim at uncovering the basic reactivities of PFP-derivatives with amines and thiols.
Following this, amidation was performed with the amines stated above under standard con-

ditions (50 eq. with respect to PFPMA units) in the presence of triethylamine (TEA, 5 eq.
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with respect to PFPMA units) at 50 °C. Firstly, allylamine was used and quantitative trans-
formation of the PFPMA units was confirmed by the presence of the respective amine
peaks in the *H NMR spectrum (Figure 3.3 A, pink) as well as the disappearance of the
fluorine peaks of PFPMA in *°F NMR spectrum (Figure 3.3 B, pink).
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Figure 3.3. 'H (A) and *°F (B) NMR spectra of BCPs 2a (black), 2aanyi (pink), and 2aal-
iyisoT (blue). Reprinted with permission from reference 85 from The Royal Society of
Chemistry.

62



3.3 RESULTS AND DISCUSSION

The purified amide product 2aany was then subjected to PFTR with OT to obtain 2aanyisot
confirmed by reviewing the °F NMR spectrum (Figure 3.3 B, blue), where the original
para-PFS peak disappeared and a shift of the meta-PFS is clearly seen as a consequence of
the disappearance of para-PFS peak. This was also confirmed by the presence of a peak at
2.6 ppm in the *H NMR (Figure 3.3 A, blue) that corresponds to the a-CH; protons of OT.
7.4 mol% of allylamine and 6.8 mol% of OT was calculated to be incorporated into the
BCP after amidation and PFTR . This suggests that amidation proceeded to 93% with a
possibility of partial hydrolysis and a near-quantitative conversion of the PFS units. Near-
integral overlapping SEC traces of 2a, 2aaiyl, and 2aanyisot evidences that the overall pol-
ymer architecture remained intact after being subjected to Pathway 1 (Figure 3.4). Similar
experiments were conducted using all other amines (see Table 3.1) and the results were
similar to that of Pathway 1, leading to a small library of dual functional BCPs (for NMR
spectra, refer to Appendix A, Figure A2, Figure A3, Figure A4, and the respective SEC
traces are plotted in Appendix A, Figure A5, Figure A6, and Figure A7).

1,0 1
g 2a
2aallyl
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E
2
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0,2 4
0,0 = T v T T T T 1
3,5 4.0 45 5,0 5,5

log (M/ g mol™)

Figure 3.4. SEC traces of BCPs 2a (black), 2aanyi (pink) and 2aanyisot (blue). Reprinted
with permission from reference 85 from The Royal Society of Chemistry.

Investigation of Pathway 2: After Pathway 1 was established to be a suitable and an effi-

cient route towards dual functional BCPs, Pathway 2 was investigated. PFTR was first
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3. SYNTHESIS OF FUNCTIONAL BLOCK COPOLYMERS

performed on the PFS units using standard conditions (5 eq. of thiol and 1 eq. of DBU per
unit of PFS). Contrary to what we expected, the PFPMA units did not remain unreacted to
the PFTR conditions. To the best of our knowledge, this behaviour of PFPMA has not been
explored. Therefore, to get a better understanding of the events of happenings, two aspects
were considered: (i) the activity of fluorine atoms of PFPMA towards PFTR, and (ii) its
effect in turn towards the reactivity of substituted PFPMA with amines. To address this, a
study was conducted exploring different reaction conditions, such as time (10-60 min),
effect of bases that catalyse the PFTR reaction (TEA and DBU) and the type of thiol (OT
and mercaptoethanol) (Table 3.2).

Table 3.2. Activity of the fluorine atoms of PFPMA and PFS towards thiols at different
reaction times.

PFPMA PFS

Entry Thiol Time (min) .
para Mono-meta Bi-meta  para

1 10 v v x v
2 RSH 30 v v x a
3 ° 60 H v v v
4 10 v v v v
5 HoSH 30 v v v v
6 60 H v v v

*Partial substitution; H = PFPMA hydrolysed

Effect of reaction time on PFTR: First, the effect of reaction time on PFTR was studied
using both OT and mercaptoethanol. BCP 2a was subjected to PFTR for 10, 30, and 60
minutes using OT, until 100% conversion on the PFS units was achieved. 1°F NMR spectra
of the purified polymer after every time point were measured to precisely follow the pro-
gress of the reaction (Figure 3.5). After just 10 minutes, PFPMA underwent 100% nucleo-
philic substitution with the thiol in the para position, as seen by the disappearance of the
para-F peak of PFPMA and appearance of the shifted meta-F peak at -133.6 ppm. But, the
PFS units at this point remained almost unreacted as seen by the appearance of only a small
shifted meta-F peak of PFS at -136 ppm. This already proves that PFPMA is more reactive

towards PFTR than PFS under the same given conditions.
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Figure 3.5. %F NMR of BCP 2a at various time intervals using standard PFTR conditions
at RT. Reprinted with permission from reference 85 from The Royal Society of Chemistry.

Furthermore, appearance of new peaks in the region of -134 and -110 ppm suggests that
PFPMA also possesses other reactive fluorine atoms. To decipher the probable reactivity
of meta- and/or the ortho-F atoms towards thiols, one has to understand the reactivity of
pentafluorobenzenes (PFB). The orientation of substitution in PFB derivatives is directly
correlated to the maximum number of activating fluorines. The para isomer was found to
be the major substitution product of such PFB derivatives based solely on the effects of
fluorine, such as in PFTR.??! After 30 minutes, PFS undergoes PFTR slowly and, at the
same time the other fluorine atoms of PFPMA still undergo nucleophilic substitution by
the thiols. After 60 minutes when the PFTR is achieved to 100% completion in PFS, the
overall large decrease in the F-atom peaks of PFPMA suggests that they are almost com-

pletely hydrolyzed. Yet, the presence of peaks in the region of -134 to -110 ppm indicate
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3. SYNTHESIS OF FUNCTIONAL BLOCK COPOLYMERS

that the meta-F PFPMA substituted products remain stable towards hydrolysis. From these
time-dependent experiments, it can be ascertained that the para-F atoms of PFPMA react
faster with thiols than that of the para-F of PFS, while the reactivity of meta-F of PFPMA
may be faster or comparable to the reactivity of para-F of PFS towards thiols. Similar time-
dependent experiments using mercaptoethanol instead of OT was carried out and similar
results were obtained (see Appendix A, Figure A8). In order to clearly recognize the order
of substitution of fluorine atoms of PFPMA with thiols, an independent study was con-

ducted (discussed in Section 3.3.3) using polymer 1a without the interference of PFS.

Table 3.3. Activity of PFPMA and PFS fluorine atoms towards thiols varying certain pa-
rameters: base, temperature and reaction times.

Base Thiol . PFPMA PFS
Temp Time
Entry (eq. (eq. °C) (min)
IPES) IPES) para Mono-meta Bi-meta para
1 DBU(2) OT(10) RT 10 H v v v
2 TEA() OT(50) 50 1440 v v % x
3 TEA@Q OT(10) RT 240 v x % x

H = hydrolysis

Effect of base and temperature on PFTR: In an attempt to reach 100% conversion on
PFS during PFTR on BCP 2a, the quantities of the thiol and DBU were doubled compared
to the standard conditions (now 10 eq. and 2 eq. per unit of PFS, respectively, Table 3.3
Entry 1). Under these conditions, PFS undergoes 100% conversion, but the para-F substi-
tuted PFPMA units at the same time are completely hydrolyzed (Figure 3.6, Entry 1). In
order to control the reaction, TEA, also known to catalyze PFTR under certain conditions,
was used to probe the reactivity of PFPMA and PFS towards thiols using similar reaction
conditions to that of amidation (50 °C, 24 h, 5 eq. TEA and 50 eq. OT per unit of PFPMA,
Table 3.3, Entry 2). Surprisingly, under these conditions, the para- and meta-F of PFPMA
undergo complete substitution by OT, but all remaining fluorine atoms of PFPMA and PFS
as well as the substituted PFPMA units remain intact (Figure 3.6, Entry 2). To rule out the
possibility of PFPMA units being unstable to higher temperatures (50 °C) and long reaction

times in the presence of a base, milder conditions were employed to perform the same
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3.3 RESULTS AND DISCUSSION

reaction (Table 3.3, Entry 3). Under these mild conditions, PFTR could exclusively be
achieved on PFPMA leaving PFS and meta- and ortho-F of PFPMA unaffected (Figure
3.6, Entry 3). From these observations, it is clear that PFS does not undergo PFTR at all in
the presence of PFPMA using a mild base like TEA, and under standard conditions, pos-

sesses less or similar reactivity to thiols than the para- and meta-F of PFPMA.

Entry 3

Entry 2

Entry 1

A S B e L B e S B S 1 S S
-110  -114  -118  -122  -126  -130  -134  -138  -142  -146  -150  -154  -158  -162  -166  -170
6/ppm

Figure 3.6. °F NMR spectra of the BCPs obtained after PFTR of BCP 2a with OT under
different conditions of base, temperature, and reaction times, corresponding to the entries
in Table 3.3. Reprinted with permission from reference 85 from The Royal Society of
Chemistry.

After understanding the reactivities of PFPMA and PFS on 2a towards thiols, the next step
of Pathway 2, i.e., amidation was conducted. As an example, the product of the reaction of
PFTR on 2a with TEA (Table 3.3, Entry 2) was subjected to amidation with furfurylamine
(Figure 3.7 A). It can be seen that the starting BCP of this reaction (3) possesses a 100%
para-substituted PFPMA and a percentage of partially meta-substituted product (Figure
3.7 B). When 3 is reacted with furfurylamine (using standard amidation conditions), only
the para-substituted PFPMA undergoes amidation, while the meta-substituted species re-
mains as it is clearly seen by the disappearance of m 'rrpma and oprpva peaks and unchanged

peak pattern between -133 and -118 ppm, respectively (Figure 3.7 B, top).
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Figure 3.7. (A) Underlying reaction scheme for the amidation of 3. °F (B) and ‘H (C)
spectra of 3 (bottom) and 4 (top). Reprinted with permission from reference 85 from The

Royal Society of Chemistry.

Unfortunately, due to low peak intensities of the fluorine peaks of meta-substituted PFPMA

as well as an unclear baseline, this observation cannot be quantitatively determined. Yet, it

can be unambiguously stated that under all of the above investigated conditions for a BCP
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system as 2a containing two distinct PFP units, 100% PFTR on PFS is not feasible until

PFPMA undergoes complete substitution by the thiol first and the para-substituted product

is hydrolyzed further.
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Figure 3.8. *H (top) and ‘°F (bottom) spectra after one-pot orthogonal dual functionaliza-
tion of 2a with aminoethanethiol. Adapted from reference 85 from The Royal Society of
Chemistry.

3.3.3 Proof of Concept: Reactivity of F-atoms of PFPMA towards nucleophilic thiol

substitution

To provide a more detailed information about the reactivity of fluorine atoms of PFPMA
with thiols without the effects of PFS, if any, polymer 1a was used that is devoid of PFS
units. Again, both OT and mercaptoethanol were used as model thiol for PFTR with poly-
mer la. It is apparent from Figure 3.9 that unlike PFS, the meta and ortho fluorine atoms

of PFPMA are also reactive towards nucleophilic thiol substitution. One of the factors that
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3. SYNTHESIS OF FUNCTIONAL BLOCK COPOLYMERS

governs the order of substitution of the fluorine atoms is the quantity of thiol. When 1 eq.
of thiol per PFPMA unit is used, only the para-F undergoes nucleophilic substitution as
seen from the presence of intact ortho-F and shifted meta-F of PFPMA as well as the inte-
gral value of a-CH, of OT at 3.6 ppm in the *H NMR (Figure 3.10). But, when the thiol
concentration is increased to 5 eq. per unit of PFPMA, multiple substitutions corresponding
to the meta or ortho substitutions are visible (Figure 3.9). When the same reaction was
performed with mercaptoethanol as the thiol, similar results were observed (refer to Ap-
pendix A, Figure A9).
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Figure 3.9. F NMR spectra of 1a before (black) and after (pink) reaction with OT under
standard PFTR conditions. Reprinted with permission from reference 85 from The Royal
Society of Chemistry.

To be able to come to a conclusion regarding reactivities of the fluorine atoms, certain

aspects must be taken into account: nature of the nucleophile, steric effects, and polarity of

70
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the solvent. From literature, it is known that powerful electron donating groups, such as
thiols increase the proportion of meta substitutions.??! This holds true as long as steric ef-
fects do not interfere in the conjugation of -electrons on the substituent with the aromatic
ring.22222 In our case, as the PFB derivative is a PFP ester that is attacked by OT first in
the para position, further meta substitution is more plausible compared to ortho substitu-
tions. Nevertheless, the mechanism of a thiol substitution in the ortho position of PFB de-

rivatives has a complex mechanism that is incompletely understood.???
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Figure 3.10. °F (B) and H (A) NMR spectra after the reaction of polymer 1a with 1 eq.
of OT leading only to para-F substitution during nucleophilic thiol substitution reaction.
Reprinted with permission from reference 85 from The Royal Society of Chemistry.

The polarity of the solvent used also has an effect on the orientation of substitution of the
fluorine atoms in a nucleophilic thiol substitution reaction. It affects the interactions be-
tween the substituent R in case of CeFsR and the thiol (the incoming nucleophile), wherein
the ortho substitutions are significant when there is a strong bond formation in the non-

polar solvent. But, in the current study, we utilize DMF for all reactions and this should
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3. SYNTHESIS OF FUNCTIONAL BLOCK COPOLYMERS

bring about the opposite effect. Therefore, under all the conditions utilized in our study,
the order of substitutions of the fluorine atoms of PFPMA follow the order para, meta
(mono), meta (di), and no reactivity of ortho fluorine atoms. Nevertheless, the mech-

anism of the order of substitution remains unclear at this point.

Finally, extending the concept, another precursor BCP P(nBMA-r-PFPMA)-b-P(S-r-PFS)
(5) was synthesized by RAFT polymerization and using similar strategy as for BCP 2, the
RAFT end group was capped with 2-methoxy-6-methylbenzaldehyde to obtain BCP 5a
(Scheme 3.2). The characteristics of BCP 5a are (calculated using similar procedure as for
BCP 2a): Mnnmr = 55300 g mol™; My sec = 54100 g mol™; D = 1.18; fes:fpi = 0.51:0.49; %
PFPMA and PFS incorporated = 6.8 mol% and 6 mol%, respectively. The H, *F NMR
spectra of 5a, and the size-exclusion chromatograms (5 and 5a) are represented in Appen-
dix A, Figure A10. Followed by this, using Pathway 1, 5a was subjected to amidation using
allylamine (*H and *°F NMR spectra: Appendix A, Figure A11 A, and Figure A12 A, re-
spectively), furfurylamine (*H and *°*F NMR spectra: Appendix A, Figure A11 B, and Fig-
ure A12 B, respectively), and norbornene methylamine (*H and °F NMR spectra: Appen-
dix A, Figure Al11 C, and Figure A12 C, respectively). The presence of the respective 'H
peaks of the amines in each case, and the disappearance of the F-peaks belonging to the
PFPMA moiety confirmed the successful amidation reactions.

3.4 Conclusion

Two bifunctional diblock copolymers P(MMA-r-PFPMA)-b-P(S-r-PFS) and P(nBMA-r-
PFPMA)-b-P(S-r-PFS) containing PFPMA and PFS in the PMMA or PnBMA and PS
blocks, respectively were synthesized by RAFT polymerization. Precise control was
achieved over their molar masses (= 50000 g mol™?), dispersity and the functional group
incorporation (PFPMA = 8% and PFS = 5%). The end group stabilized P(MMA-r-
PFPMA)-b-P(S-r-PFS) based BCP was used for preliminary investigations to understand
the reactivity of PFPMA and PFS towards amines and thiols by amidation and PFTR, re-
spectively. To prove the versatility of amidation and PFTR, four different amines (allyla-
mine, furfurylamine, norbornene methylamine, and azido-PEG-amine), two thiols (oc-
tanethiol and mercaptoethanol) and a dual reactive aminoethanethiol were employed. Us-
ing Pathway 1 (amidation on PFPMA followed by PFTR on PFS units), a small library of
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reactive functional BCPs was successfully obtained with a combination of all amines and
thiols investigated. Subsequently, using Pathway 2 (PFTR followed by amidation), the
same could not be achieved owing to the reactivity of the fluorine atoms of PFPMA to-
wards thiols. Under the standard PFTR conditions, PFPMA units were more susceptible to
substitution by thiols compared to that of PFS. Furthermore, not only was PFPMA suscep-
tible to PFTR, but also underwent substitution by thiols in its meta-F position. Due to the
competing nature of PFPMA and PFS towards thiols, different parameters such as the re-
action time, nature of the base and the stoichiometry of the thiol used were tuned to control
the order of substitution. In any case, when both PFPMA and PFS units are present, 100%
conversion of PFS towards PFTR could not be achieved without affecting the PFPMA
units. But, when equimolar stoichiometry of the thiol and the PFPMA units were used in a
mild basic condition (such as TEA), exclusive para-substituted PFPMA product was ob-
tained that remains reactive towards amines in an amidation reaction. But, meta-substituted
PFPMA moieties render them inactive towards amidation. The inertness of the ortho-F
atom and the order of reactivity of all fluorine atoms of PFPMA towards thiol substitution
was confirmed on subjecting the homopolymer P(MMA-r-PFPMA) in the absence of PFS
units to both the thiols. In conclusion, the order of substitution of the fluorine atoms of two
pentafluorophenyl groups towards thiol substitution reaction under the same conditions
follows the order: para PFPMA > (mono) meta PFPMA > (di) meta PFPMA > para PFS.

Therefore, Pathway 1 can be employed for the straightforward synthesis of a library of dual
reactive BCPs using robust post-polymerization modification methods. This strategy can
be widened for use with several BCP precursors, and a variety of interesting functional
amines and thiols. On the contrary, although Pathway 2 is not suitable in this context, cer-
tain interesting findings, such as the exclusive para-fluoro thiol substitution of PFPMA
units, can be exploited for other applications. Taking advantage of this chemistry, we en-
visaged its use to design an amine-cleavable linker for the preparation of porous mem-

branes (discussed in Chapter 4).
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4. FABRICATION OF FUNCTIONAL
NANOSTRUCTURED MATERIALS

4.1 Introduction

In the last several decades, intense research efforts have been dedicated towards under-
standing and bridging the structural gap between structures found in nature and simpler
man-made micro- and nanomaterials. Towards this, significant development has been
made in the bottom-up approach based on block copolymers (BCPs) with remarkable pro-
gress in their bulk self-assembly to obtain arbitrary nanostructures with smaller domain
sizes. BCPs can be confined in 1 dimension (1D) as thin films, in 2D as electrospun fibers
as well as in 3D in the form of nanoparticles (Scheme 4.1). The formation of thin films has
been most exploited among the others, while 2D confinement has been investigated theo-

retically, and experimentally to a lesser extent.

» ( (A . Thin films Fibers
7C Self-assembly
// ( \/

Block copolymer
Nanoparticles

Scheme 4.1. Self-assembly of block copolymers into thin films, fibers, and nanoparticles,
i.e., 1D, 2D, and 3D confinement, respectively.

Parts of this chapter and the associated experimental section (Section 8.1 and Appendix B) are adapted or
reproduced from reference 239: D. Varadharajan, H. Turgut, J. Lahann, H. Yabu, G. Delaittre, Adv. Funct.
Mater, 2018, adfm.201800846, in press. © WILEY-VCH Verlag GmbH & Co. KGaA. Parts of Section 4.3.3.
were executed by Stefan Frech.
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Furthermore, recent studies have indicated that the self-assembly of BCPs in solution is a
viable technique to produce complex nanostructured nanoparticles with domain sizes in the
sub-50 nm range.??32%° In the process of internal phase separation of BCPs in 3D confine-
ment (i.e., spheres/particles), different morphologies can be obtained, e.g., Janus,?? 20! |a-
mellae,167:179.224221.228 cylinder,'® or dot patterns.64229230 The multicompartment-based
bulk, as well as chemical surface heterogeneities lead to the designation of such internally
structured nanoparticles as “patchy”. Although Janus nanoparticles are the most common,
whose main peculiarity lies in their interfacial properties, high-order internal structuration
may be useful for mimicking natural phenomena or for interacting in a more efficient way
with biological systems. For example, they could be used for the controlled docking of
specific complementary enzymes on defined patches leading to enhanced cascade reactions

due to their spatial proximity.?!

Although such patchy nanoparticles have been in existence, the currently available syn-
thetic BCP nanoparticles that bear high spatial and structural control are by-and-large re-
stricted to polymers'®>167232 and blends?® that are devoid of functionality. Among the few
examples of functional patchy nanoparticles, Robb et al. describe the use of nanoparticles
from post-modified poly(allyl glycidyl ether)-b-polylactide as modular delivery vehi-
cles.® Recently, Hirai et al. reported the preparation of virus-like particles using an asym-
metric polystyrene-b-poly(t-butyl acrylate) BCP?2 and Schmidt et al. that of reactive el-
lipsoidal striped nanoparticles from polystyrene-b-poly(2-vinylpyridine) BCP blended

with analogous functional homopolymers.2%’

Hence, a large part of this chapter describes the preparation of patchy nanoparticles using
BCPs that would ultimately possess precisely patterned functional anchors at their surfaces.
The last section of this chapter outlines the synthetic versatility and capability of BCPs for

fabricating porous membranes.

4.2 Aims and Methods

Here, considering the great potential of functional patchy BCP nanoparticles, we aimed at
studying the evolution and control of phase separation morphologies of different functional

BCPs during the process of nanoparticle formation by a simple nanoprecipitation method
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termed as self-organized precipitation (SORP, (Scheme 4.2).18° Firstly, the two BCPs
based on P(MMA-r-PFPMA)-b-P(S-r-PFS) and P(nBMA-r-PFPMA)-b-P(S-r-PFS) dis-
cussed in Chapter 3 were used for the preparation of nanoparticles and their internal phase
separation structures was observed. Next, another small library of structurally identical
polystyrene-b-polyisoprene (PS-b-P1), which differ only by the nature of a small fraction

of functional groups introduced in the PS segment, were studied.

Nanoparticles
in H,O

THF
evaporation

+H,0 :
¢
e~ 1

)
|
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Scheme 4.2. Schematic representation of self-organized precipitation (SORP) utilized for
the preparation of patchy nanoparticles.

For the PS-b-PI BCP system, various aspects that affect the morphology of phase separa-
tion were taken into consideration: (i) the synthetic strategy used to synthesize the polymer,
(i) the mole fraction and nature of the functional groups incorporated and (iii) conditions
used for the preparation of nanoparticles to acquire tailored morphologies and sizes (sol-
vent, concentration, blending). Further, focus has been laid on obtaining striped nanoparti-
cles that have domains in the 15-30 nm range, which could potentially be used as immo-
bilization platforms for chemical patterning, or for (bio)molecules (Scheme 4.3). Finally,
the accessibility of surface reactive groups for domain-specific decoration, as well as the
generation of surface-reactive anisotropic daughter nanoparticles, i.e., nanodiscs, by selec-
tive immobilization and selective elimination (SISE) of the patchy nanoparticles has been

demonstrated (Scheme 4.3).
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Scheme 4.3. Overall scheme representing the preparation of patchy nanoparticles from
functional block copolymers (BCPs), the supramolecular transformation of the striped par-
ticles into nanodiscs, and their surface functionalization.

4.3 Results and Discussion

4.3.1 Selection of the BCP system

To enable the fabrication of nanoparticles with surface structuration, three hydrophobic
functional BCP systems based on (i) PMMA-b-PS, (ii) PnBMA-b-PS, and (iii) PS-b-PI
were tested. For a BCP in the melt, equal volume fractions of the blocks lead to lamellar
phase separation in the solid state.® Therefore, the volume fractions of each block of the
BCPs was kept close to 0.5 because we finally aim at obtaining unidirectional stacked la-
mellae internal structuration. The targeted molar masses of the BCPs were ca. 50 kg mol*
to enable the formation of domains in the sub-50 nm range, which is relevant for biomi-
metic applications as discussed in Section 4.1. For immobilization, different functional
groups were incorporated for each of the BCP systems: (i) for the PMMA-b-PS and
PnBMA-b-PS BCPs, their functional analogues described in Chapter 3 were intended to be
used, and (ii) a small set of functional PS-b-PI BCPs possessing halide, azide, and pen-
tafluorophenylalkyl moieties in the PS block was used. The amount of functional groups
in each of the blocks for all the BCP systems were kept low (< 10 mol%) so as to impart
functionality, while likely not perturbing the phase separation behaviour of the original
BCP scaffold. This is based on observations in our group of a similar set of BCPs, which
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revealed that in the solid state these BCPs lead to lamellar morphologies with only minor

changes in the interlamellae distance.*4%%

4.3.2 Preparation of surface reactive nanostructured nanoparticles

Nanoparticles were prepared by SORP as shown in Scheme 4.2. It involves the use of a
good solvent to molecularly dissolve the block copolymer. Then, a miscible non-solvent of
both blocks is added (usually water), leading to the formation of nanoparticles. Within
these nanoparticles in 3D confinement, the block copolymer eventually is in the solid state
after evaporation of the good solvent, and the two blocks phase-separate. Note that in this
technique, both segments are excluded of the continuous phase (i.e., water), as opposed to
classic nanoprecipitation of amphiphilic diblock copolymers. In our case, tetranydrofuran
(THF) was used as the good solvent owing to its suitability to dissolve both BCP segments
in all the investigated systems, its miscibility with water, and its volatility. For potential
applications, we targeted an average particle size of approximately 150—-300 nm as it usu-
ally offers a good compromise between high surface area and good processability (e.g.,
separation by centrifugation). This size range also permits the coexistence of several re-
peating patterns with a period of ca. 30-50 nm within the same particle. The particle sizes
were tuned by varying the concentration of the polymer solution and the mixing ratio of

good solvent to non-solvent.
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2.8.3.3 PMMA-b-PS and PnBMA-b-PS block copolymer systems
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Scheme 4.4. Structure and characteristics of the PMMA-b-PS and PnBMA-b-PS block co-
polymers synthesized and utilized for the current study. fes is the volume fraction of the PS
block. Manmr IS the number-average molar mass determined by a combination of SEC and
NMR. D is the dispersity value determined by SEC.

Keeping the above parameters in mind, nanoparticles were first prepared using PMMA-b-
PS block copolymer (Scheme 4.4). This BCP was chosen as it is relatively easy to synthe-
size (refer to Chapter 3) and is hydrophobic making it a good candidate for the preparation
of nanoparticles in THF/water mixture. The non-functional analogue was initially used in
an attempt to understand the process of phase separation of such BCPs leading to different
internal structures. Subsequently, nanoparticles were prepared using different concentra-
tions of the BCPs (5, 1, and 0.1 mg mL™ in THF) by SORP using a THF/water mixture of
1:1 (Figure 4.1 A-C). At any given polymer concentration, nanoparticles of sizes between
150-400 nm were obtained which is in the desirable range. But, it is clear that no surface
structuration is visible at the surface implying the presence of only one of the blocks of the
BCP at the interface. To understand this type of phase separation behavior, it is important
to understand the role of solubility parameters (SPs) of the respective blocks that influences
the morphology of phase separation.?% SP describes the affinity of a particular segment of
a polymer towards water during the formation on nanoparticles, i.e., their rate of precipita-
tion on addition of water during SORP. Motoyoshi et al. described the dependence of SP
on the phase separation structures in blends of PI with various homopolymers.?%® Accord-

ingly, in comparison to the solubility parameter of water (47.9 MPa*?), that of PI, PS, and
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PMMA are 16.5, 18.6, and 19.3 MPa'?, respectively. Thus, a blend of Pl and PMMA ho-
mopolymers is reported to form core-shell particles due to the higher SP of PMMA. In our
case, although the SPs of PS and PMMA are similar, we hypothesize that the relatively
high SP of PMMA makes it preferential at the surface owing to the method of nanoparticle
preparation that involves water. As this renders the PMMA-b-PS BCP system incapable of
forming nanoparticles with both segments (PS and PMMA) at the surface of the nanopar-

ticle, the functional analogues of this BCP (discussed in Chapter 3) were not further tested.

5 mg mL? 1 mg mL? 0.1 mg mL2
Microwave annealing

Figure 4.1. Transmission electron microscope (TEM) images of PMMA-b-PS (A-C) and
PnBMA-b-PS (D-G) nanoparticles prepared by SORP with polymer concentrations of 5
mg mL? (A,D), 1 mg mL? (B,E) and 0.1 mg mL™* (C,F) in THF with THF/water ratio of
1:1. (G) TEM image of the microwave annealed nanoparticles shown in (F). Scale bars
represent 200 nm.

Consequently, another BCP system PNnBMA-b-PS was employed considering the lower SP
PnBMA segment (18.0 MPa'?). Owing to the SPs of Pl and PnBMA, blends of PI and
PnBMA have been reported to form Janus particles instead of core-shell particles as in the
case of PI/PMMA blends.?®® Therefore, as for PMMA-b-PS, SORP was used to prepare
nanoparticles from PnBMA-b-PS using different polymer concentrations (5, 1, and 0.1 mg
mL1) in THF and a THF/water ratio of 1:1 (Figure 4.1 D-F). Contrary to our expectation,
it can be seen that under all conditions, the PnBMA segment prefers to remain at the surface

of the nanoparticle forming core-shell nanoparticles. As several efforts have been made to
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tune the morphologies obtained on BCP phase separation by the use of external fields,?36.2%7
we attempted to transform the core-shell nanoparticles (Figure 4.1 F) to be able to bring
both PS and PnBMA segments at the surface of the nanoparticles. Among several anneal-
ing methods used for this purpose, for the first time Higuchi et al. reported the use of mi-
crowave annealing to transform the random structures in PS-b-PI nanoparticles to thermo-
dynamically stable structures within minutes.?®® As microwave annealing can lead to the
acceleration of phase separation in BCPs both at the surface and the interior of the nano-
particle, we applied microwave annealing conditions to the PnBMA-b-PS nanoparticles
(seen in Figure 4.1 F) to obtain nanoparticles as seen in Figure 4.1 G. Obviously, a trans-
formation in the internal structures to onion-like structures is visible. Unfortunately, even
after 15 minutes of subjecting the particles to microwave annealing, no further transfor-
mation to stacked-lamellae structures was observed. Although this BCP system shows
more potential towards obtaining the desired stacked lamellae structured nanoparticles, it
was not investigated further. But, in order to understand the influence of several parameters
that affect the formation of different internal structures during BCP self-assembly, and ul-
timately obtain the desired surface reactive nanostructured nanoparticles (or patchy nano-

particles), a simpler well-established PS-b-PI BCP was evaluated as elaborated next.
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2.8.3.4 PS-b-PI block copolymer system

The PS-b-PI BCP scaffold was chosen for two reasons. First and foremost, this is the first
system which has been shown to yield nanoparticles with internal nanostructuration by
SORP.180
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Scheme 4.5. Structure and characteristics of the PS-b-P1 block copolymers synthesized and
utilized for the current study. fes is the volume fraction of the PS block. Mnnwmr is the num-
ber-average molar mass determined by a combination of SEC and NMR. P is the dispersity
value determined by SEC. The ternary molar ratio of isomeric isoprene units X:y:z is typi-
cally equal to 0.80:0.13:0.07.

Secondly, we recently optimized SG1 nitroxide-mediated polymerization (NMP) as a
straightforward route for the synthesis of functional PS-b-P1 with reasonable dispersity.?3*
Therefore, a small set of PS-b-PI block copolymers was developed that includes halide
(P1), azide (P2), and pentafluorophenylalkyl (P3) moieties in the PS block (Scheme 4.5).
The selected functional comonomers were chosen such that they structurally closely re-
semble the PS backbone, yet introduce sufficient reactivity at the surface of the nanoparti-

cles for precise molecular immobilization.
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2.8.3.5 Evolution of hydrodynamic diameters of BCP nanoparticles

Followed by the synthesis of the functional PS-b-PI BCPs, nanoparticles were prepared by
a simple nanoprecipitation method called SORP. As mentioned above, tetrahydrofuran
(THF) was used as the good solvent owing to its suitability to dissolve both PS and PI
segments, its miscibility with water, and its volatility. The incorporation of a small amount
of functional monomer in the PS block of P1-3 did not change the overall solubility in
THF. However, the concentration of the polymer solution and the mixing ratio of good
solvent to non-solvent exerted an influence on particle size (see below). As mentioned in

Section 4.3.2, we targeted particle sizes of approximately 150-300 nm.

In general, the process of formation of nanoparticles is based on the principle of nucleation,
where the BCPs are first dissolved in a good solvent and an increase in the amount of non-
solvent causes the compact folding of polymer chains into small nuclei.'®? The particle
sizes are further governed by the concentration of the polymer solution and the solubility
of both blocks of the BCP in the THF/water mixture. During the formation of nanoparticles,
THF was slowly allowed to evaporate, and that in turn decreased the solubility of the hy-
drophobic BCPs P1-3. As it is already known that the hydrodynamic diameters of non-
functional PS-b-PI influences the internal phase-separated structures of the nanoparti-
cles, %> we conducted a brief study focusing on the size dependence of nanoparticles
made of functional BCPs P1-3. Different preparation conditions were evaluated for each
BCP (see Table 4.1): two initial polymer concentrations in THF (0.1 and 1.0 mg mL) and
three THF:water ratios (1:3, 1:1, and 3:1 vol/vol). In each of the cases, the particles sizes
were measured both by DLS and by TEM (using statistical analysis). Refer to Figure B1,
Figure B2, and Figure B3 in Appendix B for a comparison of the size distribution of the
nanoparticles obtained from BCPs P1, P2, and P3, respectively by DLS (intensity- and
number-based), and TEM.
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Table 4.1. Summary of different conditions used to prepare the functional nanoparticles
and their Z-average hydrodynamic diameter as measured by DLS (Dn (DLS)) and particle
sizes obtained from TEM by statistical analysis (D (TEM)).

Polymer

Polymer  conc,  Entry % Dn (DLS) PDI D (TEM) PDI

mg mL . THF nm (DLYS) nm (TEM)

1 25 150 0.232 417 0.452

1 2 50 223 0.219 362 0.317

p1 3 75 234 0.173 436 0.427
4 25 183 0.080 170 0.099

0.1 5 50 168 0.214 210 0.057

6 75 256 0.102 237 0.040

7 25 203 0.175 390 0.302

1 8 50 1676 0.667 1066 0.082

P2 9 75 2885 0.764 1360 0.077
10 25 350 0.309 217 0.126

0.1 11 50 1074 0.429 1125 0.073

12 75 2968 0.803 2010 0.129

13 25 227 0.106 199 0.148

1 14 50 293 0.120 147 0.045

P3 15 75 207 0.054 200 0.066
16 25 136 0.022 125 0.034

0.1 17 50 359 0.110 295 0.017

18 75 187 0.019 215 0.037

Four main trends were witnessed (Figure 4.2): (i) Firstly, all nanoparticles prepared with a
THF-to-water content of 1:3 vol/vol were within the same hydrodynamic diameter regime,
with most of them in the 150-250 nm range, irrespective of the polymer concentration (see
Figure 1 at 25 vol% THF and Table 4.1, Entries 1, 4, 7, 10, 13, and 16), (ii) Within the
range of tested conditions, the polymer concentration did not have a marked impact on the
hydrodynamic diameters, (iii) The hydrodynamic diameters for nanoparticles prepared
from BCPs with chloromethylphenyl (P1) and pentafluorophenyl (P3) functionalities were
rather insensitive to preparation conditions, and (iv) BCP P2, with azidomethylphenyl
functionality, behaved very differently from the P1 and P3 during nanoprecipitation. In-

deed, while nanoparticles prepared from the former ones remained within the same size
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domain under all studied conditions, nanoparticles prepared with P2 undergwent a signif-
icant size increase with increasing THF content to actually reach micrometer range at
THF:water ratios of 1:1 and 3:1 vol/vol.

DLS TEM
- e-P1 1.0 mg/mL - e-P1 1.0 mg/mL
3000 0. p1 0.1 mg/mL 8 30001 .6.. p1 0.1 mg/mL
- P2 1.0 mg/mL - - - P2 1.0 mg/mL
25004 ¢ P2 0.1 mg/mL 25004 ¢+ P2 0.1 mg/mL
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Figure 4.2. Evolution of the intensity-average hydrodynamic diameters obtained by DLS
(DLS) and particle sizes from TEM statistical analysis (TEM) of nanoparticles during
SORP with increasing THF content (25, 50, 75%) prepared from BCPs P1-3 at different
polymer concentrations (0.1 and 1 mg mL™). Reproduced from reference 239.

The particle size distribution obtained by TEM by statistical analysis (100 TEM images
with approximately 100 particles each were taken, Appendix B, Figure B1, Figure B3 (his-
togram)) was within the range obtained by DLS (intensity-based, Figure B1, Figure B3
(black dotted line)) for BCPs P1 and P3. Deviations were seen in the case of P2 (Appendix
B, Figure B2). But, as expected, the diameters obtained from DLS follow the order Dintensity
> Dnumber in most cases for BCPs P1-P3 (see Appendix B, Figure B1, Figure B2, and Figure
B3, black dotted line vs black solid line). Additionally, the hydrodynamic diameters from
DLS (intensity mean) were almost always higher than those obtained by statistical analysis
of TEM images (refer to Appendix B, Figure B1, Figure B2, and Figure B3, black dotted
line vs histogram). Nevertheless, the overall trend of evolution of hydrodynamic diameters

obtained from DLS and TEM was similar, as clearly visualized in Figure 4.2.

The nature of the functional comonomers may explain such a behavior. Since the particles
are formed via a nucleation and growth process during THF evaporation,*? an increasing
THF content, i.e., an extended evaporation time of THF, should lead to larger particles. On

the contrary, when a low THF content is used during nanoprecipitation, that is a large
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amount of non-solvent, the polymer chains should quickly collapse, thereby creating a
large number of nuclei and consequently smaller particles. This was for instance the case
of P3, which possesses the most hydrophobic type of functional moiety (pentafluoro-
phenylalkyl). However, P2 possesses rather polar azide moieties (dipoles), which may re-
tard chain collapse by having a relatively higher affinity towards both water and THF.
Hence, only a small number of nuclei are formed and the particles grow to a larger size as
THF evaporates. In any case, it was possible to obtain nanoparticles within the desired size
range for all functional PS-b-P1 polymers. Next, the internal phase separation of the nano-
particles, and their related surface patterns we aimed at obtaining for precise immobiliza-

tion was studied.

2.8.3.6 Study of the morphologies of internally phase-separated BCP nanoparticles

The internal phase separation structures were observed for BCPs P1-3 as well as two non-
functional PS-b-PI analogues (P4, synthesized by NMP, and P5, commercial, synthesized
by anionic polymerization). They were observed using TEM or scanning TEM (STEM)
after reacting the nanoparticles with an aqueous solution of osmium tetroxide (OsO4). OsO4
was used to chemically crosslink the double bonds present in the PI block and its corre-
sponding phases in a selective manner. The presence of Os in the PI-containing domains
also leads to contrast in electron microscopy. In the present study, all classic transmission
electron microscopy (TEM) pictures were acquired in bright field (BF) mode, while STEM
images were obtained in dark field (DF) mode. Therefore, in the TEM images, dark and
bright regions represent the Pl and PS blocks, respectively, and vice versa in STEM images.
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Figure 4.3. Bright field transmission electron microscopy images for nanoparticles ob-
tained by SORP with BCPs P1-4 in various conditions. E2 is a cross-sectional image of a
nanoparticle. The dark regions represent the PI domains. All scale bars represent 100 nm.
The blue and red domains in the schematic representations refer to the PS and PI blocks,
respectively. “T” stands for transformation structures or disordered structures. Lower mag-
nification TEM images for BCPs P1-3 displaying larger population of nanoparticles for

each sample can be found in Figure B4, Figure B5, and Figure B6 respectively. Reproduced
from reference 239.

At 0.1 mg mL? (Figure 4.3, columns (A-F)1 and (A-F)3), all nanoparticles internally

phase separated to form stacked lamellae structures (i.e., striped particles), onion-like par-
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ticles, or intermediate morphologies termed “T” as they correspond to states of transfor-
mation between two well-defined structures. An increase in concentration to 1 mg mL™ led
to clear onion-like structures in a majority of cases, e.g., for all P3 and P4 nanoparticles
(Figure 4.3, (D-F)2 and (D-F)4), as well as “T” structures between onion-like and stacked
lamellae (Figure 4.3, B4 and C4). In addition, internal spherical morphologies were also
observed (Figure 4.3, A2 and B2).

2.8.3.7 Understanding the morphologies of phase-separation in the nanoparticles

The morphology of phase separation is governed by the Flory-Huggins interaction param-
eter (x) between the two blocks, the SPs of the respective blocks, the volume fractions of
the polymer segments (f), as well as the effect of 3D confinement of the polymeric chains
at the nanoscale.>170240 As the SPs of both polystyrene (PS) and polyisoprene (PI) are
similar,2% their precipitation rates should be similar upon addition of water during SORP.
This is therefore expected to result in simultaneous precipitation of both segments, leading
to morphologies containing both PS and P1 at the surface, at least under certain conditions
of concentration, temperature, and good solvent/non-solvent ratio. This was the case for
PS-b-PI BCPs which are devoid of functional moieties able to alter SPs.™> Clearly, with
the currently considered BCPs P1-3, chloromethyl, azidomethyl, and PFP substituents
played an important role since they led to different morphologies in identical conditions,
as seen in Figure 4.3. A previous study by Li et al. described the effect of selective solvent
that swells specific polymer domains and alters the effective volume fraction ratio and
curvature between polymer segments, thereby inducing morphological changes.®® It can
be postulated that the presence of the functional groups do induce a modification of the
swelling behavior of the PS phase with THF. Based on the pseudo phase diagram repre-
sented in Figure 4.3, the concentration of polymer as well as the amount of THF signifi-
cantly affected the morphologies. Various defined morphologies finally leading to stacked

lamellae were only observed at the lower polymer concentration of 0.1 mg mL™.

Additionally, varying the amount of THF had an effect on the internal phase separation
only in the case of P1 and P2, while P3 remained unperturbed. However, P3 did not form
stacked lamellae structures under any of the conditions tested. Due to the hydrophobic na-

ture of PFS, P3 precipitates as soon as water is added (see above), while the presence of
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more polar chloro and azido groups in P1 and P2, respectively, possibly induces slower
precipitation, enhancing the formation of stacked lamellae structured nanoparticles. As P1
lies between P2 and P3 with respect to the hydrophilicity of the comonomer, such higher
ordered structures form at 50 and 75% THF (Figure 4.3 Al and B1), while they already
appear at 25% THF for P2 (Figure 4.3 C3).

Figure 4.4. An enlarged view of Figure 4.3 B3 showing the outermost layer of the nano-
particles obtained from P2 at 0.1 mg mL* and 50 vol% of THF. Reproduced from refer-
ence 239.

Apart from these observed phenomena, P2 showed distinct deviations from other polymers.
Although at a concentration of 0.1 mg mL* with 25% THF (Figure 4.3, C3) P2 formed
clear stacked lamellae structured nanoparticles, such behavior became less apparent at 50
and 75% (Figure 4.3, B3 and A3). The internal structure of these increasingly larger parti-
cles was not lamellar. But, a closer look at the surface of these nanoparticles revealed the
presence of both P(S-co-AMS) and P1 blocks (see Figure 4.3, A3 inset, as well as Figure
4.4 for an enlarged view), allowing their surface structure to qualify as lamellae. There are
clear interfacial effects, which are in analogy with those observed for sufficiently thick
block copolymer films in which atmosphere-film and film-substrate interactions lead to
differing phase organizations in the bulk and at the interfaces. In a nutshell, the final mor-
phologies are certainly the result of a complex interaction between relative swelling by
THF, interfacial interactions with the continuously evolving THF/water mixture, concen-

tration effects, global chain and individual segment collapse kinetics, among others.

Interestingly, a constant observation was that in all cases where onion-like structures are
encountered (Figure 4.3, C2, A4, and rows D—F), the outermost layer always consisted of

PS, as distinguished by the light region. Strikingly, this observation contradicts the fact that
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the lower interfacial surface tension between Pl and water (55.8 mN/m) compared to that
of PS and water (58 mN/m) would lead to formation of nanoparticles with PI as the outer-
most layer.'%8241 The current observation was indeed the reverse of previously reported
SORP results for PS-b-P1 BCPs. Such a reversal in the interfacial behavior came from the
presence of the carboxylic acid end group attached to the extremity of the PS block, which
originates from the NMP initiator employed for the synthesis (see Section 8.2). This highly
polar moiety drives the formation of onion-like phase separated structures pulling the PS
block towards the interface with the polar liquid phase. This hypothesis was confirmed by
comparing the internal structure of nanoparticles produced by nanoprecipitation with the
NMP-made PS-b-P1 P4 without any functional comonomer unit, to those obtained in the
same conditions with a commercial PS-b-PI BCP (P5), which was synthesized by anionic
polymerization bearing no functional end or pendant group. As expected, in the latter case

(P5), onion-like structures were observed with PI as the outermost layer, as represented by

the dark regions in Figure 4.5 and as opposed to Figure 4.3 (E3-4).

-

Figure 4.5. Bright field TEM images for nanoparticles obtained by SORP with commercial
BCP P5, at 50 vol% THF and a polymer concentration of 0.1 mg mL™ (left) or 1 mg mL"
! (right). Dark regions represent PI domains due to osmium staining. Scale bars represent
100 nm. Reproduced from reference 239.

In conclusion, it was possible to produce the targeted striped nanoparticles in the range of
150-300 nm with functional BCPs P1 (Figure 4.3, Al and B1) and P2 (Figure 4.3, C3).
However, under any of the stipulated conditions, P3 did not form nanoparticles with
stacked lamellae structures, and rather formed onion-like structures with the PS phase con-
stituting the outermost layer under all investigated SORP conditions. As previously dis-
cussed in Section 2.5.4 and 4.1, BCP blends can be used to alter the phase-separation mor-
phologies, introduce specific functional anchors, and/or modify the physical or chemical
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properties of the nanostructured nanoparticles. Therefore, this strategy was implemented

to enable the formation of lamellae structured particles using BCP P3.

2.8.3.8 Effect on the phase-separation morphology using BCP blends

From previous reports, it is known that mixing BCP blend systems can lead to a variety of
phase-separation morphologies.?’® We thus assumed that blending P3 with a well-chosen
block copolymer could lead to the desired functional striped nanoparticles. As mentioned
above, BCPs P1-3 synthesized by NMP possess a carboxylic acid group at the end of the
PS segment that seemed to drive this block towards the outside of onion-like structure. So,
P5 (non-functional PS-b-P1 devoid of a carboxylic acid end group) was chosen for blending
with P3 because of its ability to undergo phase separation to form onion-structured nano-
particles where PI constitutes the outermost layer (Figure 4.5), unlike in P3 where PS pref-
erably forms the outermost layer.

Table 4.2. Composition of block copolymer blends of P1-3 and non-functional PS-b-PI
P5.

Polymer % THF for Blend number Mixing ratio
mixtures SORP (weight)
1 31
P5:P1 25 2 1:1
3 1:3
4 31
P5:P2 50 5 1:1
6 1:3
7 31
P5:P3 75 8 11
9 1:3

When two such block copolymers as P3 and P5 that form onion-like structures inde-
pendently with opposite polymer segments at the interface are mixed, they would compete
for the nanoparticle—water interface and lead to nanoparticles (equally) presenting both
segments at the surface. Utilizing this concept, BCP blends were prepared using P3 and P5
(Table 4.2, blends 7-9) in order to obtain nanoparticles exhibiting stacked lamellae internal

structures.
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Mixing weightratio (P1-P3:P5)

vol% THF

Figure 4.6. Bright field TEM images for nanoparticles obtained by SORP with mixtures
of custom-made BCPs P1-3 and commercial BCP P5, at various weight ratios. THF con-
tents of 25, 50, and 75 vol% were employed for blends with P1, P2, and P3, respectively.
All scale bars represent 100 nm. Lower magnification TEM images displaying larger pop-
ulation of nanoparticles prepared from blends of P1-3 with P5 (here, rows B, C, and D)
can be found in Figure B7. Reproduced from reference 239.

This was further extended to BCP blends of P5 with P1 and P2 to better understand the
transformation in internal phase-separation structures. As the functional BCPs P1-3 and
P5 both contain the same polymer segments, they should precipitate together upon evapo-
ration of THF leading to the formation of polymer blended nanoparticles. Since it was
observed in the previous section that only lower polymer concentrations lead to striped
particles, nanoparticles of BCP blends were prepared by mixing different weight ratios of
each P1-3 and P5 at 0.1 mg mL™. The mixing ratio of THF:water for SORP was selected

based on the condition that led to formation of nanoparticles with onion-like structures.
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But, as P1 and P2 did not form nanoparticles with clear onion-like structures, the closest
conditions leading to such a structure, i.e., transformation from onion-like towards more
ordered structures was chosen (Figure 4.3 C1 and B3, respectively for P1 and P2). The

chosen condition in case of P1 additionally helped validate our hypothesis (discussed later).

As expected, nanoparticles formed from BCP blends showed morphological transfor-
mations in the internal structure (Figure 4.6, B1-D1, B2-D2, and C3-D3) in comparison
to BCP nanoparticles obtained from single block copolymers (Figure 4.6, A1-A3 and E1-
E3). For example, at 0.1 mg mL and 75 vol% THF, both P3 and P5 independently formed
nanoparticles exhibiting onion-like structures with an outermost layer composed of PS or
Pl (Figure 4.6, A3 or E3), respectively. Yet, when a 1:1 blend of P3:P5 was prepared (Table
4.2, blend 8), the nanoparticles formed by simultaneous precipitation and self-assembly of
both BCPs featured stacked lamellae structures (Figure 4, C3, NP3). Similar transfor-
mation in the internal structures was obvious on mixing P2 with P5 at a 1:1 weight ratio
(Table 4.2, blend 4; Figure 4.6, C2). It must be noted that in this case, although P2 does
not independently form highly defined onion-like structures (Figure 4.3, B3), it constitutes
the bulk of the nanoparticle, while the surface displayed a mixed PS/PI composition (Figure
4.6, A2 and Figure 4.4). In this case, blending promoted the stacked lamellae structure to

form throughout the particles.

It is interesting to note that such transformation in the internal structures only held true for
specific mixing ratios. Indeed, other blends of P2 (3:1 and 1:3; Figure 4.6, B2 and D2) or
P3 (3:1 and 1:3; Figure 4.6, B3 and D3) with P5 did not lead to pure stacked lamellae
structures. Mixing P1 in conditions where it does not form onion-like structures with PS
as the outermost layer (Figure 4.6, Al) together with P5 (Figure 4.6, E1) did not produce
blend nanoparticles with the desired striped morphology (Figure 4.6, B1-D1), validating
this hypothesis. Finally, electron tomography was performed to reconstruct a 3D model of
the NP3 nanoparticles to visualize the exact composition of the phases present in the inter-

nal structures, confirming the formation of striped particles (Figure 4.7).
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Figure 4.7. Electron tomography images NP3 nanoparticles showing PS and PI phases,
where PS phases are blue and the P1 phases are represented in green (A); 3D reconstructed
cross-sectional half cut image of the PS and P1 phases (B). Reproduced from reference 239.

The current set of blends is the first example of nanoparticles made by AB+A’B type BCP
mixtures. These sets of blends showed the influence of functional moieties in driving the
transformation of internal structures, since mixing block copolymers based essentially on
the same motifs, yet differing by a small fraction of functional moieties, led to a range of
well-defined morphologies and their intermediate states. The blends of P3 and P5 among
others was the best representative of the phenomenon described to obtain striped particles
NP3 (Figure 4.6 C3). Consequently, they were further tested for their surface-reactivity for

precise immobilization.
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Figure 4.8. (A) Schematic representation of PFTR on the PS segment of the striped nano-
particles NP3 with cysteine (B) Dark field STEM image of NP3 nanoparticles where the
bright parts (PI 1-3) represent the Pl segment while the dark regions that of PS. (C) EDX
mapping of Os-La lines represented by green dots (D) EDX mapping of S-Ka lines repre-
sented by red dots. (E) Grey value pixel map obtained by integrating the area in the marked
region in (B) showing PS segments PS 1-2 and PI segments Pl 1-3 showing alternate
stacks of S (red) and Os (green) that represent PS and P1 segments, respectively. All scale
bars represent 50 nm. Reproduced from reference 239.

4.3.2.7 Proof of concept: Patterned immobilization of small molecules on striped parti-
cles

Having successfully obtained functional stacked lamellae nanoparticles that have both Pl
and functional PS segments on the surface for each functional BCP, the availability of the
functional groups for further immobilization of molecules was investigated. The modifica-
tion of pentafluorophenylalkyl nanoparticles NP3 by para-fluoro—thiol substitution reac-

tion (PFTR) using cysteine was demonstrated. (Figure 4.8 A). As the nanoparticles are
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stable only in a non-solvent like water, the PFTR was performed on NP3 in agueous media
at basic pH using cysteine as a model thiol, as Guillaume and co-workers recently demon-
strated the feasibility of this reaction condition for PFTR.% Successful patterned immobi-
lization of cysteine on the PS segments of NP3 was confirmed using energy dispersive X-
ray (EDX) spectroscopic mapping (obtained from STEM images) as shown in Figure 4.8
B-D. Here, Figure 4.8 C shows the energy dissipative map of Os-La line (marked as PI 1-
3) corresponding directly to the regions marked PI 1-3 in the representative STEM image
(Figure 4.8 B) of the nanoparticle. Likewise, the S-Ka lines marked as PS 1-2 in Figure 4.8
D match the same region of the STEM image of the nanoparticle in Figure 4.8 B. As the
Pl segments are cross-linked by osmium and the PS segments reacted with cysteine, the
alternate stripes of Os-La line and S-Ka (Figure 4.8 C and D) were in accordance to the
alternating Pl and PS segments, respectively in Figure 4.8 B. Additionally, by tracing a line
perpendicular to the domains and plotting the intensities obtained from both energy maps
(Figure 4.8 B), a clear alternation of osmium- and sulfur-containing domains was visible
(Figure 4.8 E). Lastly, a positive zeta potential value of +0.018 mV for NP3 reacted with
cysteine compared to -20.3 and -24.1 for NP3 and a control sample strongly indicated the
grafting of an amphiphilic molecule such as cysteine on the surface of NP3. These obser-
vations unambiguously proved the success of the PFTR reaction, and additionally validated

the precise patterned immobilization of specific molecules.

2.8.3.9 Transformation of the striped particles and its functionalization

As the functional striped particles NP3 showed great potential as a functional nanostruc-
tured material, we further aimed at generating other functional materials by simply trans-
forming the already available nanostructured nanoparticles. Subsequently, nanodiscs ND3
were fabricated by transforming the striped nanoparticles NP3 by a previously reported
method, called selective immobilization and selective elution (SISE). This technique pro-
ceeds by swelling the multicompartment particles with a good solvent which are previously

cross-linked in one domain.
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Figure 4.9. Dark field STEM images of nanoparticles NP3 with stacked lamellae structures
(A) and the corresponding nanodiscs ND3 obtained by SISE (B). (C) AFM topography
image of the nanodiscs ND3. STED fluorescence microscopy image of ND3 after PFTR
with FITC-PEG-SH (D), the corresponding control sample (F), and the STED BF image
of the control sample (E). Reproduced from reference 239.

Using SISE, NP3 nanoparticles were incubated in THF and sonicated to completely swell
and disentangle the PS domains, leading to the delamination of the PI segments (Figure 4.9
A and B). These nanodiscs thus formed consist of an osmium-crosslinked disk-shaped Pl
core and a pentafluorophenylalkyl-functionalized brush-like PS shell. STEM image of
ND3 showed the presence of flat, circular objects with diameters in the range of those of
the original NP3 nanoparticles and below (Figure 4.9 B). ND3 nanodiscs were found to be

approximately 18 nm in thickness by AFM, corresponding well to the thickness of a stack
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of PS or PI in NP3 nanoparticles (Figure 4.9 C). As the PS block of P3 contains the same
pentafluorophenyl moieties as NP3, it was further reacted with a-fluorescein thioisocya-
nate-w-thio-polyethyleneglycol (FITC-PEG-SH) by PFTR to prove the surface functional-
ity of the nanodiscs. This was confirmed by stimulated emission depletion (STED) micros-
copy image of the nanodiscs after PFTR as seen in Figure 4.9 D. A control reaction was
performed by incubating ND3 with FITC-PEG-SH that did not exhibit fluorescence (Fig-
ure 4.9 F), while the presence of particles was unreacted particles was confirmed by the
BF image (Figure 4.9 E). Hence, the green fluorescence of the nanodiscs compared to that
of the control sample showed that the nanodiscs possess reactive surfaces.

Therefore, using a simple nanoprecipitation method like SORP, surface-reactive patchy
nanoparticles and other derived functional materials, like nanodiscs, were obtained using
functional PS-b-Pl BCPs. However, this was not possible using the initially investigated
PMMA-b-PS and PnBMA-b-PS BCPs. Consequently, the next section of this chapter deals
with the preparation of porous membranes using one of the findings of Chapter 3 based on
the PMMA-b-PS BCP system.

4.3.3 Preparation of porous membranes

2.8.3.10 Strategy

During the optimization of a synthesis of block copolymer libraries using distinct pen-
tafluorophenyl (PFP) units (Chapter 3), we were able to obtain conditions for exclusive
para-fluoro— thiol substitution reaction (PFTR) on pentafluoropheny methacrylate
(PFPMA) motifs. The mono-substituted product remained susceptible towards amidation
with amines (see Section 3.3.3 for details). Making use of this newly established reaction,
we aimed at using a PFP-ester based methacrylate as a linker for the preparation of a cleav-
able amphiphilic BCP. Further, membranes consisting of the hydrophobic segment of the
BCP as the bulk of the film can be prepared using BCP self-assembly. Finally, pores can
be generated by cleaving off the PFP-ester linker (linked to the hydrophilic segment) by
simply washing with an amine. A general schematic representation of the idea can be seen
in Scheme 4.6. In order to obtain the amphiphilic BCP, three different strategies were at-

tempted as discussed next.
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Scheme 4.6. Schematic representation of the preparation of porous membranes using an
amphiphilic block copolymer with para-substituted PFP-ester junction point.

2.8.3.11 Preparation of the amphiphilic BCP

As described in Section 3.3.3, PFP-ester is capable of undergoing PFTR under certain re-
action conditions without multiple substitutions of the meta-fluorine atoms with thiols.
Keeping this in mind, we devised a simple synthetic route (Strategy 1, Scheme 4.7) to
obtain an amphiphilic BCP. Briefly, we aimed at performing PFTR on a pentafluoro-
phenyl-based RAFT agent (PFP-linker) using a custom-made ATRP initiator as the thiol
(ATRP-SH). This should lead to the formation of a bifunctional molecule that consists of
an ATRP initiator and RAFT agent on either end of a PFP-linker (ATRP-PFP-RAFT).
Such a molecule could then be used to grow two polymer chains on either side of the PFP-
linker by ATRP and RAFT polymerization to obtain, for instance, POEGMA-PFP-PS.
Two parameters were considered for the synthesis of the BCP: (i) choice of polymer for
the hydrophobic and hydrophilic segments, and (ii) the molar masses of each of the seg-
ments in order to obtain phase separation with dot pattern that would lead to the formation

of cylindrical pores in the membrane.
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Scheme 4.7. Synthetic route towards the synthesis of the amphiphilic BCP according to
Strategy 1.

Polystyrene (PS) was chosen as the hydrophobic segment of the BCP as styrene can readily
be polymerized by RAFT polymerization. Poly(oligoethylene glycol methacrylate)
POEGMA) was chosen as the hydrophilic block as POEGMA is a widely investigated,
water soluble polymer that can be obtained by ATRP with precise control. We aimed to
obtain PS with molar mass in the range of 20,000 g mol™, while a shorter block of
POEGMA with molar mass of approximately 7000 g mol was targeted to be able to obtain

the desired phase-separated structures later on.

First, the PFP-linker was reacted with ATRP-SH in a classical PFTR (Strategy 1, Scheme
4.7, Table 4.3, entry 1). Unfortunately, under these conditions the PFTR did not occur (see
Figure 4.10).
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Table 4.3. A detailed list of all conditions used for PFTR. PFP-R represents the type of
pentafluorophenyl-ester moiety used for PFTR, while the thiol shows the different thiols
used. OT:octanethiol.

PFTR conditions
Entry PFP-R Thiol PFP-al- Ti
. ime
kyl: Thiol Base / eq
. (h)
(eq:eq)
1 PFP-linker ATRP-SH 1:5 TEA/2 4
2 PFP-linker oT 1:1 TEA/S 2
3 PFP-linker oT 1:1 TEA/S5 4
4 PFP-linker oT 1:1 TEA/S5 48
5 PS-H oT 1:10 TEA/2 24
6 PS-H OT 1:10 TEA/2 48
7 PFP-linker PGMA-thiol 10:1 DBU/5 0.25

From the *H NMR, it can be seen that all the peaks belonging to ATRP-SH are intact. The
integrals of the peaks belonging to PFP-linker (Figure 4.10, top, peaks d, e, ¢’, and f)
suggest that only 10% of the RAFT end-group is remaining. Additionally, **F NMR spec-
troscopy shows the presence of ortho, meta, and para-F peaks associated with the unre-
acted PFP-linker. These observations suggest that the reaction did not proceed at all, and
the PFP-ester underwent 90% hydrolysis under the reactions conditions used. Therefore,
to better understand the series of events, the same reaction was performed using octanethiol
(OT) as a model thiol for different reaction times (2, 4, and 48 h, Table 4.3, entries 2-5).
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Figure 4.10. *H (top) and °F (bottom) NMR after PFTR of PFP-linker with ATRP-SH

using Strategy 1.

Unfortunately, in this case, the PFP-linker hydrolyzed with time to form pentafluorophenol

as seen in the 1°F NMR spectrum at each time point (Appendix B, Figure B8). In summary,

using a small molecule like PFP-linker for PFTR was not feasible due to the instability of

the PFP-ester group. Hence, to perform the PFTR on a molecule similar to the PFPMA

pendant groups as discussed in Chapter 3, another strategy was devised (Strategy 2,

Scheme 4.8).
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Scheme 4.8. Synthetic route towards the synthesis of the amphiphilic BCP according to
Strategy 2.

In this strategy, styrene was first polymerized by RAFT polymerization using PFP-linker
to obtain the polymer PFP-PS (see Section 8.2 for synthetic details, for *H, °F, SEC trace,
and UV-Vis spectra, refer to Appendix B, Figure B 15 (top), Figure B16 (top), Figure B17
(dotted line), and Figure B18 (dotted line), respectively). The RAFT end group (trithiocar-
bonate, TTC) was subsequently cleaved by a simple radical mechanism based photo reac-
tion using ethylpiperidine hypophosphite (EPHP) to obtain PFP-PS-H (see Section 8.2 for
synthetic details, for *H, *°F, SEC trace, and UV-Vis spectra, refer to Appendix B, Figure
B 15 (bottom), Figure B16 (bottom), Figure B17 (solid line), and Figure B18 (solid line),
respectively). Although the PFTR was to be performed using the ATRP-SH to enable the
growth of the hydrophilic polymer segment, OT was first used to optimize the PFTR reac-
tion. The hydrophilic segment used henceforth is poly(glycerol monomethacrylate)
(PGMA) due to the synthetic ease of handling (powder) compared to POEGMA which is
an oily liquid. Additionally, it is gaining popularity as an efficient biocompatible polymer
for several applications.?*? Followed by the synthesis of PFP-PS-H, PFTR was performed
with OT (Table 4.3, entries 5 and 6). After 24 and 48 h, the °F NMR spectra suggests that
50 and 80 % of the para-fluorine was substituted by OT, respectively (Figure 4.11).
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Figure 4.11. *F NMR spectra after PFTR of PFP-PS-H with octanethiol for 24 h (bottom)
and 48 h (top).

This is proven by the disappearance of the para-F peak (p) at -158 ppm and a simultaneous
appearance of the substituted meta-F peak (m”) at -134 ppm. In addition to that, absence of
any peaks between -110 and -130 ppm (at 24 h) shows that no multiple substitutions at the
meta-F position by the thiol took place (Figure 4.11 bottom), but presence of small peaks
at 48h suggests that the meta-F substitution begins before the complete para-F substitution
by the thiol (Figure 4.11 top). The presence of the a-CH peak of OT in the *H NMR spectra
additionally confirmed the formation of the substitution product (Appendix B, Figure B9).
In general, partially para-substituted PFP-PS-H (with ATRP-SH) and further growth of
the hydrophilic segment would not affect the formation of the membrane and subsequently
the pores, as the PS homopolymer would remain in the bulk of the film/membrane. But, to
precisely obtain the desired amphiphilic BCP, we sought to obtain a 100% para-substituted
PFP-PS-H for the preparation of the porous membranes. As this strategy was not com-

pletely feasible,yet another strategy (Strategy 3) was employed (Scheme 4.9).
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Scheme 4.9. Synthetic route towards the synthesis of the amphiphilic BCP according to
Strategy 3.

Herein, the hydrophilic segment (PGMA) was first synthesized using ATRP-disulfide as
the initiator to obtain PGMA-SH after the cleavage of the disulphide bond in PGMA-S-
S-PGMA (see Section 4.4.5 for the synthesis of ATRP-disulfide, ATRP-SH, and PGMA-
SH). This strategy differs from the previous ones with respect to the PFTR performed fur-
ther. Here, we use the PGMA-SH for the PFTR with an excess of the PFP-linker in con-
trast to the previous cases where the thiol was always used in excess. We expect that this
would lead to 100% para-F substitution with the corresponding thiol, and therefore further
enable the synthesis of the desired amphiphilic BCP as targeted for the preparation of po-
rous membranes. Accordingly, the PFTR was performed using DBU as the base (Table
4.3, entry 7) to obtain 100% conversion of the reaction. Although the *H NMR spectrum
shows the presence of the para-substituted product (PGMA-PFP-RAFT) (Figure 4.12 A),
1%F NMR spectrum clearly shows that the activated ester in PFP-linker was hydrolyzed to
form pentafluorophenol (Figure 4.12 B). This cannot be used to further form the hydro-
phobic PS segment due to the loss of the RAFT moiety which is required for chain exten-
sion. The PFTR conditions are yet to be optimized at this point to obtain PGMA-PFP. One
of the possible alternatives would be to use a milder base, such as trimethylamine (TEA),

as suggested in Chapter 3. We expect that this may prevent the hydrolysis of the PFP-ester
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allowing for the successful formation of PGMA-PFP. Nevertheless, compared to the first

two strategies employed, we envisage this route to be the most feasible.
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Figure 4.12. 'H (A) and °F (B) NMR spectra after the reaction of PGMA-SH and PFP-
linker in a PFTR to obtain PGMA-PFP-RAFT.

4.4 Conclusion

Two non-functional block copolymers (PMMA-b-PS and PnBMA-b-PS) and three differ-
ent functional analogues of PS-b-P1 with equal volume fractions of each of the blocks were
synthesized by RAFT polymerization and NMP, respectively. The functional moieties in-
corporated in the latter were halide (chloro, P1), azide (P2), or pentafluorophenylalkyl
(pentafluorostyrene (PFS), P3) in small amounts (= 5%) in the PS block. The nanoparticles
prepared by SORP for the PMMA-b-PS did not lead to formation of internal structures
with both segments of the BCP at the surface, but rather formed core-shell nanoparticles.
Formation of nanoparticles from PnBMA-b-PS lead to similar internal structures as that of

PMMA-b-PS nanoparticles, but they were transformed into onion-like structures after mi-
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crowave annealing the core-shell nanoparticles. Nonetheless, due to the solubility param-
eters of PMMA and PNnBMA, their respective BCPs were not suitable to obtain nanoparti-

cles with stacked lamellae internal structures.

In the case of functional PS-b-PI, formation of nanoparticles by SORP consistently led to
nanoparticles with internal phase separation, whose exact nature depended on the nature of
the reactive groups. The encountered morphologies ranged from onion-like to dotted or
stacked lamellar patterns. Intermediate transformation structures were also found, in the
absence of annealing. The onion-like structures systematically displayed an external PS-
based layer due to the presence of a carboxylic acid group at the PS chain end arising from
the polymerization initiator. Although striped morphologies could be obtained for the
chloro- and azide containing PS-b-PI nanoparticles, blending with a non-functional PS-b-
PI copolymer was applied for the pentafluorophenyl alkyl containing PS-b-PI. The A’B +
AB type blending strategy to transform the internal structures of BCP nanoparticles was
exploited for all the functional PS-b-P1 BCPs leading to an understanding of the competing
interfacial phenomenon. Ultimately, striped morphologies were obtained for all the func-
tional BCPs. As an example to prove the reactivity of the surface functional moiety, site-
selective surface functionalization of the pentafluoroalkyl-functionalized striped particles
was achieved by aqueous PFTR, as evidenced by SEM/EDX mapping. Furthermore, these
same nanoparticles, were used to produce surface-reactive nanodiscs by selective delami-

nation as demonstrated by STED microscopy.

Lastly, the newly discovered capability of pentafluorophenyl ester containing PMMA-b-
PS to undergo PFTR was utilized to target an amine-cleavable amphiphilic BCP. For this,
Strategy 3 involving the PFTR of PFP-ester RAFT agent with a hydrophilic thiol termi-
nated polymer proved to be the most accessible route. Strategy 1 wherein PFTR on PFP-
PS-H with a thiol containing ATRP initiator also seemed plausible. However, these strate-
gies have to be optimized to obtain the amine-cleavable amphiphilic BCP and finally pre-

pare porous membranes.

In the future, the well-ordered domains of striped particles could be employed for con-

trolled co-enzyme immobilization to produce biosensors.?** The flat anisotropic disc-like
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nanostructures are rather rare in the synthetic realm,?** yet a famous example in the bio-
logical context is that of phospholipid/membrane protein co-assembly.?*> Apart from such
nanostructured nanoparticles, BCPs are an interesting class of synthetic compounds for
applications in the field of membranes, wherein the types of the micro- or nanostructure in
the membranes can be altered based on the final purpose.
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5. PHOTOREACTIVE POLYMERS
AS INFLAMMATION PROBES

5.1 Introduction

Functional polymers are macromolecules that have unique properties. These properties are

often determined by the presence of chemical functional groups dissimilar to those in the

backbone of the polymer. Chemical heterogeneity on the polymer chains can lead to en-

hanced reactivity, phase separation, in addition to their ability to self-assemble or form

supramolecular structures. Some of the aspects with respect to versatile homo- and block

copolymer synthesis, incorporating functionality and their self-assembly have been dis-

cussed earlier in Chapters 3 and 4. Furthermore, the formation or dissociation of such func-

tional polymers can also be triggered by an internal or external stimulus such as pH,?*

specific enzymes,?*’ or light?*® etc., to create “smart” materials.

. Hydrophilic ~ Photoacid/Photobase

H* release = “Proton geysers”
Ht
i

N
: X

L

H* absorption = “Proton sinks”

Scheme 5.1. Schematic representation of the role of photoacid and photobase generators

(PAG and PBG) as inflammation probes.

Parts of the experiments described in this chapter were carried out by Shamini Madhava.
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Particularly, light-cleavable functional polymers could be useful in the biological realm to
understand several biochemical aspects such as inflammation, among others. During the
initial stages of inflammation, pH changes govern the inflammatory response, yet the exact
mechanism of pH influctuation is unknown. In a collaboration with the Institute of Toxi-
cology and Genetics, we therefore aim at uncovering the underlying mechanism of the pH
dependence using new polymer based targetable photoacid and photobase generators
(PAG and PBG, respectively) (Scheme 5.1).

In general, PAGs are a class of compounds that are capable of generating highly reactive
intermediates, such as radicals, ions, or radical-ions and subsequently acids upon irradia-
tion with UV or visible light. Commonly, they have been implemented in various applica-
tions like preparation of adhesives, coatings, or inks and in lithography.?*® They have also
been used to catalyze an esterification reaction??, in polymerizations to catalyze crosslink-
ing?!, in condensation reactions or depolymerizations.?®?> PAGs can be divided into ionic
and non-ionic compounds. Although the former bears certain advantages with respect to
their thermal stability and ability to induce bathochromic shift by structural modifica-
tion,?*° their poor solubility in organic solvents remains an issue for practical uses. On the
other hand, non-ionic compounds that generate carboxylic, sulfonic, or phosphoric acids
upon irradiation are widely known.?° These photoacids have the advantage of being solu-
ble in common organic solvents, which is essential in a wide range of organic and polymer
reactions in addition to their low thermal stability that can nonetheless be improved as
shown by Reichmanis et al.?®? In this context, we aimed at synthesizing novel non-ionic
PAG based monomers and incorporate them into biocompatible polymers, which are then
capable of inducing a significant jump in pH upon irradiation with near-UV/Visible light,

and possibly by two-proton irradiation in the IR range.

PBGs are a compounds that have the ability to generate bases in situ when they are irradi-
ated with light, usually in the UV-Vis region. Although PAGs have been studied in greater
detail and utilized in polymer synthesis and reactions more often compared to that of PBGs,
the latter has certain advantages such as tolerance to the presence of oxygen, inertness to

metal-corrosion, and their air stability. These justify their growing use in different fields of
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applications such as in the field of resists,>> electronic industry,?* surface modifica-

2% and operations related to metal surfaces such as coatings of steel.?>® Besides car-

tions,
bamates?®"?%8 and oxime esters 2*° that have previously been introduced into polymeric
scaffolds, a visible light-responsive coumarin moiety was introduced by Zhang et al which
was coupled with the strong base tetramethyl guanidine. This adduct can be cleaved upon

irradiation, and catalyzes the initiation of a thiol-Michael addition-based polymerization.*?

In particular, (coumarin-4-yl)methyl based chromophores are popularly used as photolabile
groups. For example, Givens et al. presented the photorelease of phosphate by the irradia-
tion of diethyl 2-(4-hydroxy-1-naphthyl)-2-oxoethyl phosphate at 350 nm as one of the
first examples.?%® Akinobu et al. investigated the photolysis (Amax = 350 nm) properties of
coumarin-4-ylmethoxy carbonates as caged compounds for hydroxyl-containing mole-
cules.?®> Among the compounds tested, (6-brom-7-hydroxycoumarin-4-yl)methoxycar-
bonyl showed the highest photochemical efficiency to make caged compounds for alco-
hols. A common property of all the above discussed coumarin-based photocleavable
groups are their high photosensitivity and ability to undergo two-photon excitation/absorp-
tion (2PA). 2PA is a process where the molecules are excited using pulsed-laser irradiation
at approximately twice the wavelength for classic one photon absorption. As lower energy
photons are used for excitation, it reduces the damage of the sample being used making it

viable for in-vivo studies, and three-dimensional resolution, 262263

The aim in the current chapter was therefore to synthesize PAG and PBG monomers based
on (coumarin-4-yl)methyl in order to trigger spatially controlled pH jumps. They were fur-
ther incorporated into a polymeric scaffold to guarantee their solubility in aqueous media

and make the final “agent” biocompatible for targeted delivery.
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5. PHOTOREACTIVE POLYMERS AS INFLAMMATION PROBES

5.2 Strategy

The central idea revolves around the design and synthesis of a biocompatible functional
polymer, where the functionality incorporated is a photolabile PAG or PBG. When the
final compound is irradiated, it will either catch or release protons, depending on the nature
of the functional moiety, i.e., PBG or PAG, respectively. The following aspects were con-
sidered to design the functional polymer: (i) exact nature and type of the PAG and PBG
molecules that are capable of inducing a pH change upon irradiation, (ii) a method to de-
liver such a compound in-vivo, and lastly (iii) light source to activate the final compound
with spatial and temporal control. Firstly, as discussed in the previous section, derivatives
of coumarin-4-yl methyl were used as the PAG or PBG. Secondly, they were copolymer-
ized with poly(oligoethylene glycol methacrylate) (POEGMA) (P(OEGMA-r-PAG) or
P(OEGMA-r-PBG)) to enable the solubilization and impart biocompatibility to the entire
system. Finally, on irradiation at =~ 320 nm, the increase or decrease in pH (PBG or PAG,
respectively) was monitored by measuring the pH of the polymer solution in water. A

scheme representing the strategy is shown in Scheme 5.2.
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Scheme 5.2. Schematic representation of the irradiation of the coumarin-based
P(OEGMA-r-PAG) or P(OEGMA-r-PBG) copolymers to visualize a decrease or increase
in pH, respectively with the release of coumarin-4-yl methylalcohol or phosphate.
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5.3 RESULTS AND DISCUSSION

Additionally, the use of RDRP would allow future incorporation of targeting ligands to
reach the site of inflammation. The next two sections describe the design, synthesis and
photolysis studies of the P(OEGMA-r-PBG) and P(OEGMA-r-PAG) copolymers.

5.3 Results and Discussion

5.3.1 Synthesis of the photobase generator (PBG)

Cl
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B
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Scheme 5.3. Synthetic scheme towards the synthesis of PBG 5. (a) Ethyl 4-chloroaceto-
acetate, HoSOq4, RT, 6 d; (b) H20, reflux, 2-3 d; (c) DMAP, 4-nitrophenyl chloroformate,
ACN, RT, 7 h; (d) DMAP, 2-aminoethyl methacrylate hydrochloride, DMF, rt, 24 h.

The targeted PBG 5 was designed to have 2 important components: (i) a photosensitive
moiety, which can undergo photolysis upon irradiation with mild UV (or NIR by 2PA),
and (ii) an olefinic double bond that can be polymerized by radical polymerization. The
coumarin-4-yl methyl scaffold of the PBG was chosen owing to its recent use in the devel-
opment of novel phototriggers to make caged compound of phosphates,?** alcohols,?®! and
amines.?® The PBG 5 was successfully synthesized following the route depicted in Scheme
5.3.
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Figure 5.1. H (A) and 3C (B) NMR, UV-Vis (C) spectra of the photobase generator, PBG
5. The 'H and 3C NMRs are measured in MeOD, while the UV-Vis in acetonitrile at a

concentration of 0.025 mg mL™ of PBG 5.

The 6-bromo-7-hydroxycoumarin-4-ylmethyl (BHC 3) was synthesized from 4-bromores-
orcinol 1 by a modified Pechmann condensation reaction?® using 4-chloroacetoacetate and

methanesulfonic acid as the catalyst as well as the solvent, followed by nucleophilic sub-
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5.3 RESULTS AND DISCUSSION

stitution of 2 in refluxing water. The hydroxyl group was activated using p-nitro-
phenylchloroformate to obtain 4 in situ that was not isolated. 2 and 3 were characterized
by *H and *C NMR (Appendix C; 2: Figure C1 and 3: Figure C2). Formation of 3 was
conclusive based on $3C NMR, where the a-CH; carbon shows a shift from 20 ppm in 2 to
60 ppm in 3, as the *H NMRs of 2 and 3 display similar peaks. To further obtain the PBG
5, polymerizable methacrylate, 2-amino methacrylate, was chosen over its acrylate ana-
logue, as methacrylates are typically more stable. The successful formation of PBG 5 was
proven by H and *3C NMR (Figure 5.1 A and B, respectively). This was additionally con-
firmed by determining the exact mass by electrospray ionization mass-spectrometry (ESI-
MS) (Appendix C, Figure C3), where the m/z (448.0025) was in close correlation to the
theoretical m/z ((C17H16BrNO7 [M + Na']) = 448.0008), and by measuring the UV-Vis
absorption spectrum (Figure 5.1C).

The UV-Vis spectrum showed several absorption maxima. In order to explain this, the
spectrum of the basic unsubstituted coumarin skeleton, as reported by Preat et al.,?%” has
been taken into consideration. The unsubstituted coumarin skeleton has two absorption
maxima. The first absorption band A% .., at 330 nm represents an excitation from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).
The second absorption band A2, at about 300 nm is associated with the excitation from
HOMO-1 to the LUMO due to the benzenoid absorption.?®” In general, the mechanism of
excitation in coumarin and its derivatives involve © = ©* transitions from the benzene to
the pyranone moiety. Consequently, the UV-Vis spectrum of PBG 5 measured in acetoni-
trile (ACN) shows an intense band Almax at 325 nm and a smaller short-wavelength shoulder
A2max at around 289 nm. The intensity of A%max is lower compared to that of the parent cou-
marin structure. This behavior can be explained by the increase in intramolecular charge
transfer of the new substituted coumarin 5 possibly due to the lower redistribution of

charges.
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5.3.2 Synthesis of P(OEGMA-r-PBG) copolymer CP1
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Scheme 5.4. Synthetic scheme for the synthesis of P(OEGMA-r-PBG) CP1 copolymer.

Following the synthesis of the PBG monomer, it was copolymerized with OEGMA by
RAFT polymerization to obtain CP1 copolymer (Scheme 5.4). Firstly, to ensure the stabil-
ity of the coumarin towards the polymerization conditions (DMF, 70 °C), 3 was incubated
in a free radical polymerization (FRP) mixture to track potential changes in the coumarin
structure (Appendix C, Figure C4). It was clearly observed that the three peaks (a-c) be-
longing to the coumarin ring remain intact after FRP. Secondly, the ability of the PBG 5,
containing a methacrylate group, to polymerize was confirmed by subjecting PBG 5 to
FRP (Appendix C, Figure C5). The appearance of broad peaks and decrease in the vinyl
proton intensities in the *H NMR suggested the formation of a polymer by polymerization
through C=C double bonds. Having proven the stability of the coumarin ring as well as the
ability of the PBG 5 to polymerize, few parameters were considered for the final copoly-
merization of the PBG 5 and OEGMA. A sufficiently high molar mass of 20,000 g mol*
was targeted to obtain a water soluble copolymer with reasonable amounts of PBG as the
PBG 5 is insoluble in water due to the presence of the hydrophobic coumarin moiety. For
the same reason, the copolymerization was performed in DMF to ensure the complete sol-
ubility of both the monomer and the comonomer throughout the polymerization. The
amount of PBG 5 incorporated in CP1 was kept at =10 mol% to retain the properties of the
backbone polymer and at the same time have a significant amount (0.044M) to obtain the

pH jump on irradiation (discussed later).
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Figure 5.2. (A) *H NMR of CP1 in CDCls. (B) Size exclusion chromatogram of CP1 in
dimethylacetamide (DMAC), and (C) UV-Vis of CP1 (blue) and POEGMA (black) meas-
ured in H20 (1 mg mL™).

Consequently, PBG 5 and OEGMA were copolymerized in DMF with an initial feed of 10
mol% of the PBG 5 to obtain copolymer CP1. The formation of CP1 was confirmed by *H
NMR spectroscopy where the molar mass was calculated using the peaks ‘a-¢’ as seen in
Figure 5.2A and SEC (Figure 5.2B) (Mnnmr = 28,000 g mol™, Mnsec = 23,000 g mol™, B
= 1.45). 9.3 mol% of the PBG comonomer was incorporated in the final CP1 copolymer
in comparison to 10% of the initial feed. Apart from the visible peaks belonging to the PBG
comonomer in the *H NMR spectrum (Figure 5.2A), its presence was also confirmed by
comparing the UV-Vis absorption spectra of a POEGMA homopolymer synthesized by
RAFT polymerization to that of CP1 (Figure 5.2C). Evidently, the copolymer CP1 shows
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5. PHOTOREACTIVE POLYMERS AS INFLAMMATION PROBES

an absorption spectrum similar to that of the pure PBG 5 (Appendix C, Figure C3 B) with
two absorption maxima at A%max = 328 nm and A%max = 292 nm (Figure 5.2C, blue), while
the homopolymer shows a weak absorption band with a maxima at 310 nm corresponding
to the presence of the RAFT end group (Figure 5.2C, black).

5.3.3 Photolysis study of P(OEGMA-r-PBG) CP1

The copolymer CP1 was designed such that an increase in the pH of the solution is ob-
served upon irradiation due to the formation of a primary amine and release of compound
3 (Scheme 5.2). Firstly, the photolysis was performed to ensure the effective release of 3
upon irradiation of CP1. All photolysis experiments were conducted by irradiating the co-
polymer solution placed at a distance of 2 cm from the source (Arimed B6 lamp, Amax =
320 nm). As the coumarin based 3 possesses strong fluorescence, its release was monitored
by fluorescence spectroscopy (rexc = 328 nm). The fluorescence intensity of CP1 solution
in water (10 mg mlI) after photolysis for 1 hour was measured (Figure 5.3). Contrary to
our expectation, the fluorescence intensity of CP1 was higher before irradiation (Figure
5.3, black line) compared to that of after (Figure 5.3, red).
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Figure 5.3. Emission spectra of CP1 in water (10 g L) before (black) and after (red) ir-
radiation at 320 nm for 1 h; Aexc: 328 nm, Xem (before): 473 nm and Aem(after): 469 nm.

We hypothesize that this behavior arises from the extremely low solubility of the released
3 in water. A *H NMR spectrum of the solution was measured after irradiation (Appendix
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C, Figure C6). As assumed, the aromatic peaks belonging to the coumarin moiety 3 disap-
peared after photolysis owing to its extremely low solubility in water (see Appendix C,
Figure C6 A and B, peaks a-c).

Table 5.1. Variation of pH of CP1 solutions in water after irradiation at 320 nm for 0-60
minutes.

Polymer [Irradiation Polymer [rradiation
Entry conc. time pH Entry conc. time pH
gL") (min) L") (min)
1 0 5.71 10 0 5.71
2 1 5.37 11 1 5.42
3 2 5.49 12 2 5.37
4 5 5.71 13 5 5.53
5 10 10 5.97 14 20 10 5.78
6 15 6.12 15 15 6.01
7 30 6.25 16 30 6.17
8 45 6.27 17 45 6.19
9 60 6.28 18 60 6.21

Having confirmed the photolysis of CP1 in water to release 3, two different photolysis
experiments to study the change in pH were conducted: (i) study of change in pH of CP1
solution (10 and 20 g L) at different irradiation times, and (ii) study of change in pH of
different concentration of CP1 with a constant irradiation time of 1 h. For the former study,
high concentrations of CP1 were chosen ensure the easy monitoring of the pH changes,
wherein 10 and 20 gL* solutions of CP1 contain 0.041 and 0.082 M of PBG 5. After irra-
diation of CP1 for different times (Table 5.1, Figure 5.4 A), two trends with respect to the
change in pH were observed: (i) the increase in pH with increasing irradiation times was
not significant after an initial drop in pH by 0.3 units from 0 to 1 min (Table 5.1, entries 1,
2 and 10, 11), and (ii) the pH at every time point is higher for the 10 g L"* CP1 solution
(Figure 5.4 A, solid symbols and Table 5.1, entries 2-9) than that for 20 g L™ CP1 (Figure
5.4 A, hollow symbols and Table 5.1, entries 11-18).
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Figure 5.4. (A) pH of 10 g L* (solid) and 20 g L™ (hollow) CP1 solution (in water) after
different irradiation times (0, 1, 2, 5, 10, 15, 30, 45, and 60 min). Amax = 320 nm. (B) Pos-
sible pH dependent forms of 3 in the ground and excited states.

A plausible explanation of the weak change in pH of CP1 after photolysis for different
times and the inverse dependency of pH with concentration could be the occurrence of

several pH-dependent forms of 3 (Figure 5.4 B).
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Figure 5.5. (A) Table showing the pH of CP1 solutions at different concentrations after
irradiation for 1 h and the expected concentration of PBG 5 in each case. (B) Plot of evo-
lution of pH on irradiation of different concentrations of CP1 for 1 h. Amax = 320 nm. (C)
Mechanism of photosolvolysis of (coumarin-4-yl) methyl esters that leads to the formation
of (coumarin-4-yl) methyl alcohol and the corresponding acid anion A" and H™.

The coumarin compound possesses a carbonyl group that can behave as a strong proton
acceptor, and a hydroxyl group which may be deprotonated. The cationic form (Figure 5.4
B, d) is predominant in acidic conditions, while in neutral or alkaline conditions, the hy-
droxyl group of the excited neutral molecule can be deprotonated, resulting in the anionic

form (Figure 5.4 B, b). As the photolysis of CP1 should lead to the formation of an amine
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5. PHOTOREACTIVE POLYMERS AS INFLAMMATION PROBES

creating a basic environment, the deprotonation of the hydroxyl group in 3 may counteract
the increase in pH caused by the photolysis of CP1. This could explain the insignificant
jump in pH after photolysis of CP1. Further, we presume that the low pH (5.71) of CP1 in
water before irradiation, and in general, that of a homopolymer of POEGMA (pH = 3.80)
may have contributed to this unexpected behavior.

Next, from the above experiment, an irradiation time of 1 h was chosen to ensure 100%
photolysis of CP1 for different concentrations of CP1 (1, 2, 5, 10, 15, and 20 g L%). All
samples were irradiated at 320 nm and the pH was measured after 1 h in each case (Figure
5.5 B). Compared to the pH of the CP1 solution before irradiation (5.71), the largest jump
in pH after photolysis was observed for 1 g L (from 5.71 to 6.94, Figure 5.5 A, entry 1).
Furthermore, on increasing the concentration of CP1, weaker jump in pH was observed
with 6.17 for 20 g L (Figure 5.5 A, entries 2-6). This observation was contradictory to
similar concentration dependent experiments performed for ethanolamine in different con-
centrations where an increase in pH was logically observed with increasing amounts of
ethanolamine (see Appendix C, Figure C7). A plausible explanation for such a behavior
can be realized by the two competing events that take place on irradiating the PBG 5268:26°
(see Figure 5.5 C). Herein, the pendant PBG in CP1 absorbs light and goes to the excited
state. This is capable of undergoing heterolytic bond cleavage to form the ion pair. Fol-
lowed by this, the formation of the product happens in two steps, wherein the solvent-
separated ions are formed first, and then the (coumarin-4-yl) methyl cation reacts with wa-
ter to yield the coumarin alcohol, H* and the acid anion. Therefore, as the concentration
of CP1 was increased, a weaker increase in pH was observed for the same irradiation time.
The UV-Vis absorption spectrum of CP1 (10 g L) before and after irradiation show sim-
ilar profiles, but a lower intensity of the band at = 280 nm that corresponds to 3 is observed
in the latter (Appendix C, Figure C8). The above results do not provide conclusive proof
regarding the efficiency of the photolysis of CP1 to produce 3, and thereby, a significant

increase in pH.

Therefore, further optimization of the photolysis of CP1 with respect to the solubility of
the released 3, interference of its acidic behavior, as well as its low solubility is necessary

as it makes the analysis ambiguous. Apart from this, the inherent acidic property of
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POEGMA in water makes the CP1 system difficult to induce a significant pH jump. To
solve this, OEGMA can be substituted by glycerol methacrylate (GMA) or N-acryloyl mor-
pholine (NAM), whose respective PGMA and PNAM homopolymers can readily be syn-
thesized by RAFT polymerization, show less acidic behavior, and are also biocompatible
polymers. Following this, we expect to obtain in the future an improved PBG system ca-

pable of producing a significant change in pH after photolysis.

5.3.4 Synthesis of the photoacid generator (PAG)

cl OH OH

HO OH HO o Yo HO o o ~o o o o
6 7 8 9
\d

OEt OEt OEt
|

0=P-OEt 0=P-OEt O=P-OEt
|

0 ) o)

00, ~ O, T O

Yko ‘oo HO 0 o ~o ™o 0 o
12 1 10

Scheme 5.5. Synthetic route towards the synthesis of the photoacid generator (PAG). (a)
Ethyl 4-chloroacetoacetate, H.SO4, RT, 6 d; (b) H20, reflux, 1 d; (c) N-diisopropyl ethyl-
amine (DIPEA), chloromethyl methyl ether (MOMCI), DCM, RT, 40 min; (d) Diethyl
chlorophosphate, pyridine, 0 °C-RT, 4 h; (e) TFA, DCM, rt, 30 min; (f) Methacryloyl chlo-
ride, TEA, DCM, 0 °C, 2 h.

The PAG 12 was designed to contain two important groups: (i) the diethylphosphate moi-
ety that would be released after photolysis contributing to a pH drop (pKa ~ 0.71), and (ii)
a polymerizable methacrylate group to enable the copolymerization with another monomer
in the subsequent step. In addition, a coumarin moiety was used as the core for similar
reasons as that for the PBG 5. Accordingly, the PAG 12 was synthesized as described in
Scheme 5.5 using a similar synthetic strategy to that of the synthesis of PBG 5. An addi-

tional chemoselective protection (Scheme 5.5, step ‘c’) of the diol 8, and subsequent depro-
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tection (Scheme 5.5, step ‘e’) to avoid the substitution of the 7-OH by diethyl chlorophos-
phate was carried out to obtain the PAG 12. Although pure PAG 12 could not be obtained
after several purification steps, it could be used as a comonomer for the polymerization
(discussed below). The formation of compounds at each synthetic stage (7, 8, 9, 10, and
11) was confirmed by *H, 3C NMR and additionally 3P NMR spectroscopy in case of 10
and 11 (see Appendix C, Figure C9 to Figure C13). PAG 12 was characterized by *H and
13C NMR (refer to Appendix C, Figure C14), UV-Vis spectroscopy (Appendix C, Figure
C15A), and ESI-MS (Appendix C, Figure C15B). The UV-Vis absorption spectrum of the
skeletal coumarin moiety has previously been explained in Chapter 5, Section 5.3.1. Ac-
cordingly, the UV-Vis absorption spectrum of PBG 12 shows two absorption maxima at
Mmax = 312 nm and A%max = 277 nm, where a hypsochromic shift compared to that of PBG
5 is seen. The m/z value obtained from ESI-MS (419.0882) is in close correlation to the
theoretical m/z (C17H16BrNO7 [M + Na']) = 419.0872).

5.3.5 Synthesis of P(OEGMA-r-PAG) copolymer CP2
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Scheme 5.6. Synthetic scheme for the synthesis of P(OEGMA-r-PBG) copolymer, CP2 by
RAFT polymerization.

PAG 12 was incorporated as a comonomer in the RAFT polymerization of OEGMA to
obtain P(OEGMA-r-PAG) CP2. Similar molar mass and amount of the PAG 12 incorpo-
ration was targeted as for CP1. The overall molar mass of CP2 was calculated by NMR to
be 27000 g mol ™ (Figure 5.6 A, peaks used for caluculation: ‘a-d’). The successful synthe-

sis was confirmed by SEC which showed acceptable dispersities and comparable molar
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mass to that obtained by NMR (Figure 5.6 B, Masec, = 23500 g mol?, and © = 1.23). 9.6
mol% () of the PAG 12 was incorporated in CP1 (calculated from *H NMR, see Figure
5.6A). In addition, the incorporation of PAG 12 was confirmed by UV-Vis spectroscopy,
where two absorption bands corresponding to the coumarin moiety (Amax = 328 nm and
A2max = 292) are seen (Figure 5.6 C).
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Figure 5.6. 'H NMR spectrum in CDCl3 (A), size-exclusion chromatogram in DMAC
(B), and UV-Vis absorption spectrum in water (C) of CP2.

5.3.6 Photolysis study of P(OEGMA-r-PAG) CP2

As the efficient photolysis of CP1 containing a coumarin based PBG was previously
proved, similar experiments were conducted for CP2. Herein, we expect to observe a drop

in the pH of the solution after irradiation due to the release of the phosphoric acid moiety
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(see Scheme 5.2). Unlike in the case of CP1, the coumarin moiety of the PAG remains as
a pendant group on the polymer backbone after photolysis. To study the change in pH after
photolysis of CP2, two different studies were conducted: (i) change in pH of 10 and 20 g
Lt CP2 in water after irradiating for different times, and (ii) change in pH of different

concentrations of CP2 in water after irradiation for a constant time (1 h).
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Figure 5.7. Evolution of pH of 10 g L™ (red) and 20 g L™ (black) CP2 solutions in water
after different irradiation times. Irradiation for every sample was performed at 320 nm.

On irradiation of CP2 solution from 1 up to 60 min, a clear decrease in the pH of the
solution was observed owing to the release of the phosphoric acid group, as expected (Fig-
ure 5.7). From a pH of 5.70 of CP2 before irradiation, a drop of 2.07 units for 10 g L™ (pH
=3.63) (Figure 5.7, red), while 1.94 units for that of 20 g L™* (pH = 3.76) (Figure 5.7, black)
after irradiation for 60 min was observed. A change in the intensity of absorption in the
UV-Vis spectrum qualitatively confirmed the photolysis of CP2 (see Appendix C, Figure
C16). But, contrary to our expectation, a higher concentration of CP2 induced a weaker

drop in pH upon photolysis (Figure 5.7).

Further, the maximum irradiation time of 60 min from the previous experiment was chosen
to irradiate various concentrations of CP2 in water (1, 2, 5, 10, 15 and 20 g L}) to study
the concentration dependence of CP2 on the photolysis. As expected, the pH drop increases

with increasing concentration due to larger amounts H* ions in solution resulting from the
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ionization of the produced phosphoric acid after photolysis (Figure 5.8). Unfortunately, the
dip in pH at high concentrations (20 g L) is still limited to approximately 2 units after 60
min of irradiation. Consequently, at this stage, a more detailed study of the photolysis of
CP2 is required. Lastly, CP2 as PAG seemed to be more promising compared to that of
CP1 as PBG. Nevertheless, optimization of the system is required to observe a pH drop of

3 or more units for use in the intended application.

6,0 1
5,5 1

5,0 r

pH

45

4,0 H

3,5

3,0 L——~- i i ; ;
012 5 10 15 20

Concentration [ g L™

Figure 5.8. pH of of CP2 solutions in water at various concentrations after a constant ir-
radiation time of 60 min. Amax = 320 nm.

5.4 Conclusion

Photobase and photoacid generator monomers were designed to catch or release protons,
respectively, on photolysis to induce pH jumps in aqueous media. Subsequently, novel
PBG 5 and PAG 12 were synthesized and successfully incorporated as comonomers into a
well-defined POEGMA polymer to obtain CP1 and CP2, respectively. 9.3 and 9.6 mol%
of PBG and PAG were incorporated into CP1 and CP2, respectively. Further photolysis
studies (Amax = 320 nm) were performed both on CP1 and CP2 to observe the change in
pH upon irradiation considering two aspects: (i) change in pH of the copolymer solutions

with irradiation time, and (ii) effect of concentration of CP1 and CP2 on the change in pH.
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In the case of CP1, upon irradiation of the copolymer solution in water for 60 min at 320
nm, an increase in pH of 0.57 and 0.50 units for 10 and 20 g L, respectively, were ob-
served. A gradual increase in pH was observed with irradiation time with a maximum of
6.28 and 6.21 for 10 and 20 g L™ of CP1, respectively. Contrary to expectation, a higher
pH jump was observed for 10 g L™* than 20 g L of CP1 on irradiating for the same time.
Furthermore, an increase in concentration of CP1 at a constant irradiation time (60 min)
induced weaker pH increases. The maximum jump in pH was 1.23 units for 1 g L™* of CP1,
while a minimum jump of 0.46 units was seen for that of 20 g L. Collectively, we hypoth-
esize that there are two important factors contributing to such a behavior: (i) the inherent
property of the coumarin skeleton of the PBG to undergo deprotonation after photolysis
and thereby imparting counteracting acidic property, and (ii) the initially low pH of CP1
in Millipore water (5.7). To counteract this, the secondary alcohol in the coumarin moiety
can be protected before incorporation into POEGMA and the primary water soluble bio-
compatible polymer POEGMA can be replaced with similar alternatives such as PGMA or
PNAM.

Similarly, CP2 (in Millipore water, pH = 5.70) was subjected to photolysis for different
irradiation times and herein a maximum drop in pH of 2.07 and 1.94 units was observed
for 10 and 20 g L. Further, a more important pH drop was observed with increasing con-
centration of CP2 from 1-20 g L with a maximum of 2 units for 20 g L. Although the
expected trend of a decrease in pH upon photolysis of CP2 was observed, the drop in pH
(2 units) may not be sufficient for the final application. In conclusion, the investigated
systems CP1 and CP2 are promising candidates as PBG or PAG, but require optimization

with respect to the design of the macromolecular carrier.
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In this thesis, a modular approach for the synthesis of various well-defined functional
homo- and block copolymers (BCPs) has been successfully demonstrated. Furthermore, an
elegant strategy to obtain nanostructured nanoparticles with reactive surface-exposed
patches by controlling the internal phase separation has been elaborated. The design and
synthesis of photoreactive homopolymers, and amine-cleavable BCPs have also been dealt
with, targeted for applications as inflammation probes, or for the preparation of functional

separation membranes, respectively.

Chapter 2 provides a detailed theoretical background of the aspects dealt with in the fol-
lowing chapters. The basic differences in the mechanism of ATRP, NMP, and RAFT
polymerization has been explained. The state of the art of two post polymerization modi-
fication methods, para-fluoro—thiol reaction and activated ester-amine reaction, has been
reported. A detailed understanding of the underlying concept behind phase separation of
BCPs and their self-assembly in bulk and in solution has been discussed. Additionally,
examples of BCP self-assembly into thin films and multicompartmental nanoparticles has
been highlighted. Finally, the optics and the working principles behind TEM, STEM, and
STED used to analyze the functional nanostructured nanoparticles has also been explained.

Chapter 3 deals with the synthesis of functional BCP libraries. The synthesis of a precursor
BCP PMMA-b-PS containing two distinct pentafluorophenyl (PFP) moieties PFPMA and
PFS in the PMMA and PS block, respectively was achieved (Manmr =~ 50000 g mol™,
femma:fes = 0.50:0.50, % functionality < 10 mol%). Further, by post-polymerization modi-
fication using amidation and para-fluoro—thiol reaction, several bifunctional BCPs con-
taining allyl, norbornyl, furanyl, azide, and thiol as secondary reactive handles were pro-
duced. A previously non-reported reaction of the para- and meta-fluorine atoms of PFPMA
towards nucleophilic thiol-substitution reaction has been uncovered. Furthermore, the
same concept was extended to produce functional BCPs based on P(nBMA-r-PFPMA)-b-
P(S-r-PFS). Hence, the complementary and simple reactions of distinct PFP moieties in
defined polymer architectures makes them powerful orthogonal groups to synthesize li-

braries of multifunctional BCPs.
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Chapter 4 focuses on the fabrication of functional nanostructured materials using BCP self-
assembly. The targeted patchy nanoparticles could not be obtained using the self-assembly
of PMMA-b-PS and PNnBMA-b-PS BCP systems. Bult, it was successfully prepared by self-
organized precipitation (SORP) of chloro, azido and PFP containing PS-b-P1 BCPs. Sev-
eral morphologies of phase separation leading to onion-like, dots, and stacked lamellae
(stripes) structured nanoparticles were obtained. In the case of functional PS-b-PI that did
not form striped nanoparticles, SORP of A’B+AB type blends were used. These new types
of BCP blends led to internal phase transformation, e.g., from onion-like to stacked lamel-
lae. The immobilization of model thiols on the PFP rich domains of these striped particles
proved the domain-specific surface reactivity of the nanoparticles. Furthermore, the striped
nanoparticles were also transformed into surface-reactive nanodiscs, and their surface-re-
activity was achieved. In a different approach, an amphiphilic BCP containing a central
PFP linkage was designed and synthesized for the preparation of porous membranes by
BCP self-assembly and amine wash in tandem. The BCP was constructed using a PFP
ester-functionalized RAFT agent, which could further be subjected to PFTR to obtain a
water-soluble segment at the para position. The RAFT functionality on the other hand was
used to grow a hydrophobic segment, e.g., PS, which would form the bulk of the mem-
brane. Performing PFTR on PFP-ester based RAFT agent or PFP-PS using a thiol termi-
nated water-soluble polymer (PGMA-SH) or a thiol-functionalized ATRP initiator, respec-
tively were two promising routes to synthesize the amphiphilic BCP. In a nutshell, such
reactive nanostructured materials are promising candidates for applications that rely on

site-selectivity and specificity.

In Chapter 5, photo reactive functional copolymers containing novel coumarin absed pho-
toacid (PAG) and photobase (PBG) generators were designed and synthesized to observe
pH changes upon light irradiation. The POEGMA based P(OEGMA-r-PBG) and
P(OEGMA-r-PAG) copolymers however did not produce a significant change in pH on
photolysis. A maximum change of = 2 pH units of pH change could be detected, probably
arising from the acidic property of coumarins in water. Nevertheless, certain modifications
in this system with respect to the substitutions on the coumarin as well as the homopolymer

itself can be helpful in achieving the desired changes in pH. The newly developed PAG
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and PBG monomers can nonetheless be useful in the synthetic field as photolabile protect-

ing groups.

The ultimate goal of the presented dissertation is to directly utilize bifunctional BCPs to
obtain dual-reactive striped nanoparticles. In particular, we are interested in immobilizing
a different recombinant enzymes in each of the lamellae patches, i.e., in close proximity to
one another to mimic enzyme cascade reactions that are useful for catalysis and purifica-
tion. Apart from the nanostructured nanoparticles, it is also within our scope to fabricate
the membranes by electrospinning, and generate cylindrical pores using the newly estab-
lished reactivity of substituted PFP-esters.
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7. MATERIALS AND METHODS

7.1 Materials

Methyl methacrylate (MMA; 99 %, Acros), styrene (99.5 %, Acros), 4-vinylbenzyl chlo-
ride (VBC; 97%, Sigma Aldrich), and pentafluorostyrene (PFS; 98 %, ABCR) were dein-
hibited prior to use by passing through a column of basic alumina (Roth). Isoprene (99%,
ABCR) was distilled at 40 °C before use. Azobisisobutyronitrile (AIBN) was recrystallized
from methanol. 1,8-Diazabicyclo[5.4.0]-undec-7-ene (DBU; Merck) was distilled before
use. 2-Cyano-2-propyl benzodithioate (CPBD; > 97%, Aldrich), allylamine (98%, Acros
organics), furfurylamine (> 99%, Aldrich), 5-norbornene-2-methylamine (> 98%, TCl), 2-
aminoethanethiol (> 95%, TCI), 2-mercaptoethanol (> 99%, Roth), 1-octanethiol (OT; >
98.5%, Aldrich), sodium azide (NaNs, > 99%, Roth), polystyrene-b-polyisoprene P5 (Pol-
ymer Source Inc., Ltd., Canada; Mn = 78 kg mol™, b = 1.05, fps = 0.57), osmium tetroxide
(OsOg4, 2 vol% solution for electron microscopy), fluorescein-PEG-thiol (FITC-PEG-SH,
MW = 2000 Da, NANOCS), L-Cysteine (97%, Aldrich), Tween®20 (Sigma), triethyla-
mine (TEA; 99%, Fisher), resorcinol (Roth, > 99%), 4-bromoresorcinol (Sigma Aldrich,
97%), ethyl 4-chloroacteoacetate (97%, Acros), N,N-diisopropylethylamine (DIPEA) (>
99.5%, Roth), 4-dimethylaminopyridine (DMAP) (> 99%, Sigma Aldrich), 4-nitro-
phenyl chloroformate (97%, Acros), sulfuric acid (96%, Roth), 2-aminoethyl methacrylate
hydrochloride (90%, Sigma Aldrich), citric acid (> 99.5%, Roth), MgSO4 (> 99%, Roth),
chloromethyl methyl ether (MOMCI) (technical grade, Sigma Aldrich), diethylphosphoric
acid chloride (> 97%, TCI), TFA (> 99.5%, Fisher Chemical), NaOH (> 99%, Roth), and

methacryloyl chloride (97%, Alfa Aesar). were used as received.

Anhydrous dichloromethane (Anhyd. DCM; > 99.8%, Aldrich), anhydrous acetonitrile
(99.9% Acros), anhydrous ethanol (99.8%, Acros), anhydrous pyridine (> 99%, Roth), di-
chloromethane (DCM; 99.7%, VWR), 1,4-dioxane (> 99.5%, Roth), tetrahydrofuran (THF;
99.9%, VWR), N,N-dimethylformamide (DMF; 99.9%, VWR), acetonitrile (99.99%,
Fisher), and methanol (99.99%, VWR), Chloroform (> 99.8%, VWR), acetone (> 99.5%,

Fischer), diethyl ether (> 99.5%, Roth) were used as received.
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2-methoxy-6-methylbenzaldehyde?’®, pentafluorophenyl methacrylate?’!, N-tert-butyl-N-
[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide (SG1), and 2-methyl-2-[N-tert-bu-
tyl-N-(1-diethoxyphos-phoryl-2, 2-dimethylpropyl)aminoxy]propionic acid (MAMA-
SG1) were synthesized according to the previously reported procedures.?’2

The pH 13 buffer solution was prepared by mixing 0.4 M NaOH (90 mL), a 7.52 g L
solution of glycine (140 mL ) and a 5.86 g L' NaCl solution (140 mL).%

7.2 Characterization

7.2.1 Characterization of the polymers

Size-exclusion chromatography (SEC) THF SEC measurements were performed on a TO-
SOH Eco-SEC HLC-8320 GPC system, which comprised of an autosampler, a SDV 5 um
bead size guard column (50 x 8 mm, PSS) followed by three SDV 5 um columns (300 x
7.5 mm, subsequently 100, 1000, and 10° A pore size, PSS), and a differential refractive
index (DRI) detector with THF as the eluent at 30°C with a flow rate of 1 mL min~t. The
SEC system was calibrated by using linear polystyrene standards ranging from 266 to 2.52
x 10® g mol, with linear PMMA standards ranging from 800 to 1.82 x 106 g mol-1. Cal-
culation of the molar mass proceeded by using the Mark—Houwink-Sakurada (MHS) pa-
rameters for PMMA in THF at 30 °C, that is, K = 129.8 x 10-3 mL g* and « = 0.688.

DMAc SEC measurements were performed on a Polymer Laboratories (Varian) PL-GPC
50 Plus Integrated System, comprising of an autosampler, a PLgel 5 um beadsize guard
column (50 x 7.5 mm) followed by three PLgel 5 um Mixed-C columns (300 x 7.5 mm).
The spectrometer was attatched to a differential refractive index detector and a DMACc el-
uent sytem containing 0.3 wt% LiBr. The temperature was set to 50 °C with a flow rate of
1 mL min. The SEC system is calibrated using linear polystyrene standards ranging from
160 to 6 x 10 g mol~* and linear poly(methyl methacrylate) standards ranging from 700 to
2 x 106 g molt. Mark-Houwink-Kuhn-Sakurada (MHKS) parameters for polystyrene (K
=14.1 x10°dL g and « = 0.7) were used to calculate molar masses of the polymers.
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NMR spectroscopy Measurements were performed on a Bruker AM 500 spectrometer at
500 MHz. The analytes were dissolved in CDClszand the residual solvent signals were em-
ployed for shift correction. For the °F-CPD NMR spectra, at least one of the following
corrections was made by using MestReNova 9.0 software: baseline correction with the
method Bernstein polynomial fit (with polynomial order of 14), manual correction, or mul-

tipoint baseline correction.

Attenuated total reflectance (ATR) FT-IR spectroscopy Solid-state Fourier transform IR
spectra were measured using a Bruker Vertex 70 spectrometer, equipped with a tungsten
halogen lamp, a KBr beam splitter, and a DTGS detector.

UV—Vis spectroscopy Measurements were carried out on a Biotek Epoch 2 spectrophotom-
eter using a quartz cuvette with a path length of 10 mm (Quartz SUPRASIL®, Hellma
Analytics).

Fluorescence spectroscopy Fluorescence spectra were recorded in a Cary Eclipse spec-
trometer with a Single Cell Peltier System at ambient temperature in water from 300 to 700

nm.

Electrospray ionization mass-spectrometry ESI-MS spectra were recorded on a Q Exac-
tive (Orbitrap) mass spectrometer (ThermoFisher Scientific, San Jose, CA, USA) equipped
with an HESI 11 probe. The instrument was calibrated in the m/z range of 74-1822 using a
premixed standard comprising of caffeine, Met-Arg-Phe-Ala acetate (MRFA), and a mix-
ture of fluorinated phosphazenes (Ultramark 1621). A constant spray voltage of 4.6 kV and
a dimensionless sweep gas flow rate of 5 were applied. The capillary temperature and the
Slens RF level were set to 320 °C. The samples were prepared at a concentration of 0.03
mg mL™ in a mixture of THF and MeOH (3:2) containing 100 pumol sodium trifluoracetate

(NaTFA). The samples were injected with a flow rate of 5 uL min™.

pH measurements pH measurements were conducted using a Mettler Toledo SevenCom-
pact™ pH/Ion S220 pH-meter, calibrated using standard solutions of pH 4.0, 7.0, 9.0 and
12.0 purchased from Roth.
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7.2.2 Characterization of the nanoparticles and nanodiscs

Dynamic Light Scattering (DLS) Measurements were performed on a Malvern Zetasizer
Nano ZS that uses NIBS (non-invasive back scattering) to measure the hydrodynamic di-
ameter of the nanoparticles. The zeta potential was also measured using the same instru-

ment in deionized water.

(Scanning) Transmission Electron Microscopy (S)TEM The nanodiscs were measured
on a JEOL-2100F high resolution STEM with Cs-corrector instrument at 200 KeV accel-
erating voltage attached to a high angle annular dark field (HAADF) detector. A JS single
tilt holder was used to mount the grid. The instrument had attached an energy dispersive
X-ray detector (EDX) for elemental analysis: The nanoparticles were either measured us-
ing the above STEM or a transmission electron microscope (TEM, H-7650, Hitachi, Japan)
set to an accelerating voltage of 100 KeV attached to a bright field detector.

Electron Tomography (ET) Three-dimensional (3D) structures of striped particle were re-
constructed by using the series of TEM images observed with an acceleration voltage of
100 kV. The series of TEM images were acquired at tilt angles from -60° to +60° in 1°
steps. The TEM images were aligned and reconstructed using an imaging software (Image
J, NIH) with a “Tomo-J” plug-in.2”® The reconstruction was performed by using the
weighted back-projection algorithm. The reconstructed images were refined and colored

with an imaging software (Cinema 4D, MAXON, Inc.).

Atomic Force Microscopy (AFM) One drop of THF dispersion of nanodiscs were cast on
a Si substrate and dried at room temperature. Surface structures of the nanodiscs were then
measured by AFM, SP1400, S1I using the DFM (tapping) mode.

Stimulated Emission Depletion (STED) Microscopy The fluorescent nanodiscs were char-
acterized with a Leica TCS SP8 Laser Scanning Confocal Microscope. Excitation was with
a white light laser set to 488 nm. The Hybrid Detector window was set to capture 500-550
nm, gated at 1.5-6.5 ns. The stimulated emission depletion super resolution imaging was
carried out with a 592 nm depletion laser. Post image acquisition deconvolution was per-

formed with Huygens Professional.
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8.1 Synthetic protocols pertaining to Chapter 3

Synthesis of PFPMA
OH
F F TEA
c” Yo F g dryDCM F F
F
F F
F

In a two neck round bottom flask, pentafluorophenol (0.91 eq, 10.86 mmol, 2 g) was dis-
solved in dry DCM (20 mL) under nitrogen. Triethylamine (TEA, 1 eq, 11.94 mmol, 1.21

g) was added via a syringe through the septum. A dropping funnel filled with methacryloyl
chloride (1 eqg, 11.94 mmol, 1.25 g) was placed above the other neck and was methacryloyl
chloride was added into the flask dropwise under nitrogen while vigorously stirring the
reaction mixture placed in an ice bath. After complete addition, the reaction mixture was
cooled down for 15 min and slowly warmed up to room temperature over 12 h. The reaction
mixture was extracted with water (3 x 50 mL), brine (2 x 50 mL) and the organic phase
dried over magnesium sulfate. Excess DCM was evaporated under vacuum and the brown
oily liquid was vacuum distilled at 49 °C and 5 x 102 mbar to obtain the pure product as a
colorless oily liquid. Yield = 32.5 %.

Synthesis of 2-methoxy-6-methylbenzaldehyde

~o ~o o

@i K,S,03, CuSO, !
CH;CN/H,0

reflux

A vigorously stirred mixture of 2,3-dimethylanisol (36.6 mmol, 4.99 g), copper(ll)sulfate
(0.99 eq, 36.2 mmol, 5.78 g) and potassium peroxidisulfate (3.01 eq, 110 mmol, 29.74 g)
in acetonitrile/water (1:1, 250 mL) was heated to reflux (100 °C). After 30 min, the mixture
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changes color from green to brown and thin layer chromatography (TLC) shows the pres-
ence pf product, some side products and a small amount of the staring material (cyclohex-
ane/ethylacetate = 8.2, Re(product) = 0.8, Re(reactant) = 0.6. the mixture was then cooled
down to room temperature and dichloromethane (DCM, 75 mL) was added. The aqueous
phase was extracted with additional DCM (2 x 35 mL). The combined organic phases were
dried over Na>SOg; the filtrate evaporated at reduced pressure to give the crude product,
which was purified by column chromatography (silica gel, cyclohexane/ethylacetate).
Yield = 39.7%.

Synthesis of PFP ester-functionalized macroRAFT agent 1

In a 50 mL round bottom flask, CPBD (55.3 mg, 0.25 mmol) was dissolved in 1,4-dioxane
(4.87 mL). To this, MMA (9.5 g, 94.9 mmol) and PFPMA (1.26 g, 0.5 mmol) were added.
A 1 mg/mL stock solution of AIBN was prepared in 1,4-dioxane and 5.13 mL from this
(5.13 mg, 0.03 mmol) were added into the round bottom flask. A to sample was withdrawn
for indirect determination of PFPMA content in the final polymer and the flask was sealed
with a septa. The content was deoxygenated by bubbling nitrogen for 1 h and the flask was
subsequently placed in a pre-heated oil bath at 90 °C for 3 h. After this, the mixture was
cooled down to room temperature and exposed to air. 'H NMR was used to determine the
conversion of both comonomers. The resulting polymer was purified by precipitating twice
in an excess of cold methanol and dried under vacuum at 40 °C overnight. The macro-
RAFT agent 1 was recovered as a pink powder. The incorporation of PFPMA was con-
firmed both by 1°F NMR and FTIR spectroscopy (Figure Al C and A, respectively). Mn sec
= 26000 g mol?, B = 1.15; Manmr = 25000 g mol . The amount of PFPMA incorporated

was estimated by NMR and IR spectroscopies, as described below:

Calculation of PFPMA content in the macroRAFT agent P(MMA-stat-PFPMA) 1

The amount of PFPMA incorporated in macroRAFT agent 1 was obtained as an average
of the values calculated from NMR and IR data as previously reported by Zhang et al. 27

From IR spectroscopy: The amount of PFPMA incorporated was estimated to be 7 mol%
obtained by integrating the areas of PFPMA (0.164) and PMMA (2.346) absorption bands
in green and pink, respectively (Figure A1 A).
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From NMR: Two methods of calculation based on NMR spectroscopy were employed: (i)
by calculating the conversion of PFPMA and MMA from the crude polymerization (Figure
Al D) and (ii) from the NMR spectrum of the purified macroRAFT 1 comparing the inte-
gral values of the —-OCHz3 peak of MMA to those of the backbone (Figure Al B), respec-
tively.

Method (i)

Conversion of PFPMA = (1.86-0.63)/1.87 = 66%

Conversion of PMMA = (34.40-20.18)/34.40 = 41.3

Ratio of PFPMA to MMA introduced into the reaction mixture = 5:95

Therefore, mol% PFPMA incorporated = (0.66x0.05)/[(0.66%0.05)+(0.413x0.95)] = 7.8
mol%

Method (ii)

Mol% PFPMA = 1 — [Z2] x 100 = 9.3 mol%

As stated by Zhang et al., IR spectroscopy provides an overestimated value while NMR
gives an underestimated value coming from their noise reductions and baseline corrections.
Therefore an average of 8 mol% was calculated as optimum fraction of PFPMA in the
macroRAFT agent.

Synthesis of block copolymer P(MMA-stat-PFPMA)-b-P(S-stat-PFS) 2

In a 100 mL round bottom flask, macro-RAFT agent 1 (1.3 g, 0.05 mmol) was dissolved
in 1,4-dioxane (19.84 mL). To this, styrene (19.4 g, 186 mmol) and PFS (1.118 g, 5.76
mmol) were added. A 1 mg/mL stock solution of AIBN was prepared in 1,4-dioxane and
1.64 mL from this stock solution (1.64 mg, 0.001 mmol) were added into the round bottom
flask. The flask was sealed with a septa and the contents were deoxygenated by bubbling
with nitrogen for 1 h. The flask was then placed in a pre-heated oil bath at 90 °C for 80
min. After this, the mixture was cooled down to room temperature and exposed to air. The
resulting polymer was purified by precipitating twice in an excess of cold methanol and

dried under vacuum at 40 °C overnight. The block copolymer 2 was recovered as a pink

141



8. SYNTHETIC PROTOCOLS

powder. The exact amount of PFS in the final polymer was calculated as described in an
earlier report.%® My sec = 46000 g mol?, B = 1.25; Manwr = 52000 g mol 2.

Calculation of the number-average molar mass of 2 using NMR (Ma.nmRr)

From Figure 3.1 A: For 1 MMA unit, block copolymer 2 contains 0.954 styrene units.

My sec(PMMA 1)—-MW (end groups) 5 styrene

ratio X
MW(MMA) MMA

Molar mass of the PS block = ¢(

MW (styrene)

(26000—221.34)
100.12

= ( ) X 0.954 x 104.15 = 25800 g/mol,

Hence, Manmr(2) = 25800 + 26000 = 51800 g mol = ~ 52,000 g mol*

Synthesis of block copolymer P(nBMA-stat-PFPMA)-b-P(S-stat-PFS) 5

In a 100 mL round bottom flask, macro-RAFT agent P(nBMA-stat-PFPMA) (195 mg,
0.007 mmol) was dissolved in 1,4-dioxane (3 mL). To this, styrene (3.0 g, 27.94 mmol)
and PFS (167.7 mg, 0.86 mmol) were added. A 1 mg/mL stock solution of AIBN was
prepared in 1,4-dioxane and 0.25 mL from this stock solution (0.25 mg, 0.0014 mmol)
were added into the round bottom flask. The flask was sealed with a septa and the contents
were deoxygenated by bubbling with nitrogen for 1 h. The flask was then placed in a pre-
heated oil bath at 90 °C for 90 min. After this, the mixture was cooled down to room tem-
perature and exposed to air. The resulting polymer was purified by precipitating twice in
an excess of cold methanol and dried under vacuum at room temperature (due to the low
glass-transition temperature (Tg) of butyl-methacrylate) overnight. The block copolymer 2
was recovered as a pink powder. The exact amount of PFS in the final polymer was calcu-
lated as for BCP 2. Mn,sec = 54000 g mol™, B = 1.18; Mnnmr = 53300 g mol 2.

RAFT end group capping

A polymer solution of 1 or 2 was prepared in acetonitrile or 5 in DCM (10 mg mL ™). To
this, 2-methoxy-6-methylbenzaldehyde (2 eq.) was added and the solution was deoxygen-
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ated by bubbling N2 for 30 minutes. The flask was then placed in a custom made photore-
actor and irradiated at RT with two Arimed B6 lamps (Amax = 320 nm, power density = 14.7
mW m~2). After 1 h, acetonitrile or DCM was removed under vacuum and the residue was
re-dissolved in a minimum amount of dichloromethane. The polymer was recovered by
precipitation in excess cold methanol. Polymer 1a, 2a, and 5a were obtained as white pow-
ders. End group capping was confirmed by UV—Vis spectroscopy from the disappearance
of absorbance at 310 nm, typical of the RAFT end group. 1a: Masec = 27000 g mol ™, B =
1.15; Manmr = 25000 g mol ™. 2a: Mnsec = 47000 g mol ™, B = 1.23; Manmr = 52000 g
mol?. 5a: My sec = 53500 g mol?, © = 1.18; Manmr = 53000 g mol

General procedure for amidation reaction

- > @ R—NH, - L ¢
N\/ \~/ \~, - /\/\/ \~/ \~,
J% . - TEA, DMF J% . .

o 50°C, 24 h HN

ﬁl (~y o f
S L3
(o)

Figure 8.1. General reaction scheme for the reaction of 2a with various amines.

In a 5 mL round bottom flask, a polymer (100 mg) was dissolved in DMF (0.9 mL, 1 eq.)
and placed in a pre-heated oil bath at 50 °C. In another flask, an amine (50 eq.) and tri-
ethylamine (5 eq.) were mixed together in DMF (100 pL) and added to the polymer solu-
tion. After stirring for 24 h, the reaction mixture was cooled down to room temperature and
excess DCM was added. The organic layer was extracted with distilled water (20 mL) fol-
lowed by brine (2 x 20 mL) and concentrated under vacuum. The polymer was precipitated
in excess cold methanol and washed extensively with cold methanol. The polymer was

then dried under vacuum at 40 °C overnight to obtain the modified polymer as a white
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powder. A general scheme of the reaction is shown in Figure 8.1 and characteristics of the

obtained polymers are collated in Table 3.1.

General procedure for PFTR

R-SH

- P P - = =~ PN, V4
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o o N 0 o
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Figure 8.2. General reaction scheme for PFTR using OT and mercaptoethanol as model
thiols.

Unless specified, PFTR experiments were conducted as follows. In a 5 mL round bottom
flask, a polymer solution was prepared in DMF (100 mg in mL, 1 eq.). To this, DBU (1
eq.) and thiol (5 eq.) were sequentially added. The reaction was stirred at room temperature
for ten minutes. An aliquot was then quenched by introducing it into an NMR tube con-
taining CDCl3 for direct measurement. The polymer was purified by precipitating in cold
excess methanol and washing extensively to remove any excess thiol. The polymer was
dried under vacuum overnight at 40 °C and recovered as a white powder. The general re-

action scheme is shown in Figure 8.2.

One-pot dual functionalization using aminoethanethiol

In a 10 mL round bottom flask, the polymer (100 mg, 1 eq.) was dissolved in DMF (1 mL)
and placed in a pre-heated oil bath at 50 °C. In another round bottom flask, aminoethan-
ethiol (148.36 mg, 50 eq.) was dissolved in DMF (2 mL) and TEA (5 eq.) was added. The
solution was sonicated for 10 minutes to ensure complete solubility of aminoethanethiol
and was then added to the polymer solution. The reaction mixture was stirred at 50 °C for
24 h, after which it was cooled down to room temperature and diluted with excess DCM.
In this case, DBU was not added as the base to catalyze PFTR on PFS because TEA cata-
lyzes both reactions under the specified conditions. The organic layer was extracted with

distilled water (20 mL) followed by brine (2 x 20 mL) and concentrated under vacuum.
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The polymer was precipitated in excess cold pentane, dried under vacuum overnight at 40

°C, and obtained as a white powder.

8.2 Synthetic protocols pertaining to Chapter 4

Synthesis of PMMA-b-PS by RAFT polymerization

Synthesis of PMMA macro-RAFT agent

In a 50 mL round bottom flask, CPBD (55.3 mg, 0.25 mmol) was dissolved in 1,4-dioxane
(4.87 mL). To this, MMA (10 g, 99.9 mmol) was added. A 1 mg/mL stock solution of
AIBN was prepared in 1,4-dioxane and 5.13 mL from this (5.13 mg, 0.03 mmol) were
added into the round bottom flask. A to sample was withdrawn for calculating the conver-
sion of MMA and the flask was sealed with a septa. The content was deoxygenated by
bubbling nitrogen for 1 h and the flask was subsequently placed in a pre-heated oil bath at
90 °C for 2h 30 min. After this, the mixture was cooled down to room temperature and
exposed to air. *H NMR was used to determine the conversion of MMA. The resulting
polymer was purified by precipitating twice in an excess of cold methanol and dried under
vacuum at 40 °C overnight. The macro-RAFT agent was recovered as a pink powder and
the exact molar mass was determined by SEC (Figure B11 A’). Mnsec = 21300 g mol, B
= 1.10; Mnnmr = 16000 g mol 2.

Synthesis of PMMA-b-PS BCP by RAFT polymerization

In a 100 mL round bottom flask, PMMA macro-RAFT agent (525 mg, 0.025 mmol) was
dissolved in 1,4-dioxane (10 mL). To this, styrene (10 g, 96 mmol) and AIBN (0.85 mg,
0.005 mmol) were added. The flask was sealed with a septa and the contents were deoxy-
genated by bubbling with nitrogen for 1 h. The flask was then placed in a pre-heated oil
bath at 90 °C for 2 h 30 min. After this, the mixture was cooled down to room temperature
and exposed to air. The resulting polymer was purified by precipitating twice in an excess

of cold pentane and dried under vacuum at 40 °C overnight. The block copolymer was
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recovered as a pink powder. The exact molar mass was determined by *H NMR and con-
firmed by SEC (Figure B11 A and A’, respectively). Mnsec = 40500 g mol™, B = 1.25;
Mn.nmr = 44500 g mol 2, fes:femma = 0.55:0.45.

Synthesis of PnBMA-b-PS by RAFT polymerization

The exact procedure as for the synthesis for PMMA macro-RAFT agent (as described
above) was used for the synthesis of PnBMA macro-RAFT agent for a reaction run time
of 2 h. M,sec = 22800 g mol, B = 1.08; Mnnmr = 21000 g mol 2. Followed by this, using
PnBMA as the macro-RAFT agent, similar procedure as for the synthesis of PMMA-b-PS
was utilized to obtain PnBMA-b-PS as a pink powder. The exact molar mass of the macro-
RAFT agent was first obtained from SEC, followed by the calculation of the molar mass
of the BCP *H NMR (Figure B11 B’ and B, respectively). Mnsec = 45000 g mol™, B =
1.19; Mnnmr = 47000 g mol?, fps:fenma = 0.52:0.48.

Synthesis of functional PS-b-P1 BCPs by NMP

o

Z 7 MAMASG1  HO n/(\f;o\i % @ Sj Y
. i
R 120 °C R )[\0) pyrldme or

MIX
1,4-dioxane

115 °C

i G

MIX= MI1
NaN3
DMF

Scheme 8.1. Synthetic route towards the synthesis of macroinitiators M1, M2, M4 and
P1-4 by NMP.
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Table 8.1. Characteristics of the functional PS macroinitiators MI1, MI3, and MI4. %F:
percentage of functional monomer introduced in the PS block.

Macro initia- Comonomer Mn.sec
] %F D
tor in PS block g mol™
Mi1l VBC 6.0 26,500 1.17
MI3 PFS 4.0 25,300 1.10
Ml4 - - 22,300 1.09

Table 8.2. Characteristics of the PS-b-PI block copolymers P1-4. % F: percentage of
functional monomer introduced in the PS block.

Functional MnNMR M sec
%F D frs:fri
BCP g mol™ g mol™
P1 6.0 48,900 62,800 1.32 0.47:0.53
P2 6.0 48,800 64,300 1.35 0.47:0.53
P3 4.0 47,300 61,900 1.32 0.50:0.50
P4 - 43,000 56,400 1.35 0.48:0.52

Chloromethylbenzyl-functionalized PS macroinitiator MI1

Styrene (3.67 g, 35.1 mmol), 4-vinylbenzyl chloride (282 mg, 1.84 mmol), and MAMA-
SG1 (35.5 mg, 0.09 mmol) were mixed in a 10 mL round bottom flask. The flask was
placed in a preheated oil bath at 120 °C after being purged with N2 for 30 min. The reaction
mixture was cooled to ambient temperature after 130 min. The resulting polymer was pre-
cipitated twice in cold methanol and MI1 was recovered as a white powder. (Scheme 8.1,
Table 8.1).

Chloromethylbenzyl-functionalized PS-b-PI P1

MI1 (200.4 mg) was dissolved in 1,4-dioxane (2560 L) in a pressure tube. The tube was
sealed with a rubber septum and the content was purged with N2 for 30 min. A large amount
of isoprene was placed in a flask which was then sealed with a rubber septum and purged
with nitrogen while being in an ice bath. The isoprene flask and the pressure tube were
taken into a glovebox and isoprene (2560 uL, 1740.8 mg, 25.56 mmol) was added into the
pressure tube before the latter was quickly sealed with a fitted screw cap. Outside of the
glovebox, the pressure tube was placed in a preheated oil bath at 115 °C. After 15 h, the
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reaction was stopped by cooling the flask to ambient temperature. 1,4-dioxane was re-
moved under vacuum. The residue was dissolved in a minimal amount of THF and precip-
itated in a methanol/isopropanol mixture (3:1 v/v) including a small amount of BHT as
stabilizer. P1 was recovered as a white powder (Scheme 8.1, Table 8.2, Figure B12 P1 and
Figure B 13 A).

Azidomethylbenzyl-functionalized PS-b-PI P2

P1 (100.8 mg) was dissolved in THF (3 mL). DMF (50 mL) was added. NaN3 (10 mg, 0.15
mmol) was dissolved in this solution. The content was stirred at RT for 4 days. Solvents
were removed in vacuum. Subsequently, the product was dissolved in DCM (20 mL) and
extracted with water (3 x 80 mL). The organic layer was dried over MgSOyg, filtered, and
concentrated in vacuum. P2 was precipitated in a methanol/isopropanol mixture (3:1 v/v)
including a small amount of BHT as stabilizer and obtained as a white powder (Scheme
8.1, Table 8.2, Figure B12 P2 and Figure B 13 A).

Pentafluorophenyl-functionalized PS macroinitiator M13

Styrene (4.63 g, 44.5 mmol), PFS (449 mg, 2.3 mmol), and MAMA-SG1 (46.1 mg, 0.12
mmol) were mixed in a 10 mL round bottom flask. Same procedure as for the synthesis of
MI1 was followed for a reaction time of 135 min, followed by similar purification proce-
dures as for MI1 to obtain MI3 as a white powder (Scheme 8.1, Table 8.1).

Pentafluorophenyl-functionalized PS-b-PI P3

MI3 (200.6 mg) was dissolved in pyridine (2560 pL) in a pressure tube. The same proce-
dure was applied as for the synthesis of P1 with isoprene (2560 pL) for a total reaction
time of 13 h 55min. The same purification steps were applied and yielded P3 as a white
powder (Scheme 8.1, Table 8.2, Figure B12 P3 and Figure B 13 B).

Polystyrene macroinitiator M14

In a 25 mL round bottom flask, styrene (10.36 g, 99.4 mmol) was mixed with MAMA-SG1
(98.1 mg, 0.26 mmol) and the flask was sealed with a rubber septum. Similar reaction
procedure (reaction time = 2 h) and purification as for MI1 and MI3 was applied, and M14

was recovered as a white powder (Scheme 8.1, Table 8.1).
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Polystyrene-block-polyisoprene (PS-b-PI) P4

MI1 (100.6 mg) was dissolved in pyridine (1280 pL) in a pressure tube. The same proce-
dure was applied as for the synthesis of P1 with isoprene (1280 pL) for a total reaction
time of 13 h 40min. The same purification steps were applied and yielded P1, P2 and P3
to obtain P4 as a white powder (Scheme 8.1, Table 8.2, Figure B12 P4 and Figure B 13 C).

Synthetic protocols for preparation of nanoparticles and nanodiscs

Preparation of nanoparticles

The BCPs were dissolved in THF at a concentration of 1.0 and 0.1 mg mL™. The nanopar-
ticles were prepared using a nanoprecipitation method (Scheme 4.2), as previously reported
by Yabu et al.,*® using various THF:water ratios (1:3, 1:1 and 3:1). More precisely, 1.5,
1, or 0.5 mL of millipore water was added dropwise at the rate of 1 mL min~! into 0.5, 1,
or 1.5 mL of the polymer solution in THF, respectively, with vigorous stirring. THF was
then allowed to evaporate at room temperature and atmospheric pressure for 4 days. The
sizes of all nanoparticles were measured by DLS. In another set of experiments, to study
the transformation of internal structures with BCP blends, the polymers P1-3 were mixed
in various ratios with the commercial, non-functional PS-b-P1 BCP P5. The nanoparticles

prepared using these blends are described in Table 4.2.

Observation of the phase-separated structures in the nanoparticles

The nanoparticles were stained by mixing with 0.5 mL of a 0.2 vol% solution of OsO4 for
2 hours. Excess OsO4 was washed away by ultracentrifugation of the stained nanoparticles
(Hitachi, himac CF16RX, 12000 rpm, 15 min, 5 °C). The pellet was collected, redispersed
in 700 pL millipore water, and ultrasonicated for 5 minutes to obtain a homogeneously
dispersed nanoparticle solution. This washing process was repeated 4 times and the pellet
was finally redispersed in water to obtain OsOs-stained nanoparticles. A Cu grid with a
carbon-coated membrane was subjected to UV/Os treatment (lwasaki, Japan) for 3 minutes
to render its surface hydrophilic and a drop of the stained nanoparticles was then casted
onto it. After drying in air, the sample was observed using TEM (bright field, BF) and in
some cases STEM (dark field, DF).
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Preparation of functional nanodiscs from the striped nanoparticles

Functional BCP nanoparticles NP3 that exhibited stacked lamellae patterns with pen-
tafluorophenyl-functionalized PS domains (Blend 8, Figure 4.6 C3, Table 4.2) were used
in this experiment to prepare functional nanodiscs ND3. This was achieved by following a
method previously described by Higuchi et al. as selective immobilization and selective
elution (SISE).X®" For this, firstly a 200 pL dispersion of the nanoprecipitation-made nano-
particles NP3 was stained with osmium tetroxide as described above. After washing thor-
oughly, the final pellet was redispersed in 700 uL THF and sonicated at room temperature

for 5 h. A 2 uL suspension was casted on a Cu grid coated with carbon for STEM analysis.

Reaction on functional BCP nanoparticles

To prove the reactivity of the functional groups on the surface of the functional nanoparti-
cles and nanodiscs, striped particles NP3 and nanodiscs ND3 both containing pentafluoro-
phenyl units were chosen to perform para-fluoro thiol reaction (PFTR). In the case of NP3,
a 100 pL homogeneous suspension of NP3 in water was taken in an Eppendorf tube. To
this, 2 mL of 10 mg ml cysteine in pH 13 buffer was added and the solution was incubated
in a shaker at 50° C for 16 h. On the other hand, for ND3, this reaction was performed in
THF. To 100 pL of the nanodisc dispersion, first 2 uL of DBU followed by 1 mL of 10 mg
mL? of FITC-PEG-SH was added and the solution was placed in a shaker overnight at
room temperature. To prove that the thiols do not non-specifically adsorb on the surface of
the nanoparticles or nanodiscs, control experiments were performed. The NP3 and ND3
control samples were incubated under the same conditions as the reaction sample, but in
the absence of the catalyst, i.e., in neutral water instead of pH 13 buffer solution for NP3
and in THF in the absence of DBU for ND3. After the reactions, in order to remove the
buffer solution/DBU and cysteine/FITC-PEG-SH, the solution was centrifuged (15,000
rpm, 30 min, 5 °C), the supernatant carefully decanted and the pellet washed with 1 mL
0.01% Tween®20 solution. This washing step was repeated thrice and finally once with
deionized water to remove any excess reactants. The final pellet was re-dispersed in 700
ML of deionized water, tip sonicated and casted on a copper grid coated with carbon for

STEM or on a microscopy glass slide for STED analysis.
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Preparation of porous membranes

Synthesis of disulfanediylbis(ethane-2,1-diyl) bis(2-bromo-2-methylpropanoate)(ATRP-
disulfide)

Br OH Br Br
TEA DCM
T oy e
0°C-RT 12h o
o “—w — o
S-S

(o)

2-bromoisobutyryl bromide (18.6 g, 80.9 mmol, 2.4 eq) was added to a solution of 2-hy-
droxyethyl disulphide (5.1 g, 0.033 mmol, 1 eq) and trimethylamine (TEA, 8.1 g, 0.080
mmol, 2.4 eq) in dichloromethane (DCM, 67 mL) in a 250 mL round bottom flask placed
in an ice bath at 0 °C. After the addition, the reaction was allowed to stir at room tempera-
ture for 12h and the ammonium salt formed was removed by filtration. The excess solvent
was evaporated under vacuum and the residue by purified by column chromatography in
ethyl acetate/pet ether to obtain the pure product as a light yellow liquid. Rf (product) =
0.6, Yield = 30%. The *H and 3C NMR of the purified product with the corresponding
peaks are represented in Figure B 14.

Synthesis of polystyrene (PS-TTC) by RAFT polymerization

In a 10 mL round bottom flask, perfluorophenyl 2-(((dodecylthio)carbonothioyl)thio)-2-
methylpropanoate (PFP-linker) (204 mg, 0.38 mmol) was dissolved in styrene (4 g, 38.4
mmol). To this, AIBN (6.24 mg, 0.038 mmol) was added. The flask was sealed with a septa
and, the contents deoxygenated by bubbling nitrogen for 20 min, and the flask was subse-
quently placed in a pre-heated oil bath at 80 °C for 3h 30 min. After this, the mixture was
cooled down to room temperature and exposed to air. The resulting polymer was diluted
with acetone and purified by precipitating twice in an excess of cold methanol and dried
under vacuum at 40 °C overnight. PS-TTC was recovered as a yellow powder. *H NMR
(Figure B 15, bottom) and °F NMR (Figure B16, bottom) was used to confirm the presence
of the PS-TTC polymer, while SEC (Figure B17, dotted line) was used to determine the
exact molar mass. My sec = 3800 g mol ™, B = 1.07.
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End group cleavage/removal of PFP-PS-TTC

©
O.__H
F P @\N y F
F F

S S (EPHP) H
F o m\”/ \/@o 360 nm 40 h F o m

F S F

PFP-PS-TTC PFP-PS-H

In a 10 mL flask, PFP-PS-TTC (150 mg, 0.04 mmol, 1 eq) and ethylpiperidine hypophos-
phite (EPHP, 106 mg, 0.60 mmol, 15 eq) were dissolved in DCM (2 mL). The flask was
capped with a septa and the solution was degassed for 20 min. The flask was then placed
at a distance of 2.5 cm from the PLL lamp (Amax = 360 nm) and irradiated for 40 h. After
this, the solution turned colorless and the polymer was purified by precipitating in excess
cold methanol to obtain PFP-PS-H as a white powder. *H NMR (Figure B 15, top) and *°F
NMR (Figure B16, top) was used to confirm the presence of the PS-H polymer, while SEC
(Figure B17, solid line) was used to determine the exact molar mass. M sec = 4000 g mol™
1 P =1.14. Additionally, UV-Vis spectra of the polymer solution (1 mg/mL in THF) before
(Figure B18, PFP-PS-TTC, dotted line) and after (Figure B18, PFP-PS-H, solid line) con-
firm the removal of the RAFT trithiocarbonate (TTC) end group by the disappearance of
the absorption of the TTC group at 320 nm.

Synthesis of poly(glycerol monomethacrylate) PGMA-SH

Br Br 0 0
)g/?o o GMA Brwo/\/s_s\/\ow:?r
0 . O 22.bpy, cuyct ©° O 0~ ~o

RT, 8h H/\OH H/\OH

OH OH

In a 25 mL round bottom flask, 2,2-bipyridyl (2,2-bpy, 203 mg, 1.25 mmol, 0.04 eq), glyc-
erol monomethacrylate (GMA, 5 g, 39.25 mmol, 1 eq), and ATRP-disulphide (147 mg,
0.3125 mmol, 0.01 eq) were dissolved in methanol (10 mL) and bubbled with nitrogen for
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30 min. Cu (1) Cl (65.5 mg, 0.625 mmol, 0.02 eq) was weighed into a separate 25 mLsch-
lenk flask and was deoxygenated for 10 min. The contents of the first flask were transferred
into the schlenk flask containing Cu(l) Cl using a cannula. The reaction was stirred at room
temperature for 8h and the polymer was precipitated in cold THF to obtain PGMA-S-S-
PGMA as a bluish-green powder. The crude polymer was then dissolved in methanol and
passed through an alumina column (3 cm) and the excess methanol was evaporated under
vacuum. Formation of the polymer was confirmed by *H NMR (Figure B 19, top) and SEC
(Figure B 19, bottom, dotted line). Mnsec = 38000 g mol 2, B = 1.28.

Disulfide cleavage of PGMA-S-S-PGMA

In a 5 mL round bottom flask, PGMA-S-S-PGMA (100 mg, 0.00625 mmol, 1 eq) and
dithiothreitol (DTT, 19.3 mg, 0.125 mmol, 20 eq) were dissolved in methanol (1 mL). The
reaction was stirred at room temperature for 3 h and the polymer was purified by precipi-
tation in cold THF. The cleavage of the disulphide bond resulting in the formation of
PGMA-SH was confirmed by SEC (Figure B 19, bottom, solid line). Mnsec = 16000 g
mol 1, B = 1.53.

General procedure for PFTR

Similar procedure as described in Chapter 3, Section 3.5 was used for PFTR using the

conditions mentioned in Table 4.3.
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8.3 Synthetic protocols pertaining to Chapter 5

Photobase generator (PBG)
6-bromo-4-(chloromethyl)-7-hydroxy-2H-chromen-2-one 2

Cl

| X

HO o "0

A solution of 4-bromoresorcinol (5.00 g, 26.5 mmol) in sulfuric acid (50 mL) was cooled
in an ice bath. Ethyl 4-chloroacteoacetate (3.58 mL, 4.36 g, 26.5 mmol, 1.00 eq.) was added
drop wise to the above solution with vigorous stirring and allowed to stir for 6 days at room
temperature. This reaction mixture was then poured into ice-water and stirred for an hour.
The precipitate was filtered off, washed with water and dried to obtain 2 as a light brown
solid (5.33 g, 73% yield).

IH-NMR: (CDsOD, 400 MHz) d/ppm: 4.83 (2H, d, J = 4.8 Hz), 6.44 (1H, s), 6.87 (1H, s),
7.97 (1H, 5).

13C-NMR: (CD30D, 400 MHz) é/ppm: 40.55, 102.95, 106.58, 111.10, 111.74, 128.78,
150.63, 154.50, 157.89, 161.08.

6-bromo-4-(hydroxymethyl)-7-hydroxy-2H-chromen-2-one 3

OH

Br X

HO o” "0

A suspension of 2 (180 mg, 0.65 mmol) in water (200 mL) was refluxed for 3 days. The
resulting solution was cooled and excess water was evaporated to obtain 3 as a dark brown
powder (104 mg, 74% yield).

IH-NMR: (CDsOD, 400 MHz) s/ppm: 4.79 (2H, d, J = 0.8 Hz), 6.40 (1H, t, J = 1.5 Hz),
6.87 (1H, s), 7.83 (1H, ).
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13C-NMR: (CDsOD, 400 MHz) §/ppm: 59.42, 102.82, 106.45, 107.77, 111.33, 127.88,
154.12, 155.83, 157.50, 161.93.

2-((((6-bromo-7-hydroxy-2-oxo-2H-chromen-4-yl)methoxy)carbonyl)amino)ethyl meth-

H (0]
Kfiwﬂ*f
Br X o
HO | (o] (o)

To a solution of 3 (250.00 mg, 0.91 mmol) in dry acetonitrile (10 mL) were added a solu-
tion of DMAP (232.83 mg, 1.91 mmol, 2.10 eq) and 4-nitrophenyl chloroformate (219.50
mg, 1.09 mmol, 1.20 eq.) both dissolved in dry acetonitrile (5 mL). All the flasks were

acrylate 5

individually bubbled with nitrogen for 30 min. The reaction mixture was stirred at room
temperature for 7 h, to obtain intermediate 4, which was not isolated. To this suspension in
situ, a solution of DMAP (232.83 mg, 1.91 mmol, 2.10 eq.) and 2-aminoethyl methacrylate
hydrochloride (165.33 mg, 0.99 mmol, 1.10 eq.) in DMF (5 mL) was added. After the re-
action mixture was stirred for 24 h, it was quenched with 0.5 M citric acid solution (5 mL)
and diluted with chloroform (10 mL). The organic layer was dried over MgSQO4 and the
excess solvent removed under vacuum. The crude product was purified via silica column
chromatography using cyclohexane/ethyl acetate as eluents to obtain 5 (82 mg , 21%) as a
pale yellow/white solid. TLC: (cyclohexane/ethyl acetate 1:1): R = 0.46

IH-NMR: (CDsOD, 400 MHz) 8/ppm: 1.81 (3H, s), 3.35 (2H, t, J = 5.4 Hz), 4.11 (2H, t,
J=5.4Hz)5.18 (2H, d, J = 1.13 Hz), 5.50 (1H, t, J = 1.6 Hz), 6.00 (1H, s), 6.16 (LH, s),
6.75 (1H, s), 7.74 (1H, ).

13C-NMR: (CD30D, 400 MHz) §/ppm: 17.01, 39.62, 61.32, 63.11, 102.90, 106.63, 108.77,
110.88, 125.10, 128.05, 136.15, 151.00, 154.22, 156.49, 157.79, 161.24, 167.31.
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RAFT copolymerization of OEGMA and PBG: P(OEGMA-r-PBG), CP1

S

oo

o~ "o 0\ o

/S) NH
&Y

HO 0" o
A stock solution of CPBD RAFT agent (18.1 mg in 500uL DMF) and AIBN (3.2 mg in
500uL DMF) were prepared. CPBD-solution (297.4 uL, 10.77 mg, 0.049 mmol, 5.00 eq.),
AIBN-solution (249.53 L, 1.59 mg, 0.0097 mmol, 1.00 eq.), OEGMA (1082.8 mg, 3.609
mmol, 371 eq.) and 5 (170.01 mg, 0.398 mmol 41.0 eq.) were dissolved in 3.70 mL of
DMF and bbled with nitrogen for 30 min. A to sample was taken. The solution was placed

in a preheated oil bath at 70 °C. The resulting polymer was precipitated twice in diethyl

ether.
Photoacid generator (PAG)
4-(chloromethyl)-7-hydroxy-2H-chromen-2-one 7

Cl

| A

HO o "0

A solution of resorcinol (5.00 g, 45.4 mmol) in sulfuric acid (50 mL) was cooled in an ice
bath, then ethyl 4-chloroacteoacetate (6.14 mL, 7.47 g, 45.4 mmol, 1.00 eq.) was added
dropwise. The solution was stirred at room temperature for 6 days. The reaction mixture
was then poured into ice-water and stirred for an hour. The precipitate was filtered, washed

with water and dried under vacuum to obtain 7 (7.98 g, 84%) as a light brown solid.
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IH-NMR: (CDsOD, 400 MHz) &/ppm: 4.84 (2H, d, J = 0.8 Hz), 6.39 (1H, ), 6.76 (1H, d,
J=2.4Hz), 6.86 (dd, J = 6,4 Hz, 2,4 Hz), 7.69 (1H, d, J = 8.8 Hz).

13C-NMR: (CD3s0OD, 400 MHz) é/ppm: 40.71, 102.37, 109.80, 110.50, 113.04, 125.86,
151.69, 155.64, 161.82, 161.87.

6-bromo-4-(hydroxymethyl)-7-hydroxy-2H-chromen-2-one 8

OH

| X

HO o” "0

A suspension of 7 (204 mg, 0.97 mmol) in water (210 mL) was refluxed for 3 days. The

resulting solution was cooled and evaporated to give 8 (156 mg , 84%) as a grey solid.

IH-NMR: (CDz0D, 400 MHz) 8/ppm: 4.76 (2H, d, ] = 1.5 Hz), 6.31 (1H, t, J = 1.5 Hz),
6.68 (1H, t, J = 2.4 Hz), 6.75 (1H, dd, J = 6.3 Hz, 2.4 Hz), 7.46 (1H, d, , J = 8.7 H2).

13C-NMR: (CD3s0D, 400 MHz) é/ppm: 59.43, 102.21, 106.39, 109.93, 112.93, 124.80,
155.22, 157.04, 161.44, 162.78.

4-(hydroxymethyl)-7-(methoxymethoxy)-2H-chromen-2-one 9

OH

(0 0" "0

To a suspension of 8 (300 mg, 1.56 mmol) in DCM (3.30 mL), DIPEA (326.29 pL,
242.11 mg, 1.87 mmol, 1.20 eqg.) and MOMCI (142.29 pL, 150.82 mg, 1.87 mmol, 1.20
eq.) were added dropwise and stirred at room temperature for 40 min. The reaction mixture
was diluted with chloroform (5 mL), washed with 0.5 M citric acid solution, dried over

MgSO4 and excess DCM was evaporated to give 9 (342 mg, 93%) as a yellow solid.

IH-NMR: (CDsOD, 400 MHz) &/ppm: 3.47 (3H,s), 4.83 (2H, d, J = 1.6 Hz), 5.28 (2H, s,),
6.63 (1H, s), 6.43 (1H, t,  =1.52), 7.03 (2H, m), 7.60 (1H, dd, J= 5.0, 2.1).
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13C-NMR: (CDsOD, 400 MHz) ¢/ppm: 55.18, 59.41, 94.15, 103.07, 107.79, 111.72,
113.40, 124.69, 154.82, 156.65, 160.37, 162.29.

Diethyl (( 7-(methoxymethoxy)-2-oxo-2H-chromen-4-yl)methyl) phosphate 10

(I)Et
O:FI’—OEt

9 (300 mg, 1.27 mmol) was dissolved in dry pyridine (3.00 mL) and the solution was cooled
in an ice bath. To this, diethyl chlorophosphate (233.13 uL, 278.36 mg, 1.61 mmol,
1.27 eq.) was added and stirred at 0°C for 2h and further at room temperature for 2 h. Water
(10 mL) was added to dissolve the precipitate. The reaction mixture was extracted with
ether (3 x 10 mL) and the organic layer washed with 1 M H2SO4 (2 x 10 mL), NaHCO3
(5%, 1 x 10 mL), water (3 x 10 mL) and brine (1 x10 mL). The combined organic phases
were dried over MgSO4 and excess solvent evaporated under vacuum. This product ob-

tained was used for the next step with no further purification.

IH-NMR: (CDsOD, 400 MHz) d/ppm: 1.36 (6H, td, J = 7.06 Hz, 0.86 Hz), 3.31 (3H, t, J =
1.6 Hz), 4.19 (4H, m), 5.30 (2H, s), 5.33 (2H, dd, J = 7.85 Hz, 1.32 Hz), 6.40 (1H, t, J =
1.25 Hz), 7.06 (2H, m), 7.64 (1H, d, J = 5.1 Hz)

13C-NMR: (CDsOD, 400 MHz) &/ppm: 15.00 (d), 55.22, 64.39 (d), 64.60 (d), 94.17,
103.24, 109.63, 110.97, 113.58, 125.03, 150.42, 155.07, 150.72, 161.33.
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8.3 SYNTHETIC PROTOCOLS PERTAINING TO CHAPTER 5

Diethyl (7-hydroxyl-2-oxo-2H-chromen-4-yl)methyl) phosphate 11

9Et
0=?—OEt
o

l\\

HO o "0

A solution of 10 (473,55max Mg, 1.27max mmol) in DCM (2 mL) and TFA (2 mL) was stirred
at room temperature for 30 min. The solvent was evaporated under vacuum to give the

product 11 as a yellow oil.

IH-NMR: (CDsOD, 400 MHz) o/ppm: 1.35 (6H, m), 4.19 (4H, m), 5.29 (2H, dd, J = 7.9
Hz, 1.2 Hz), 6.31 (1H, s), 6.73 (1H, d, J = 2.35 Hz), 6.82 (1H, dd, J = 8.73 Hz, 2.37 H2),
7.54 (1H, d, J = 7.9 Hz).

13C-NMR: (CDsOD, 400 MHz) ¢/ppm: 15.00 (d), 64.44 (d), 64.58 (d), 102.39, 108.19,
109.18, 113.11, 125.13, 150.71 (d), 155.48, 161.77, 161.88.

4-(((diiethoxyphosphoryl)oxy)methyl) -2-oxo-2H-chromen-7-yl)methacrylate 12

9Et
OZ?—OEt

NaOH (85.29 mg, 2.132 mmol, 2.00 eq.) was added to a solution of 11 (350.0 mg,
0.305 mmol) in ethanol (2 mL) and stirred for 5 min. Methacryloyl chloride (207.55 pL,
222.91 mg, 2.132 mmol, 2.00 eq.) was added dropwise o the reaction mixture with vigorous
stirring. The solution was stirred for 2 h, poured into ice water, stirred again for 10 min and

centrifuged (4000 rpm, 7min). The final product 12 was obtained as a yellow oil.
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8. SYNTHETIC PROTOCOLS

IH-NMR: (CDsOD, 400 MHz) 8/ppm: 1.38 (6H, t, J = 1.5 Hz), 2.09 (3H, s), 4.22 (4H, m),
5.39 (2H, d, J = 2.10 Hz ), 5.91 (1H, s), 6.40 (LH, s), 6.56(1H, s), 7.22 (1H, dd, J = 8.27
Hz, J = 2.43 Hz), 7.31 (1H, d, J = 2.25 Hz), 7.80 (1H, d, J = 8.72 Hz)

13C-NMR: 15.00 (d), 16.95, 64.61, 64.67, 110.27, 112.06, 114.58, 118.37, 124.97, 127.29,
135.50, 149.82, 153.85, 154.24, 160.54.

RAFT copolymerization of OEGMA and PAG: P(OEGMA-r-PAG), CP2

S
m

NC n S
o o) o~ O

0 07N
6-7
o =
O\P//o
/ “OEt

EtO

A stock solution of the CPBD RAFT agent (17 mg in 500uL DMF) and AIBN (2.9 mg in
500uL DMF) were prepared. CPBD-solution (252.9 uL, 8.85 mg, 0.040 mmol, 5.00 eq.),
AIBN (225.86 uL, 1.31 mg, 0.0080 mmol, 1.00 eq.), OEGMA (899.1 mg, 2.997 mmol,
371eq.)and 11 (131.98 mg, 0.333 mmol 41.0 eq.) were dissolved in 3.02 mL of DMF and
bubbled with nitrogen for 30 min. A to sample was taken. The solution was placed in a
preheated oil bath at 70 °C and stirred for 7 h. The resulting polymer was precipitated twice

in diethyl ether to obtain CP2 as a viscous pink oily liquid.
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Appendix A: Additional Figures for Chapter 3
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Figure Al. (A) IR spectrum of 1 showing the characteristic absorption bands of —C=0
stretches of PMMA (pink) and PFPMA (green). (B) *H NMR and (C) '°F NMR spectra
of 1. (D) *H NMR spectrum of the crude polymerization mixture at 0 minutes (top) and at
the end of polymerization (bottom).
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Figure A2. (A) *H NMR spectra of block copolymers 2a (black), 2asur (pink), and
2arur>oT (blue). (B) °F NMR spectra of block copolymers 2asur (bottom) and 2asursoT

(top).
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Figure A3. (A) *H NMR spectra of block copolymers 2a (black), 2anor (pink), and 2anor>ot
(blue). (B) °F NMR spectra of block copolymers 2anor (bottom) and 2anorsoT (top).
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(blue). (B) °F NMR spectra of block copolymers 2aa; (bottom) and 2aaz>ot (top).
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Figure A6. SEC traces of block copolymers 2a (black), 2anor (pink), and 2anorsot (blue).
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Figure A8. °F NMR of 2a at various time intervals in the presence of 5 eq. mercaptoeth-
anol and 1 eq. DBU at RT. a represents the PFPMA para-substituted species while 5 rep-
resents that of mono meta-substituted and y that of meta disubstituted.
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Figure A11. *H NMR spectra of 5a after reaction with allylamine (A), furfurylamine (B),
and norbornene methylamine (C) using Pathway 1.
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Figure A12. °F NMR spectra of 5a after reaction with allylamine (A), furfurylamine (B),

and norbornene methylamine (C) using Pathway 1.
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Figure B1. Particle size distribution of particles prepared from BCP P1 using different
conditions (mixing ratio of THF/water and polymer concentration, see Table S3) obtained
from statistical analysis of TEM images (histogram), DLS (number-based, black solid line)
and DLS (intensity-based, black dotted line). Insets represent an exemplary TEM overview
image used for statistical analysis. All scale bars represent 1 um.
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Figure B2. Particle size distribution of particles prepared from BCP P2 using different
conditions (mixing ratio of THF/water and polymer concentration, see Table S3) obtained
from statistical analysis of TEM images (histogram), DLS (number-based, black solid line)
and DLS (intensity-based, black dotted line). Insets represent an exemplary TEM overview
image used for statistical analysis. All scale bars represent 2 um.
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Figure B3. Particle size distribution of particles prepared from BCP P3 using different
conditions (mixing ratio of THF/water and polymer concentration, see Table S3) obtained
from statistical analysis of TEM images (histogram), DLS (number-based, black solid line)
and DLS (intensity-based, black dotted line). Insets represent an exemplary TEM overview
image used for statistical analysis. All scale bars represent 1 um.
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Figure B4. BF-TEM images for nanoparticles obtained by SORP with P1 in various con-
ditions, presented here at a lower magnification than in Figure 4.3 (codes correspond to
those of Figure 4.3 in Chapter 4). All scale bars represent 100 nm.
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Figure B5. BF-TEM images for nanoparticles obtained by SORP with P2 in various con-
ditions, presented here at a lower magnification than in Figure 4.3 (codes correspond to
those of Figure 4.3 in Chapter 4). All scale bars represent 100 nm.
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Figure B6. BF-TEM images for nanoparticles obtained by SORP with P3 in various con-
ditions, presented here at a lower magnification than in Figure 4.3 (codes correspond to
those of Figure 4.3 in Chapter 4). All scale bars represent 100 nm. E2: TEM image of the
nanoparticles sliced into 50 nm slices using an ultramicrotome.
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Figure B7. BF-TEM images for nanoparticles obtained by SORP with mixtures of BCPs
P1-3 and commercial BCP P5 at various weight ratios, presented here at a lower magnifi-

cation than in Figure 4.6 (codes correspond to those in Figure 4.6). All scale bars represent
100 nm.
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Figure B8. °F NMR spectrum after the reaction of PFP-linker with octanethiol for 2 h
(bottom), 4 h (middle), and 48 h (top).
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Figure B9. *H NMR spectra after PFTR of PFP-PS with octanethiol as a model thiol for
24 h (bottom) and 48 h (top).
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Figure B10. SEC traces of PS-H before (dotted line) and after (dotted line) PFTR with
octanethiol for 48h.
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Figure B11. A and B: *H NMR spectra of PMMA-b-PS and PnBMA-b-PS BCPs, respec-
tively. A’: SEC traces of PMMA (black) macro-RAFT agent and the corresponding BCP
PMMA-b-PS (red). B’: SEC traces of PnBMA (black) macro-RAFT agent and the corre-
sponding BCP PNBMA-b-PS (red).
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Figure B12. 'H NMR spectra of polymers P1-P4.
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Figure B 13. SEC traces of macroinitiator MI1 (A), MI3 (B), M4 (C) (blue dotted lines)
and BCPs P1 and P2 (A), P3 (B), and P4 (C) (red solid lines).
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Figure B 14. H (top) and **C (bottom) NMR of ATRP-disulfide.
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Figure B 15. 'H NMR of PFP-PS-TTC synthesized by RAFT polymerization (bottom)
and after end group removal (PFP-PS-H) (top).
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Figure B16. 1°F NMR of PFP-PS-TTC synthesized by RAFT polymerization (bottom)
and after end group removal (PFP-PS-H) (top).
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Figure B17. SEC traces of polystyrene before (PFP-PS-TTC, dotted line) and after (PFP-
PS-H, solid line) the RAFT end group removal.
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Figure B18. UV-Vis spectra of polystyrene before (PFP-PS-TTC, dotted line) and after
(PFP-PS-H, solid line) the RAFT end group removal.
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Figure B 19. *'H NMR of PGMA-S-S-PGMA (top) and SEC traces of PGMA-S-S-PGMA
(bottom, dotted line) and PGMA-SH (bottom, solid line).
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Appendix C: Additional Figures for Chapter 5
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Figure C1. 'H (A) and *C (B) NMR spectra of compound 6-bromo-7-hydroxy-4-chloro-
methylcoumarin 2 measured in MeOD.
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Figure C2. 'H (A) and 3C (B) NMR spectra of compound 6-bromo-7-hydroxy-4-hy-
droxymethylcoumarin 3 measured in MeOD.
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Figure C3. ESI-MS spectrum of the PBG 5 in THF:MeoH = 3:2 mixture.
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Figure C4. TH NMR spectra of 3 before (A) and after (B) free-radical polymerization
measured in MeOD and DMSO-d6, respectively.
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Figure C5. 'H NMR spectra of PBG 5 before (top) and after FRP at 7 h (bottom) measured
in CDClz and DMSO-d6, respectively.
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Figure C6. 'H NMR spectra of 10 g Lt CP1 in water before (A) and after (B) irradiation
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Figure C8. UV-Vis spectra of 3 (green), CP1 before (red) and after (blue) irradiation at
320 nm for 1 h.

55 5.0 45 4.0 35 3.0 25 20 15 1.0 0.5 0.0

&/ ppm

T T T T T T T T T T T T T T T T T r T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

§/ppm

Figure C9. H (top) and *3C (bottom) NMR spectra of compound 7.
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Figure C11. *H (top) and *3C (bottom) NMR of compound 9.
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Figure C12. *H (top), *C (middle), and 3P (bottom) NMR of compound 10.
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Figure C13. H (top), *C (middle), and 3P (bottom) NMR of compound 11.
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Figure C14. *H (top), *C (middle), and 3P (bottom) NMR of the photoacid generator
(PAG, 12).
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Figure C15. UV-Vis absorption spectrum (A) and ESI-MS (B) of PAG 12 in acetonitrile
(1 mg mL1) and THF:MeOH = 3:2, respectively.
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Figure C16. UV-Vis spectra of CP2 before (dotted) and after (solid) photolysis. Irradiation

was performed at 320 nm for 60 min.

210



LIST OF ABBREVIATIONS

) T TR PSR U PP R UPRPRTUPRRPPN Flory-Huggins interaction parameter
D e dispersity

(P(nBMA-r-PFPMA)-b-P(S-r-PFS)). ... poly(n-butyl methacrylate-stat-pentafluorophenyl
methacrylate)-block-poly(styrene-stat-pentafluorostyrene)

(P(MMA-r-PFPMA)-b-P(S-r-PFS)). ...covviieeiieiececee, poly(methyl methacrylate-stat-

pentafluorophenyl methacrylate)-block-poly(styrene-stat-pentafluorostyrene)

D bbbttt n 1 dimension
2D, bbbttt 2 dimension
2P A s 2-photon absorption
D e 3 dimension
AAC. azide /alkyne cycloaddition
ACN. e acetonitrile
ADF . e annular dark field
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EHD . e electro hydrodynamic

ESI-MS. electrospray ionization mass-spectrometry
BT electron tomography
B e block volume fraction
FITC-PEG-SH. ..o fluorescein-PEG-thiol
GV A e glycerol methacrylate
HOMO. ..o highest occupied molecular orbital
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MAIML s more activated monomers
MAMA-SG1. ..... N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-
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S TSRS microphase separation
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O D T s order-disorder transition
OO e order-order transitions
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PETR. o para-fluoro-thiol substitution reaction
PGMA . e polyglycerol monomethacrylate

212



LIST OF ABBREVIATIONS

PMMA-D-PS. e poly(methyl methacrylate)-block-polystyrene
PNBMA-D-PS. ... poly(n-butyl methacrylate)-block-polystyrene
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SO e strong segregation limit
STED. oo Stimulated Emission Depletion Microscopy
STEM. .o Scanning Transmission Electron Microscopy
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TEM. e Transmission Electron Microscopy
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