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Abstract

The design of complex macromolecular architectures constitutes an important field in
modern polymer chemistry and provides the opportunity to generate a broad range
of materials with tuneable properties. The introduction of supramolecular chemistry
had a significant impact on the synthesis of macromolecular architectures with a wide
range of useful material properties ranging from self-healing to stimuli-response. In
particular, cyclodextrins (CDs) have proven to be very versatile building blocks due
to their ability to act as hosts in supramolecular inclusion complexes with hydropho-
bic molecules. In the course of the current thesis the possibilities of the combination
of CD based supramolecular chemistry and reversible addition-fragmentation chain
transfer (RAFT) polymerization with regard to the preparation of new macromolec-
ular architectures were investigated. With the synthesis of variable macromolecular
building blocks a broad range of macromolecular architectures are accessible via CD
host/guest chemistry.

A new method was developed to solubilize hydrophobic RAFT reagents in water and
to utilize them in aqueous RAFT polymerizations of several acrylamides, i.e. N,N-
dimethylacrylamide (DMAAm), N,N-diethylacrylamide (DEAAm) and N-isopropyl-
acrylamide (NIPAAm). The polymerization kinetics were investigated showing con-
trol similar to fully water soluble systems. Furthermore, high endgroup fidelities were
found and efficient chain extensions were performed. Thus, for the first time, water
soluble polymers with hydrophobic endgroups were prepared in aqueous solution in
one step with good control over molecular weight and molar mass dispersity (Dm).
After the preparation of endfunctionalized polymers, the complexity of the archi-
tectures was increased via the utilization of several building blocks. Supramolecular
three arm star polymers were accessible via a three fold CD-functional core molecule
and guest functionalized polymers. The formation of supramolecular three armed
star polymers was shown to be temperature responsive leading to the disassembly of
the star polymers after heating. This process is proceeding in a reversible fashion as



the supramolecular star polymers re-formed after cooling to ambient temperature.

A further increase in complexity was achieved in the synthesis of AB, miktoarm star
polymers. In this case, a mid-chain guest functionalized PDMAAmM was synthesized
as well as a f-CD-endfunctionalized PDEAAm. Complexation in water lead to the
formation of the desired miktoarm star polymers. The PDEAAm block was utilized
to investigate the temperature induced aggregation behavior. Significant differences
between supramolecular miktoarm stars and non star-shaped polymers were found
that can be attributed to different architectures in solution.

Furthermore, supramolecular bound ABA block copolymers were prepared via the
combination of CD endfunctionalized poly(hydroxypropyl methacrylamide) (PHP-
MA) and doubly guest functionalized PDMAAm or PDEAAmM. Adamantyl- and azo-
benzene-guests were utilized allowing the disassembly of the block copolymers at
elevated temperature (in the case of adamantyl- and azobenzene-guests) or via irra-
diation of UV-light (in the case of azobenzene-guests). The utilization of thermore-
sponsive PDEAAm, which loses water solubility at elevated temperatures, and PHP-
MA, which is water soluble in the complete temperature range, enables the study of
temperature-induced aggregation of the system.

In addition, the thermoresponsive behavior of PDEAAmM was modulated via the for-
mation of supramolecular host/guest complexes with hydrophobic polymer end-
groups and CD. This effect could be reversed via the addition of competing guest
molecules or via enzymatic degradation of the CD moieties.



Zusammenfassung

Im Rahmen dieser Doktorarbeit wurden die Moglichkeiten der Kombination von Cy-
clodextrin (CD)-basierter supramolekularer Chemie und reversibler Additions-Frag-
mentierungs Kettentransfer (RAFT) Polymerisation untersucht. Dabei wurden neuar-
tige makromolekulare Architekturen aufgebaut, sowie eine Methode entwickelt was-
serlosliche Polymere mit wasserunldslichen Endgruppen in Wasser in einem Schritt
herzustellen. In dieser Arbeit wurde die RAFT Polymerisation verwendet um wasser-
16sliche CD- und Gast-funktionalisierte Polymere herzustellen und durch die system-
atische Kombination unterschiedlicher Bausteine eine Vielzahl von makromoleku-
laren Architekturen mittels supramolekularer Wechselwirkungen zu erzeugen, wobei
als analytische Methoden 2D Kernmagnetische Resonanz Spektroskopie (NMR) und
dynamische Lichtstreuung (DLS) verwendet wurden.

Eine neue Methode um wasserunlosliche RAFT Reagenzien mittels CD in Wasser
aufzultsen und fiir die Kontrolle der Polymerisation von verschiedenen Acrylamiden
in Wasser bei Raumtemperatur zu verwenden wurde entwickelt, die sich die Eigen-
schaft der CDs zu Nutze macht, hydrophobe Molekiile in wéssriger Phase zu ho-
mogenisieren. Die Untersuchung der Kinetik der Polymerisationen zeigte sehr gute
Ergebnisse, die vergleichbar mit den voll wasserloslichen Systemen sind. Es kon-
nte eine sehr hohe Endgruppen Funktionalitdt und effektive Kettenverldngerung er-
reicht werden. Diese Methode ermoglicht es zum ersten Mal wasserlosliche Polymere
mit hydrophober Endgruppe in Wasser in einem Schritt mit hohem Endfunktional-
isierungsgrad und guter Kontrolle tiber Polydispersitdt und molekularer Masse zu
gewinnen.

Nachdem gezielt Endgruppen mittels CDs in Polymere eingebracht wurden, konnte
die Komplexitdt der erzeugten Polymere durch die Verwendung mehrerer Bausteine
fiir die Synthese von Sternpolymeren erhoht werden. Supramolekulare dreiarmige
Sternpolymere konnten mittels dreifach CD-substituiertem Kernmolekiil und Gast-
endfunktionalisierten Polymeren hergestellt werden. Die Bildung des supramoleku-
laren dreiarmigen Sterns ist temperaturabhidngig. So konnten die supramolekularen
Stern-Polymere durch die Einwirkung von Hitze aufgebrochen werden, wobei sich
nach Abkiihlung die supramolekularen Bindungen wieder ausbildeten. Eine Erhoh-
ung der Komplexitit der erzeugten Architekturen wurde in einem supramolekularem
AB, Miktoarm Stern realisiert, d.h. ein Sternpolymer bei dem die Arme mindestens
aus zwei unterschiedlichen Polymertypen gebildet werden. In diesem Fall wurde ein
Polymer mittels RAFT Polymerisation hergestellt, das in der Mitte der Kette eine
Gast-Gruppe tragt. Durch die Zugabe eines CD-endfunktionalisierten Polymers kon-
nte eine Miktoarm Stern-Struktur in Wasser gebildet werden. Einer der Blocke wurde
bewusst thermoresponsiv gewidhlt, um die Temperatur-induzierte Bildung von Ag-



gregaten zu untersuchen. Dabei wurden signifikante Unterschiede zwischen supra-
molekularen Stern-Proben und Nicht-Stern Blindproben gefunden, die auf untersch-
iedliche Architekturen in Losung zuriickzufiihren sind.

Als weitere komplexe makromolekulare Architektur konnten erstmals supramoleku-
lar gebundene ABA Blockcopolymere durch die Kombination von CD-endfunktiona-
lisiertem Poly(hydroxypropyl methacrylamid) (PHPMA) mit zweifach Gast-substitu-
ierten Poly(dimethylacrylamid) (PDMAAm) oder Poly(diethylacrylamid) (PDEAAm)
gebildet werden. Hierbei wurden Adamantyl- und Azobenzol-Géste verwendet, die
die aulerordentliche Eigenschaft mit sich bringen die Verbindung der Blocke durch
erhohte Temperatur (im Fall von Adamantyl- und Azobenzol-Gésten) und Einstrahl-
ung von UV-Licht (im Fall von Azobenzol-Gésten) zu brechen. Die Bildung, Zer-
legung durch duflere Einwirkung und Riickbildung der supramolekularen Blockco-
polymere in wissriger Losung konnte mittels 2D NMR und DLS verfolgt werden. Die
Verwendung von thermoresponsivem PDEAAm, das bei erhohter Temperatur seine
Loslichkeit in Wasser verliert, und des im gesamten Temperaturbereich wasserlos-
lichen PHPMA-Blocks ermdglichte es weiterhin das Temperatur-induzierte Aggre-
gierungsverhalten der Blockcopolymere in wiéssriger Losung zu untersuchen.
Zusatzlich konnte das thermoresponsive Verhalten von Gast-funktionalisiertem PDE-
AAm durch die Bildung von supramolekularen Wirt/Gast Komplexen moduliert wer-
den. Eine Umkehrung des Effekts konnte durch die Zugabe eines Uberschusses von
Gast Molekiilen oder durch enzymatischen Abbau des CD erreicht werden.
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CHAPTER ].

Introduction

Polymeric materials play a significant role in contemporary society, e.g. as consum-
ables, as high performance materials or in high-tech applications. The progress in
these fields depends to a significant amount on the achievements of polymer science.
Especially the development of novel complex macromolecular architectures have dri-
ven polymer scientists in recent years.1= The ability to control macromolecular archi-
tectures gives rise to the fabrication of materials with novel or improved properties
and thus enables the development of new products in a broad range of applications,
e.. microelectronic materials,? drug/gene delivery,® biomedical materials,® supersoft
elastomers? or hybrid materials.®

The development of reversible-deactivation radical polymerization techniques, e.g.
nitroxide-mediated radical polymerization (NMP),%2 atom transfer radical polymer-
ization (ATRP),1112 and reversible addition-fragmentation chain transfer (RAFT) poly-
merization, 171> has provided very suitable and convenient tools for the preparation
of complex macromolecular architectures in a controlled fashion. The introduction
of click chemistry had a further impact on the preparation of complex macromolec-
ular architectures.1®? The utilization of complex building blocks with a large di-
versity, based on the high tolerance of functional groups obtained from reversible-
deactivation radical polymerization techniques in highly efficient mild and fast cou-
pling reactions enables the synthesis of complex macromolecular architectures in a
modular fashion, e.g. via copper(I)-catalyzed azide-alkyne cycloaddition (CuAAc),2

21,22 o1 Diels-Alder reactions,.23

thiol-ene
Apart from reversible-deactivation radical polymerization techniques and click chem-
istry, supramolecular chemistry had a significant impact on polymer science. Supra-
molecular interactions provide a set of new properties that can be utilized in materials
design and especially in the formation of complex macromolecular architectures, e.g.
reversibility or stimuli-response. Several supramolecular systems have been utilized

24,25 26

in polymer chemistry, e.g. hydrogen bonding, metal complexes=® as well as in-
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clusion complexes.?’2? One of the frequently utilized inclusion complex systems are

cyclodextrins (CDs),303!

as they form host/guest complexes with hydrophobic guest
molecules/recognition sites. The combination of CD-based host/guest chemistry and
polymer science has been under investigation with regard to a variety of applications,
e.g. drug delivery,32 nano-structures,?® supramolecular polymers,® self-healing ma-
terials,>* amphiphiles® or bioactive materials.°

Considering complex macromolecular architectures, CDs offer the opportunity to gen-
erate complex macromolecular architectures via supramolecular interactions. To fa-
cilitate the formation of complex macromolecular architectures via CD host/guest
chemistry, control over polymer end functionality is necessary. End functionalized
building blocks can subsequently be applied for the formation of novel architectures
via the combination of suitable host and guest functionalized blocks. As different
building blocks are utilized, in principle almost unlimited combinations are conceiv-
able, making the formation of complex macromolecular architectures possible in a
modular fashion. CD-based supramolecular interactions usually occur in aqueous
solution, which restricts the nature of the polymer building blocks to water-soluble
polymers. Especially RAFT polymerization is a perfect tool for the formation of water-
soluble polymers in a controlled fashion, e.g. with control over end functionality, low
molar mass dispersity (D) and control over molar mass. One of the major tasks in
the present work is the formation of novel complex macromolecular architectures
governed by supramolecular CD host/guest complexes via building blocks synthe-
sized with RAFT polymerization. Thus, the RAFT process is utilized to control poly-
mer functionalities, while supramolecular interactions are utilized to control polymer
topology and composition.

In the current thesis, RAFT polymerization was utilized to generate polymers with
CD- or guest-endgroups. Therefore, a method was developed to synthesize hydrophilic
polymers with hydrophobic guest endgroups directly in water via complexation of
guest-functionalized RAFT reagents with CD for the first time. Polymers with tai-
lored endfunctionality were subsequently utilized in the formation of supramolecular
macromolecular architectures.

Doubly guest functionalized polymers were connected to CD functionalized poly-
mers via supramolecular interactions to form novel ABA block copolymers. Singly
guest endfunctionalized polymers were connected to a threefold CD functionalized
core to form three-armed star polymers. With mid-chain guest functionalized and a
CD endfunctionalized polymer, supramolecular ABA miktoarm star polymers were
prepared. Furthermore, CD host/guest interactions were utilized to modulate the
thermoresponsive behavior of poly(N,N-diethylacrylamide) (PDEAAm).



CHAPTER 2

Theoretical Background and

Literature Overview

As stated in the introduction, the present thesis is based on a combination of reversible-
deactivation radical polymerization via the RAFT process and supramolecular CD
host/guest complexes. The RAFT process provides the opportunity to generate poly-
mers with specific endgroups, e.g. guest functionalities for CD. These polymers can
subsequently be exploited for the formation of novel complex macromolecular archi-
tectures, e.g. block copolymers, star polymers or miktoarm star polymers. The un-
derlying theoretical background is described in the following sections as well as an
overview of CD mediated complex macromolecular architectures that have been pub-
lished in the literature so far.

2.1 Reversible Addition-Fragmentation Chain Transfer

Polymerization

2.1.1 Living Polymerization

A living polymerization is strictly speaking a chain propagation reaction that — af-
ter full monomer conversion — is still capable of propagation via addition of further
monomer.’ In an ideal case this occurs in polymerization reactions without any chain
transfer and termination.383? Furthermore, the rate of initiation should be fast com-
pared to the rate of propagation, which results in the synthesis of polymer chains with
an overall similar degree of polymerization (Dp).@ Anionic and some cationic poly-
merizations are treated as classical/truly living polymerization, while the more recent
atom transfer radical polymerization (ATRP),1}4142 nitroxide-mediated polymeriza-
tion (NMP)2224344 and the RAFT polymerization34248 are treated as polymeriza-
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29 or reversible-

tion with living characteristics, as controlled radical polymerization
deactivation radical polymerization. All living polymerization techniques have in
common that Dy, increases linearly with monomer conversion, block copolymers can
be formed via sequential monomer addition and low Dy, are achieved.

In the case of ATRP, radical chain ends are generated via a transition metal catalyzed
one electron redox-process that leads to halide terminated dormant chains or radical
bearing active chains.#! An equilibrium between dormant and active species that is
centered on dormant species controls the reaction. In NMP, the persistent radical ef-
fect is utilized.®? A nitroxide acts as a radical trap for active chains. As the process of
chain termination via a nitroxide is reversible, an activation/deactivation equilibrium
is formed. In both processes, ATRP and NMP, a small amount of active species leads
to the minimization of radical termination events. The RAFT process is an alternative
method to control radical polymerizations and achieves living behavior. Macromolec-
ular design via the interchange of xanthates (MADIX) has an identical mechanism to
RAFT yet uses slightly different controlling agents. Both methods were patented in
1998021 and are utilized in polymer research very often since then.134¢ The RAFT
process will be described in detail in the next sections.

RAFT and MADIX differ substantially from the other controlled radical polymeriza-
tions, as for the control of the polymerization no persistent radical effect is utilized
(refer to Section 2.1.2), leading to an increase in propagation rate compared to the
other controlled radical polymerization techniques. The process is tolerant to func-
tional monomers, e.g. acrylic acid or vinyl acetate (refer to Section 2.1.3), and is espe-
cially useful for the preparation of water-soluble polymers (refer to Section2.1.4). The
RAFT process, as the other living polymerization techniques, is a tool for the synthe-
sis of complex macromolecular architectures, e.g. block copolymers or star polymers
(refer to Section 2.1.5).

2.1.2 Mechanism and Kinetics

The central element in the RAFT process is the chain transfer agent (CTA) that allows
for control on the polymerization:

S\\I/S\R

Z
Figure 2.1: General structure of a CTA/RAFT agent.

The CTA is typically a thiocarbonyl thio compound featuring two substituents that
are usually abbreviated as R- and Z-group (refer to Figure[2.T)). These two substituents
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have a profound influence on the reactivity of the CTA and the RAFT process can be
varied via the modification of these substituents. The R-group is also called the radical
leaving group and the Z-group is also called the stabilizing group.223

As depicted in Scheme 2.1l the RAFT equilibria do not create or terminate radicals.
Except of the termination reactions, every reaction in the RAFT process generates a
radical. There are only bimolecular cooperative chain transfer reactions® and - in
contrast to ATRP and NMP —no persistent radicals are involved that are endfunction-
alizing polymers in a monomolecular process. Thus, no decrease in the polymeriza-
tion rate should ideally occur from the RAFT process itself under the assumption that
fragmentation and reinitiation are not rate defining. Nevertheless, often inhibition or
slower propagation rates compared to conventional free radical polymerization are
observed.1¥> The RAFT process can be divided into five distinct reaction sequences:
Initiation, pre-equilibrium, reinitiation, main-equilibrium and termination. The mech-
anism of the RAFT process is depicted in Scheme 2.1}

I. Initiation

I—I de 1. +nM il - P,

II. Pre-equilibrium

Ill. Reinitiation

I(re-ini kp

R- Pl. - Pm-

Y

IV. Main-equilibrium

S S. k ._S. Kgp
P+ Y P < PUY P <——= PTY By
U z K-addp z K.gp bd
e w
+M +M
V. Termination

k
P, - . P trec

\
U
)
*
3

Kid
PnCHz Pm- t > Phn— + Pp-H

Scheme 2.1: Basic mechanism of the RAFT process.
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The initiation occurs via the formation of primary radicals Ie that form during the
decay of a radical initiator I, with the rate coefficient k4. The formed radicals react
with monomers to short oligomeric chains P, e with the rate coefficient kin; until a
radical reacts with a CTA molecule. The ratio of CTA to initiator should be high, espe-
cially when high endgroup functionalization is necessary, e.g. for chain extensions or
complex macromolecular architecture formation. Furthermore, a high initiator con-
centration has the drawback of an increased probability of termination reactions due

to higher radical concentration.>*

The initiator derived chain adds to a CTA molecule with the rate constant k,q4.
Subsequently the thiocarbonyl centered radical undergoes p-fragmentation with the
rate coefficient k/;, which leads to the formation of a free radical Re and a thiocarbonyl
thio capped chain. The reaction of the formed radical Re with the rate coefficients
kaqadqr and k_,4qr with another CTA molecule (refer to Scheme[2.2)) is usually neglible
due to the short life time of the intermediate. In the case of slow fragmentation and
side-reactions of the intermediate the reaction should be taken into account.13

R/SYS . R . kaddR S S\

z K.addr z

Scheme 2.2: Reversible chain transfer in the RAFT process.

For the description of the chain transfer, the chain transfer constants Ci, and C_y;
are defined:

k
Co = M _Kaaa Kb @.1)

and

. k _ k—,B ) k_add
ki ki k_agqd + kg

(2.2)

The transfer constants depend strongly on the R- and Z-group present in the CTA. The
higher the value of Cy, the better is the control of the polymerization.lj@ The formed
Re radical should reinitiate the polymerization effectively. Furthermore, the R-group
has to be a good homolytic leaving group and especially a better leaving group than
the radical of the monomer so that fragmentation towards the R-group is preferred.
Thus, a balance between reinitiation and leaving group ability has to be found for an
effective RAFT process.

The main equilibrium starts when all CTA molecules have reacted. In the equilibrium,
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the intermediate fragments with the rate coefficient k_,44p to the macroradical P, e or
P;,® and a thiocarbonyl thio chain end. With the rate coefficient k,44p, the thiocarbonyl
thio chain end adds a macroradical again. Whenever a fragmentation takes place,
the macroradical can add new monomers with the propagation rate constant k. The
kinetics of the main equilibrium can be described with the chain transfer constant Cy,p,
which can differ slightly from the chain transfer constant of the pre-equilibrium Cy,. If
the polymer fragments P, or P, are treated as identical, the following assumption
can be made:

k_agadr = kg (2.3)

which effects the chain transfer constant of the main equilibrium Cy,p as follows:

k
Cop = 49 (2.4)

For optimal control of the polymerization, Cip should be high,1—3'5—3 i.e. the higher Cyp
the closer is the plot of Dp against conversion to linearity. Furthermore, Dy, is de-
creasing with higher Cyp. In the ideal case, there is the same probability for chain
growth for all propagating chains, which leads to narrow molecular weight distribu-
tions. Following this mechanism a large quantity of the formed polymers should bear
the thiocarbonyl thio Z-group on one end and the R-group on the other end. Further-
more initiator derived chains are formed in minor amounts.

Termination reactions occur intrinsically, as in free radical polymerization, radical re-
combination with kye. and disproportionation with kiq.

As with all living polymerization techniques, Dp and the number average molecular
mass Mj,, can be calculated from the conversion and the concentrations of initiator
and monomer. D, is based on the concentration of monomer [M], the concentration
of CTA [CTA], the average number of chains that are formed in a termination reaction
d, the initiator efficiency f and the initiator concentration [I5]:

[M]o — [M];
D, = 2.5
» = CTAl +d - F([L ~ 1) )
With a large excess of CTA compared to initiator follows:
. Mo — [M];
D, = CTA; (2.6)

M, can be calculated analogously with the molar mass of the monomer my; and the
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molar mass of the CTA mcra:

[M]o — [M];

M, = sy | +m 2.7
= (oo it~ ™) e 7
A simplification analogous to the calculation of D}, leads to:
~ (Mo — M
My =~ ( CTA], ™) T mcra (2.8)

In this case a linear relation between My, or Dy and the monomer conversion is ev-
ident, which is characteristic for polymerizations with living character. In an ideal
RAFT process the formed thiocarbonyl thio functionalized macromolecule can be
reinitiated for chain extension. Too high initiator concentrations lead to the formation
of unreactive chains, as the degree of initiator functionalized polymers is increasing.
As mentioned earlier, CTAs are often sulfur containing thiocarbonyl thio compounds
that have to be chosen according to the monomer. For an efficient RAFT polymeriza-
tion, the choice of the respective R- and Z-group are crucial. The RAFT agent needs
a reactive C-S double bond, which results in high k,34 values. The intermediate radi-
cals should ideally fragment rapidly, based on a weak S-R bond which leads to a large
kg value. Furthermore, the intermediate should partition in favor of the products, i.e.
kg > k_aqq and Re should effectively reinitiate the polymerization:

V)]
(V)]
7
py)
wn
(V)]
_/<m
1%
Py

Sa_-S. R SN
E/ R ! SYS\R Y R N
SR,

Figure 2.2: Different types of CTAs.12

In Figure 2.2/ different Z-groups for CTAs are presented, e.g. aromatic (a) or alipha-
tic (d) dithioesters, trithiocarbonates (b), xanthates (e) and dithiocarbamates (¢ and
f). The rate coefficients for addition and the transfer constants decrease from left ot
right.?22426 Via the Z-group, the addition and fragmentation rates are modified. The
R-group has to be a good radical leaving group that is able to reinitiate the polymer-
ization. Common R-groups include tertiary carbon atoms, e.g. in a cyanoisopropyl
group, a cumyl group or an iso-butyric acid, or secondary carbon atoms, e.g. in a ben-
zylic group or a iso-propionic acid.
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2.1.3 Applicability of the Method and Reaction Conditions

The RAFT process gives the opportunity to perform reversible-deactivation radical
polymerizations with a large variety of monomers, e.g. styrenic monomers, (meth)-
acrylates, (meth)acrylamides, vinyl acetate and N-vinyl monomers. A tertiary cyano-
alkyl dithiobenzoate can act as CTA for styrene (Sty) and methyl methacrylate (MMA)
(refer to compound CPDB in Figure 2.3).

s S\{/CN o) o) O
S S
syohon syPhan oy o™
s s O
C1oHos CioHos ’/
CPDB Dopat DMP EPX

Figure 2.3: Commonly utilized CTAs (CPDB: 2-cyano-2-propyl benzodithioate; Dopat:
2-((dodecylsulfanyl)carbonothioyl)sulfanyl propionic acid; DMP: 2-(dodecylthiocarbono-
thioylthio)-2-methylpropionic acid ; EPX: ethyl 2-((ethoxycarbonothioyl)thio)propanoate).

Another common class of CTAs are trithiocarbonates connected to tertiary or sec-
ondary carboxylic acids or esters (refer to the compounds Dopat or DMP in Fig-
ure[2.3) that can be used to polymerize styrenics, acrylates or acrylamides. Xanthates
(refer to compound EPX in Figure[2.3) or cyanoalkyldithiocarbamates can be utilized
in the polymerization of vinyl acetate or N-vinyl monomers, e.g. N-vinylpyrrolidone
or N-vinylcarbazole.

The reaction conditions can usually be adopted from the corresponding conventional
free radical polymerization with a commonly used polymerization temperature rang-
ing from ambient temperature to 140 °C. Usually, organic solvents are utilized, yet
protic solvents such as alcohols or water can be utilized as well. Furthermore, bulk
or emulsion polymerizations are described in the literature.13 For the initiation ev-
ery radical source is in principle utilizable,?® but in most cases thermal initiators are
employed, e.g. 2,2’-azo-bis-(isobutyronitril) (AIBN). Other initiation methods are self-

initiation,>?%8 UV-irradiation,® - irradiation® or a plasma field.®1
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2.14 Preparation of Water-Soluble Polymers via RAFT

Polymerization

RAFT polymerization is arguably the most useful controlled radical polymerization
technique for the synthesis of water-soluble polymers.®2 In principle a polymeriza-
tion in organic solvents or directly in water is possible. For the polymerization in wa-
ter several water-soluble CTAs and initiators are available (refer to Figure 2.4). In the
case of organic solvents as reaction media a usual RAFT polymerization can be con-
ducted as long as the monomer and polymer are soluble in the respective organic sol-
vent. This is true for some of the mostly used monomers, e.g. N-isopropylacrylamide
(NIPAAm), DEAAm, N,N-dimethylacrylamide (DMAAm) or N,N-dimethylamino-
ethyl methacrylate (DMAEMA). Nevertheless, problems arise when ionic or very hy-
drophilic monomers are considered that are only soluble in water or at least their cor-
responding polymers, e.g. styrene sulfonate,® 2-acrylamido-2-methylpropansulfonic
acid (AMPS),% (3-methacryloylamino-propyl)-(2-carboxy-ethyl)-dimethyl-ammoni-
um (carboxybetaine methacrylamide) (CBMAA-3)® or acrylamide (AAm).%® Apart
from the monomer choice, water as reaction solvent can have several advantages,
when compared to organic solvents. Water is non-toxic, relatively cheap and has a
high heat capacity. Some drawbacks are its high boiling point, thus water is not easy

to recycle or to remove.

s
S COOH
@ /\SJ\S4\COOH HOOC%\SJ\S/N\COOH

CTP EMP CcMP
N CN
H //>
A\ 2 HCl .
&N%N 7&” HOOC\/\‘/N\N#\/\COOH
N CN
VA-044 V-501

Figure 2.4: Commonly utilized water-soluble CTAs and radical initiators (CTP: 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid; EMP: 2-(((ethylthio)carbonothioyl)thio)-
2-methylpropanoic acid; CMP: 2-(1-carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-2-
methylpropionic acid; VA-044: 2,2"-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride; V-
501: 4,4’-azobis(4-cyanovaleric acid)).
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2.1 Reversible Addition-Fragmentation Chain Transfer Polymerization

The CTA should be water-soluble in an aqueous polymerization, e.g. 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CTP), 2-(((ethylthio)carbonothioyl)thio)-2-
methylpropanoic acid (EMP) or 2-(1-carboxy-1-methylethylsulfanylthiocarbonylsul-
fanyl)-2-methylpropionic acid (CMP). Nevertheless some side reactions are known
that lead to less well defined polymers. McCormick and coworkers spent significant
effort to study RAFT polymerization in water. At high temperatures and under neu-
tral or basic conditions the CTA can undergo hydrolysis.®2£768 n the case of the poly-
merization of acrylamides, aminolysis can happen after hydrolysis of the respective
monomer.92¢7 Of course, hydrolysis of an amide is not a preferred process, yet when
the equivalents of CTA to monomer are considered, already a small portion of hy-
drolysis can lead to loss of CTA and thus control of the polymerization. Usually a
higher molecular mass than expected and broader molecular mass distributions are
observed. A possibility to overcome these issues is to polymerize in slightly acidic
media, e.g. acetic acid buffer, at low temperatures or at best in acidic media and at low
temperatures. In these cases even controlled RAFT polymerizations of acrylamides in
water are possible. 066970
Several monomer classes for water-soluble polymers are available (refer to Figure 2.5)
and can be chosen for the respective application.®271 There are anionic monomers
or monomers that can easily be deprotonated, e.g. styrene sulfonate,*> AMPS® or
acrylic acid (AA).”2 Cationic monomers, monomers that can be protonated or quat-
ernized, e.g. 2-vinylpyridine (2VP), 3 4-vinylpyridine (4VP)7374 or DMAEMA,7276
are available as well. Furthermore, zwitterionic monomers, e.g. CBMAA-3% or 3-
dimethyl(methacryloyloxyethyl) ammonium propane sulfonate (DMAPS),”” have be-
en utilized in RAFT polymerizations. A very frequently employed class of monomers
are non-ionic monomers, which are mostly acrylamides, e.¢. AAm,%®® DMAAm,®
DEAAm,” NIPAAm?” and N-(2-hydroxypropyl)methacrylamide (HPMA).%580
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Figure 2.5: Selection of monomers for the preparation of water-soluble polymers (AMPS:
2-acrylamido-2-methylpropansulfonic acid; 2VP: 2-vinylpyridine; 4VP: 4-vinylpyridine;
DMAEMA: N,N-dimethylaminoethyl methacrylate; CBMAA-3: (3-methacryloylamino-
propyl)-(2-carboxy-ethyl)-dimethyl-ammonium (carboxybetaine methacrylamide); DMAPS:
3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate; AAm: acrylamide;
DMAAm: N,N-dimethylacrylamide; HPMA:  N-(2-hydroxypropyl)methacrylamide;
DEAAm: N,N-diethylacrylamide; NIPAAm: N-isopropylacrylamide).
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2.1 Reversible Addition-Fragmentation Chain Transfer Polymerization

2.1.5 Complex Macromolecular Architectures via RAFT

Polymerization

The RAFT process is a tool to generate a broad range of macromolecular architectures
(refer to Figure [2.6). As the structure of the CTA is retained in the formed polymer, a

modification of the CTA in the R- or Z-part provides the opportunity to incorporate

specific endgroups into polymers,®! e.¢. azides, 8283

86,87

alkynes,® amines,® alcohols®
carboxylic acids. The broad range of possible endgroups leads to a braod range
of applications and combinations. Furthermore, several reactive endgroups can be
utilized in the formation of complex macromolecular architectures, e.g. in modular
ligation reactions.17-18:20.88

An alternative possibility is an endgroup conversion of thiocarbonyl thio endgroups,
e.g. thermolysis,® hydrolysis,?’ aminolysis® or reduction.?! Furthermore oxidation,??
radical-® and irradiation-induced®® endgroup removal have been reported in the lit-
erature.

Block copolymers can be generated via modular ligation reactions, e.g. CuAAc.8182
Another possibility is the utilization of a macro-CTA, i.e. a polymer that contains a
thiocarbonyl thio endgroup. These polymers can be reinitiated and chain extended af-
ter initiator and monomer addition.?* An alternative strategy is the addition of further
monomer after high conversion of the first monomer, but in that case gradient block
copolymers with tapered transition®? are obtained.>* These gradient copolymers are
usually not very well suited for microphase separations. A drawback of block copoly-
mer generation via macro-CTAs is that only monomers with similar reactivity can
be utilized.8! A possibility to connect electron rich monomers with electron deficient
monomers is the utilization of N-(4-pyridinyl)-N —methyldithiocarbamate.9—5 With this
CTA, the formation of block copolymers of methyl methacrylate and vinyl acetate is
possible via protonation of the pyridinyl substituent.

13,96

Other complex structures can be formed via specially designed CTAS e.g. star

polymers,?” polymer brushes,?® dendritic structures® or amphiphiles. 1%
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Polymer Functionality
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Figure 2.6: Overview of macromolecular architectures that are accessible via RAFT polymer-

ization.
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2.2 Cyclodextrins and their Complexes

2.2 Cyclodextrins and their Complexes

2.2.1 Supramolecular Chemistry

The term of supramolecular chemistry has been defined by Jean-Marie Lehn in 1978.
The Nobel laureate of 1987 has defined it as chemistry of non-covalent interactions

between host and guest molecules. 1?1192

It can be viewed as chemistry beyond the
molecule: While molecular chemistry is based on intramolecular covalent bonds, sup-
ramolecular chemistry is based on intermolecular non-covalent bonds.1%-1% Several
non-covalent interactions have proven to be versatile in supramolecular chemistry,
e.g. hydrogen bonding, metal-ligand interactions or van der Waals interactions.1%
Thus, supramolecular chemistry leads to the formation of supramolecular objects that
are defined by the nature of the molecular components and furthermore by the type
of interaction between them.1% In recent years the field of supramolecular chemistry
has evolved into areas such as molecular devices and machines or molecular recogni-
tion, such as self-assembly and self-organization. One of the frequently utilized host
compounds in supramolecular chemistry are CDs that are the focus of the next sec-

tions.

2.2.2 Structure and Properties of CDs

CDs are cyclic oligo saccharides of a-D-glucose that are formed through glycosidic
a-1,4 bonds.1% CDs are synthesized in an industrial biochemical process from starch
via enzymatic pathways with CD glycosyl transferases, e.g. from bacillus macerans.1%”
The commonly utilized CDs, also called native CDs, are the ones withn =6, 7 or
8 repeating units and are called a-CD, -CD and «-CD, respectively (refer to Figure
2.7).

The chemical structure of the CDs resolves in a shallow truncated cone shape of the
CD which forms a cavity with openings of two sizes. The exterior of the molecule is
very polar/hydrophilic due to many hydroxyl groups whereas the interior is quite
nonpolar/hydrophobic. The property of different polarity in different parts of the
molecule leads to the most important and utilized ability of CDs: They readily form
inclusion complexes with hydrophobic molecules that fit into the cavity in polar en-
vironments, mainly in aqueous solution. The complex formation results in several
changes of the properties of the guest molecule. First of all, the water solubility of hy-
drophobic molecules rises significantly. Furthermore, the vapour pressure decreases
after complexation as well as the stability against oxidation under air or light induced
degradation.1® In several cases CDs activate chemical reactions, e.g. the hydrolysis of
various phenylesters.1%1% Ags CDs are optically active, they are also utilized in chi-
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32,111,112 112

ral catalysis.!X? Other applications include drug delivery, catalysis,~*= chro-

matography (also for chiral separation)! or as food ingredient to mask odours or

protect food ingredients against decomposition. 12114
OH
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Figure 2.7: Chemical structure of native CDs and common labelling of C-atoms in the glucose

units.

Table 2.1: Dimensions and water solubility of native CDs.

Type of CD «-CD pB-CD +-CD
Number of glucose units 6 7 8
Cavity length [A] 8 8 8
Approx. cavity diameter [A] 5.2 6.6 8.4

Water solubility at 25 °C [mol L1 0.121 0.016 0.168

CD host/guest complexes can be prepared in solution, 12116 by coprecipitation116-117

16,117 a5 well as in the solid state, e.g. cogrinding or milling.11>-17 In the

or in a slurry
case of complex formation in solution, sometimes a cosolvent has to be added to en-
hance the accessibility of the guest, which is depending on the water solubility of the

guest molecule.
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2.2 Cyclodextrins and their Complexes

2.2.3 Thermodynamics and Theory of CD Inclusion Complexation

The complexation of CDs with guest (G) molecules can be considered as a bimolecular

process:l—%

G+ CD = GCD

GCD + CD = GCD,

GCD + G = G,CD

These equilibria summarize the formation of CD:G 1:1, 1:2 or 2:1 complexes with the
following association constants:

_ [ccp)

Ky = m (2.9)

Ky = % (2.10)
Ky = % (2.11)

In general, the formation of more complicated CD host/guest complexes Gy, CDjp, can
be described by the following equilibrium

mG + nCD = G,,CDy

and equation for the overall association constant Bmn:

[Gm][CDx|

Bmn = W (2.12)

The driving force for the complex formation is not yet fully understood.106-112
Nevertheless, some contributing factors can be identified. The release of water mole-
cules from the cavity leads to an increase in entropy of the system. Furthermore van
der Waals interactions and hydrophobic interactions between guest and interior of
CD contribute to complex formation. In some cases hydrogen bonding between guest
and the rim of CD takes place. From the temperature dependence of the association
constant, enthalpy (AHcomplex) and entropy (AScomplex) 0f complexation are obtain-
able.1% In most cases, AH complex 18 negative which leads to complex dissociation at

17



2 Theoretical Background and Literature Overview

106,116,118,119

higher temperatures, whereas AS omplex can have negative or positive val-

ues depending on the interactions that take place during complexation. In the com-

plex formation several steps have to be considered: 108120

1. The guest molecule has to approach the CD

2. Enthalpy rich water molecules have to be released from the cavity (results in a
rising entropy of the system)

3. The hydration shell of the guest has to be removed at least partly

4. Interactions (mostly weak van der Waals attractions) of the guest molecule with
the rim of the CD and the inside (the guest molecule enters the cavity)

5. Possible formation of hydrogen bonds between CD and guest

6. Re-formation of the hydration shell of exposed parts of the guest molecule and
around the CD molecule

From the point of complex formation kinetics in steps 1, 4 and 5 the size of the guest
molecule plays an important role and no complex formation is observed for guests
that extend the cavity size. The assembly of water molecules relies on several fac-
tors, e.g. pH value or ionic strength, which is independent from the respective guest
molecule. Most likely steps 3 and 4 can be considered rate determining.12 The size
of the guest group is not only a criterion whether it is possible for the guest to enter
but also for the stability of the complex. As the interactions between CD and guest are
rather weak and of a short range, the complex stability depends strongly on a good fit
between CD and guest. In some cases a weak fit between CD and guest can be com-
pensated with the formation of different complex geometries/stoichiometries (refer

to Section 2.2.4).
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2.2 Cyclodextrins and their Complexes

2.24 Complex Types, Common Host/Guest Pairs and their Stability

From the geometry of CD two complexation modes are possible. Depending of the
dimension of the guest, it can enter the cavity from the primary or the secondary side
of CD (refer to Figure 2.8). The primary side is on the face of C6 and OH-6 and has
a slightly smaller opening. The secondary side is on the face of C2 and C3 with a
slightly larger opening of the cavity. Complexes with different complexation modes
can be identified via multi dimensional NMR spectroscopy!2! and X-ray crystallog-
raphy.100122-124 Fyrthermore, different complex stoichiometries are possible.!2 The
most common cases are 1:1 CD/guest complexes but 2:1 and 1:2 are described as
well, e.g. the complex 1-bromoadamantane with 2 a-CD molecules!? or the complex
of 1-CD with 2 pyrene molecules.!26127 The complex stoichiometry can be identified
via the method of continuous variation, i.e. Job’s plot.121125128 Tny this analysis the
product of mole fraction and complexation induced change in the chemical shift in
the NMR spectrum is plotted against the mole fraction of guest or CD. The position
of the maximum of the obtained curve indicates the complex stoichiometry.

a) b)

c) '
d) ' . e) .
f) | 9)
o-i~o L5
Figure 2.8: Different types of complexation: a) 1:1 CD/guest complex from the secondary side,

b) 1:1 CD/guest complex from the primary side, c) 1:2 CD/guest complex, d) 2:1 CD/guest

complex, e) pseudo rotaxane, f) rotaxane and g) catenane.

CD complexes with axial shaped guests are called pseudo rotaxanes if they are
not fixed via stopper groups (refer to Figure 2.8).12 After fixation with large stopper

19
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molecules that suppress the dethreading of CD, complexes of CD with axial guests
are called rotaxanes.12213 In that case the CD complexation loses its reversibility and
the formed bond between host and guest is a mechanical bond. Another class of me-
chanically interlocked molecules are catenanes, which are the connection of two or
more rings via intertwining (Figure 2.8).13!

The different complex types can be transferred to polymers as well, e.g. in poly pseudo
132,133 135

136

rotaxanes, polyrotaxanes,'2* side chain pseudo polyrotaxanes, 3> side chain po-

lyrotaxanes!3® or pseudo rotaxane star polymers. 137138 Rotaxane formation can be
utilized, e.g. for the formation of supramolecular polymers!® or hydrogels.14? The
concept of mechanical bonds was utilized for example in the synthesis of mechani-
cally interlocked block copolymers. 141142

While the complex stoichiometry can be addressed via Job’s plot, the association con-
stant, and thus an equivalent for the complex stability, is accessible via isothermal

143 or the Benesi-Hildebrand plot!#4-14¢ for instance. In isother-

titration calorimetry~*
mal titration calorimetry the evolution of heat is measured during the addition of
guest or host to a host or guest solution, respectively. A fit of the plot of molar ratio
against enthalpy leads to AG¢omplex and thus the association constant can be derived,
while the surface under the curve gives the complexation enthalpy AHcomplex- The
utilization of the Benesi-Hildebrand plot gives the opportunity to obtain association
constants via changes of absorption in UV spectra or the chemical shift in NMR spec-
tra.

Table shows a selection of different guests with the respective association con-
stant. For, a-CD mono or para substituted aromatic structures are Commonly utilized,
e.g. phenyl or azobenzene with association constants up to 10* M}, as well as aliphatic
chains or poly(ethyleneglycol) (PEG). One of the strongest associations are reported
between a-CD and indole with an association constant of 107 M probably due to the
formation of additional hydrogen bonds. The adamantyl-group is a well-known guest
group for B-CD with association constants up to 10° M"!. Azobenzene and tert-butyl
phenyl are also utilized in several examples. In the case of -CD, very bulky guests
are necessary, e.g. two pyrene molecules or cyclododecane.
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Table 2.2: Common guests for the native CDs and the respective association constants.

Guest Structure Type of CD log B [log M™!]

("

=
trans-Azobenzene @ NS « 40147
=

N‘\N
cis-Azobenzene ©/ @ o 0.6148

Indole m o 7.8149

H

Phenol mo~( ) o 4.21%

Adamantyl @ B 4,610

trans-Azobenzene @ NCNQ B 2.7151
Oy

cis-Azobenzene O @ B 0.4151

tert-Butyl phenyl m B 44152

Phenol HO@"" B 34149

2.3 Complex Macromolecular Architectures Governed

by CD Complexes

In recent years CD complexes have proven to be a perfect tool for the generation
of complex macromolecular architectures. Almost every conceivable architecture has
been described so far. Especially the development of controlled radical polymeriza-
tion techniques for the synthesis of endfunctionalized polymers had a very significant
impact on the research in this area.

Figure 2.9 shows a compilation of different architectures that were generated via
CD host/guest complexes so far. CDs have been utilized for the modification of poly-
mer functionality, polymer composition and polymer topology. CD functionalized
polymers are rather readily accessible via living/controlled radical polymerization
giving control of end chain and mid chain functionality. Diverse supramolecular poly-
mer compositions can be obtained via incorporation of CD complexes at the interface
between different blocks. To achieve more complex topologies, a combination of dif-
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ferent functionalized building blocks is necessary, e.g. multi CD functionalized poly-
mer strands. In general, the control over polymer functionality gives rise to the for-
mation of complex supramolecular polymer compositions and topologies.

Polymer Functionality

a-functionality =~ o—o-functionality ~ side chain functionality mid chain functionality

Polymer Composition

VAT VIS V'V,

homopolymer block copolymer multi-segment block copolymer

Polymer Topology

linear miktoarm star

brush / comb branched / gel cyclic

Figure 2.9: Complex macromolecular architectures via CD-driven supramolecular complexa-
tion and macromolecular building blocks with CD moieties (CD is depicted in orange; guest
groups are depicted in blue).
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2.3.1 Common CD Containing Building Blocks

Although CDs possess a large number of functional groups, the reactivity of the pri-
mary and secondary hydroxyl groups differs significantly, which gives the opportu-
nity to exclude some of the hydroxyl groups in specific reactions.133154 Neverthe-
less, at least 6 hydroxyl groups with the same reactivity exist in a CD molecule. To
obtain mono functionalization, the reaction conditions have to be monitored care-
fully. The most commonly used intermediate is the mono tosylate at C6, which can
be synthesized in pyridine for all native CDs1>1%7 or in aqueous NaOH solution
for B-CD and a-CD.1%813 The tosylate can be transformed into several useful build-

156,157 th101160

ing blocks, e.g. azide, or amine via nucleophilic substitution with a di-

amine.1®! The azide is available via a nucleophilic substitution of the tosylate with

156,157,159

sodium azide, whereas the thiol is formed via a nucleophilic substitution

160,162

with thiourea and subsequent hydrolysis.2>+*< The azide can be further converted

into an amine via reduction.t>>7157 With these 3 substituents a large variety of modern

158,163 and thiol-ene reac-

polymer conjugation reactions can be utilized, e.g. CuAAc>*°
tions.1%% CD-functionalized polymerization mediators, e.g. for NMP162 ATRP16¢ o
RAFT1%7 have been described in the literature as well as post-polymerization conju-
gation reactions with CDs.16¢168 Mono functionalizations at C2 are described in the

literature as well 162170

yet C2 or C3 derivatives are not utilized as frequent as the C6
derivatives. Certainly an esterification of the hydroxyl groups is possible as well, yet
the selectivities are usually low. Either full conversions are initially targeted or lower
substitution grades are targeted and the obtained mixtures have to be purified in in-

convenient procedures.

2.3.2 Block Copolymers

The formation of block copolymers via CD complexes is mainly restricted to AB di-
block copolymers so far. Almost exclusively B-CD has been utilized in that regard.
The synthesis of supramolecular diblock copolymers is straight forward as only two
components are needed: a CD-functionalized polymer and a guest functionalized
polymer. These building blocks are commonly obtained via controlled radical poly-
merization techniques yet in some cases cationic or anionic polymerization have been
utilized as well.

One of the first examples is an AB diblock copolymer of PNIPAAm and P4VP synthe-
sized via RAFT polymerization by Zhang and coworkers that has proven to be pH-
and thermoresponsive.i”! This block copolymer was exploited in temperature- and
pH-induced micellization and vesicle formation which was observed via DLS, SLS,
fluorescence measurements and TEM. At a pH value over 4.8 and a temperature of
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25°C vesicles were formed and at a pH value of 2.5 and a temperature of 60 °C mi-
celles were formed. Another example of double stimuli responsive block copolymers,
i.e. with schizophrenic behavior, has been described by Liu and coworkers.1® Again
pH- and thermoresponsive behaviour was combined but this time via PDMAEMA
and PNIPAAm blocks synthesized via ATRP. Vesicle formation was observed at low
pH values and high temperatures (pH 4 and 50 °C), whereas micelles were formed
at high pH values and low temperatures (pH 9 and 25 °C), which was proven via
TEM, DLS and SLS. Voit and coworkers described a supramolecular diblock copoly-
mer consisting of PNIPAAm synthesized via ATRP and poly(2-methyl-2-oxazoline)
synthesized via cationic ring-opening polymerization.”2 The temperature-responsive
PNIPAAm block was utilized for temperature-induced aggregation. These examples
evidence the impact that CD-based supramolecular chemistry can have in the area of
macromolecular architectures.

CD complexes provide another possibility for stimuli response. Not only different
polymer types can be utilized in the area of stimuli-responsive materials, yet the
supramolecular connection is addressable via external stimuli as well. One of the
tirst examples is the utilization of a voltage responsive connection via a ferrocene
endgroup which was described by Yin and coworkers.”? A B-CD functionalized
PSty and a ferrocene functionalized PEG were utilized. The connection between the
blocks can be disrupted, as ferrocene molecules can be oxidized reversibly and the
ferrocene cation does not fit into the B-CD cavity. At first, block copolymer vesicles
were obtained that dissociated upon application of an electric current. The rate of
dissociation and the release of a test molecule could be adjusted via the amount of
the voltage. Another example of diblock copolymers with stimuli responsive linkage
was described by the same group.1”# Supramolecular based nanotubes were formed
(length ~ 220 nm and diameter ~ 90 nm) via a supramolecular poly(e-caprolactone-
b-AA) (PCL-b-PAA) diblock copolymer. The supramolecular complex was formed be-
tween azobenzene and a-CD that leads to a light responsive linkage between the
blocks. Furthermore, the nanotubes were loaded with Rhodamine B that could be
released via light induced disassembly of the nanotubes. Stenzel and coworkers pre-
pared supramolecular core shell nanoparticles with a PMMA core and poly(hydroxy
ethylacrylate) (PHEA) shell.1* The guest functionalized PHEA building block was
obtained directly via RAFT polymerization, whereas the CD functionalized PMMA
block was obtained via RAFT polymerization of MMA, a Chugaev thermolytic end-
group conversion and a subsequent thiol-ene reaction with mono thiol functionalized
B-CD. Core shell nanoparticles (diameter ~ 150 nm) were obtained after mixing of the
building blocks in DMF and subsequent water addition or by the generation of core
PMMA nanoparticles in water and addition of the water soluble building blocks. The
addition of free f-CD led to the disassembly of the complexes and aggregation of the
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water insoluble blocks.

A diblock copolymer with a special linking moiety was described by Zhou and cowork-
ers.1® In this case a dilinker consisting of a-CD and B-CD connected with a short
spacer was utilized to form a diblock copolymer of PNIPAAm and PCL. Furthermore,
cell targeting ligands were introduced to enhance cell uptake efficacy. To protect the
formed core shell nano-sized assemblies in body fluids, PEG moieties were incor-
porated as well. The formed assemblies were utilized in drug delivery experiments
that showed tumor-triggered release of loaded molecules. This particular example
shows how powerful CD complexes are as a tool for the formation of macromolec-
ular architectures with regard to the specific application, e.g. drug delivery!®® or the
formation of nano objects.1”217% Especially the stimuli-responsive nature of several
CD/guest pairs gives the opportunity to disassemble the block copolymer at the junc-
tion of the different blocks. Thus, the distinct properties of block copolymers can be
utilized but with the additional property of disassembling the blocks. This concept
has been utilized recently by Hawker and coworkers in block copolymer lithography
with block copolymers that are coupled via hydrogen bonds. This example shows
that supramolecular bonded block copolymers can indeed mimick the behavior of

their covalent analogues.'”

2.3.3 Brush Polymers

The synthesis of supramolecular brush polymers can be conducted via two pathways.

Either CD molecules are connected to a backbone or surface and a guest endfunction-

alized polymer is added or guest molecules are connected to a polymer backbone or

surface and CD-endfunctionalized polymers are added. The forming complexes lead

to brush-like architectures. Of course the complex formation is governed by equilibria

and thus the obtained grafting density strongly depends on the association constants.

Furthermore, steric factors play an important role as CDs have a very bulky structure

that can suppress high grafting densities.

A supramolecular brush formation in solution has been described by Bernard and

coworkers.1® A CD-containing backbone was synthesized in a two step procedure.

Firstly, trimethyl silyl protected propargyl methacrylate was polymerized via RAFT,

subsequently the terminal alkyne groups were deprotected and conjugated with -CD-
N3 in a CuAAc reaction. Short PAA chains endfunctionalized with an adamantyl-

group were synthesized and brushes were formed in aqueous solution. The brush

formation was proven via DLS and NOESY (nuclear Overhauser enhancement spec-

troscopy). Although a dodecyl functional RAFT agent was utilized, no competing

complex formation was evident, which was proven via comparison of dodecyl-functio-
nal chains with chains after RAFT endgroup removal. Jiang and coworkers presented
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a supramolecular brush with a copolymer of N-vinylpyrolidone and a CD functional
monomer and doubly adamantyl endfunctionalized PCL.17® Interestingly, micellar
aggregates were obtained, as shown by TEM and DLS, and no gel formation was ob-
served, although a doubly guest functional polymer was utilized. Later Zhang and
coworkers presented a supramolecular brush consisting of a CD-functionalized poly-
mer backbone and adamantyl functionalized oligo ethylene glycol dendrons. The
thermoresponsive behavior was studied as a function of several factors, e.g. den-
drimer generation or hydrophobicity of the dendrimer endgroups.'”Z In that way the
LCST could be tuned from 34 °C -56 °C. It was found that the dehydration and col-
lapse of the oligo ethylene glycol chains leads to disassembly of the host/guest com-
plexes, which was studied via NMR and ITC.

Apart from solution studies several reports regarding surface brushes exist in the lit-
erature. Li and coworkers studied the grafting of doubly adamantyl endfunctional-
ized polymers on CD modified cellulose.l”® After the formation of the supramolecu-
lar complexes the grafting was proven via XPS, ellipsometry, TGA and FI-IR. Thus,
a supramolecular grafting on the renewable resource cellulose was achieved. Rein-
houdt and Huskens introduced the concept of molecular printboards, i.e. mono lay-
ers of CD host molecules on a planar surface that are capable of the stable attachment
of guest molecules.1”? This concept has been exploited to generate different grafted
structures, e.g. on gold!” or SiO,.18 Furthermore, patterns on the surface have been
generated via micro contact printing.18-182 These molecular printboards have been
utilized to immobilize proteins, 1818 fluorescent dyes!®? or Eu®** luminescent com-
plexes.18 A similar approach was utilized to graft an azobenzene functionalized cell
recognition peptide onto an a-CD functionalized gold surface that showed reversible
and photocontrolable cell attachment. 18

2.3.4 Star Polymers

CD-based star polymers can be divided into two categories. Star polymers with CD as
a core moiety due to its high concentration of functionality, which is the most frequent
utilization of CDs for star polymers. The other possibility is to utilize host/guest com-
plexes to obtain supramolecular star polymers, e.g. via a core molecule with several
CD moieties and guest functionalized polymers.

One of the first reports of CD-centered stars is from the work of Haddleton and
coworkers, where a 21 arm star polymer consisting of PMMA or PSty arms was syn-
thesized via ATRP with a grafting-from approach.18 Furthermore, block copolymer
stars were formed from the obtained macro initiators. A similiar approach was con-
ducted by Stenzel et al., who described a CD-centered 18 arm PSty star synthesized
via living radical polymerization mediated by a half-metallocene iron carbonyl com-
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plex!®” and a CD-centered 7 arm star formed via RAFT polymerization of Sty,>%188

as well as block copolymers with ethyl acrylate.!8 The range of utilized monomers
for the arm-forming polymers was subsequently extended later to tert-butyl acry-
late, 18 oligo ethyleneimine,?? azobenzene monomers, ! 2-ethyl-2-oxazoline, 2 gly-
comonomers, 12 HEA 123 NIPAAmM1%* and PNIPAAm-b-PDMA Am1% by several re-
search groups. Kakuchi and coworkers utilized mono amino B-CD to attach a NMP
initiator, followed by a living/controlled radical polymerization of Sty.ﬁ6 The re-
maining hydroxyl groups were utilized to attach ATRP initiator via esterification and
subsequently MAA or tert-butyl acrylate was polymerized to form a CD centered
miktoarm structure. Recently Haddleton and coworkers introduced 7 thiols on the
secondary face of B-CD for subsequent thiol-ene reactions, e.g. with oligo ethylene
glycol methacrylate (OEGMA), and utilized the remaining 14 hydroxyl functions as
initiator for the ring-opening polymerization of CL, which leads to the formation of a
CD-centered miktoarm star polymer.1%” These examples are of particular interest be-
cause the different reactivities of the f-CD hydroxyl groups were utilized to generate a
complex macromolecular architecture. An alternative architecture involving CD-core
star polymers has been published recently by Wenz and coworkers which is a com-
bination of rotaxane and star architectures.1*® Here a-CD centered PMMA stars were
threaded onto a PEG backbone and fixed via large stopper molecules. PMMA chains
were grafted from ATRP initiators connected to the threaded x-CD moieties on the ro-
taxane and were characterized via diffusion-ordered NMR spectroscopy (DOSY), SEC
and AFM. An interesting feature of the thus formed brushes is their sensitivity to me-
chanical forces during SEC measurement, which led to the scission of the PEG thread.
A similar approach was followed by Yui and coworkers.1®® PEG was threaded with
a-CD to form a polyrotaxane. The remaining hydroxyl groups of the a-CD threads
were utilized to grow P(lactide) (PLA). Continuous anisotropic phases were formed
in the bulk state. The crystallization behavior was studied via DSC, X-ray diffrac-
tion and polarized optical microscopy. An accelerated stereo complex formation was
found that was attributed to the enhanced moveability due to the rotaxane structure.
Fewer reports are in the literature on star architectures governed by host/guest com-
plexes. An interesting architecture in that regard is the connection of two CD-centered
stars with a doubly guest functional polymer, which leads to a dumbbell shape in
solution that has been described in two studies.22%2% [n the first report B-CD cen-
tered PNIPAAm with 4 arms was connected with a doubly adamantyl functionalized
PEG, the complex formation was proven via NOESY and the change in the LCST was
monitored depending on host/guest ratio or the molecular weight of the employed
PEG.2% Later, B-CD centered PNIPAAm was connected with a doubly adamantyl
functionalized poly(propylene glycol) (PPG).22! As this system contains two ther-
moresponsive polymer types, the aggregation behavior was studied depending on
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the temperature via DLS, NMR, fluorescence measurements, AFM and TEM. The
formation of supramolecular block copolymers was evident in cold water, whereas
micelle formation was observed at temperatures over 8 °C and above 22 °C micelle
destabilization was observed. The formation of an ABC miktoarm star polymer was
published recently by Zhu and coworkers that required several functionalization re-
action with B-CD.163 In brief, B-CD was mono tosylated, converted into the azide and
mono tosylated again. PEG was conjugated via CuAAc, the remaining tosylate was
converted into the azide and subsequently an ATRP initiator was added via CuAAc.
DMAEMA was polymerized via ATRP to obtain a miktoarm star with two differ-
ent arms. A third arm consisting of adamantyl functional PMMA was connected via
supramolecular complex formation. Due to the hydrophobic character of PMMA, mi-
celles were obtained in solution and characterized via DLS and TEM. Wu and cowork-
ers utilized a threefold B-CD core to connect three guest functionalized oligo ethylene
glycol dendrimer arms.2%2 The thermoresponsive behavior of the formed dendrimer
stars was investigated showing a variation in the LCST from 43 to 72 °C depending
on dendrimer generation, dendrimer endgroup (ethyl or methyl) and ratio of differ-
ent dendrimer types (with ethyl or methyl endgroup). Furthermore, the effect of salt
concentration was investigated as well as the thermally induced decomposition of the
supramolecular complexes.

Jiang and coworkers utilized host guest complexes to form brush-like star architec-
tures with different spherical cores, e.g. SiO, nanoparticles,2% CdS quantum dots2%42%
or gold.2% In the case of SiO, nanoparticles, PEG arms were utilized and subse-
quently a-CD was added to induce hydrogel formation. In another work quantum
dots were utilized as a core for azobenzene or ferrocene endfunctionalized PDMAAm-
b-PNIPA Am block copolymers.2%429 The thermoresponsive nature of the PNIPAAm
blocks was utilized to induce hydrogel formation above the LCST. The hydrogels
showed a variation of photoluminescence depending on the temperature and thus
the gel formation, which can be attributed to the confinement of the quantum dots in
the gel. Furthermore, UV-light and electrochemical response was probed. CD-functio-
nalized gold nanoparticles were grafted with azobenzene endfunctionalized PNIPA-
Am-b-PDMAAm, which gave the opportunity to disrupt the supramolecular complex
upon UV-irradiation.2% Heating above the LCST of the PNIPAAm block led to the
formation of vesicles. A similar approach was described earlier.2”” In this case gold
nanoparticle cores with a-CD shell were utilized as well. Azobenzene endfunction-
alized PNIPAAm homopolymer was supramolecularly attached. Subsequently the
photoresponsive behavior and the thermal behavior of the aggregates were studied
in detail.
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2.3.5 Branched Polymers and Gels

The probably most intensively studied field in CD driven macromolecular architec-
tures is the formation of branched structures and hydrogels. Several reviews based
on these materials can be found elsewhere.28:30.208-210 Nevyertheless, in this section a
short overview on polymeric CD-based hydrogels and branched structures that have
been synthesized via controlled radical polymerization is presented. In general, the
tormation of branched structures and hydrogels can be conducted via different path-
ways. A large amount of host and/or guest functionalities can be incorporated into
the side chain of the polymers or as endgroup to induce supramolecular crosslinking.
Furthermore, single CD molecules can be utilized as crosslinkers if the guest group is
small and two guests can be included, which leads to single-CD crosslinking points.
Alternatively CDs can act as crosslinker via aggregation/crystallization.

An example of the latter category utilizes OEGMA based polymers with side chains
of POEGMA as a double brush structure that was formed via ATRP. The formation
of a hydrogel was induced via addition of a-CD.13> Interestingly, the formation of
hexagonal crystals was observed in the hydrogel which is due to the formation of
columnar microcrystalline domains of a-CD. Later P(EG-co-DMAEMA) brushes were
utilized to form thermo- and pH-responsive gels after a-CD addition.2! The gela-
tion behavior was altered via copolymer concentration, pH value, PEG branch density
and the chain uniformity of the copolymers. With these gels drug release at different
pH values and temperatures was studied. The same crosslinking method was em-
ployed with PEG-b-PDMAEMA blockcopolymers, which lead to a series of different
microgel morphologies depending on pH value or ionic strength, e.g. hexagonal, bowl
or spherical structures that could be visualized via TEM.22 A recent utilization of
a-CD based crosslinking via a poly pseudo rotaxane formation is the supramolecular
anchoring of DNA polyplexes in hydrogels formed from PEG-b-PCL-b-PDMAEMA
blockcopolymers and a-CD.23 The polymers were synthesized via a combination of
ATRP and ring-opening polymerization. Subsequently, DNA polyplexes were formed
from blockcopolymer micelles and plasmid DNA. The addition of free PEG chains
and a-CD leads to hydrogel formation. The following studies on the release of the in-
corporated DNA showed sustained release of stable polyplexes with high bioactivity.
A B-CD centered star polymer of PDMAEMA was protonated and utilized to form
networks with polyanionic PAA-b-PEG di- and triblock copolymers.2# Depending
on the structure of the polyanionic block, fibrillar or spherical microstructured gels
were obtained. SEM, TEM, DLS and rheological measurements were carried out to
study the obtained materials. Furthermore, the remaining cavity in the f-CD moiety
was utilized to include a model drug and study the release behavior. Another ex-
ample is the temperature induced formation of PNIPAAm hydrogels from a -CD
centered PNIPAAmM-b-PDMAAmM three arm star polymer.l—95 Again, the B-CD cavity
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was utilized for small molecule release. As described before in Section[2.3.4] quantum
dot centered hydrogels formed due to the LCST of PNIPAAm blocks have been gen-
erated as well 204202

Kang and coworkers presented the synthesis of a doubly B-CD functionalized poly(2-
(methacryloyloxy)ethyl succinate) via RAFT polymerization.1%” This polymer was uti-
lized in the formation of poly pseudo rotaxanes with an acrylate endfunctionalized
PEG-b-PPG-b-PEG. The acrylate functions were subsequently reacted in a thiol-ene
reaction with a multifunctional thiol to form permanent crosslinking points. Thus,
a sliding hydrogel was obtained evidencing pH response (from the succinate) and
thermoresponse (from the PEG and PPG blocks). Swelling ratios and thermal proper-
ties could be adjusted via different chain lengths of the f-CD functionalized polymer

which is rather easy via changing the conditions of the RAFT polymerization.

2.3.6 Other Architectures

Jiang and coworkers presented a block copolymer-like structure consisting of Frechét-
type benzyl ether dendrons (generations 1, 2, and 3) with an azobenzene at the apex
and a B-CD functionalized PNIPAAm.2 These supramolecular block copolymer am-
phiphiles formed vesicles or micelles in aqueous solution depending on dendron gen-
eration. Furthermore, UV-irradiation lead to the disassembly and formation of irreg-
ular particles which could be reversed via irradiation of visible light. Heating above
the LCST of the PNIPAAm block leads to reversible aggregation of the particles. Vesi-
cles of a doubly CD endfunctionalized P(ether imide) were prepared by Jiang and
coworkers.21 B-CD cavities were present on the inner and outer walls of the vesicle
that could be addressed via guest functionalized PEGs depending on the molecular
weight, e.g. with 1k and 2k PEG inner and outer surface was modified, whereas with
5k PEG the inner surface was modified only partially. Giacomelli et al. formed PSty
centered micelles with B-CD surface.l®> The underlying B-CD functionalized PSty
was prepared via NMP. The formation of a supramolecular cyclic polymer was de-
scribed by Harada and coworkers.2” A PEG with azobenzene and B-CD endgroup
was utilized in that regard. The formation of cycles could be performed in high di-
lution, whereas intermolecular complexes were formed at higher concentration. The
azobenzene moiety was exploited for UV-light triggered dethreading of the complex.
Between the PEG and B-CD a aromatic unit was incorporated that was competing in
complexation with the azobenzene depending on the temperature, which was shown
via temperature dependent NOESY.

A supramolecular enzyme polymer conjugate was described by Feiters and cowork-
ers.2!8 B-CD functionalized PSty was prepared via ATRP that formed vesicles in aque-
ous solution. These vesicles bear CD-units on the outer and inner surface. The -CD
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moieties were subsequently utilized to conjugate adamantyl-PEG-functionalized horse-
radish peroxidase that showed catalytical activity although it was connected supramole-
cularily to the PSty vesicle.

31






CHAPTER 3

CD-Complexed RAFT Agents

3.1 Introduction

RAFT polymerization has emerged as a very efficient tool for the synthesis of water-
soluble polymers due to its high tolerance of functional monomers®272219.220 (see Sec-
tion 2.1.4). The polymerization itself can be conducted directly in water with a broad
range of water-soluble monomers that include methacrylates,”® methacrylamides,®

styrenics,® acrylates?2! and acrylamides®69222

so far. Furthermore, the utilization of
water is interesting from an environmental and economic point of view as water is
non-toxic, non-flammable and readily available. Thus, it is easy to handle safely and
low priced.

The possibility to solubilize hydrophobic molecules in water is an interesting appli-
cation of CDs. In this context, hydrophobic monomers were solubilized in water with

CDs, e.g. in radical polymerization,?2>22* living radical polymerization,222-2%7

enzy-
matic polymerization?28 and Rhodium-catalyzed polymerization.222 To connect the
solubilizing effect of CDs with RAFT polymerization, the aqueous RAFT polymeriza-
tion of three acrylamido monomers, namely DMAAm, DEAAm and NIPAAm in the
presence of a hydrophobic CTA that is solubilized via a host/guest complex was in-
vestigated. The employed hydrophobic CTAs bear the 4-tert-butyl phenyl-group that
is well known to form stable host/guest complexes with B-CDs.152230 Three novel
CTAs were synthesized, which contain the guest-group in regions of variable reactiv-
ity within the molecule. The guest group can be incorporated in the R-, the Z-group or

both. As the CTA allows control over the chain-end functionality in RAFT polymer-

ROESY measurements were performed in collaboration with M. Hetzer and Prof. H. Ritter (Heinrich
Heine Universitdt Diisseldorf). Parts of this chapter were reproduced with permission from Schmidt,
B. V. K. J.; Hetzer, M.; Ritter, H.; Barner-Kowollik, C. Macromolecules 2011, 44 (18), 7220-7232 (DOI:
10.1021/ma2011969). Copyright 2011 American Chemical Society.
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ization, hydrophobic chain ends are obtained directly (as depicted in Scheme [3.1).
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Scheme 3.1: Procedure for the RAFT polymerization of acrylamido-monomers with CD-
complexed CTAs (DMAAm: R=R’=Me; DEAAm: R=R’=Et; NIPAAm: R=i-Pr, R’=H): R-
approach (1), combined approach (2) and Z-approach (3). The guest-substituent, i.e. 4-tert-
butyl phenyl, is depicted blue.

The hydrophobic chain ends may have further use as guests in complex self-
assemblies with CD-functionalized polymers or surfaces, e.g. to construct supramolec-

ular block copolymersi7t172 178

or to obtain supramolecular grafting, e.g. on cellulose.
In the case of thermoresponsive polymers that show T, behavior such as PNIPAAm
or PDEAAm, it is well known that hydrophobic endgroups can induce a change in
the observed T..23123% Therefore a modulation of the thermoresponsivity of these
polymers is possible. Furthermore, most water-soluble CTAs contain carboxylic- or
sulfonic-acid groups which lead to acid-functionalized polymers.”1%0222 [n cases
where acid-functionalized water-soluble polymers — e.g. because of unspecific inter-
actions in biological systems — are undesirable, a polymer analogous removal /modi-
fication is required which can be complicated depending on the reaction type. There-
fore, it is interesting to study the polymerization via hydrophobic guest-functionaliz-
ed CTA/CD complexes in water. The current approach provides the opportunity to
generate hydrophilic polymers without acidic endgroups in one step.

In the present chapter the first aqueous RAFT mediated polymerization of hydrophilic
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monomers employing a supramolecular CD/CTA host/guest complex utilizing 4-
tert-butyl phenyl substituted CTAs is described. The presented approach is the first
methodology that leads to hydrophilic polymers with hydrophobic endgroups in one
step via aqueous RAFT polymerization. High molecular weights and conversions
were reached at 25 °C with good control over D, and molecular weight as deter-
mined via N,N-dimethylacetamide (DMAc) SEC. Furthermore, the first living radi-
cal polymerization of DEAAm in aqueous solution is described. The structure of the
synthesized polymers was confirmed via electrospray ionization-mass spectrometry
(ESI-MS) and 'H-NMR spectroscopy. The living character of the polymer chains was
proven via chain extension experiments and the recorded evolution of the full molec-
ular weight distribution with conversion. In addition, several methods for the post-
polymerization removal of the employed CDs were studied.

3.2 Results and Discussion

The approach for the utilization of hydrophobic CTAs in aqueous RAFT polymeriza-
tions via CD inclusion complexes includes the synthesis of novel hydrophobic CTAs
that are subjected to complex formation with randomly methylated CD (Me-B-CD)
and are subsequently used in the RAFT polymerization of DMAAm, DEAAm and
NIPA Am.

3.2.1 Design and Synthesis of the Chain Transfer Agents

Several trithiocarbonate-CTAs for the aqueous RAFT-polymerization of hydrophilic

monomers are mentioned in the literature. 172100222 A4

R-group, usually the benzyl-
or a tertiary-a-carbonyl-group are employed. The synthesis of trithiocarbonates can
be carried out via the deprotonation of thiols, their nucleophilic attack on carbon
disulfide and nucleophilic attack of the resulting trithiocarbonate salt on bromo-com-
pounds. O’Reilly and coworkers recently presented an elegant way to synthesize
trithiocarbonate-CTAs utilizing potassium phosphate as base in acetone.23* This syn-
thetic route was employed for all of the CTAs described in the current chapter. As
guest group the 4-tert-butyl phenyl motif was chosen due to its high complexation-
constant with B-CD (K ~ 18000 - 25000 L-mol).20 From an earlier publication of
Wenz and coworkers!®? a similar association constant of Me-B-CD with the 4-tert-
butyl phenyl-group can be anticipated from a close analog (heptakis-(2,6-di-O-methyl)-

B-CD).
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Scheme 3.2: Synthetic routes for the utilized complexable CTAs.

As depicted in Scheme 3.2 the synthesis of the guest-functionalized CTAs was ac-
complished either directly or in two stages to include guest-groups for -CD-complex-
es into the CTAs. The guest group was incorporated in the R-group (1), Z-group (3)
or both (2). One possibility was the use of DCC-coupling after the synthesis of a pre-
cursor CTA (e.g. synthesis of 1). An alternative route was the synthesis of a guest-
functionalized molecule containing a bromine leaving group (e.g. 3). The direct route
utilized guest-functionalized thiols and bromides (e.g. 2). The synthesized CTAs were
characterized via NMR-spectroscopy and ESI-MS.

3.2.2 Complexation of Chain Transfer Agents with Me-3-CD

For the utilization of the guest-functionalized CTAs in aqueous RAFT polymeriza-
tions host/guest complexes have to be formed with CD. Me-B-CD was chosen as
host compound due to its increased water solubility compared to f-CD.1! The com-
plexation was accomplished via mixing the guest-functionalized CTAs with aqueous
40 wt.% Me-B-CD-solution and ultrasonication until a clear yellow solution was ob-
tained. Depending on the structure of the CTA the suspension had to be ultrasoni-
cated for variable times, as the ultrasonication time depends on the complex stability
and the possibility to disperse the CTA in the aqueous solution.
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Figure 3.1: Mixtures of 1 (a and b), 2 (c and d) and 3 (e and f) with aqueous 40 wt.% Me-
B-CD-solution (left) and deionized water (right). Top: Before ultrasonication, bottom: After
ultrasonication.

Figure [3.J] shows CTA /Me-B-CD-solutions and as control CTA /water-solutions
before ultrasonication and after ultrasonication at ambient temperature. From the yel-
low color in the solution after ultrasonication it is obvious that the CTA /Me-B-CD
complex was formed. In contrast, the solution in the control experiment shows no
yellow color. To ensure complete inclusion, a 5-fold excess was used for all CTAs. For
1 a homogenous solution was obtained after 35 min, for 2 and 3 a homogenous solu-
tion was obtained after 100 min of ultrasonication.

A further method to characterize the CTA /Me-B-CD complexes is the two-dimensio-
nal ROESY (rotating frame nuclear Overhauser enhancement spectroscopy) NMR-
technique.17223% [n general there are two modes for the formation of the inclusion
complex. The guest can insert into the hydrophobic cavity via the primary, i.e. the
side with the smaller opening, or the secondary face of the CD, i.e. the side with the
larger opening. From the resonances in the ROESY spectrum it is in principal possible
to assign the formed type of the complex. The complexation of 1 with Me-f-CD could
be evidenced via the resonance of the tert-butyl-protons at 1.33 ppm with the inner
protons of Me-B-CD (signal between 3.27 and 3.87 ppm) in D,O at 25 °C as depicted in
Figure[3.2l Furthermore, the signal of the tert-butyl protons is shifted from 1.30 to 1.33
ppm, thus changing place with the signal of the methyl protons from the ethyl-group.
Interestingly, the signal for the a-methyl protons of 1 splits into two distinct signals
due to chemical inequivalency after complex formation. This signal shows resonance
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with the C2-methoxy group which is due to a complex with an insertion from the sec-
ondary side as shown in Figure Nevertheless, the unspecific resonances between
the tert-butyl groups with the C2-methoxy- and the C6-methoxy-group suggest a mix-
ture of both inclusion modes.
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Figure 3.2: 2D ROESY spectrum of a 1:1 molar mixture of a) 1, b) 2 and c) 3 and Me-3-CD in
D,0O at 25 °C and a schematic illustration of the corresponding host/guest complexes.
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The 2D ROESY spectrum of 2 and 3 show the interaction between the CTA and

Me-B-CD. The direction of the inclusion is not clearly assignable, although weak in-
teraction of the aromatic protons with the C2-methoxy group indicate a complexation
via the secondary face of Me-B-CD (refer to Figure [3.2). For 3, the resonances of the
aromatic protons with the C6-methoxy- and C2-methoxy-protons indicate a complex-
ation on both ends.
A comparison between the different CTAs shows several effects that have an influ-
ence on the complex-stability upon monomer addition. One matter is the nature of
the monomer, e.g. hydrophobicity and its ability to act as a guest, which is discussed
below. An additional point is the hydrophobicity of the CTA with respect to the hy-
drophobicity of weak guest-groups, e.g. dodecyl-, hexyl- or butyl-groups.232%7 Al-
though other CTAs exhibit the possibility to form inclusion-complexes with Me-B-CD,
e.g. the analog of 1 with a dodecyl- instead of an ethyl-group, addition of hydrophilic
monomers leads to complete demixing due to the loss of the inclusion complex. Most
likely, the hydrophobicity of the dodecyl-group is too weakly masked by a CD. There-
tore, the complex is lost as competing guest-molecules, e.g. monomers, are added and
the single host/guest complex with the 4-tert-butyl phenyl group is not strong enough
to keep the whole CTA in solution. It is obvious that the stability of the host/guest
complex is additionally correlated with the number of guest-groups incorporated into
the CTA. The more guest groups are incorporated, the more stable is the complex.
As the host/guest complexes are in equilibrium with the free molecules, it is ad-
vantageous to have two complexed groups in one CTA molecule. If one of the two
host/guest complexes is lost, the remaining one can keep the entire molecule in solu-
tion and accessible for the re-formation of the second complex.

3.2.3 Polymerization with Complexed Chain Transfer Agents

For the polymerization of acrylamido monomers with Me-B-CD complexed CTA three
steps were carried out as depicted in Scheme 3.1} Firstly, the complex was formed via
ultrasonication of the appropriate CTA in aqueous 40 wt.% Me-B-CD-solution. Sec-
ondly, monomer, water and initiator were added, the reaction was degassed and the
polymerization subsequently commenced. Thirdly, the polymerization mixture was
subjected to dialysis to remove residual monomer, initiator and Me-S-CD.

As discussed by McCormick and coworkers a major concern in aqueous RAFT poly-
merization of acrylamides is the hydrolysis/aminolysis of the CTA during the poly-
merization.®267238 A solution for hydrolysis suppression/prevention is the use of
acetic acid/acetate buffer as solvent and low temperature initiators, e.g. VA-044.5772
Under these conditions McCormick and colleagues evidenced that a controlled poly-
merization of acrylamide, DMAAmM and NIPAAm via the RAFT process in aque-
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ous media is possible.®¢%7 Furthermore, it is well known that low temperatures
favour the stability of B-CD-complexes. For these reasons all polymerizations were
conducted at 25 °C. As the CTA /Me-B-CD complexes were not soluble in acetic acid/
acetate buffer, a series of DMAAm polymerizations — as a test system — were con-
ducted in variable reaction media with 1 or EMP to determine the effect of the reac-
tion media on the polymerization. The results are summarized in Figure
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Figure 3.3: a) Comparison between the kinetic plots of EMP-mediated polymerization in
acetic acid/acetate buffer, EMP-mediated polymerization in water or 1/CD-mediated poly-
merization at 25 °C with a DMAAm/CTA/I ratio of 300/1/0.2 and a DMAAm concentra-
tion of 3.5 mol-L! b) Comparison of the obtained molecular weights and Py, as a function of

monomer conversion.

Figure a shows that the polymerization reaction with the complexed 1 (tri-
angles) proceeds slower than the polymerizations with EMP in acetic acid/acetate
buffer (filled squares) or water (open circles), whereas the EMP-mediated polymer-
izations show comparable reaction rates. Nevertheless, the reaction with 1 leads to a
conversion of 70% in 6 h, while the reactions with EMP have a conversion of approx-
imately 80% within 6 h. It is proposed that the difference in reaction rate is a result
of the increasing steric hindrance associated with the bulky CD-complex. Although
a slower reaction is observed, a superior control over the polymerization with the
1/CD complex can be noted. Lower Dy, were observed in these polymerizations as
summarized in Figure[3.3b. In the case of 1 (triangles) the observed molecular weight
was higher than the theoretical molecular weight whereas the molecular weight is
lower than the theoretical molecular weight in the case of EMP (squares and open cir-
cles). As the polymerization has living/controlled character in both acetic acid/ace-
tate buffer and pure water with EMP as CTA at 25 °C, there is no need to carry out
the polymerization at acidic pH values in the case of complexed CTAs.
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3.2 Results and Discussion

Removal of the Cyclodextrin after the Polymerization

For the removal of the CD several methods were applied. A test-polymerization with
DMAAm and 1 was carried out, divided into several samples and purified in dif-
ferent ways. To compare the residual amounts of the CD in the products, the peak
area of the eluting CD in the SEC-analysis was calculated relatively to the peak area
of the polymer. The Me-B-CD content in the untreated mixture is given in entry 1 of
Table[3.1]l Dialysis was performed utilizing dialysis tubing with a MWCO of 3500 Da
but the treatment of the samples was varied. One purification method was the treat-
ment of the crude polymerization solution with trifluoroacetic acid for 2 h as CDs are
hydrolyzed by strong acids and the solution was dialysed for 3 days at ambient tem-
perature afterwards (entry 2 in Table B.1)). For comparison, the crude polymerization
mixture was dialysed for 3 days at ambient temperature (entry 3 in Table B.I). An al-
ternative method was dialysis for 3 days at ambient temperature and subsequently
dialysis for 1 day or 2 days at 45 °C (entries 4 and 5 in Table [3.T)). Furthermore enzy-
matic treatment with Taka-Diastase in acetic acid /acetate buffer at 37 °C for 1 day was
employed after dialysis for 3 days at ambient temperature and another dialysis for 3
days at ambient temperature after the enzymatic treatment (entry 6 in Table 3.). The
enzymatic treatment with Taka Diastase from Aspergillus oryzae should lead to degra-
dation of the CDs as it contains the enzyme a-amylase which is known to hydrolyse
the a-1,4-glycosidic bond of the CDs.23%-241

Table 3.1: Results for the different purification methods quantified with the residual amount
of Me-B-CD according to SEC measurements.

Entry purification procedure Me-B-CD [% Area]
1 no purification 29.1
2 CF3;COOH 2 h, dialysis 3 d ambient temp. 7.5
3 dialysis 3 d ambient temp. 8.4
4 dialysis 3 d ambient temp., dialysis 1 d 45 °C 5.4
5 dialysis 3 d ambient temp., dialysis 2 d 45 °C 3.3
6 dialysis 3 d ambient temp., Taka-Diastase 41

acetate buffer 1 d 37 °C, dialysis 3 d ambient temp.

As listed in Table[3.Idialysis at elevated temperatures, e.g. 45 °C, provides the best
results with only 3.3% Me-B-CD remaining (entry 5 in Table 3.]). Nevertheless, enzy-
matic treatment has a very similar performance with 4.1% Me-B-CD remaining (entry
6 in Table B.1} the corresponding elugrams can be found in Figure 3.4). In the case
of PDEAAm and PNIPAAm, dialysis at elevated temperatures leads to the precipita-
tion of the polymers that supports the removal of residual CD. Generally, it should be
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3 CD-Complexed RAFT Agents

noted that dialysis leads to a loss of low molecular weight polymers and oligomers.
Especially in the case of low target molecular weights, the molecular weight distribu-
tions are thus to some extent affected.

1.0 — 1: No purification
—2 CF3COOH, dialysis
3 — 3: Dialysis 3d
8 584 --- 4:Dialysis 3d, 1d 45 °C Me-p-CD
® - - - 5: Dialysis 3d, 2d 45 °C \
S - - - 6: Enzymatic
&
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3
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®
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Retention Time [min]

Figure 3.4: Elugrams of the purification methods study depicting the PDMAAm peak and the
peaks of the residual Me-3-CD.

Polymerization of N,N-Dimethylacrylamide with Complexed Chain Transfer Agents

DMAAm is very frequently employed in polymer chemistry. In the living/controlled
radical polymerization with complexed CTAs the best control is obtained with 1 com-
pared to 2 and 3 (see Table 3.2 3.3] and [B.4). This can be mostly attributed to the
complex stability and the tertiary a-ester R-group in 1. A monomer concentration
of 3.0mol-L"! was chosen and the CTA /initiator ratio was held constant at 1/0.2.
The complex of 1 with Me-B-CD was stable throughout the reaction time and even
at high monomer/CTA ratios up to 1000/1. Therefore molecular weights ranging
from 10000 to 94000 g-mol! were obtained in good agreement with theoretical values.
High conversion was reached in short reaction times even at the low polymerization
temperature of 25 °C. The resulting Dy, lie between 1.06 and 1.17 (see Table [3.2] and
Figure[3.5]d). Although the polymers were purified as described in the experimental
section a small residue of unremoved CD (approx. 0.4 - 5.5%) remained. Apart from
residual CD, the SEC traces are unimodal, show only minor low molecular weight
tailing and no high molecular weight coupling products.
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3.2 Results and Discussion

Table 3.2: Results for the living /controlled RAFT polymerization of DMAAm at 25 °C in aque-

ous solution with 1.

DMAAmM/CTA/I Time /h Conv. Muygeo / gmol!  Mpggc / g'mol! Py,

107/1/0.2 6 65 7300 10500 1.17
198/1/0.2 6 88 18000 17000 1.09
294/1/0.2 12 >99 29500 36500 1.08
585/1/0.2 12 94 55000 62000 1.06
1018/1/0.2 12 98 99300 94000 1.06

Time resolved experiments with regard to conversion and molecular weight were
carried out to confirm the living character of the polymerization (refer to Appendix[A.1l
for a collection of NMR-spectra). As depicted in Figure[3.5] the kinetic first order plot
shows linearity which confirms a constant radical concentration during the reaction
and evidences a short induction period (< 30 min). The molecular weights are in-
creasing linearly with conversion which evidences the living character of the poly-
merization and the Dy, is decreasing with increasing conversion. Further proof for
the living radical polymerization comes from the chain extension of purified macro-
CTAs with DMAAm. A quantitative reinitiation was observed that leads to a shift in
molecular weight from 10500 to 97500 g-mol™! with a final Dy, of 1.08. Nevertheless,
small amounts of chain-chain coupling products were observed in the high molecular

weight region.
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Figure 3.5: a) Kinetic plot for the polymerization of DMAAm at 25 °C with 1; b) Evolution
of M,, with conversion at 25 °C with DMAAm/1/1: 297/1/0.2; ¢) Chain-extension at 25 °C
for 24 h; d) Molecular weight distributions for different monomer/CTA ratios (DMAAm/1
(conversion) from left to right: 107/1 (65%); 198/1 (88%); 294/1 (> 99%); 585/1 (94%); 1018/1
(98%)).

The molecular structure of low molecular weight samples was confirmed via ESI-
MS (M, = 3000 g-mol ™) and 'H-NMR (M,, = 10500 g-mol™) (see Appendix[A.2/A3),
evidencing the incorporation of the hydrophobic endgroups into the hydrophilic poly-
mer. The mass spectrometric data shows no signals from initiator terminated polymer
which is in accord with highly efficient chain-extension experiments.

With 2 turbidity was observed upon monomer addition that vanished in the begin-
ning of the polymerization. In the polymerizations with 3 turbidity was observed
at monomer/CTA ratios exceeding 300/1. Nevertheless, molecular masses of up to
156000 g-mol ! were reached with Dy, ranging from 1.31 to 1.54 (refer to Table B.3/B.4]
and Figure 3.6/3.7) with high conversions in short reaction times. As stated above,
less control over the polymerization is observed with 2 and 3. The less stable com-
plexes of Me-B-CD with 2 and 3 lead to partial demixing on monomer and water ad-
dition as observed via a turbidity of the solution. Such a demixing explains the higher
disagreement of experimental molecular weights compared to theoretical molecular
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3.2 Results and Discussion

weights, as less CTA molecules are accessible in the solution in the case of turbidity,
thus leading to higher molecular weights. The broader molar-mass dispersity of the
polymers prepared with 2 and 3 can be also attributed to the partial demixing as the
undissolved CTA molecules react on a slower time scale. Therefore, low molecular
weight tailing is observed which leads to higher Dy,. Nevertheless, chain-extension
experiments were conducted that proof the living character of the polymerization
based on a high reinitiation efficiency.

Table 3.3: Results for the living /controlled RAFT polymerization of DMAAm at 25 °C in aque-

ous solution with 2.

DMAAm/CTA/I Time /h Conv. Mppeo / gmol? Muggc / g-mol! Py,

56/1/0.2 6 80 4800 13000 1.24
99/1/0.2 6 95 9500 22000 1.35
203/1/0.2 6 87 17400 32000 1.29
340/1/0.2 6 > 99 29100 49500 1.42
603/1/0.2 12 > 99 59800 82500 1.32
1184/1/0.2 12 > 99 117300 141000 1.51
1.0 ®)
E g 0.8
§ g Me-g-CD
%) (Qi:;, 0.6 \
§ Me-B-CD % 04
£ \ § 0.2
Retention Time [min] M [g mol™]

Figure 3.6: a) Chain-extension with DMAAm at 25 °C for 24 h; b) Molecular weight distribu-
tions for different monomer/2 ratios (DMAAm/2 from left to right (conversion): 56/1 (80%);
99/1 (95%); 203/1 (87%); 340/1 (> 99%); 603 /1 (> 99%); 1184/1 (> 99%)).
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3 CD-Complexed RAFT Agents

Table 3.4: Results for the living /controlled RAFT polymerization of DMAAm at 25 °C in aque-

ous solution with 3.

DMAAmM/CTA/I Time /h Conv. Muygeo / gmolt  Mpgec / gmolt Dy,

51/1/0.2 6 76 4600 14000 1.31
108/1/0.2 6 70 7700 19500 1.27
203/1/0.2 6 78 15600 38000 1.43
306/1/0.2 12 93 27900 70000 1.53
588/1/0.2 12 > 99 58000 102500 1.46
1002/1/0.2 12 > 99 100000 156500 1.54
1.0+ 2 1.0 )
E 0.8 % 0.8
% g Me-p-CD
l%. 0.6 4 % 0.6 /
x 5
E 0.4 é’ 0.4
g 0.24 § 0.2
Retention Time [min] Mg mol™]

Figure 3.7: a) Chain-extension with DMAAm at 25 °C for 24 h; b) Molecular weight distribu-
tions for different monomer/3 ratios (DMAAm/3 from left to right (conversion): 51/1 (76%);
108/1 (70%); 203/1 (78%); 306/1 (93%); 588/1 (> 99%); 1002/1 (> 99%)).

Polymerization of N,N-Diethylacrylamide with Complexed Chain Transfer Agents

PDEAAmM is a polymer that exhibits a very low T, of around 30 °C.2#2 At a reaction
temperature of 25 °C it should be possible to polymerize DEAAm in aqueous media
via the RAFT process. Although the living radical polymerization in organic media
has been described,”® a living/controlled radical polymerization of this monomer
in aqueous solution has not been accomplished yet. 1, 2 and 3 were employed for
the polymerization of DEAAm. The monomer concentration was held constant at
3.5 mol-L!, the temperature at 25 °C and the CTA /initiator ratio at 1/0.2. As with
DMAAm, 1 shows the best control over the polymerizations. No turbidity or demix-
ing is noticed for monomer/CTA ratios up to 200/1 and only a slight turbidity is
observed for higher CTA /monomer ratios in the case of 1. Molecular weights from
2500 up to 87000 g-mol! that were in good agreement with the theoretical values
were reached in short reaction times, e.g. 12 h or 18 h, with quantitative conversions
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3.2 Results and Discussion

and D, ranging from 1.05 to 1.11 (see Table[3.5and Figure[3.8 d). The resulting molec-
ular weight distributions are unimodal and display no evidence for high molecular
weight termination products or low molecular weight tailing, except for the lowest
target molecular weight where low molecular weight (< 1000 g-mol!) species are ob-
served.

Table 3.5: Results for the living /controlled RAFT polymerization of DEAAm at 25 °C in aque-

ous solution with 1.

DEAAm/CTA/I Time /h Conv. Mygpeo / gmol! Mpggc / gmol! Dy,

12/1/0.2 12 > 99 1900 2500 1.10
42/1/0.2 12 >99 5800 5000 1.11
80/1/0.2 12 >99 10600 10000 1.09
163/1/0.2 12 >99 21100 18000 1.08
248/1/0.2 12 >99 32000 29000 1.07
426/1/0.2 18 >99 54600 55000 1.06
813/1/0.2 18 >99 103800 87000 1.05

To confirm the living character of the polymerization, time resolved experiments
with regard to conversion and molecular mass were carried out (refer to Appendix[A.4
for a collection of NMR-spectra) and chain extensions were performed as depicted in
Figure[3.8] Besides a constant radical concentration as evidenced by a linear first-order
plot with a short induction period below 30 min, the molecular weight grows linearly
with conversion as expected for polymerizations with living character. Furthermore,
the experimental molecular weights are in good agreement with the theory and the
Dy, are decreasing with increasing conversion. The chain extension affords a very high
reinitiation efficiency with a growth in molecular weight from 8500 to 83000 g-mol!
and a Dy, of 1.13 for the resulting polymer with a small amount of chain-chain cou-
pling products.
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Figure 3.8: a) Kinetic plot for the polymerization of DEAAm at 25 °C with 1; b) Evolution of
M, with conversion at 25 °C with DEAAm/1/1: 241/1/0.2; ¢) Chain-extension at 25 °C for
24 h; d) Molecular weight distributions for different monomer/CTA ratios (DEAAmM/1 from
left to right (conversion > 99%): 12/1; 42/1; 80/1; 163/1; 248/1; 426/1; 813/1).

ESI-MS and 'H-NMR were recorded of a low molecular weight sample (M, =
4000 g-mol™?) to confirm the structure of the synthesized polymers. The results are
in agreement with the expected polymer structure proving the incorporation of the
hydrophobic endgroups into the hydrophilic polymer (refer to Appendix [A.5/[A.6).
Furthermore, there is no indication of initiator derived chains in the ESI-MS spectrum
which explains the high reinitiation efficiency.

For the other CTAs (2 and 3) turbid solutions were observed upon water addition.
Nevertheless, high conversions were reached in short reaction times and molecular
weights ranging from 4000 to 116000 g-mol’1 were reached with D,, from 1.10 to
1.39 (see also Table 3.6/B.71 and Figure 3.9/B.10). Similar to the polymerizations of
DMAAm with 2 and 3 a disagreement of the experimental molecular weights with
those theoretically predicted was noted that could be due to the turbid nature of the
solution at the beginning of the polymerization process. It is also worth noting that the
polymers remained in solution throughout the entire reaction time with all three CTAs
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3.2 Results and Discussion

although it is known from literature that hydrophobic endgroups lead to a lower T
in PDEAAm. 22

Table 3.6: Results for the living /controlled RAFT polymerization of DEAAm at 25 °C in aque-

ous solution with 2.

DEAAmM/CTA/I Time /h Conv. Mygeo / gmol!  Mpggc / gmol! Dy,

13/1/0.2 12 >99 1700 4000 1.13
51/1/0.2 6 94 5600 10500 1.22
81/1/0.2 6 >99 10300 13000 1.32
158/1/0.2 12 >99 20100 28000 1.30
481/1/0.2 12 97 59200 73500 1.23
799/1/0.2 12 >99 101000 107000 1.23
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Figure 3.9: a) Chain-extension with DEAAm at 25 °C for 24 h; b) Molecular weight distribu-
tions for different monomer/2 ratios (DEAAm/2 from left to right (conversion): 12/1 (> 99%);
51/1 (94%); 81/1 (> 99%); 158/1 (> 99%); 481/1 (97%); 799/1 (> 99%)).

Table 3.7: Results for the living /controlled RAFT polymerization of DEAAm at 25 °C in aque-

ous solution with 3.

DEAAm/CTA/I Time /h Conv. Mygpeo / gmol! Mpggc / gmol! Dy,

13/1/0.2 12 92 1500 4500 1.14
40/1/0.2 12 89 4500 14000 1.36
79/1/0.2 12 97 15300 15500 1.39
160/1/0.2 12 >99 20300 23500 1.27
243/1/0.2 12 99 30700 41000 1.09
505/1/0.2 12 > 99 62700 59000 1.23
810/1/0.2 12 99 102000 116000 1.10
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Figure 3.10: a) Chain-extension with DEAAm at 25 °C for 24 h; b) Molecular weight distribu-
tions for different monomer/3 ratios (DEAAm/3 from left to right (conversion): 13/1 (92%);
40/1 (89%); 79/1 (97%); 160/1 (> 99%); 243 /1 (99%); 505/1 (> 99%); 810/1 (99%)).

Polymerization of N-Isopropylacrylamide with Complexed Chain Transfer Agents

Another important acrylamido monomer is NIPAAm. Due to the T. of PNIPAAm
that is close to human body temperature, many efforts have been made for its synthe-
sis.”272232 Ag the T. of PNIPAAm is close to 31 °C,243 which is comparable to the T,
of PDEAAm, a controlled polymerization of NIPAAm is feasible at 25 °C in aqueous
media.” Therefore it should be possible to polymerize NIPAAm with CD-complexed
CTAs at 25 °C in aqueous media as well.

In the case of NIPAAm, a controlled polymerization was only possible with 1. The
other CTAs showed complete demixing upon addition of the monomer and water,
which is further discussed in the subsequent section. Nevertheless, with 1 polymers
up to 50000 g-mol! were synthesized with Dy, ranging from 1.15 to 1.46 with quan-
titative conversions in 18 or 20 h. The monomer concentration was held constant at
2.5 mol-L!, the polymerization temperature at 25 °C and the CTA /initiator ratio at
1/0.2. The results are summarized in Table A significant excess of the experimen-
tal molecular weights compared to the theoretically predicted ones by a factor of 1.5 -
2.0 was evidenced that could be due to a partial disassembly of the CTA /CD complex.
The obtained polymers show unimodal molecular weight distributions with no sig-
nificant tailing in the low molecular region. Furthermore, no high molecular weight

termination products are visible.
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Table 3.8: Results for the living /controlled RAFT polymerization of NIPAAm at 25 °C in aque-

ous solution with 1.

In ((M]/IM])
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NIPAAm/CTA/I Time /h Conv. Mygeo / gmol  Mpgec / gmol? Dy,
15/1/0.2 18 > 99 2100 4000 1.15
39/1/0.2 18 > 99 4800 7500 1.29
44/1/0.2 18 > 99 5500 9000 1.15

260/1/0.2 20 > 99 30100 50000 1.46
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Figure 3.11: a) Kinetic plot for the polymerization of NIPAAm at 25 °C with 1; b) Evolution
of My with conversion at 25 °C with NIPAAm/1/1: 44/1/0.2; c¢) Chain-extension at 25 °C for
24 h; d) Molecular weight distributions for different monomer/CTA ratios (NIPAAm/1 from
left to right (conversion > 99%): 15/1; 39/1; 44/1; 260/1).

A constant radical concentration is supported by a linear first-order plot evidenc-

ing a short induction period of approximately 30 min (refer to Appendix Figure [A.7]

for a collection of NMR-spectra). A confirmation of living radical polymerization was

accomplished via a chain-extension experiment and a time resolved experiment that

indicated a linear increase of molecular weight with conversion (see Figure B3.17).

Higher experimental molecular weights compared to the theoretical molecular weights
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are observed, as discussed above. The chain extension shows that the amount of dead
chains is neglible as chain-extension from 9000 to 90000 g-mol ! was performed with
very high efficiency leading to a Dy, of 1.11 showing only minor chain-chain coupling
products.

In addition to the kinetic studies, ESI-MS was performed to evidence the structure
of the obtained polymers. As depicted in the Appendix (Figure [A.8) the results fit
very well to the expected values indicating the incorporation of the hydrophobic end-
groups into the hydrophilic polymers. Furthermore, there is no indication of initiator
derived chains that matches with the observed high reinitiation efficiency. "H-NMR
was measured (refer to Appendix[A.9) indicating the incorporation of the hydropho-
bic endgroup in the aromatic region of the spectrum.

Effect of the Monomer Structure on the RAFT Polymerization with Complexed
Chain Transfer Agents

A comparison of the studied monomers evidences that with increasing guest-character
the complexation of the CTAs decreases. With DMA Am no turbidity was observed for
1 and only slight turbidity for 2 and 3. This effect is also reflected in the control over
molecular weights and Dy, as the best control is achieved with 1. In the polymeriza-
tion of DEAAm, only slight turbidity was observed with CTA 1 where DEAAm/1
ratios exceeded 300/1. With 2 and 3 turbidity was observed with DEAAm/CTA ra-
tios from 13/1 to 813/1. In analogy to the polymerization of DMAAm the 1 mediated
polymerizations of DEAAm show the best control over molecular weight and Dy,,. The
overall trend is continuing in the polymerization with NIPAAm as it could only be
conducted with 1 and only short chains up to 50000 g-mol ™! could be synthesized with
an increasing Dy, towards longer chains. It appears that the substituents in the acry-
lamido monomers have a significant effect on the stability of the CTA/CD complex.
DMAAm disturbs the complex only weakly whereas DEAAm leads to a significant
expulsion of CTA molecules from the CD cavity. NIPAAm leads to expulsion in all
cases with 2 or 3 and complexes with 1 were only stable up to a monomer/CTA ratio
of 260/1. The complex stability is increasing from NIPAAm over DEAAm to DMAAmM
which is in contrast to the ability of the substituent in the acrylamido monomer to act
as a competing guest in the CD. The more hydrophobic and bulky iso-propyl group
in NIPAAm has a more pronounced effect on the CTA/CD complex stability than
the ethyl group in DEAAm which itself has a larger effect on the CTA/CD complex
than the methyl-group in DMAAm. We propose that this effect is due to a shift in
the host/guest equilibrium towards disassembly of the complex induced by addi-
tional guest molecules. These can be either monomers or additional water molecules.
As monomers have to be employed in higher equivalents to synthesize high molecu-
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lar weight polymers in living/controlled radical polymerizations the possibility that
the monomer leads to expulsion of the CTA from the Me-B-CD rises with increas-
ing target molecular weights. An increasing amount of water may also lead to a loss
of the CTA/CD complex.11® The amount of water increases with increasing target
chain length as more water is needed to retain a solution-polymerization. Therefore,
the decrease in the complexation efficiency in the case of higher targeted molecular
weights can be explained by the increasing employed amount of monomer and water
molecules in these cases.

3.3 Conclusions

The utilization of CDs provides new opportunities for the synthetic methodology of
living/controlled radical polymerization. Based on the concept of supramolecular
chemistry, host/guest complexes seem to be attractive as controlling agents in liv-
ing radical polymerizations. The first aqueous RAFT polymerization of acrylamido
monomers, .. DMAAmM, DEAAm and NIPAAm, with a supramolecular complex
of CD and hydrophobic CTAs, could be performed. The solubility of three novel
guest-functionalized CTAs in water was enhanced drastically via a CD/CTA inclu-
sion complex. These complexes were thereafter utilized in living/controlled radical
polymerizations at 25 °C in water leading to hydrophilic polymers with hydrophobic
endgroups in one step. The polymerization leads to polymers with high molar masses
and low Dy, (7500 < M, < 116000 g-mol?; 1.06 < Dy, < 1.54 for PDMAAm, 2500 <
My, < 150000 g-mol?; 1.05 < Dy, < 1.39 for PDEAAm and 4000 < M, < 50000 g-mol!;
1.15 < Dy, < 1.46 for PNIPAAm). Furthermore, the first living radical polymerization
of DEAAm in water was described. The living character of the polymerizations was
confirmed by a linear increase of the molecular weight with conversion and chain
extensions showed very high reinitiation efficiencies. ESI mass spectra as well as 'H-
NMR-spectra were in good agreement with the expectations evidencing the incorpo-
ration of hydrophobic endgroups in the hydrophilic acrylamido polymers. Thus, the
tirst living / controlled polymerization of hydrophilic acrylamido monomers with hy-
drophobic CTA leading directly to hydrophobic endfunctionalized polymers in aque-
ous solution is provided.
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3 CD-Complexed RAFT Agents

3.4 Experimental Part

Synthesis of 4-(tert-butyl)phenyl 2-(((ethylthio)carbonothioyl)thio)-2-methylpro-
panoate (1)

In a 50 mL Schlenk-flask EMP (1.02 g, 4.55 mmol, 1.0 eq.), 4-tert-butyl phenol (1.71 g,
11.38 mmol, 2.5 eq.) and DMAP (0.22 g, 1.80 mmol, 0.4 eq.) were dissolved in anhy-
drous DCM (20 mL). At 0 °C a solution of DCC (1.90 g, 9.21 mmol, 2.0 eq.) in anhy-
drous DCM (12 mL) was added. After one hour the solution was warmed to ambi-
ent temperature, stirred overnight, filtered and concentrated under reduced pressure.
The residual yellow oil was purified via column chromatography on silica-gel with
n-hexane:ethyl acetate 20:1 as eluent. The product was obtained as yellow oil which
solidified upon cooling (1.54 g, 4.32 mmol, 95%).

TH-NMR (400 MHz, CDCl3): [§, ppm] = 1.30 (s, 9H, (CH3)3), 1.34 (t, 3H, 3] = 7.4 Hz,
CH,-CH3), 1.83 (s, 6H, C-(CH3),), 3.32 (q, 2H, 3] = 7.4 Hz, CH>), 7.00 (d, 2H, 3] = 8.8 Hz,
CH-C-0O), 7.37 (d, 2H, 3] = 8.8 Hz, CH-C-C(CHj3)3). 3C-NMR (100 MHz, CDCl3): [,
ppm] = 12.9 (CH3), 25.4 ((CH3),), 31.3 ((CH3)3), 31.4 (CHy), 34.5 (C-(CHs)3), 55.8 (C-
(CHj3),), 120.7 (CH-C-O), 126.2 (CH-C-C-(CHj)3), 148.7 (CH-C-O; C-C(CH3)3), 171.8
(C=0), 221.1 (C=S). ESI-MS: [M + Na"]exp = 379.11 m/z and [M + Na*]y. = 379.04

m/z.

Synthesis of bis(4-tert-butyl)benzyl) carbonotrithioate (2)

In a 50 mL round-bottom-flask, 4-tert-butylbenzyl mercaptan (1.0 mL, 5.36 mmol,
1.0eq.) was dissolved in a suspension of K3PO4-H,O (1.39 g, 6.02 mmol, 1.1 eq.) in
acetone (20 mL) at ambient temperature. After stirring for 10 min at ambient tem-
perature carbon disulfide (1.0 mL, 16.56 mmol, 3.1 eq.) was added and the solution
turned yellow. 4-Tert.-butyl benzylbromide (1.0 mL, 5.44 mmol, 1.0 eq.) was added af-
ter 10 min and the mixture stirred at ambient temperature overnight. The mixture was
tiltered and the filtrate concentrated under reduced pressure. The yellow oily residue
was purified via column chromatography on silica-gel with n-hexane as eluent. A yel-
low oil was obtained which solidified upon cooling (1.82 g, 4.52 mmol, 84%).
TH-NMR (400 MHz, CDCl3): [8, ppm] = 1.30 (s, 18H, C-(CH3)3), 4.59 (s, 4H, CH,-S),
7.25-7.29 (m, 4H, CH), 7.31 - 7.36 (m, 4H, CH). *C-NMR (100 MHz, CDCl3): [§, ppm]
=31.3 (CH3), 34.6 (C-(CH3)3), 41.3 (CHy), 125.7 (CH), 128.97(CH), 131.8 (C-C-(CH3)3),
150.8 (C-CHy), 223.2 (C=S). ESI-MS: [M + Na"]exp = 424.99 m/z and [M + Na*]4c =
425.14 m/z.

54
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Synthesis of 3-bromo-N-(4-(tert-butyl)phenyl)propanamide (4)

In a 100 mL Schlenk-flask 4-tert-butyl-aniline (1.5 mL, 9.42 mmol, 1.0 eq.) and triethyl-
amine (1.9 mL, 13.60 mmol, 1.4 eq.) were dissolved in anhydrous THF (30 mL). At0 °C
3-bromopropionyl chloride (1.3 mL, 13.14 mmol, 1.4 eq.) in anhydrous THF (15 mL)
was added dropwise and stirred at ambient temperature overnight. Sat. NaHCOs-
solution (180 mL) was added and extracted with DCM (2 x 180 mL). The combined
organic extracts were washed with deionized H,O (180 mL) and brine (180 mL), dried
over NapSQy, filtered and concentrated under reduced pressure. The solid residue
was recrystallized twice from n-hexane:ethyl acetate 5:1 to give the product as pale
yellow crystals (1.37 g, 4.83 mmol, 51%).

TH-NMR (400 MHz, CDCl3): [§, ppm] = 1.30 (s, 9H, (CH3)3), 2.92 (t, 2H, *] = 6.6 Hz,
CH,-C=0), 3.71 (t, 2H, 3] = 6.6 Hz, CH,Br), 7.34, (d, 2H, 3] = 8.5 Hz, CH-C-(CH3)3),
7.38 (NH), 7.44 (d, 2H, 3] = 8.5 Hz, CH-CNH). 3C-NMR (100 MHz, CDCl3): [§, ppm]
= 27.2 (CH;,-Br), 31.3 (C-(CH3)3), 34.4 (C-(CH3)3), 40.7 (CH,-C=0), 119.9 (CH-C-NH)),
125.9 (CH-C-C-(CHj3)3), 134.8 (C-NH), 147.8 (C-C-(CH3)3), 167.9 (C=0). ESI-MS: [M +
Na*Jexp =306.12m/z and [M + Na™] 41 = 307.18 m/z.

Synthesis of benzyl (3-((4-(tert-butyl)phenyl)amino)-3-oxopropyl) carbonotrithio-
ate (3)

In a 50 mL round-bottom-flask benzylmercaptan (498 nl, 4.23 mmol, 1.0 eq.) was dis-
solved in a suspension of K3PO4-H,O (1.08 g, 4.69 mmol, 1.1 eq.) in 25 mL acetone at
ambient temperature. After stirring for 10 min at ambient temperature carbon disul-
tide (766 pl, 12.69 mmol, 3.0 eq.) was added and the solution turned yellow. 3-Bromo-
N-(4-(tert-butyl)phenyl)propanamide (4) (1.20 g, 4.23 mmol, 1.0 eq.) was added after
10 min and the mixture stirred at ambient temperature overnight. 1M HCl (160 mL)
were added and extracted twice with DCM (2 x 160 mL). The combined organic ex-
tracts were washed with deionized H,O (160 mL), brine (160 mL), dried over Na,SQOy,
filtered and concentrated under reduced pressure. The solid residue was recrystal-
lized from n-hexane:ethyl acetate 1:1 to give the product as a yellow solid in two
fractions (1.21 g, 3.00 mmol, 71%).

TH-NMR (400 MHz, CDCl3): [, ppm] = 1.30 (s, 9H, (CH3)3), 1.60 (s, 1H, NH), 2.79 (t,
2H, 3] =7.0 Hz, C=0-CH.), 3.73 (t, 2H, ] = 7.0 Hz, S-CH,-CH}), 4.61 (s, 2H, CH>), 7.25
- 7.45 (m, 9H, Harom). *C-NMR (100 MHz, CDCl3): [6, ppm] = 31.3 (C-(CH3)3), 32.0
(CH,-C=0), 34.4 (C-(CHj3)3), 36.1 (CH,-CH,-S), 41.5 (CH,), 119.8 (CH-C-NH), 125.9
(CH-C-C(CH3)3), 127.8 (CH), 128.7 (CH-CH-C-CHy), 129.3 (CH-C-CH,), 134.8, 134.9
(C-NH, C-CHy), 147.6 (C-C-(CH3)3), 168.5 (C=0), 223.7 (C=S). ESI-MS: [M + Na*exp
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3 CD-Complexed RAFT Agents

=426.27 m/z and [M + Na*].,. = 426.100 m/ z.

Exemplary Procedure for the Polymerization of DMAAmM

1 (4.9 mg, 0.014 mmol, 1.0 eq.) and Me-B-CD-solution (40 wt.% in deionized H,O,
228 mg, 0.070 mmol, 5.0 eq.) were added to a Schlenk-tube. The two-phase mixture
was ultrasonicated until a clear yellow solution was obtained. Subsequently, a stirring-
bar, DMAAm (274 mg, 2.77 mmol, 198.9 eq.), VA-044 (1.0 mg, 0.003 mmol, 0.2 eq.)
and deionized H,O (0.8 mL) were added. After three freeze-pump-thaw cycles the
tube was sealed and placed into an oil bath at 25 °C and removed after 6 h. The tube
was subsequently cooled with liquid nitrogen to stop the reaction. A NMR-sample
was withdrawn for the determination of conversion, inhibited with a pinch of hydro-
quinone (approx. 5 mg) and D,O was added. A conversion of 88% was calculated
based on the NMR data (see Chapter for details of the calculation). The residue
was dialysed with a SpectraPor3 membrane (MWCO = 3500 Da) for 3 days at ambi-
ent temperature and for 2 days at 45 °C. The solvent was removed in vacuo to yield
the polymer as a yellow solid (96 mg, 39%, SEC(DMAc): Mysec = 17000 g-mol™, Dy
=1.09).

In the case of short-chain polymers (with targeted M, below 3500 g-mol!) the reac-
tion mixture was dialysed with a SpectraPor3 membrane (MWCO = 1000 Da) for three
days at ambient temperature. The polymer sample was subsequently diluted with
acetic acid/acetate buffer, the a-amylase containing enzyme-mixture Taka-Diastase
was added to degrade the residual CDs, the mixture was incubated at 37 °C for 24 h
and boiled for 10 min.23%24! Finally, the mixture was dialysed against water for 3 days
at ambient temperature and the solvent removed in vacuo.

For the other polymerizations the Me-B-CD/CTA /initiator ratio was kept constant
at 5/1/0.2. The DMAAmM/CTA ratio was altered and water was added to keep the
concentration constant at 3.0 mol-L!. The experiments with 2 and 3 were conducted
in an analogous fashion.

Exemplary Procedure for the Chain Extension of PDMAAmM

PDMAAmM (M,sgc = 10500 g-mol'l, D =1.17,20.0 mg, 0.002 mmol, 1.0 eq.) as macro-
CTA, DMAAm (183 mg, 1.85 mmol, 925.0 eq.), VA-044 (0.3 mg, 0.001 mmol, 0.5 eq.)
and deionized H,O (0.6 mL) were added to a Schlenk-tube. After three freeze-pump-
thaw cycles the tube was placed into an oil bath at 25 °C and kept there for 24 h. The
reaction-mixture was cooled with liquid nitrogen, subjected to air and dialysed for 3
days at ambient temperature. The solvent was removed in vacuo to give the polymer
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as a yellow solid (197 mg, 97%, SEC(DMAc): Mysgc = 97500 g-mol'l, Dy = 1.08).

Exemplary Procedure for Kinetic Measurements of DMAAmM

1 (12.2 mg, 0.034 mmol, 1.0 eq.) and Me-B-CD-solution (40 wt.% in deionized H,O,
551 mg, 0.168 mmol, 4.9 eq.) were added to a Schlenk-tube. The two-phase mixture
was ultrasonicated until a clear yellow solution was obtained. Subsequently, DMAAm
(1.00 g, 10.10 mmol, 297.1 eq.), VA-044 (2.2 mg, 0.007 mmol, 0.2 eq.) and deionized
H,O (2.7 mL) were added. The solution was separated into several tubes with a
stirring-bar and three freeze-pump-thaw cycles were applied. Subsequently, the tubes
were sealed and placed into an oil bath at 25 °C. After specific time intervals the tubes
were cooled with liquid nitrogen. Samples for NMR analysis were withdrawn, a pinch
of hydroquinone (approx. 5 mg) was added to inhibit further polymerization and D,O
was added. The conversion was calculated via comparison of the vinyl-proton inte-
grals with the appropriate integrals of the backbone or side chains of the polymers
(see Chapter [9.3| for details). The residual sample in each tube was purified by dialy-
sis for 3 days at ambient temperature and 1 day at 45 °C. The solvent was removed in
vacuo and the polymer subjected to SEC-analysis.

Exemplary Procedure for the Polymerization of DEAAmM

1 (5.0 mg, 0.014 mmol, 1.0 eq.) and Me-B-CD-solution (40 wt.% in deionized H,O,
228 mg, 0.070 mmol, 5.0 eq.) were added to a Schlenk-tube. The two-phase mixture
was ultrasonicated until a clear yellow solution was obtained. Subsequently, a stirring
bar, DEAAm (142 mg, 1.12 mmol, 80.0 eq.), VA-044 (0.9 mg, 0.003 mmol, 0.2 eq.) and
deionized HyO (0.2 mL) were added. After three freeze-pump-thaw cycles the tube
was sealed and placed into an oil bath at 25 °C and removed after 12 h. The tube
was subsequently cooled with liquid nitrogen to stop the reaction. A NMR-sample
was withdrawn for the determination of conversion, inhibited with a pinch of hydro-
quinone (approx. 5 mg) and acetone-Dg was added. A conversion of > 99% was calcu-
lated based on the NMR data (see Chapter 0.3 for details). The residue was dialysed
with a SpectraPor3 membrane (MWCO = 3500 Da) for 3 days at ambient temperature
and for 1 day at 45 °C. The solvent was removed in vacuo to yield the polymer as a
yellow solid (110 mg, 75%, SEC(DMAc): Musgc = 10000 g-mol’l, D =1.09).

In the case of short-chain polymers (with targeted M, below 3500 g-mol!) the reac-
tion mixture was dialysed with a SpectraPor3 membrane (MWCO = 1000 Da) for three
days at ambient temperature. The polymer sample was subsequently diluted with
acetic acid/acetate buffer, the a-amylase containing enzyme-mixture Taka-Diastase
was added to degrade the residual CDs, the mixture incubated at 37 °C for 24 h and
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boiled for 10 min. Finally, the mixture was dialysed against water for 3 days at ambi-
ent temperature and the solvent removed in vacuo. For the other polymerizations the
Me-B-CD/CTA /initiator ratio was kept constant at 5/1/0.2. The DEAAm /CTA ratio
was altered and water was added to keep the concentration constant at 3.5 mol-L.
The experiments with 2 and 3 were conducted in an analogous fashion.

Exemplary Procedure for the Chain Extension of PDEAAmM

PDEAAmM (Mysgc = 8500 g-mol™!, Dy, = 1.11, 20.0 mg, 0.002 mmol, 1.0 eq.) as macro-
CTA, DEAAm (204 mg, 1.60 mmol, 925.0 eq.), VA-044 (0.4 mg, 0.001 mmol, 0.5 eq.),
deionized H,O (0.3 mL) and acetone (0.3 mL) were added to a Schlenk-tube. After
three freeze-pump-thaw cycles the tube was placed into an oil bath at 25 °C and kept
there for 24 h. The reaction-mixture was cooled with liquid nitrogen, subjected to air
and dialysed for 3 days at ambient temperature. The solvent was removed in vacuo to
give the polymer as a yellow solid (182 mg, 81%, SEC(DMAc): Msgc = 83000 g-mol !,
D =1.13).

Exemplary Procedure for Kinetic Measurements of the Polymerization of DEAAmM

1 (17.4 mg, 0.049 mmol, 1.0 eq.) and Me-B-CD-solution (40 wt.% in deionized H,O,
820 mg, 0.250 mmol, 5.1 eq.) were added to a Schlenk-tube. The two-phase mixture
was ultrasonicated until a clear yellow solution was obtained. Afterwards DEAAm
(1.50 g 11.78 mmol, 240.5 eq.), VA-044 (3.2 mg, 0.010 mmol, 0.2 eq.) and deionized
H,O (3.3 mL) were added. The solution was separated into several tubes contain-
ing a stirring-bar and three freeze-pump-thaw cycles were applied. Subsequently the
tubes were sealed and placed into an oil bath at 25 °C. After specific time intervals the
tubes were cooled with liquid nitrogen. Samples for NMR analysis were withdrawn,
a pinch of hydroquinone (approx. 5 mg) was added to inhibit further polymeriza-
tion and acetone-Dg was added. The conversion was calculated via comparison of the
vinyl-proton integrals with the appropriate integrals of the backbone or side chains
of the polymers (see Chapter 0.3| for details). The residual sample in each tube was
purified by dialysis for 3 days at ambient temperature and 1 day at 45 °C. The solvent
was removed in vacuo and the polymer subjected to SEC-analysis.
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Exemplary Procedure for the Polymerization of NIPAAm

1 (7.0 mg, 0.020 mmol, 1.0 eq.) and Me-B-CD-solution (40 wt.% in deionized H,O,
326 mg, 0.100 mmol, 5.0 eq.) were added to a Schlenk-tube. The two-phase mixture
was ultrasonicated until a clear yellow solution was obtained. Afterwards stirring-
bar, NIPAAm (100 mg, 0.88 mmol, 44.0 eq.), VA-044 (1.3 mg, 0.004 mmol, 0.2 eq.) and
deionized HyO (0.2 mL) were added. After three freeze-pump-thaw cycles the tube
was sealed and placed into an oil bath at 25 °C and removed after 18 h. The tube
was subsequently cooled with liquid nitrogen to stop the reaction. A NMR-sample
was withdrawn for the determination of conversion, inhibited with a pinch of hydro-
quinone (approx. 5 mg) and acetone-Dg was added. A conversion of > 99% was calcu-
lated based on the NMR data (see Chapter 0.3 for details). The residue was dialysed
with a SpectraPor3 membrane (MWCO = 3500 Da) for 3 days at ambient temperature
and for 1 day at 45 °C. The solvent was removed in vacuo to yield the polymer as a
yellow solid (64 mg, 60%, SEC(DMAc): Mpsgc = 9000 g-mol’l, Dy =1.15).

In the case of short-chain polymers (with targeted My below 3500 g-mol!) the reac-
tion mixture was dialysed with a SpectraPor3 membrane (MWCO = 1000 Da) for three
days at ambient temperature. The polymer sample was subsequently diluted with
acetic acid/acetate buffer, the a-amylase containing enzyme-mixture Taka-Diastase
was added to degrade the residual CDs, the mixture incubated at 37 °C for 24 h and
boiled for 10 min. Finally, the mixture was dialysed against water for 3 days at ambi-
ent temperature and the solvent removed in vacuo. For the other polymerizations the
Me-B-CD/CTA /initiator ratio was kept constant at 5/1/0.2. The NIPAAm/CTA ra-
tio was altered and water was added to keep the concentration constant at 2.5 mol-L1.

Exemplary Procedure for the Chain Extension of PNIPAAmM

PNIPAAmM (Mpsgc = 9000 g-mol !, Dy, = 1.15, 20.0 mg, 0.002 mmol, 1.0 eq.) as macro-
CTA, NIPAAm (172 mg, 1.52 mmol, 760.0 eq.), VA-044 (0.4 mg, 0.001 mmol, 0.5 eq.),
deionized H,O (0.8 mL) and 1,4-dioxane (0.6 mL) were added to a Schlenk-tube. After
three freeze-pump-thaw cycles the tube was placed into an oil bath at 25 °C and kept
there for 24 h. The reaction-mixture was cooled with liquid nitrogen, subjected to air
and dialysed for 3 days at ambient temperature. The solvent was removed in vacuo to
give the polymer as a yellow solid (180 mg, 94%, SEC(DMAc): Msgc = 90000 g-mol !,
Dp =1.11).
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3 CD-Complexed RAFT Agents

Exemplary Procedure for Kinetic Measurements of the Polymerization of NI-
PAAmM

1 (35.8 mg, 0.101 mmol, 1.0 eq.) and Me-B-CD-solution (40 wt.% in deionized H;O,
1.65 g, 0.504 mmol, 5.0 eq.) were added to a Schlenk-tube. The two-phase mixture
was ultrasonicated until a clear yellow solution was obtained. Afterwards NIPAAm
(500 mg, 4.42 mmol, 43.8 eq.), VA-044 (6.5 mg, 0.020 mmol, 0.2 eq.) and deionized
H,O (0.8 mL) were added. The solution was separated into several tubes contain-
ing a stirring-bar and three freeze-pump-thaw cycles were applied. Subsequently, the
tubes were sealed and placed into an oil bath at 25 °C. After specific time intervals the
tubes were cooled with liquid nitrogen. Samples for NMR analysis were withdrawn,
a pinch of hydroquinone (approx. 5 mg) was added to inhibit further polymeriza-
tion and acetone-Dg was added. The conversion was calculated via comparison of the
vinyl-proton integrals with the appropriate integrals of the backbone or side chains
of the polymers (see Chapter 9.3| for details). The residual sample in each tube was
purified by dialysis for 3 days at ambient temperature and 1 day at 45 °C. The solvent
was removed in vacuo and the polymer subjected to SEC-analysis.
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CHAPTER 4

Supramolecular ABA Triblock

Copolymers

41 Introduction

Complex macromolecular architectures constitute an important field in contempo-
rary polymer chemistry. Block copolymers belong to the most studied materials in
this field and are subjected to manifold applications.2#24> Apart from classical an-

ionic=* 246

and cationic?* polymerization, reversible-deactivation radical polymeriza-
tions, e.¢. NMP,2 ATRP, 12 and RAFT polymerization13>4> have proven to be a very
versatile tool for the generation of new block copolymers with a large variety of differ-
ent blocks via convenient synthetic procedures. Furthermore, modular ligation chem-
istry had a strong impact on the field of block copolymer synthesis, 182088 ¢.¢. vig the
CuAAc,2 the Diels-Alder?* or the RAFT hetero Diels-Alder reaction,?? which pro-
vide numerous opportunities to generate block copolymers as well as more complex
architectures. 24251

A common application of CDs in polymer chemistry is the utilization as a linker
molecule for the formation of supramolecular block copolymers. Hereby, reversible-
deactivation radical polymerization techniques and modular conjugation have proven
to be a very powerful tool set for the incorporation of CD-endgroups into polymers.
The most frequently applied ligation reaction is CuAAc based on the convenient
synthesis of mono azido functionalized B-CD (B-CD-N3). So far, mostly AB diblock
copolymers with different properties have been described, e.g. with a light respon-

sive linkage,17* with a redox responsive linkage,1”® with a thermoresponsive block!72

NOESY measurements were performed in collaboration with M. Hetzer and Prof. H. Ritter (Heinrich
Heine Universitdt Diisseldorf). Parts of this chapter were reproduced with permission from Schmidt,
B. V. K. J.; Hetzer, M.; Ritter, H.; Barner-Kowollik, C. Macromolecules 2013, 46 (3), 1054-1065 (DOI:
10.1021/ma302386w). Copyright 2013 American Chemical Society.
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4 Supramolecular ABA Triblock Copolymers

and even with schizophrenic behavior of the blocks.1%171 A further example is a
CD-centered star polymer, where two cores are coupled using supramolecular inter-
actions.2%0201 The variety of possible building blocks and guest-moieties gives the
opportunity for several applications. For example, light-controlled supramolecular

d174

nanotubes have been describe as well as vesicular nanocontainers with voltage-

triggered release!”? or supramolecular linkages for the generation of dynamic core-
shell nanoparticles.1® A further example is a core-shell nano-assembly that shows
tumor-trigged release.!® One can imagine many applications that can be derived
from conventional covalently bound block copolymers, e.g. self-assembly of supra-
molecular block copolymers coupled via hydrogen bonding motifs in thin-films that
mimick the behavior of their covalent analogues.1”

In the current approach, two PHPMA outer blocks are connected with a PDMAAm
or PDEAAm inner block via a CD host/guest complex to generate a novel supra-
molecular macromolecular architecture (see Scheme [4.1). PHPMA was chosen due
to its potential application in drug delivery.222 PDMAAm was selected to study the
thermoresponsive behavior of the host/guest complexation (refer to Scheme [4.1] a),
whereas PDEAAm was chosen due to its T. of close to 30 °C22 and therefore close
to physiological temperatures. The T. of PDEAAm can be utilized to form aggregates
in aqueous solution upon heating that are connected via supramolecular interactions

(see Scheme £.1]b).

a)
H,O Tt or UV: i =350 nm
oo 2P\ — —
—
T4 or Vis
b)
H.O T>LCST
®_® +2 — S E—
—

T<LCST

Scheme 4.1: Schematic representation of the formation of supramolecular ABA triblock
copolymers via CD host/guest complexation (3-CD is depicted orange; the guest groups
are depicted blue; the outer PHPMA block is depicted black; the inner PDMAAm- and
PDEAAm-blocks are depicted red): a) PDMAAm based supramolecular block copolymers
with temperature- and light-responsive complexation via azobenzene guest groups and b)
PDEAAm based supramolecular block copolymers with T triggered aggregate formation.

In this chapter the formation of a novel supramolecular ABA triblock copolymer
consisting of a PDMAAmM or PDEAAm inner block and a biocompatible PHPMA
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4.2 Results and Discussion

outer block is reported. The inner building block was synthesized via RAFT polymer-
ization employing novel doubly guest-functionalized CTAs featuring adamantyl or
photoresponsive azobenzene guest groups. The outer building block was synthesized
via RAFT polymerization with an alkyne containing CTA and subsequent CuAAc
with B-CD-Nj3. The building blocks were characterized via 'H-NMR, ESI-MS and SEC.
The complex formation was investigated with DLS, turbidimetry measurements and
NOESY.

4,2 Results and Discussion

4.2.1 Synthesis of the Building Blocks

For the synthesis of the inner building blocks two doubly guest-functionalized CTAs
based on trithiocarbonates were designed. 5 contains two adamantyl groups and 6
contains two azobenzene groups. The adamantyl group was chosen due to its high
complexation constant of up to 10°-M! with B-CD.2 The azobenzene group was
chosen due to its ability to change the conformation from trans to cis in response
to light irradiation. This change in conformation leads to a significant change in the
complexation constant with B-CD, i.e. the guest is expelled from the host-molecule
upon irradiation with UV-light. The guest molecules were attached to the core CTA
molecule via a short spacer group to support its availability in the complex formation.
As shown in Scheme 4.2} both guest-functionalized CTAs were synthesized via a Mit-
sunobu reaction from the corresponding acids, CEMP in the case of 5 and CMP in the
case of 6.
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s o DIAD, PPh; s o
THF, 0 °C
HO :
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R = N°N/© R" = Me or Et
4

Scheme 4.2: Overview of the synthetic pathway leading to the doubly guest-functionalized
inner building block featuring adamantyl- or azobenzene-guest groups.

Subsequently, the novel CTAs were employed in the RAFT polymerization of DMA-
Am and DEAAm in DMF at 60 °C with AIBN as initiator. DMAAm was selected
to investigate the temperature response of the complex formation whereas DEAAm
was chosen due to it’s T, providing the opportunity to study the formation of block
copolymer aggregates in solution due to a coil to globule transition of PDEAAmM
above the T.. For PDMAAm, molecular masses of 6400 g-mol™! and 15700 g-mol ! with
a Dp, of 1.06 and 1.11, respectively, were achieved with 5, while a molecular weight of
5400 g-mol™ and 11000 g-mol ! with a Dy, of 1.08 and 1.11, respectively, were reached
with 6 (refer to Figure L.Jla/b and Table .1). The polymerization of DEAAm with 5
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4.2 Results and Discussion

afforded polymers with molecular masses ranging from 6500 g-mol™ to 12100 g-mol!
and Dy, ranging from 1.11 to 1.27 (refer to Figure 4.1l ¢ and Table A.1)). Furthermore,
PDEAAms with molecular weights ranging from 5400 g-mol! to 11000 g-mol! and
D ranging from 1.16 to 1.33 (refer to Figure L1l d and Table .1) were synthesized
with 6. The structures of the polymers were verified via 'H-NMR and ESI-MS (refer
to Appendix Figures [B.1l-[B.8).
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Figure 4.1: SEC traces for a) PDMAAm polymerized with 5 (dashed line PDMAAm;51-Ady;
solid line PDMAAms;-Ady), b) PDMAAmM polymerized with 6 (dashed line: PDMAAm;3-
Azoy; solid line: PDMAAmMys-Azoy), ¢) PDEAAmM polymerized with 5 (dotted line:
PDEA Amgg-Ady; dashed line: PDEAAmyg-Ad,; solid line: PDEAAmys-Ad,), d) PDEAAmM
polymerized with 6 (dotted line: PDEA Amgy-Azo,; dashed line: PDEA Amsg-Azo;; solid line:
PDEAAm%-AZOz).
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4 Supramolecular ABA Triblock Copolymers

Table 4.1: Results for the living/controlled RAFT polymerization of DMAAm or DEAAm at

60 °C in DMFE.
DMAAm/CTA/I Time /h Conv. Mygheo /gmol! Mysgc / gmol!  Dn, Dy
5:34/1/0.2 24 > 99 4200 6400 1.06 57
5:100/1/0.2 24 > 99 10700 15700 1.11 151
6:35/1/0.2 24 79 3500 5400 1.08 46
6:100/1/0.2 24 65 7300 11000 1.15 103
DEAAm/CTA/I Time/h Conv. Mpugmeo /gmol!  Muspc / gmol! Dy Dp
5:56/1/0.2 24 > 99 7900 6500 1.11 45
5:107/1/0.2 24 98 14300 10700 1.16 78
5:159/1/0.2 24 97 20900 12100 1.27 89
6:55/1/0.2 24 76 6100 5400 1.16 36
6:110/1/0.2 24 72 10900 8300 1.26 59
6:172/1/0.2 24 76 22800 11000 1.33 80

For the outer building block the biocompartible monomer HPMA was utilized.2>2

Therefore, a trithiocarbonate CTA with an alkyne moiety was synthesized (refer to
Scheme[4.3). A dithiobenzoate CTA, the first choice for methacrylamide and methacry-
late monomers, was not further considered as the complex formation between the

phenyl-group and B-CD cannot be ruled out. As the utilized CTA contains an unpro-

tected alkyne moiety, the conversion in the RAFT polymerizations was kept at low

values to suppress radical transfer to the terminal alkyne.

The polymerization of HPMA was conducted in a mixture of DMF and acetic acid /so-
dium acetate buffer with V-501 as initiator at 70 °C. The utilization of 7 afforded nar-
rowly distributed alkyne-functionalized PHPMA, e.g. a molecular mass of 6500 g-mol !
and a D, of 1.17 (refer to Figure d.2land Table 4.2)). The structure of the polymer was
proven via ESI-MS and 'H-NMR measurements (refer to Appendix [B.9/B.10).
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Scheme 4.3: Overview of the synthetic pathway leading to the p-CD-functionalized outer
PHPMA building block.

Table 4.2: Results for the living/controlled RAFT polymerization of HPMA at 70 °C in
DMEF/acetic acid sodium acetate buffer with 7.

HPMA/CTA/I Time /h Conv. Myheo /gmol?  Mysgc / gmol?  Bn, Dy

35/1/0.2 2 15 1100 3900 117 26
35/1/0.2 2 28 1700 4300 1.15 28
36/1/0.2 2 23 5400 6500 117 44
71/1/0.2 13 81 8400 9200 1.40 63

The subsequent functionalization with -CD was accomplished via a CuAAc re-
action of the alkyne-functionalized PHPMA and B-CD-Nj. In the SEC trace a shift of
the Rl-signal to lower retention times is evident, thus proving the increased hydro-
dynamic volume of the 8-CD conjugated PHPMA in comparison with the alkyne-
functionalized PHPMA (refer to Figure 4.2/ a-d), e.g. the M, of the molecular weight
distribution of PHPMA 4 increases from 6500 g-mol! to 7300 g-mol™, which fits the
theory as the B-CD-N3 moiety has a molecular weight of 1159 g-mol ™. In other cases
with lower molecular weight PHPMA (refer to Table [4.3), the My, of the distribution
remains close to unchanged. Nevertheless, the peak maximum molecular weight (M)
increases as expected (Table[.3) and a shift of the full molecular weight distribution is
visible (Figure 4.2la-d). In all cases a broadening of the molecular weight distribution
is evident that could be attributed to adsorptive interactions of the f-CD moiety with
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4 Supramolecular ABA Triblock Copolymers

the SEC column. The distributions have small shoulders at higher molecular weights
that could be due to the conjugation of small amounts of difunctional azido g-CD.

Table 4.3: Results for the CuA Ac conjugation of alkyne-functionalized PHPMA and -CD-Ns.

alkyne-PHPMA B-CD-PHPMA
Mhugec / gmol? Mpgpe / gmol! Dy | Mpgee / gmol?  Mpgee / gmol? D,
3900 4400 1.17 3800 5800 1.41
4300 4700 1.15 3800 5800 1.46
6500 7700 1.17 7300 8900 1.29
9200 13900 14 10600 15200 1.44

Furthermore, 'H-NMR spectroscopy shows the formation of the triazole ring as
the new signal at 8.1 ppm can be assigned to the triazole-proton (Figure e in-
set). Additionally, the "H-NMR spectrum shows signals that can be assigned to both
B-CD and PHPMA, e.g. the anomeric CD protons between 4.3 and 4.6 ppm, the 2-
hydroxyl and the 3-hydroxyl protons between 5.5 and 6.0 ppm, the hydroxyl protons
of PHPMA between 4.6 and 4.8 ppm or the amide proton of PHPMA between 7.0 and
7.5 ppm (see Figure 4.2 e).
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Figure 4.2: a) SEC traces for PHPMA polymerized with 7 (solid line) and the product of the
conjugation with B-CD-N3 (dashed line): a) for PHPMAys-alkyne; b) for PHPMA s-alkyne;
c) for PHPMA y4-alkyne; d) for PHPMAg3-alkyne and e) comparison of the TH-NMR spectra
of B-CD-Nj (top), the B-CD-functionalized PHPMA click product (middle: PHPMA3-5-CD)
and alkyne-functionalized PHPMA (bottom: PHPMA ys-alkyne).
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4 Supramolecular ABA Triblock Copolymers

4.2.2 Formation of ABA Triblock Copolymers via Self-Assembly

To ensure the availability of the hydrophobic guest groups for the complex formation,
the self-assembly of the building blocks was accomplished via the dialysis method. In
brief, both polymer building blocks were dissolved in an organic solvent, e.g. DMF,
one solution was added dropwise to the other under vigorous stirring and the organic
solvent was removed via dialysis. The complexes were finally lyophilized and subse-
quently characterized via DLS and NOESY.
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Figure 4.3: Comparison of the number averaged particle size distributions obtained from
DLS measurements of the building blocks (dashed line PHPMA and dotted line PDMAAM)
and the supramolecular block copolymer (solid line) at a concentration of 1 mg-mL™!
and at 25 °C: a) PHPMA-5-CD, PDMAAms;-Ad, and PDMAAmsy-Ady-b-(PHPMA44-
B-CD),; b) PHPMA-B-CD, PDMAAmM;51-Ady; and PDMAAm;51-Ad;-b-(PHPMA 2-B-CD)y;
c¢) PHPMA-B-CD, PDMAAmys-Azo, and PDMAAmygAz0y-b-(PHPMA4-B-CD),;  d)
PHPMA4-B-CD, PDMAAmM;03-Azo; and PDMA Am;p3Az0,-b-(PHPMA 5-3-CD)s.
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Figure 4.4: Comparison of the number averaged particle size distributions obtained
from DLS measurements of the building blocks (dashed line PHPMA and dotted line
PDEAAM) and the supramolecular block copolymer (solid line) at a concentration
of 1 mg~mL'1 at 10 °C: a) PHPMAs-B-CD, PDEAAmMys-Ad, and PDEAAmys-Ady-b-
(PHPMA5-5-CD),; b) PHPMA 55-B-CD, PDEAAmyg-Ad; and PDEAAm;gAd;,-b-(PHPMA -
B-CD),; ¢) PHPMA5-5-CD, PDEAAmgy-Ad,; and PDEA Amgg-Ady-b-(PHPMA5-3-CD),; d)
PHPMA »3-B-CD, PDEA Am3s-Azo, and PDEA Amgzs Azoy-b-(PHPMA5-5-CD),; €) PHPMA55-
B-CD, PDEAAmso-Azo, and PDEAAms9Az0y-b-(PHPMAs-B-CD),; f) PHPMAs-B-CD,
PDEA Amg)-Azo, and PDEA AmgyAzo,-b-(PHPMA3-B-CD);.

DLS is a versatile tool to investigate the complex formation in solution. In the cur-
rent investigation DLS was employed to obtain the hydrodynamic diameter (Dy,) of
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4 Supramolecular ABA Triblock Copolymers

the polymer coils in solution. In principle, the Dy, should increase upon complex for-
mation as three polymer chains are included in the complex. The PDMAAm based
complexes were measured at 25 °C and the complexes show larger Dy, than the in-
dividual parts (refer to Figure B.3]and 4.4), e.q. PHPMA,4-B-CD has a Dy, of 3.4 nm,
PDMAAm;5:-Ad; has a Dy, of 4.7 nm and the supramolecular complex features a Dy,
of 7.8 nm. An exception is the doubly adamantyl-functionalized PDMAAm with low
molecular weight, which has a Dy, of 175.0 nm for PDMAAms;-Ady, a Dy, of 5.1 for
PHPMA 44-B-CD and a Dy, of 15.4 nm for the supramolecular complex PDMA Ams;-
Ady-b-(PHPMA 44-B-CD);. In this case, the hydrophobic guest groups lead to aggre-
gation of or within the homopolymer. The complex shows a smaller Dy, yet the value
of 15.4 nm suggests further aggregation probably due to more complicated structures
in solution (refer to Figure 4.3]a). An example for doubly azobenzene-functionalized
PDEAAm is PDEA AmgyAzo,-b-(PHPMAg-B-CD), with a Dy, of 8.9 nm. The individ-
ual building blocks PDEAAmgyAzo, and PHPMA3-B-CD have a Dy, of 4.9 nm and
3.4 nm, respectively. Due to the T. of PDEAAm the DLS measurements were per-
tormed at 10 °C. A significant increase in D}, was evident in most of the cases (refer to
Figure.4). An example for doubly adamantyl-functionalized PDEAAm PDEA Amgo-
Adj-b-(PHPMA3-B-CD), with a Dy, of 7.4nm consisting of PDEAAmgg-Ad, with a
Dy, of 6.6 nm and PHPMA »3-8-CD with a Dy, of 3.4 nm. Similar to PDMAAm of lower
molecular weight, doubly adamantyl-functionalized PDEAAm shows very large Dy,
(48.4 nm for PDEAAmys-Ady) for the homopolymer and a Dy, of 6.1 nm after com-
plexation with PHPMA3--CD (Figure d.4la). For doubly azobenzene-functionalized
PDEAAmM an increase in D}, from 4.9 nm for the middle-block PDEA Amgj-Azo, and
3.4 nm for the outer PHPMA »3-B-CD blocks to 8.9 nm is observed for the complex. In
the case of azobenzene functionalized polymers no higher aggregates were observed
for the homopolymers or complexes, which can be attributed to the higher polarity of
the azobenzene moiety compared to the adamantyl group.
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Figure 4.5: 2D NOESY spectra of the supramolecular triblock copolymers in D,0O: a)
PDMAAm]5]Adz-b-(PHPMA%-lB-CD)Z at 25 OC,‘ b) PDMAAm]5]Adz-b-(PHPMA%-‘B-CD)Q at
70 OC; C) PDMAAm]03A202-b-(PHPMA26-ﬁ-CD)2 at25 OC; d) PDMAAm103A202-b-(PHPMA26-
B-CD); after UV irradiation for 7 minutes at 25 °C; e) PDEA AmygAd,-b-(PHPMA3-B-CD); at
25 °C and f) PDEA AmgyAzo,-b-(PHPMA3-B-CD); at 25 °C.

To evidence the molecular nature of the complex formation NOESY was utilized,
which is a well suited tool to study host/guest complex formation. The adamantyl-
based systems PDMAAm;s5; Ad,-b-(PHPMA 5-B-CD), and PDEA AmygAd,-b-(PHP-
MA3-B-CD), show cross correlation peaks that correspond to the signals of the ada-
mantyl moiety at 1.7, 2.0 and 2.2 ppm and the inner protons of f-CD between 3.5 and
3.8 ppm (Figure[4.5a and e). This proves the close spatial proximity of the adamantyl
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4 Supramolecular ABA Triblock Copolymers

moiety and the inner CD protons, which is the case for inclusion complexes. NOESY
spectra of the azobenzene-based systems show weak cross correlation peaks originat-
ing from the azobenzene protons between 7.0 and 7.5 ppm and the inner CD pro-
tons (refer to Figure L5 c and f). The azobenzene-moiety shows weaker cross correla-
tion peaks in comparison with adamantyl-systems which can be explained with the
weaker complexation and the larger distance between the CD protons and the aro-
matic protons in the azobenzene. Nevertheless, the spectra are a strong hint for inclu-
sion complex formation. In general, the observed cross correlation peaks are weaker
in the case of PDEAAm containing samples as the concentration of the NMR sam-
ples was lower due to less solubility of the block copolymer in D,O compared to
the PDMAAm based copolymers. It should be noted that the described supramolec-
ular ABA block copolymer is in equilibrium with the building blocks due to its non-
covalent nature. Therefore, the existence of AB block copolymers and non-connected
building blocks cannot be excluded. However, the formation of the desired structure
is governed by the association constants that are rather high in the described systems.
Thus, the ABA block copolymer should almost exclusively be present in solution.

4.2.3 Investigations of the Stimuli-Responsive Behavior

The prepared CD-based host/guest complexes show thermoresponsivity due to the
usually negative enthalpy of complex formation (refer to Chapter 2.2.3).116253 To evi-
dence the thermoresponsivity of the host/guest supramolecular triblock copolymers
guest-functionalized PDMAAm was synthesized that features no T.. As shown in
Figure [.6] both the adamantyl- and azobenzene-based triblock copolymers show a
significant decrease in Dy, from 7.8 to 4.2 nm for an adamantyl-guest in the case of
PDMAAm; 51 Ady-b-(PHPMA4-B-CD); and from 11.2 to 5.4 nm in the case of azoben-
zene in PDMA Am;p3Az0y-b-(PHPMA6-B-CD), upon heating to 70 °C. Furthermore,
the complexes form again after remaining at ambient temperature which is proven by
an increase in Dy, close to the original values. In the case of lower molecular weight
PDMA Am, the Dy, increases with heating which is due to the formation of aggregates
in solution as the complex dissociates (Figured.6la and b). These aggregates could be
formed due to the hydrophobic guest-groups that are unmasked which changes the
solubility of the PDMAAm. In analogy to the higher molecular weight PDMA Ams,
the complexes re-form again after remaining at ambient temperature for 3 to 4 days
and the Dy, decreases. The rate of the re-formation of the complexes can be followed by
DLS. It seems that azobenzene-based complexes form faster, which may be attributed
to the increased polarity of azobenzene compared to adamantane, which enhances
the accessibility of the guest moiety in aqueous solution. Moreover, the re-formation
of the complexes is faster with a higher degree of polymerization of PDMAAmM. An
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explanation for the effect is the overall solubility of the polymer chain that changes
drastically after the complex dissociation for lower molecular weight polymers and
the earlier mentioned aggregates disturb the complex re-formation.

Furthermore, The temperature triggered dissociation of the supramolecular complexes
could be observed via 2D NOESY at 70 °C (see Figure 4.5b). In comparison with the
sample at 25 °C, no relevant cross-correlation peaks are observable. It should be noted
that due to the increased temperature the chemical shifts of the respective signals

change.
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Figure 4.6: Number averaged particle size distributions obtained from DLS measurements
before heating to 70 °C (solid line), at 70 °C (dashed line) and after keeping at ambient tem-
perature for the specified time (dotted line): a) complex PDMA Ams; Ad,-b-(PHPMA 44--CD),
before heating, at 70 °C and after 4 days; b) complex PDMA AmysAz0;z-b-(PHPMA 3-B-CD),
before heating, at 70 °C and after 3 days; c¢) complex PDMAAm;51Ady-b-(PHPMA 2-B-CD),
before heating, at 70 °C and after 3 days; d) complex PDMAAm;p3Az0;-b-(PHPMA 2-B-CD),
before heating, at 70 °C and after 1 day.

In addition to the thermoresponsivity of the employed host/guest complexes,
azobenzenes provide the opportunity to generate structures that are sensitive to light

irradiation, as azobenzenes show a transition from the thermodynamically more sta-
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ble trans- to the cis-conformation at wavelengths close to 360 nm. This photoisomer-
ization is reversible and the reisomerization can be induced by heat or light with
wavelengths close to 430 nm. Furthermore, the complexation constants are higher
for the trans-conformation compared to the cis-conformation (460 M for a trans-
azobenzene test-compound and 2.5 M™! for a cis azobenzene test-compound).!>! In
general, higher complexation constants (up to 10* M1)1%7 and differences between
cis and trans-conformations could be achieved via the utilization of a-CD instead of
B-CD. In here, azobenzene-based B-CD complexes were irradiated with UV light at
350 nm for 30 min and the change in Dy, was monitored via DLS. A significant decrease
was evident, e.g. from 8.9 to 4.8 nm after irradiation in the case of PDEA AmgyAz0,-b-
(PHPMA3-B-CD); (see Figure[d.7)), evidencing that the block copolymers are debond-
ed in a photoresponsive fashion. After keeping the samples at ambient temperature
and daylight, the block copolymers formed again as proven by an increased Dy, value,
e.g. 8.2 nm compared to the original value of 8.9 nm in the case of PDEAAmgyAzo,-
b-(PHPMA 3-3-CD); and 10.1 nm compared to 11.2 nm before in the case of PDMA-
Amjg3Az0y-b-(PHPMA 5-B-CD),. In almost all cases the Dy, after standing in daylight
is close to the initial value. As shown in Figure and [4.7) the azobenzene-based
PDMAAm block copolymers are double responsively bound as their supramolecular
connection is sensitive to heat and light.
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Figure 4.7: Number averaged particle size distributions obtained from DLS measurements
before applying the stimulus (solid line), directly after UV irradiation at 350 nm for 30 min
(dashed line) and in daylight for the specified time (dotted line): a) complex PDMA Amys Az0,-
b-(PHPMA -B-CD); before irradiation, directly after irradiation and after 3 days; b) complex
PDMAAm;3Az0;y-b-(PHPMA4-B-CD), before irradiation, directly after irradiation and after
1 day; c) complex PDEA Am3Azoy-b-(PHPMA 53-B-CD), before irradiation, directly after irra-
diation and after 3 days; d) complex PDEA Ams9Az0,-b-(PHPMA3--CD); before irradiation,
directly after irradiation and after 2 days; e) complex PDEA AmgyAzo,-b-(PHPMA5--CD),
before irradiation, directly after irradiation and after 2 days.
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The light triggered complex dissociation could be observed furthermore via 2D
NOESY (see Figure 4.5 d). The intensity of the corresponding cross correlation peaks
decreases significantly after irradiation of UV light for 7 min. Nevertheless, the peaks
do not vanish completely. This can be attributed to the fact that the complexes could
re-form during the NOESY measurement with a measuring time of around 9 hours.
Furthermore an equilibrium between cis- and trans-azobenzenes is formed where
small amounts of trans-azobenzenes with higher association constant remain in the
solution and the irradiation time is limited as RAFT polymers are sensitive to UV ir-
radiation.
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Figure 4.8: Overlay of the UV spectra before irradiation (black curve), after irradiation at
350nm for 5 min (red curve) and after irradiation at 350 nm for longer than 5 min (other
curves) at 10 °C: a) PDEAAms9Azo;; b) PDEA AmsgAzo,-b-(PHPMAs-B-CD);.

The formation of cis-azobenzenes can be monitored via UV spectroscopy as well.
The UV spectra of all samples show a significant increase of the absorption at 440 nm
after irradiation at 350 nm for 30 minutes (see Figure[.8land Appendix[B.1Tland [B.12).
Concomitantly, the absorption of trans-azobenzene moieties at 340 nm decreases dras-
tically. As the absorption of trans-azobenzene is overlapping with the absorption of
the trithiocarbonate, a quantitative statement with respect to the trans- and cis-azo-
benzene content in solution is difficult. Nevertheless, judging from the shape of the

absorption band after irradiation, only minor amounts of trans-azobenzene remain.
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Figure 4.9: a) Temperature sequenced DLS measurement of PDEA AmygAdy-b-(PHPMA -
B-CD), at a heating rate of 0.2 °C-min! and a concentration of 1 mg‘mL'l; b) temper-
ature sequenced DLS measurement of PDEA AmsgAzo,-b-(PHPMAs-B-CD), at a heating
rate of 0.2 °C-min! and a concentration of 1 mg-mL"; c) turbidity measurements for
PDEAAmy3Ad; (dashed line) and the supramolecular triblock copolymer PDEA AmygAd;-
b-(PHPMA5-B-CD), (solid line) at a cooling rate of 0.32 °C-min"! and a concentration of
mg-mL"; d) turbidity measurements for PDEAAmsgAzo, (dashed line) and the supramolec-
ular triblock copolymer PDEA AmsgAzo,-b-(PHPMA3-B-CD), (solid line) at a cooling rate of
0.32 °C-min! and a concentration of 1 mg-mL.

The utilization of PDEA Am as the inner block provides the opportunity for tempe-
rature-induced aggregation.10171201 Ag shown in Figure 9] the block copolymers
are present as random coils at lower temperatures, e.g. a Dy, of around 7 nm for
PDEA AmygAd;-b-(PHPMA 3-3-CD); up to 30 °C or a Dy, around 8 nm for PDEA Amse-
Az0,-b-(PHPMA3-B-CD), up to 20 °C (Figure a/b). The situation changes upon
heating over the T. where aggregates are formed. In the case of PDEAAmygAd,-b-
(PHPMA3-B-CD); aggregates with D}, between 24 and 90 nm are formed between 31
and 36 °C. A broader temperature range from 21 to 34 °C is covered with PDEA Amsg-
Az0,y-b-(PHPMA,g-B-CD),, where Dy, between 54 and 222 nm are observed. With
turther heating these aggregates agglomerate, leading to particles with sizes over
1000nm. The other examined block copolymers show similar behavior. In the first
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stage, unimers were observed, whereas aggregates with Dy, ranging from 37 to 210 nm
were observed after heating above the T... The onset of the aggregate formation varies
with different chain length of the middle block as well as the nature of the guest
group. Agglomerate sizes ranging from Dy, = 1000 - 1700 nm were found in the third
stage of the temperature sequenced DLS measurements except of PDEAAm3sAzo,-
b-(PHPMA 3-3-CD), where particles between 500 and 1000nm are found (refer to
Appendix Figure [B.13). In general all samples show the described Dy, profile with a
change of the temperature. The behavior of these triblock copolymers resembles the
behavior of literature known systems where a plateau as well as further agglomera-
tion is described.1%20! One possible explanation for agglomeration at higher temper-
atures is the decreased complex stability, making a dynamic exchange of the building
blocks possible. Thus, the stabilization effect of the PHPMA corona on the PDEAAm
cores is decreasing and finally the aggregates begin to agglomerate. The DLS data are
in agreement with the plots of turbidimetry, which is evident via the direct compari-
son in Figure[d.9a/c and b/d.

Turbidity measurements show in almost all cases an increased T, of the complexes
compared to the uncomplexed PDEAAm blocks (refer to Figure and Appendix
[B.14), which is an expected behavior of supramolecular block copolymers with a ther-
moresponsive block.19291 A possible explanation for such a behavior is the shielding
of the hydrophobic endgroups by the CD moiety. In the case of doubly adamantyl-
functionalized polymers the difference in the Ts lies between 4 and 2 °C whereas the
difference with azobenzene-functionalized polymers is rather small and the Ts are
almost the same. A reason for the different behavior of the guest groups may be the
enhanced polarity of the azobenzene moiety and the weaker association with g-CD.
Furthermore an increase of the T, with molecular weight is evident as well.

4.3 Conclusions

The synthesis of a novel macromolecular architecture based on CD host/guest chem-
istry, i.e. an ABA triblock copolymer was accomplished. A doubly guest-functionaliz-
ed, namely adamantyl- and azobenzene-functionalized inner block was synthesized
via RAFT polymerization of DMAAmM and DEAAm. The host functionalized block
was synthesized via RAFT polymerization of the monomer HPMA, affording the bio-
compatible PHPMA, and a CuAAc conjugation with f-CD-N3. The individual blocks
were characterized via SEC, 'H-NMR and ESI-MS. Subsequently, the triblock copoly-
mers were formed in aqueous solution and the complex formation was evidenced via
DLS, 2D NOESY as well as turbidity measurements. Furthermore, the triblock copoly-
mer formation was responsive to temperature and in the case of azobenzene-guests

80
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to irradiation of light at 350 nm in a reversible fashion as disassembly after the stim-
uli and reassembly of the triblock copolymers was unambiguously evidenced. In the
case of PDEAAm, the temperature induced aggregation was investigated after heat-
ing above the T of the PDEAAm block.

4.4 Experimental Part

Synthesis of 6-(adamantan-1-ylamino)-6-oxohexyl 2-((((3-((6-(-adamantan-1-yl-
amino)-6-oxohexyl)oxy)-3-oxopropyl)thio)carbonothioyl)thio)-2-methylpropanoate

(5)

According to a literature procedure,&" CEMP (0.61 g, 2.26 mmol, 1.0 eq.), N-(adaman-
tan-1-yl)-6-hydroxyhexanamide (8) (1.50 g, 5.65 mmol, 2.5 eq.) and triphenylphosphine
(1.48 g, 5.65 mmol, 2.5 eq.) were dissolved in anhydrous THF (15mL). At 0 °C DIAD
(1.3 mL, 5.65 mmol, 2.5 eq.) in anhydrous THF (5 mL) was added dropwise. The re-
action mixture was stirred at ambient temperature over night and subsequently for
3h at 40 °C. After cooling to ambient temperature, DCM (50 mL) was added and the
organic phase was washed twice with saturated NaHCOs-solution (50 mL). The or-
ganic phase was dried over NaySOy, filtered and the solvent evaporated in vacuo. The
residue was subjected to column chromatography on silica-gel with n-hexane:ethyl
acetate as eluent that was gradually changed from 1:1 to 1:2. The product was ob-
tained as a yellow oil (0.88 g, 1.15 mmol, 51%).

TH-NMR (400 MHz, CDCl3): [6, ppm] = 1.15 - 1.28 (m, 4H, 2x CH,-CH,-CH,-C=0),
1.28 -1.46 (m, 4H, 2x CH»-CH;-0O), 1.48 - 1.75 (m, 28H, 4x (CH3)>-C, 2x CH,-CH,-C=0;
6x CH> adamanty1), 1.92 - 2.01 (m, 12H, 6x CH3 adamanty1C-NH), 2.04 - 2.10 (m, 10 H, 6x
CH,damanty1; 2x CH2-C=0), 2.70 (t, 3] = 6.9 Hz, CH,-CH,-S), 3.52 (t, 2H, *] = 6.9 Hz,
CH,-S), 4.08 (q, 4H, 3] = 6.4 Hz, CH»-O-C=0), 5.19 (m, 2H, NH). 1*C-NMR (100 MHz,
CDCls): [6, ppm] = 25.5, 25.7 and 25.8 (2x CH,-CH;-CH»-C=0; 2x CH,-CH,-C=0, 2x
(CH3)2-C), 28.3 and 28.5 (2x CH,-CH,-O-C=0), 29.6 (6x CHadamanty1), 31.4 (CH2-CHa-
S), 33.2 (CH2-S), 36.5 (6x CH adamantyl, 37.7 (2x CH2-C=0), 41.9 (6x CH3 adamanty1-C-
NH), 51.9 (2x C-NH), 56.4 (2x C(CH3);), 65.0 and 66.1 (2x CH,-O-C=0), 171.5, 172.0,
172.1 and 172.9 (4x C=0), 220.9 (C=S). ESI-MS: [M + Na"]exp = 785.58 m/z and [M +
Na*].c =785.37 m/z.
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4 Supramolecular ABA Triblock Copolymers

Synthesis of bis(6-(4-(phenyldiazenyl)phenoxy)hexyl) 2,2’-(thiocarbonylbis(sulfane-
diyl))bis(2-methylpropanoate) (6)

Based on a literature procedure,2* CMP (1.00 g, 3.54 mmol, 1.0 eq.), 6-(4-(phenyldi-
azenyl)phenoxy)hexan-1-ol (9) (3.38 g, 11.33 mmol, 3.2eq.) and triphenylphosphine
(2.97 g, 11.32 mmol, 3.2 eq.) were dissolved in anhydrous THF (20 mL). At 0 °C DIAD
(2.2mlL, 11.21 mmol, 3.2 eq.) in anhydrous THF (20 mL) was added dropwise. The re-
action mixture was stirred at ambient temperature over night and subsequently for
3h at 40 °C. After cooling to ambient temperature, DCM (100 mL) was added and the
organic phase was washed twice with saturated NaHCO3-solution (100 mL). The or-
ganic phase was dried over NaySOy, filtered and the solvent evaporated in vacuo. The
residue was subjected to column chromatography on silica-gel with n-hexane:ethyl
acetate as eluent that was gradually changed from 10:1 to 8:1. The product was ob-
tained as an orange oil which solidified on cooling (2.77 g, 3.30 mmol, 93%).

TH-NMR (400 MHz, CDCl3): ): [§, ppm] = 1.37 - 1.57 (m, 4H, 2x CH,-CH,-CH,-O),
1.58 - 1.72 (m, 16H, 4x C-CHj3; 2x O=C-O-CH,-CH;), 1.77 - 1.87 (m, 4H, 2x O-CH,-
CH,), 4.03 (t, 4H, 3] = 6.5 Hz, 2x CH,-0), 4.09 (t, 4H, 3] = 6.5 Hz, 2x CH,-O-C=0),
7.00 (d, 4H, 3] = 9.0 Hz, 4x CHarom), 7.40 - 7.46 (m, 2H, 2x CHarom), 7.47 - 7.56 (m, 4H,
4x CHarom), 7-82 - 7.97 (m, 8H, 8x CHzrom)- *C-NMR (100 MHz, CDCl3): [6, ppm] =
25.3 (4x CH3-C), 25.8 and 25.9 (4x CH,-CH,-CH»-0), 28.4 (2x O-CH,-CH>), 29.2 (2x
O=C-O-CH,-CH,), 56.3 (2x C(CHjs)y), 66.1 (2x O=C-O-CH;), 68.3 (2x O-CH,), 114.8
(2x O-Carom-CHarom), 122.7 (2x CHarom), 124.9 (4x CHarom), 129.2 (4x CHarom), 130.4
(2x CHarom), 147.0 (2x Carom-N=N), 152.9 (2x Carom-N=N), 161.8 (2x O-Carom), 172.9 (2x
C=0), 218.6 (C=S). ESI-MS: [M + H"]exp = 843.33 m/z and [M + H"] 4 = 843.33m/ z.

Synthesis of prop-2-yn-1-yl 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoate
(7)

In a 100 mL Schlenk-flask, CEP (1.00 g, 3.80 mmol, 1.0 eq.), propargylalcohol (0.5mL,
8.65 mmol, 2.3 eq.) and DMAP (0.09 g, 0.77 mmol, 0.2 eq.) were dissolved in anhy-
drous DCM (20 mL). At 0 °C a solution of DCC (1.57 g, 7.61 mmol, 2.0 eq.) in anhy-
drous DCM (10 mL) was added. After one hour the solution was warmed to ambient
temperature, stirred overnight, filtered and concentrated under reduced pressure. The
residue was purified via column chromatography on silica-gel with n-hexane:ethyl ac-
etate 10:1 as eluent. The product was obtained as a yellow 0il (0.94 g, 3.13 mmol, 82%).
TH-NMR (400 MHz, CDCl3): [6, ppm] = 1.35 (t, 3H, 3] = 7.4 Hz, CH,-CH3), 1.87 (s, 3H,
C-CHs), 2.27 - 2.59 (m, 3H, CH, CH,-COO), 2.62 - 2.76 (m, 2H, C-CH), 3.34 (q, 2H,
3] = 7.4 Hz, CH3-CH,), 4.71 (d, 2H, 4] = 2.5 Hz, CH,-C-CH). 3C-NMR (100 MHz,
CDCL): [4, ppm] = 12.9 (CH3), 25.0 (C-CH3), 29.7 (CH,-COO), 31.5 (C-CH), 33.8
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(CH3-CHy), 46.4 (C-CH)»), 52.6 (CH,-C-CH), 75.4 (CH,-C-CH), 77.4 (CH,-C-CH), 119.0
(C-N), 170.8 (C=0), 216.8 (C=S). ESI-MS: [M + NaJ“]exp =324.08 m/zand [M + Na*] 4.
=324.02m/z.

Exemplary Procedure for the RAFT Polymerization of DEAAmM

5 (54.9 mg, 0.07 mmol, 1.0 eq.), DEAAm (500.0 mg, 3.94 mmol, 56.3 eq.), AIBN (4.2 mg,
0.03 mmol, 0.4 eq.), DMF (3.3 mL) and a stirring-bar were added into a Schlenk-
tube. After three freeze-pump-thaw cycles the tube was backfilled with argon, sealed,
placed into an oil bath at 60 °C and removed after 24 h. The tube was subsequently
cooled with liquid nitrogen to stop the reaction. An NMR-sample was withdrawn
for the determination of conversion, inhibited with a pinch of hydroquinone (approx.
5 mg) and CDCl3 was added. Quantitative conversion was estimated based on the
NMR data (see Section [9.3] for details of the calculation). The residue was dialyzed
against deionized water with a SpectraPor3 membrane (MWCO = 1000 Da) for 3 days
at ambient temperature. The solvent was removed in vacuo to yield the polymer as a
yellow solid (422.0 mg, 76%, SEC(THF): Msgc = 6500 g-mol'l, Dy =1.11).

Exemplary Procedure for the RAFT Polymerization of HPMA

7 (60.5 mg, 0.20 mmol, 1.0 eq.), HPMA (2.00 g, 14.18 mmol, 35.5 eq.), V-501 (11.6 mg,
0.04 mmol, 0.2 eq.), DMF (6.0 mL), acetic acid/sodium acetate buffer (pH 5.2, 0.27 M
acetic acid and 0.73 M sodium acetate; 6.0 mL) and a stirring-bar were added into a
Schlenk-tube. After three freeze-pump-thaw cycles the tube was backfilled with ar-
gon, sealed, placed into an oil bath at 70 °C and removed after 2 h. The tube was sub-
sequently cooled with liquid nitrogen to stop the reaction. A NMR-sample was with-
drawn for the determination of conversion, inhibited with a pinch of hydroquinone
(approx. 5 mg) and D,O was added. A conversion of 23% was estimated based on the
NMR data (see Section [9.3] for details of the calculation). The residue was dialyzed
against deionized water with a SpectraPor3 membrane (MWCO = 1000 Da) for 3 days
at ambient temperature. The solvent was removed in vacuo to yield the polymer as a
yellow solid (0.37 g, 80%, SEC(DMAc): Mysgc = 6500 g-mol ™!, Dy, = 1.17).
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Exemplary Click-Reaction of Alkyne-Functionalized PHPMA with S-CD-N3

Alkyne-functionalized PHPMA (M;sgc = 6500 g-mol'1 ;150.0 mg, 0.023 mmol, 1.0 eq.),
B-CD-N3 (133.8 mg, 0.115 mmol 5.0 eq.), PMDETA (34 pl, 0.163 mmol, 7.1 eq.), DMF
(6.3 mL) and a stirring-bar were introduced into a Schlenk-tube. After three freeze-
pump-thaw cycles the tube was filled with argon and CuBr (19.8 mg, 0.138 mmol,
6.0eq.) was added under a stream of argon. Subsequently, two freeze-pump-thaw
cycles were performed, the tube was backfilled with argon and the mixture stirred
at ambient temperature for 24 h. EDTA-solution (5 wt.%, 1 mL) was added and the
residue was dialyzed against deionized water with a SpectraPor3 membrane (MWCO
= 2000 Da) for 3 days at ambient temperature. The solvent was removed in vacuo to
yield the CD-functionalized polymer as a yellow solid (96.0 mg, 55%, SEC(DMAc):
Mpsgc = 7300 g-mol !, Dy, = 1.29).

Exemplary Supramolecular ABA Block Copolymer-Formation via CD/Guest In-
teraction

CD-functionalized PHPMA (Mysgc = 7300 g-mol'1 ;70.0 mg, 0.0096 mmol, 2.0 eq.) was
dissolved in DMF (4 mL) and added dropwise to a solution of doubly adamantyl-
functionalized PDMAAmM (Mysgc = 6400 g-mol'1 ; 30.0 mg, 0.0047 mmol, 1.0 eq.) in
DMF (2 mL) under vigorous stirring. The resulting solution was dialysed against a
deionized water/DMEF-mixture with a SpectraPor3 (MWCO = 1000 Da) membrane at
4 °C. The water-content was gradually changed from 70% to 100% over 1 day and
the dialysis was continued for 3 days with deionized water at 4 °C. The solvent was
removed in vacuo to yield the supramolecular complex in quantitative yield.
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CHAPTER 5

Supramolecular Three Armed Star

Polymers

5.1 Introduction

Star polymers are an important class of polymers that have attracted significant at-
tention in the last years.2222 This can be attributed to unique properties originat-
ing from their condensed structure, non-linear shape, and multiple chain ends per
macromolecule. Many applications for such systems have been discussed in the liter-
ature, e.g. as unimolecular nanocontainers,?? for drug-delivery?> or in organic light-
emitting diodes.260

Traditionally, the synthesis of star polymers has been carried out via living poly-

merization techniques, i.e. anionic2> or cationic26!262

methodologies. According to
these synthetic strategies, one can distinguish between multifunctional initiators, i.e.
the core-first approach,2® or multifunctional termination agents, i.e. the arm-first
approach.2%* Especially the introduction of controlled radical polymerization tech-
niques, i.e. NMP,? ATRP# and RAFT polymerization,1—3'4—5 have led to the generation
of a broad range of star polymers in core-first approaches via multifunctional initiators
or CTAs.265-267 Ag an alternative, modular conjugation reactions can be employed for

the synthesis of such architectures, e.g. via click chemistry226.268

in an arm-first ap-
proach. Several methods have been employed in that regard benefiting from high ef-
ticiency, short reaction times, and possible equimolarity of the reactions that fulfil the

respective criteria.l” Some examples include the copper-catalyzed azide-alkyne cy-

DLS measurements were performed in collaboration with T. Rudolph and Prof. F. H. Schacher (Friedrich
Schiller Universitit Jena). ROESY measurements were performed in collaboration with M. Hetzer and

Prof. H. Ritter (Heinrich Heine Universitdt Diisseldorf). Parts of this chapter were reproduced from

Schmidt, B. V. K. J.; Rudolph, T.; Hetzer, M.; Ritter, H.; Schacher, F. H.; Barner-Kowollik, C. Polym. Chem.

2012, 3, 3139-3154 (DOI: 10.1039 /C2PY20293]) with permission from the Royal Society of Chemistry.
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5 Supramolecular Three Armed Star Polymers

cloaddition (CuAAc),1922% the thiol-ene reaction,?”? or the RAFT hetero Diels—Alder
reaction.?”! As these strategies represent orthogonal approaches, they are nowadays
also widely employed for the synthesis of miktoarm star polymers.226-268.272

New opportunities arise from the synthesis of supramolecular star polymers. Here,
the formation of the star polymer is driven by supramolecular interactions that offer
reversible and potentially stimuli-responsive bond-formation amongst other proper-
ties. The mainly utilized types of supramolecular interactions comprise hydrogen-

273213 276-278 or host/guest complexation.?”? An

bonding, <™= metal-ligand-coordination=~
important class of hosts in the realm of host/guest complexations are CDs due to
their availability and the ease of chemical modification. Considering star polymer
synthesis the ability of CDs to form inclusion complexes with hydrophobic guest
molecules enables the formation of new materials. Apart from the formation of new
macromolecular architectures, this ability is widely used in polymer chemistry, e.g. for

32,280,281 224,227,229 T

drug- or siRNA-delivery,** or to solubilize hydrophobic monomers.==

the case of star polymers CD has been mainly used as a core molecule in the past, e.g.
in ATRP18¢ RAFT, 18 or in a combination of ATRP and NMP.12 Here, however, the
arms were covalently attached to the CD core. In an alternative example CD-centered
star polymers were reported, where two cores are bound employing supramolecular
interactions. 29021

In Chapter [ the formation of supramolecular three-armed star polymers using CD
host/guest interactions is presented. The materials consist of adamantyl-functional-
ized polyacrylamides as arms and a threefold B-CD-functionalized core molecule (re-
fer to Scheme5.0). An adamantyl-functionalized CTA was utilized in the RAFT poly-
merization of DMAAm and DEAAm for the synthesis of the arms, which were sub-
sequently characterized via ESI-MS, NMR and SEC. In aqueous solution, supramolec-
ular complexes were formed and the existence of three-armed star polymers was
proven via ROESY as well as DLS.
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Scheme 5.1: Schematic representation of supramolecular star polymer formation via
host/guest inclusion complexes between adamantyl-functionalized polyacrylamides (poly-
mer: red; adamantyl-group: blue) and a three-pronged S-CD linker (orange).

5.2 Results and Discussion

5.2.1 Synthesis and Characterization of the Building Blocks

For the formation of supramolecular star polymers two types of building blocks were
synthesized (Scheme [(£.2): adamantyl end-functionalized polymers as arms (guest)
and a three-pronged B-CD-functionalized core as the host.
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Scheme 5.2: Synthesis of the building blocks utilized for star polymer formation: a)
adamantyl-functionalized RAFT-agent (10), followed by the synthesis of polyacrylamides; b)
synthesis of the three-pronged B-CD core (8-CD3).

The adamantyl-functionalized polymers were synthesized via RAFT-polymeriza-
tion using a trithiocarbonate-containing CTA 10. The prominent adamantyl moiety
was chosen as guest-group due to its high complexation constants with -CD of up
to 10° M1.2%7 The CTA was synthesized starting from an adamantyl-containing alco-
hol via DCC-coupling with EMP as shown in Scheme a. The adamantyl moiety
was separated from the trithiocarbonate group with a Cs-spacer to improve its ac-
cessibility for the inclusion process. Subsequently, RAFT polymerizations were con-
ducted with DMAAm and DEA Am utilizing several CTA /monomer ratios. Polymer-
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ization degrees ranging from 31 to 202 with My, ranging from 3500 to 20500 g-mol
and low Dy, < 1.25 were achieved for PDMAAm. Furthermore, the thermoresponsive
adamantyl-functionalized PDEAAm was prepared via RAFT polymerization with 10
affording a polymerization degree of 87 with a My, of 11500 g-mol™! and a low Dy, (see

Table5.1).

Table 5.1: Results for the RAFT polymerization of DMAAm (top) and DEAAm (bottom) with
10 at 60 °C in DMF with AIBn as initiator.

DMAAm/10/I Time /h Conv. Mytheo /gmol? Myspc / gmol! D, Dy

21/1/0.1 24 quant. 2550 3500 1.08 31
100/1/0.2 24 quant. 10370 14600 112 143
241/1/0.2 24 96% 23400 20500 1.23 202

DEAAmM/10/1 Time /h Conv. Mpgpeo /gmol!  Mpgpc / gmol! Dy, Dy

101/1/0.2 24 quant. 13300 11500 111 87

The RAFT polymerization of DMAAm and DEAAm with 10 yielded unimodal
molecular mass distributions (Figure B.1). For higher molecular masses a certain tail-
ing to higher elution volumes was observed, presumably due to interactions with the

column during SEC. The structure of the obtained polymers was verified via 'H-NMR
and ESI-MS (refer to the Appendix Figures [C.THC.4).
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Figure 5.1: SEC-traces for PDMAAms3;-Ad (solid black line), PDMAAm;43-Ad (dashed black
line), PDMAAmjg,-Ad (dotted black line), and PDEA Amgy-Ad (solid dashed-dotted line).

The three-pronged CD-functional building block 8-CD3; was synthesized via CuAAc
starting from tripropargylamine and B-CD-Nj3 (Scheme[5.2b).2%2 The product was an-
alyzed via "H-NMR and ESI-MS (Appendix[C.5/IC.6).

5.2.2 Star Polymer Formation: Investigations using Light Scattering

Light scattering experiments are a powerful method for the in situ investigation of
polymeric systems in solution. Before mixing the arms and the core moiety, all indi-
vidual compounds were analyzed via DLS at ambient temperature in H,O and D,O.
Surprisingly, all polyacrylamide-compounds seemed to be better soluble in DO, re-
sulting in an increase of ~ 20% of the hydrodynamic radius (Ry,) (Figure[5.2), while
for B-CDj3 no difference was observed. Such an effect has also been observed for PNI-
PAAm,283-28 3lthough the reason was not fully understood. The increased hydrody-
namic volumes of the polymer chains should, however, lead to a better accessibility of
the adamantyl moiety for the inclusion process with the B-CDj3 core. Therefore, all fol-
lowing experiments were performed in D,O at a polymer concentration of 5 mg-mL™.
In addition, control experiments in H,O were carried out (Figure 5.3 a).
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Relative Abundance [a.u.]
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Figure 5.2: Comparison of the number averaged hydrodynamic radii for the core B-CDjs
(dashed line) and PDMA Am143-Ad (solid line) in different solvents: H,O (black line) and D,O
(red line) at 25 °C.

Table 5.2: DLS results (number averaged hydrodynamic radii) for the individual building
blocks, the supramolecular star polymers after self-assembly, and the respective expansion
ratio at 25 °C in D,O.

Polymer Ry, crude polymer / M Ry, polymer@p-cD, / MM €xpansion ratio

B-CDj3 1.3 - -
PDMAAm;3;-Ad 1.8 23 1.3
PDMAAm;3-Ad 2.5 3.7 1.5
PDMAAmyp-Ad 3.3 4.6 1.4
PDEAAmg;-Ad 2.4 3.8 1.6

Scheme 5.3: Schematic representation of the formation of supramolecular star polymers, in-
dicating the expected changes in hydrodynamic radius (R}, dashed circles).
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Adamantyl-functionalized PDMA Am with three different molar masses were com-

bined in stoichiometric amounts (3:1) with the -CDj core, dissolved in D,O, stirred
and analyzed using DLS after 12 and 24 hours (also after several days, Figure £.5),
showing a clear shift to higher hydrodynamic radii with time. For PDMAAmg3; (Mnsgc
= 3500 g-mol ') an apparent hydrodynamic radius Ry, = 1.8 nm was observed, while
the B-CDj exhibits a radius of Ry, = 1.3 nm. After 12 hours at ambient temperature,
an increase in size to R}, = 2.3 nm was found, which remained constant over several
days. This corresponds to an expansion ratio of 1.3. The same procedure was utilized
for PDMAAm43 and PDMAAmM,p, and a Ry, of 2.5 and 3.3 nm for the unimolecular
polymer chains was observed, respectively. After stoichiometric mixing in a molar
ratio of 3:1 with the CD-core moiety, a distinct increase in size can be observed in
both cases. For PDMAAm; 43, supramolecular star polymers with Ry, = 3.7 nm were
observed whereas in case of PDMAAm;p, the aggregate size was even larger, with
Ry, = 4.6 nm, owing to longer polyacrylamide arms. An expansion ratio of 1.5 and 1.4
(Table[5.2) was deduced. In all cases, monomodal number-weighted size distributions
were observed, indicating full inclusion of the guest-polymer chains into the CD core
(Figure 5.4). The proposed structure formation mechanism is depicted in Scheme[5.3]
which also illustrates the rather small observed expansion ratios. As the arms of the
formed supramolecular star polymers form coils in solution in three dimensions, the
observed Ry, of the star polymers is smaller than the sum of the individual parts.
For all investigated combinations of the arms with the core, an increase of the hydro-
dynamic radius was observed, hinting at the formation of star-shaped aggregates.
The expansion ratio (Table 5.2) yields comparable values for all polymers investi-
gated. Adamantyl-functionalized polymers with higher a molecular mass leads to
higher hydrodynamic radii. Furthermore, the size distributions of the adamantyl-
functionalized polymers were measured after the addition of crude p-CD (refer to
Figure 5.3/b) to prove that the increase in Ry, is due to the three-pronged nature of
B-CDs.
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Figure 5.3: Number averaged hydrodynamic radii obtained from DLS measurements a) for
PDMAAm;43-Ad (black dotted line) mixed with the f-CDj core (black dashed line) and the
resulting supramolecular star polymers over several days in HyO at 25 °C (1 day: black solid
line; 5 days: red solid line; 9 days: blue solid line); b) for PDMA Amj43-Ad mixed (dotted line)
with B-CD at 25 °C in D,0 (stoichiometric B-CD: solid line; excess -CD: dashed line); c) for
PDMA Amj43-Ad (black dotted line) mixed with the f-CDj core (black dashed line) in a time
dependent investigation of the self-assembly process (10 min: black solid line; 1 hour: red
solid line; 12 hours: blue solid line); d) for PDMAAm43-Ad (black dotted line) mixed with
the B-CDj core (black dashed line) for a 1:1 mixture of PDMAAm;j43-Ad (red solid line) and
the B-CDj3 core with a molar ratio of 3:1 (black solid line) (D,O, 25 °C).

For control experiments, the linear polymer was dissolved together with the linker
molecule 3-CDj3 in H;O and analyzed over several days without any change in the
Ry, being observed (Figure a). In Figure ¢ the increase of R;, with time is de-
picted. A growth of Ry, with time is visible. After 10 minutes the complex formation
progressed to a large extend and after 5 hours the complex formation is finished. As
a further control the B-CD3; was mixed in an excess with the polymer (Figure 5.3 d),
which shows no significant increase in Ry,. This can be attributed to a formation of
only one supramolecular connection per guest functionalized chain and thus the size
of the aggregate is smaller compared to the incorporation of three guest functional-

ized polymer chains in the complex.
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5 Supramolecular Three Armed Star Polymers

The reversibility of star polymer formation at higher temperatures was also inves-
tigated via DLS (Figure 5.4 d). Therefore, the temperature was increased from 25 to
70°C in 2 hours and the sample was kept at this temperature for further 30 min. As
a result, a decrease of the Ry, from 3.7 nm to 2.8 nm was observed. This might well
correspond to the expulsion of the adamantyl moiety from the -CDj3 core (Figure
B.4]d, red solid line). Afterwards, the sample solution was cooled down to 25 °C and,

subsequently, the R}, increased again.

Relative Abundance [a.u.]

Relative Abundance [a.u.]

R, [nm] R, [nm]

Figure 5.4: Number averaged hydrodynamic radii obtained from DLS measurements for
PDMAAmy: a) x =31, b) x =143 and c) x = 202 (dotted lines), the B-CDj3 core molecule (dashed
lines), and the resulting supramolecular star polymers in a molar ratio of 3:1 after 24 hours in
D,0O at 25 °C (solid lines); d) Investigations regarding the reversibility of the inclusion process
by heating the complex from 25 °C (black solid line) to 70 °C (red solid line), followed by
cooling and re-formation of the aggregates (red dotted line) (black dotted line: arm polymer

for comparison).

Comparable investigations were carried out using PDEAAmg; (Figure a), a
polymer which exhibits cloud point behaviour.2#2 Depending on the molar mass and
the respective end group, PDEA Am materials undergo a coil-to—-globule transition in
the temperature range of 25 to 40 °C.231242 Again, stoichiometric amounts of PDEA-
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5.2 Results and Discussion

Amgz-Ad and the CD-core were mixed in DO and the resulting assemblies were in-
vestigated using DLS. An increase in Ry, from 2.4 to 3.8 nm was observed, correspond-

ing to an expansion ratio of 1.6, similar values if compared to the earlier discussed
PDMAAm systems (Figure 5.5 a).

a) b)

1.0 -

]
]
054 ! \
]
]

Transmittance [a.u.]

Relative Abundance [a.u.]

|
\
}
}
|
|
|
|
0.54 |
|
}
|
}
}
}
|
\

/ : \ L N
)0 L S, > A - 0.0 . ==

T reeTiY o T v T v T v
1 2 3 4 5 6 7 8 910 20 25 30 35 40

R, [nm]

Temperature [°C]

Figure 5.5: a) Number averaged size distributions obtained from DLS measurements for the
supramolecular star polymer (solid line), PDEAAmg;-Ad (dotted line), and the B-CDj3 core
(dashed line) in a molar ratio of 3:1 after 24 hours at 25 °C; b) turbidity measurements for
PDEAAmg;-Ad (dotted line), the supramolecular star polymer (solid line), and a mixture of
PDEA Amg;-Ad and B-CD (dashed line) mixture in D, 0.

To elucidate the temperature-dependent solubility of the PDEAAM-based supra-
molecular star polymers in water, turbidimetry measurements were carried out. Any
changes in temperature were performed with a heating/cooling rate of 1 °C-min™!.
The cloud point temperature (T.) was determined at a transmittance of 50%. Three
samples, PDEAAmg;-Ad, the supramolecular star polymer, and a mixture of -CD
and PDEA Amgy, were investigated in a temperature range of 5 - 100 °C in D,O. For
PDEAAmgy, a T of 29.3 °C was found, while the mixture with CD led to a higher
value (T = 33.6 °C). Such an observation can be explained by the complexation of the
adamantyl moiety by B-CD and therefore the formation of a less hydrophobic end-
group. In case of the star-shaped system a cloud point at 32.0 °C was observed in be-
tween the values for PDEAAmg;-Ad and the B-CD containing mixture (Figure 5.9b).
This might be explained by a shielding of the hydrophobic adamantyl groups due to
the inclusion complex formation and — at the same time — a decrease in the conforma-
tional freedom of the individual polymer chains by connecting three arms to one core
moiety. The sharp decrease of the transmittance and the reversibility of the turbidime-
try measurements (at least three times) are an additional indication for the successful
formation of supramolecular star polymers via host/guest inclusion complexes. The
collapse of the PDEAAmM arms leads to an inclusion of the f-CDj into the collapsed
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5 Supramolecular Three Armed Star Polymers

polymer coil at a temperature far below the dissociation of the host/guest complex
(~ 70 °C, as demonstrated using DLS in Figure 5.4 d).

5.2.3 Investigations of the Self-Assembly via ROESY

ROESY is a perfectly suitable tool to investigate the formation of inclusion complexes.
The cross-correlation peaks in the ROESY spectrum can be assigned to protons that
are closely situated (< 4 A).12 While DLS experiments probe the molecular nature of
the star polymers, ROESY was performed to demonstrate the formation of the inclu-
sion complex between the adamantyl moiety of polymer arms and the 3-CDj core.
The 2D ROESY spectrum (Figure 5.6l a) shows six cross-correlation peaks that can be
assigned to the adamantyl moiety and the B-CD moiety. The a, b and ¢ protons of
the adamantyl group feature resonances at 1.7, 2.0 and 2.1 ppm, respectively, whereas
the inner protons H3 and H5 of -CD have resonances at 3.7 and 3.8 ppm. In the 2D
spectrum, the signals are located at the corresponding intersections that are expected
for an inclusion complex of B-CD and the adamantyl moiety. Thus, a close distance
between the protons of the adamantyl and p-CD moiety can be concluded, confirm-
ing the formation of an inclusion complex.1% To exclude complex formation between
the CD and the side chains of PDMAAm, a control sample of PDMAAm polymerized
with EMP without the adamantyl moiety and B-CD was investigated as well, where
the respective cross-correlation peaks were absent in the 2D NMR (Figure 5.6/b). In-
stead cross-correlation peaks between CD and the isobutyric acid or ethyl endgroups
arise (cross-correlation peaks at 1.0 - 1.3 and 1.7 with 3.7 and 3.8 ppm). Nevertheless
these signals are not present, when adamantyl functionalized polymers are added.
This could be due to the increased association constant of the adamantyl moiety com-
pared to an isobutyric acid or ethyl group.
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Figure 5.6: 2D ROESY spectrum (the insets show a magnification of the relevant peaks) in
D,0O at 25 °C of a) 3:1 molar mixture of PDMAAmM3;-Ad (My,sgc = 3500 g-mol’l, Dm = 1.08)
and the B-CDj core; b) 1:1.1 molar mixture of PDMAAm (Mpsgc = 12800 g-mol’l, D = 1.10)

polymerized with EMP and B-CD.

97
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5.3 Conclusions

In summary, the formation of supramolecular star polymers via the formation of in-
clusion complexes between adamantyl-functionalized polyacrylamides and a three-
pronged CD-core was performed. The synthesis of PDMAAmM-Ad and PDEAAm-
Ad was carried out via RAFT polymerization with a novel adamantyl-functionalized
chain transfer agent (10). The core, f-CD3, was synthesized via CuAAc techniques.
All building blocks were characterized via SEC, 'H-NMR and ESI-MS.

The formation of supramolecular star polymers was carried out in D,O and evidenced
via a combination of DLS and 2D ROESY. In the case of star polymers with PDEAAmM
arms, additional turbidity measurements revealed a change in temperature-dependent
solution behaviour. The star polymer formation was shown to be reversible, as heat-
ing to 70 °C leads to an expulsion of the individual polymer arms and cooling to 25
°C to re-formation of the complex.

5.4 Experimental Part

Synthesis of 6-(Adamantan-1-ylamino)-6-oxohexyl 2-(((ethylthio)carbonothioyl)-
thio)-2-methylpropanoate (10)

In a 50 mL Schlenk-flask, EMP (0.84 g, 3.75 mmol, 1.0 eq.), N-(adamantan-1-yl)-6-
hydroxyhexanamide (8)(1.00 g, 3.77 mmol, 1.0 eq.) and DMAP (0.09 g, 0.74 mmol,
0.2 eq.) were dissolved in anhydrous DCM (15 mL). At 0 °C a solution of DCC (1.17 g,
5.67 mmol, 1.5 eq.) in anhydrous DCM (10 mL) was added. After one hour the solu-
tion was warmed to ambient temperature, stirred overnight, filtered and concentrated
under reduced pressure. The residual oil was purified via column chromatography on
silica-gel with a 5:1 mixture of n-hexane:ethyl acetate as eluent. The product was ob-
tained as yellow oil (1.08 g, 2.29 mmol, 61%).

TH-NMR (400 MHz, CDCly): [§, ppm] = 1.27 - 1.43 (m, 5H, CH3-CH,; CH»-CH,-CH,-
O), 1.53 - 1.73 (m, 16H, 2x C-CH3; CH>-CH-O; CH>-CH-C=0; 3x CH3 adamanty1)s
1.98 (d, 6H, 3] = 2.8 Hz, 3x NH-C-CH) adamanty1), 202 - 2.10 (m, 5H, 3% CHdamanty;
CH,-C=0-NH), 3.28 (q, 2H, 3] = 7.4 Hz, CH,-CHj3), 4.08 (t, 2H, 3] = 6.5 Hz, CH,-
0), 5.11 (br s, 1TH, NH). 3C-NMR (100 MHz, CDCl3): [§, ppm] = 13.1 (CH3-CHy),
25.5,25.7 and 28.3 (CH,-CH,-C=0; CH,-CH,-CH,-C=0; CH,-CH,-C=0-NH; 2x CH3-
C=0), 29.6 (3x CHadamanty1), 31.3 (CH3-CHy), 36.5 (3x CH3 adamanty1), 37.8 (CH2-C=0O-
NH), 41.9 (3x CCH3 adamanty1"C-NH), 52.0 (C-NH), 56.2 (C(CH3)2), 66.0 (CH,-CH,-O),
172.1 (NH-C=0), 173.1 (O-C=0), 221.4 (C=S). ESI-MS: [M + Na" |exp =494.42m/z and
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[M + Na*].c =494.18 m/z.

Synthesis of N, N, N-(tris-1-(mono-(6-desoxy)-B-CD)-1H-1,2,3-triazol-4-yl)methan-
amine (B-CD3)

The preparation of this compound was modified from a literature procedure.?%2 In a
50 mL Schlenk-tube tripropargylamine (34 mg, 0.26 mmol, 1.0 eq.), PMDETA (0.16 mL,
0.77mmol, 3.0 eq.) and B-CD-N3 (1.00 g, 0.86 mmol, 3.3 eq.) were dissolved in DMF
(11 mL). After three freeze-pump-thaw cycles the tube was backfilled with argon and
CuBr (112 mg, 0.78 mmol, 3.0 eq.) was added under a flow of argon. The tube was
sealed again and subjected to two freeze-pump-thaw cycles. Subsequently the tube
was backfilled with argon and immersed in an oil bath at 70 °C for 4 days. After cool-
ing to ambient temperature the product was precipitated in an excess of acetone. The
product was filtered, dissolved in 10 mL EDTA-solution (5 wt.%) and dialyzed with
a SpectraPor3 membrane (MWCO = 2000 Da) for 3 days at ambient temperature. Fi-
nally the solvent was removed in vacuo to yield f-CDj3 (574 mg, 0.16 mmol, 61%) as
an off-white solid.

TH-NMR (400 MHz, D,0): [, ppm] = 3.18 (d, 3H, 3] =11.5 Hz, N-NCH(gem),), 3.32
(t, 3H, 3] = 6.3 Hz, N-NCH(gem),), 3.37 - 4.14 (m, 124H, CD-Hj3 4 5,6), 4.24 (t, 3H, 3] =
8.8 Hz, NCH(gem),-C), 4.66 (dd, 3H, 3] = 14.2, 8.4 Hz, NCH(gem),-C), 4.93 - 5.25 (m,
21H, CD-H1), 8.02 (s, 3H, Hysiazole)- ESI-MS: [M + 2Na?*]eyp = 1828.33 m/z and [M
+ 2Na?*]ca1c = 1828.09 m/z (refer to Appendix Figure for a more detailed ESI-MS
characterization)

Exemplary Procedure for the RAFT Polymerization

10 (60.0 mg, 0.13 mmol, 1.0 eq.), DMAAm (1.26 g, 12.72 mol, 97.9 eq.), AIBN (4.2mg,
0.03 mmol, 0.2 eq.), DMF (6.0 mL) and a stirring-bar were added into a Schlenk-
tube. After three freeze-pump-thaw cycles the tube was backfilled with argon, sealed,
placed into an oil bath at 60 °C and removed after 24 h. The tube was subsequently
cooled with liquid nitrogen to stop the reaction. A NMR-sample was withdrawn for
the determination of conversion, inhibited with a pinch of hydroquinone (approx.
5mg) and CDCl; was added. A quantitative conversion was calculated based on the
NMR data (see Section [9.3] for details). The residue was dialyzed with a SpectralPor3
membrane (MWCO = 1000 Da) for 3 days at ambient temperature. The solvent was
removed in vacuo to yield the polymer as a yellow solid (1.20 g, 99%, SEC(DMAc):
Mpsgc = 14600 g-mol™, Dy, = 1.12).
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Exemplary Procedure for the Self-Assembly of the Adamantyl-Functionalized
PDMAAm with B-CD;

Adamantyl-functionalized PDMAAm (Mysgc = 13200 g-mol’l, 55.4 mg, 0.0042 mmol,
3.0 eq.) and B-CD3 (5.0 mg, 0.0014 mmol, 1.0 eq.) were dissolved in D,O (0.5 mL,
¢ = 120 mg-mL!) and stirred at ambient temperature overnight. Subsequently, the

formed complex was characterized via 2D ROESY.

Preparation for Dynamic Light Scattering Experiments

Adamantyl-functionalized polymer, e.g. PDMAAmM (M;sgc = 14600 g-mol’l, 12.4 mg,
3.0 eq.) and B-CDs3 (1.4 mg, 1.0 eq.) were dissolved in D,O or Milli-Q water (1 mL,
¢ =5mg-mL7) and stirred at 25 °C.

100



CHAPTER 6

AB> Miktoarm Star Polymers

6.1 Introduction

The generation of novel macromolecular architectures utilizing the concept of supra-

molecular chemistry has driven synthetic polymer chemistry significantly in the last

286,287 1metal complexesz—88 and inclusion (:omplexesz—89

years.? Hydrogen bonding,
are widely employed. An important class of supramolecular hosts that have the abil-
ity to form inclusion complexes are CDs. This ability has found manifold utilization in
polymer chemistry, e.g. for drug-delivery2®! or to dissolve hydrophobic monomers.2
From the view of macromolecular architectures, CDs give the opportunity for the
formation of macromolecular architectures that are governed by supramolecular in-
teractions in an aqueous environment.2® Examples for the utilization of CDs for the
formation of complex macromolecular architectures cover a broad range of architec-

166171-174 gypramolecular gels,3*2*Y CD-centered

200,201

tures e.g. linear diblockcopolymers,

star polymers connected to linear polymers
168,178

or supramolecular grafts for poly-
mer brushes.
In Chapter [l the formation of supramolecular miktoarm star polymers is presented,
i.e. star polymers that have arms consisting of more than one polymer type, utilizing
CD- and adamantyl-functionalized acrylamido polymers. The precursor polymers
were synthesized via RAFT polymerization — based on a novel two-arm adamantyl
bearing trithiocarbonate — of DMAAm and DEAAm and were thoroughly character-
ized via ESI-MS, NMR and SEC in DMAc. The subsequent formation of the supramole-
cular complex in water was proven via 2D ROESY and is supported by DLS data.

ROESY measurements were performed in collaboration with M. Hetzer and Prof. H. Ritter (Heinrich
Heine Universitdt Diisseldorf). Parts of this chapter were reproduced from Schmidt, B. V. K. J.; Hetzer,
M.; Ritter, H.; Barner-Kowollik, C. Polym. Chem. 2012, 3, 3064-3067 (DOI: 10.1039/C2PY20214]) with
permission from the Royal Society of Chemistry.

101



6 AB) Miktoarm Star Polymers

T>LCST
T<LCST

Scheme 6.1: Synthetic pathway for the supramolecular miktoarm star polymer (PDEAAm is
depicted in black, PDMAAm is depicted in red, the B-CD moiety is depicted orange and the
adamantyl group is depicted in dark blue).

6.2 Results and Discussion

6.2.1 Synthesis of the Building Blocks

A RAFT agent with an adamantyl moiety between two trithiocarbonate-groups was
synthesized (Scheme[6.Jland Scheme[6.2), to achieve a mid-chain guest-functionalized
polymer,. The prominent adamantyl moiety was chosen as guest-group due to its
high complexation constants of up to 10°M.2¥” To increase the mobility and accessi-
bility of the pendant adamantyl-group a Cs-spacer was incorporated. The adamantyl
moiety was coupled to isopropylidene-2,2-bis(methoxy)propionic acid 13 with DCC.
After deprotection, an acid-functionalized trithiocarbonate RAFT-agent was attached
via DCC-coupling to yield 11.
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Scheme 6.2: Synthesis of the utilized CTAs (EMP: 2-(((ethylthio)carbonothioyl)thio)-2-
methylpropanoic acid).

The subsequent RAFT-polymerizations of DMAAm withwere conducted in DMF
employing AIBN as initiator at 60 °C leading to narrow unimodal molecular weight
distributions with low D, (Scheme Figure and Table [6.]). The tailing of the
elugram is probably due to adsorptive interactions of the polymers with the SEC col-
umn. The molecular structure of the polymers was verified via ESI-MS and 'H-NMR
(Appendix D.I/D.2). The ability of the adamantyl-functionalized PDMAAm to form
an inclusion complex with f-CD was proven via 2D ROESY (Figures [6.71b). The res-
onances between the adamantyl-protons (1.65, 1.95 and 2.05 ppm) and the inner pro-
tons of B-CD (3.7 and 3.8 ppm) show the inclusion of the guest-group. Furthermore,
a minor correlation between the methyl-endgroups and the inner CD protons is vis-
ible. A mixture of f-CD and non-adamantyl-functionalized PDMAAm displays no
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comparable peaks (Figure[6.71a) evidencing that no other protons in PDMAAmM show

correlation signals in the region of the adamantyl protons.
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Scheme 6.3: RAFT polymerization for the synthesis of a) mid-chain adamantyl-functionalized
PDMAAm; b) alkyne-functionalized PDEAAm and the subsequent CuAAc to form B-CD-

functionalized PDEAAm.
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Figure 6.1: a) SEC-traces of the utilized PDMAAm;55-Ad (solid line; Mysgc = 15800 g~mol'1,
Dp, = 1.41), PDEA Amsy-alkyne (dotted line; Mysgc = 7500 g-mol’l, D =1.14) and PDEAAms;-
B-CD (dashed line; Musgc = 10300 g-mol’l, Dp = 1.12) in DMAc; comparison of the 1H-
NMR region from 4.3 ppm to 8.5 ppm b) B-CD-N3, c¢) the click-product PDEAAms;-B-CD
(Mnsec = 8000 g~mol'1, Dp = 1.27) and d) PDEAAmsz-alkyne (Mpsgc = 7500 g-mol'l, BPm =
1.14).

An alkyne-endfunctionalized PDEAAm was synthesized with a terminal alkyne-
containing RAFT-agent (12) in DMF with AIBN as initiator at 60 °C (Scheme [6.2).
It should be noted that the monomer conversion was kept low to avoid undesired
side-reactions, e.g. radical transfer to the alkyne-moiety. Unimodal molecular weight
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distributions with narrow Dy, were achieved according to SEC in DMAc (Figure
and Table[6.T).

Table 6.1: Results for the RAFT polymerization of DMAAm (top) with 11 and DEAAm (bot-
tom) with 12 at 60 °C in DMF.

Monomer/CTA/I Time /h Conv. Mptheo / g-mol'1 Misgc / g-mol'1 Dm  Dp

199/1/0.1 24 90% 18300 15800 1.41 155
76/1/0.1 6 60% 6000 7500 114 57

The alkyne-functionalized PDEAAm was further characterized via 'H-NMR and
ESI-MS showing a high endgroup fidelity (Appendix [D.3/[D.4). The host-functional-
ized polymer was subsequently synthesized via CuAAc of the alkyne-endfunctional-
ized polymer with B-CD-Nj (Scheme6.2)). The successful ligation can be followed by
the shift of the full molecular weight distribution determined by SEC in DMAc (Fig-
ure[6.T) as well as the emerging peak at 8 ppm from the triazole proton in the 'H-NMR
and the new peaks corresponding to the B-CD moiety (Figurel6.1lc). The SEC elugram
indicates a shoulder at higher molecular weights that may be attributed to coupling
products due to small amounts of difunctional B-CD-Nj3.

Turbidimetry measurements show an increase in the T, from 32.5 °C to 38.1 °C (heat-
ing ramp) upon addition of the strongly hydrophilic f-CD moiety (Figure [6.2)). Fur-
thermore, a slower transition is observed, which gives an indication that the -CD
moiety also has an effect on the kinetics of the thermoresponsive behavior of PDEAAm.

6.2.2 Characterization of the Supramolecular Miktoarm Star

Polymer

The supramolecular miktoarm star polymer was prepared via the dialysis method.
Both blocks (Table [6.T) were dissolved in THF and one solution was added drop-
wise to the other under vigorous stirring. The organic solvent was removed via dial-
ysis. After lyophilization of the sample the complex was dissolved in D,O or H,O
to perform ROESY or DLS. The measurement of the Tcs of the supramolecular com-
plex and the B-CD functionalized PDEAAm show a difference of 2.3 °C from 38.1
°C to 40.4 °C (heating ramp) (Figure [6.2). The above is an expected result, as the
non-thermoresponsive PDMAAm block leads to an increased hydrophilicity of the
complex and thus the T is shifted to higher values. The supramolecular complex also
shows a slower transition in contrast to non-CD functionalized PDEAAm featuring a
rather sharp transition (Figure[6.2), which can be attributed to the interactions of both
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the CD moiety and the PDMAAm block with the PDEA Am-block.

Transmittance [a.u.]

T[°C]

Figure 6.2: Turbidimetry measurement (cooling: dotted line; heating: solid line) of the
supramolecular miktoarm star complex (black curves), PDEAAms;-B-CD (green curves;
Msec = 10300 g-mol'l, D = 1.12); PDEAAmsyz-alkyne (blue curves; Musgc = 7500 g-mol'l,
D = 1.14) and acid-functionalized PDEAAm (red curves; Musgc = 7900 g-mol'l, D = 1.20)
at a concentration of 1 mg-mL.
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Figure 6.3: Comparison of the number averaged particle size distributions obtained from DLS
measurements at a concentration of 1 rng-mL‘1 with or without 1-adamantylamine hydrochlo-
ride (Ad): a) the supramolecular complex at 25 °C and 50 °C; b) the supramolecular complex
at 25 °C and 44 °C; ¢) PDEAAms;-B-CD at 25 °C and 50 °C; d) PDEAAms;-B-CD at 25 °C and
44 °C; e) the control sample P4 at 25 °C and 50 °C; f) the control sample P4 at 25 °C and 44 °C;
g) PDMAAm;55-Ad at 25 °C and 50 °C; h) PDMAAm;s5-Ad at 25 °C and 44 °C.

DLS gives the opportunity to study the properties of the formed supramolecular
complexes in solution (Figure[6.3). A comparison of the Dy, of the single parts and the
complex in water at 25 °C shows only minor differences (Figures[6.3). The adamantyl-
functionalized PDMAAm shows a Dy, at 25 °C of 5.6 nm and the -CD-functionalized
PDEAAm shows a Dy, of 2.1 nm at 25 °C whereas the supramolecular miktoarm star
polymer shows a Dy, of 6.8 nm at 25 °C. A variation of the molar ratios of the two uti-
lized building blocks shows a maximum diameter at a molar ratio of 1:1 (Figure[6.4).
This gives an indication for complex formation at 25 °C.
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Figure 6.4: a) Comparison of the number averaged particle size distributions obtained from
DLS measurements at 1 mg-mL! at 25 °C and different molar ratios of PDMAAm;55-
Ad:PDEAAms;-B-CD and b) comparison of the number averaged hydrodynamic diameter
at1 rng-mL‘1 at 25 °C of mixtures of PDMAAm;55-Ad and PDEA Ams7-$-CD in dependence
of the molar fraction x of PDMAAmM;55-Ad.

A significant difference between the building blocks and the supramolecular com-
plex is observed when the samples are heated above the T. of the thermoresponsive
PDEAAm-block (Appendix [D.5). Micellization of thermoresponsive supramolecular
block copolymers has been used in the literature relatively often, e.g. to prove the
formation of the desired architectures or to generate multi-stimuli responsive mi-
celles. 166171291 At 44 °C and 50 °C the Dy, of the adamantyl-functionalized PDMAAm
is not changing significantly as expected for a non Tc-polymer (Figure[6.3). The -CD-
tunctionalized PDEAAm shows large aggregates with a Dy, of 937nm at 50 °C. In
contrast, the complex has a Dy, of 132 nm and 275nm at 44 °C and 50 °C respectively.
A control sample that was prepared from a non adamantyl-functionalized PDMAAmM
and the B-CD-functionalized PDEAAm features a Dy, of 38 nm at 44 °C and 333 nm
at 50 °C. The comparison indicates that the supramolecular miktoarm star polymer
forms larger aggregates than the control sample. As it has been concluded from the
turbidimetry measurements, the PDEAAm block interacts with both the -CD moi-
ety and the PDMAAm. This is apparent again from the DLS results, where heating
of the control sample leads to one distribution, giving rise to the assumption that the
free PDMAAm is associated with the PDEAAm aggregates. Keeping that in mind, the
difference in Dy, between the supramolecular miktoarm star polymer and the control
sample has to be considered carefully. Nevertheless, the difference is still significant
and a strong indication for complex formation. The observed particle sizes are larger
than expected for a usual micellar system. It is possible that at 44 °C agglomeration
of the formed aggregates already commences. On the other hand, in the literature mi-
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cellar systems with similar size are described.2%12%2
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Figure 6.5: Temperature sequenced DLS measurement showing the relation between the Dy,

from the number averaged particle size distribution and the temperature.

The addition of an excess of 1-adamantylamine hydrochloride (Ad) leads to an in-
significant decrease of the Dy, at 25 °C of 1.4 nm whereas large differences are observed
at elevated temperatures. Instead of 132 and 275 nm larger particles with Dy, of 275 nm
and 881 nm are found upon heating at 44 °C and 50 °C, respectively. At 50 °C a Dy,
of 881 nm is formed, which is close to the Dy, of B-CD-functionalized PDEAAm with
937 nm. This result is in agreement with the expectation that the addition of an excess
of guest molecules leads to the disruption of the supramolecular miktoarm star poly-
mer complex and therefore different aggregates are formed in solution upon heating.
It should be noted that the addition of guest molecules also alters the thermorespon-
sive behavior of the control sample. In this case also larger aggregates are formed with
multi-modal particle size distributions, which can be attributed to a change in the hy-
drophilicity of the CD endgroups when an inclusion complex is formed (Figure[6.3).

To further investigate the formation of the aggregates a temperature sequenced DLS
measurement of the supramolecular complex was performed which shows three re-
gimes (Figure [6.5). From 25 °C to 43 °C, the complexes are present as unimolecu-
lar coils with an average Dy, of 5.4 nm. From 44 °C to 48 °C defined aggregates are
formed with an average Dy, of 118 nm as the PDEA Am-block becomes insoluble due
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to its T... The formation of defined aggregates is a strong hint for the supramolecular
connection between both blocks. A further increase in temperature leads to further
agglomeration (>1000 nm) as it has been discussed in the literature with a similar
system consisting of a linear linker with an adamantyl-group on every end and two
B-CD-centered stars attached via supramolecular interactions.2?! This effect could be
attributed to the weaker complexation at elevated temperatures, which leads to par-
tial disruption of the complexes, a loss or rearrangement of stabilizing PDMAAm
chains in the corona and agglomeration of multiple particles. It is striking that the
size of the formed aggregates depends strongly on the heating rate (Figure[6.6)). Direct
heating from 25 °C to 50 °C leads to smaller aggregates (275 nm) than slow heating
(> 1000 nm). The above behavior could be due to effects of the kinetics of the aggre-

gate formation.2%3
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Figure 6.6: Comparison of the number averaged particle size distributions of the supramolec-
ular miktoarm star polymer obtained from DLS measurements with slow heating at 44 °C
(solid line) and 50 °C (dashed-dotted line) and after fast heating at 44 °C (dashed line) and
50 °C (dotted line).
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Figure 6.7: 2D ROESY spectra in D,O at 25 °C with magnification of the relevant signals of a)
1:1.1 molar mixture of PDMAAmM (Mysgc = 12800 g-mol’l, Dp, = 1.10) polymerized with EMP
and B-CD; b) 1:1.1 molar mixture of a mid-chain adamantyl-functionalized PDMAAm (Mpsgc
= 4000 g-mol!, By, = 1.09) polymerized with 11 and B-CD; c) the supramolecular miktoarm

star polymer in D,O at 25 °C.

112

&(H) [ppm]

& (H) [ppm]

&(H) [ppm]



6.3 Conclusions

The DLS results are an indication that the expected supramolecular complex is
formed. Nevertheless, the connection of both blocks via the CD/adamantyl pair has to
be proven. ROESY is a powerful tool to study inclusion complexes. The ROESY spec-
trum of the supramolecular complex proves the inclusion of the mid-chain adamantyl
moiety in the PDMAAm into the pendant CD units of the PDEAAm thus proving the
formation of a supramolecular miktoarm star polymer (Figure [6.7] c). Six correlation
peaks at 1.72, 2.04 and 2.16 ppm can be assigned to the interaction of the adamantyl
group with the inner protons of 8-CD at 3.7 and 3.8 ppm.1% No other significant cor-
relation peaks are found in the respective regions, which proves that no other inter-
actions are present that could lead to different architectures. A similar spectrum was
found with the adamantyl-functionalized PDMAAm and native B-CD (Figure [6.7]b).
Furthermore the additional correlation peaks between 1.2 ppm and 3.7 and 3.8 ppm
that were found with native p-CD are absent in the ROESY spectrum of the miktoarm
star polymer. Thus, the formation of the miktoarm star architecture can be assumed.

6.3 Conclusions

The formation of a novel supramolecular miktoarm star polymer that is based on CD-
host/guest chemistry was described. A mid-chain adamantyl-containing PDMAAmM
and an alkyne-endgroup-containing PDEAAm were prepared via the RAFT process.
The terminal alkyne was transferred into a f-CD-endgroup via CuAAc with B-CD-Nj3.
The supramolecular miktoarm star polymer architecture was formed subsequently via
a CD/adamantyl inclusion-complex. The complex formation was proven via DLS and
ROESY. The thermoresponsive behavior of the formed supramolecular miktoarm star
polymers were studied via turbidimetry measurements showing significant changes
in the Tcs of complexed polymers and the native building blocks. Furthermore, tem-
perature sequenced DLS was performed to study the temperature induced micelliza-
tion of the supramolecular miktoarm star polymers with regard to the size of formed
aggregates. It could be shown that addition of free guest molecules leads to disrup-
tion of the formed supramolecular complexes with significant changes in the ther-

moresponsive behavior.
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6.4 Experimental Part

Synthesis of 6-(adamantan-1-ylamino)-6-oxohexyl-2,2,5-trimethyl-1,3-dioxane-5-
carboxylate (14)

In a 50 mL Schlenk-flask isopropylidene-2,2-bis(methoxy)propionic acid (13) (1.04 g,
8.04 mmol, 1.2 eq.), N-(adamantan-1-yl)-6-hydroxyhexanamide (8) (1.78 g, 6.72 mmol,
1.0 eq.) and DMAP (0.16 g, 1.31 mmol, 0.2 eq.) were dissolved in anhydrous DCM
(14mL). At 0 °C a solution of DCC (1.66 g, 8.04 mmol, 1.2 eq.) in anhydrous DCM
(8 mL) was added. After one hour the solution was warmed to ambient tempera-
ture, stirred overnight, filtered and concentrated under reduced pressure. The resid-
ual oil was purified via column chromatography on silica-gel with a mixture of n-
hexane:ethyl acetate as eluent that was gradually changed from 5:1 to 4:1. The prod-
uct was obtained as colorless oil (2.70 g, 6.41 mmol, 95%).

TH-NMR (400 MHz, CDCl3): [6, ppm] = 1.18 (s, 3H, CH3-C-C=0), 1.30 - 1.50 (m, 8H,
2x C-CH3, CH,-CH,-C-0), 1.56 - 1.73 (m, 10H, 2x CHj a1y 3X CH) adamanty1), 1.97
(d, 6H, 3] = 2.8 Hz, 3x NH-C-CH3 adamanty1), 2.02 - 2.12 (m, 5H, 3x CH ygamantyt; CH2-
C=0-NH), 3.62 (d, 2H, ] = 11.8 Hz, CH,-O-C), 3.98 - 4.36 (m, 4H, 2x CH,-O-C), 5.10
(br s, 1H, NH). 3C-NMR (100 MHz, CDCl3): [6, ppm] = 18.9 (C-CHj3), 23.0 and 24.6
(2x CH3-C-0), 25.4 and 25.6 (CH,-CH,-C=0; CH,-CH,-CH,-C=0), 28.5 (CH,-CH>-
C=0-NH), 29.6 (3x CHagamanty1), 36-5 (3x CH2 adamanty1), 37.7 (CHz-C=0O-NH), 41.8 (3x
CH adamanty1-C-NH), 41.9 (O-CH,-C-C=0), 51.9 (C-NH), 64.9 (CH,-CH;-0), 66.2 (2x
C-CH,-0), 98.2 (CH,-O-C(CHj3)2-O-CHy), 172.0 (NH-C=0), 174.4 (O-C=0). ESI-MS:
[M + Na"]exp = 444.48 m/z and [M + Na*]qyc = 444.27 m/z.

Synthesis of 6-(adamantan-1-ylamino)-6-oxohexyl 3-hydroxy-2-(hydroxymethyl)-
2-methylpropanoate (15)

6-(adamantan-1-ylamino)-6-oxohexyl-2,2,5-trimethyl-1,3-dioxane-5-carboxylate (14)
(2.50¢g, 5.94 mmol, 1.0 eq.) was dissolved in methanol (20 mL). Subsequently one
spoon of Dowex H" resin was added and the mixture stirred at ambient temperature
over night. The mixture was filtered and washed with methanol. After evaporation of
the solvent in vacuo 2.15 g (5.64 mmol, 95%) of the product were obtained as colorless
oil.

TH-NMR (400 MHz, CDCl5): [, ppm] = 1.06 (s, 3H, CH3-C-C=0), 1.29 - 1.50 (m, 2H,
CH,-CH,-C-0), 1.52 - 1.77 (m, 10H, 2x CHj a1xy1; 3X CH) adamanty1), 1.97 - 2.14 (m, 11H,
3x CHadamantyl; CH2-C=0-NH; 3x NH-C-CH> sdamanty1), 2.83 (br s, 2H, OH), 3.72 (d,
2H, 3] = 11.2 Hz, CH,-O-C), 3.87 (d, 2H, 3] = 11.2 Hz, CH,-O-C), 4.16 (t, 2H, 3] =
6.4 Hz, CH»-CH,-0-C), 5.21 (br s, 1H, NH). 3C-NMR (100 MHz, CDCl3): [, ppm]
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— 17.4 (C-CHj), 25.2 and 25.7 (CH,-CH,-C=0; CH,-CH,-CH,-C=0), 28.3 (CH,-CH,-
C=0-NH), 29.6 (3x CHdamanty1), 36-5 (3% CHa adamanty1), 37.5 (CH,-C=O-NH), 41.8 (3x
CH3 adamanty1"C-NH), 49.4 (O=C-C-(CH,-0)2), 52.1 (C-NH), 64.9 (CH,-CH>-O), 68.3
(2x C-CH,-0), 172.3 (NH-C=0), 176.2 (O-C=0). ESI-MS: [M + Na*]exp = 404.44 m /7
and [M + Na*].,c =404.50 m/z.

Synthesis of 2-(((6-(adamantan-1-ylamino)-6-oxohexyl)oxy)carbonyl)-2-methyl-
propane-1,3-diyl bis(2-(((ethylthio)carbonothioyl)thio)-2-methylpropanoate (11)

In a 50 mL round bottom-flask 6-(adamantan-1-ylamino)-6-oxohexyl 3-hydroxy-2-
(hydroxymethyl)-2-methylpropanoate (15) (2.00 g, 5.25 mmol, 1.0 eq.), EMP (2.47 g,
11.02 mmol, 2.1 eq.) and DPTS (0.62 g, 2.11 mmol, 0.4 eq.) were dissolved in anhy-
drous DCM (20 mL). At 0 °C a solution of DCC (3.25 g, 15.75 mmol, 3.0 eq.) in anhy-
drous DCM (20 mL) was added. After one hour the solution was warmed to ambient
temperature, stirred for 2 days, filtered and concentrated under reduced pressure. The
residual oil was purified via column chromatography on silica-gel with a mixture of
n-hexane:ethyl acetate as eluent that was gradually changed from 4:1 to 3:1. The prod-
uct was obtained as yellow oil (2.25 g, 2.84 mmol, 54%).

TH-NMR (400 MHz, CDCl3): [6, ppm] = 1.02 - 1.47 (m, 11H, CH,-CH,-C-O; CH3-C-
C=0; 2x CH3-CHy), 1.51 - 1.85 (m, 22H, 2x CH a1ky1; 3X CH2 adamantyl; 4x C-CHj3), 1.89
-2.22 (m, 11H, 3x CHadamanty; CH2-C=0-NH; 3x NH-C-CH} adamanty1), 3-26 (q, 4H, 3]
= 7.4 Hz, CH,-S), 3.31 - 3.90 (m, 6H, CH,-O-C, CH,-O-C; CH,-CH,-O-C), 5.15 (br s,
1H, NH). BC-NMR (100 MHz, CDCl3): [6, ppm] = 13.0 (4x CH,-CH3), 17.9 (C-CHj3),
25.4,25.5 and 25.7 (4x C-CHj3; CH;,-CH,-C=0; CH,-CH,-CH,-C=0), 28.5 (CH,-CHj,-
C=0-NH), 29.6 (3x CHadamanty1), 31.3 (2x CH»-S), 36.5 (3x CH3 adamanty1), 37.6 (CHz-
C=0O-NH), 41.8 (3x CHj,adamanty1"C-NH), 46.2 (O=C-C-(CH,-0)2), 52.0 (C-NH), 56.0
(C-(CH3)2), 65.3 and 67.0 (CH,-CH-O; 2x C-CH-0O), 172.0, 172.4 and 172.6 (2x O-
C=0, NH-C=0), 221.4 (2x C=S). ESI-MS: [M + Na"]exp = 816.32m/z and [M + Na™],ic
=816.22 m/z.

Synthesis of prop-2-yn-1-yl 2-(((ethylthio)carbonothioyl)thio)-2-methylpropanoate
(12)

In a 250 mL Schlenk-flask EMP (4.00 g, 17.86 mmol, 1.0 eq.), propargyl alcohol (2.1 mL,
36.34 mmol, 2.0 eq.) and DMAP (0.88 g, 7.20 mmol, 0.4 eq.) were dissolved in anhy-
drous DCM (80 mL). At 0 °C a solution of DCC (7.40 g, 35.86 mmol, 2.0 eq.) in anhy-
drous DCM (40 mL) was added. After one hour the solution was warmed to ambient
temperature, stirred overnight, filtered and concentrated under reduced pressure. The
residual oil was purified via column chromatography on silica-gel with a 20:1 mixture
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of n-hexane:ethyl acetate. The product was obtained as yellow oil (3.92 g, 14.94 mmol,
84%).

TH-NMR (400 MHz, CDCl3): [6, ppm] = 1.32 (t, 3H, 3] =7.4 Hz, CH3-CH,), 1.70 (s, 6H,
2x C-CH3), 2.46 (t, %] = 2.5 Hz, 1H, CH), 3.28 (q, 2H, ] = 7.4 Hz, CH3-CH.,), 4.69 (d, 3]
= 2.5 Hz, 2H, CH,-O). 3C-NMR (100 MHz, CDCl3): [6, ppm] = 13.0 (CH,-CH3), 25.3
(2x C-CH3), 31.4 (CH,-CH3), 53.5 (C-CHj), 55.7 (CH,-O), 75.2 (CH), 77.4 (C-CH), 172.5
(C=0), 221.0 (C=S). ESI-MS: [M + Na*]exp = 284.88 m/z and [M + Na*]cyc = 285.01

m/z.

Exemplary Synthesis of Mid-Chain Adamantyl-Functionalized PDMAAmM

11 (60.0 mg, 0.076 mmol, 1.0 eq.), DMAAm (1.50 g, 15.14 mmol, 199.2 eq.), AIBN
(2.5mg, 0.015 mmol, 0.2 eq.), DMF (15.0 mL) and a stirring-bar were added into a
Schlenk-tube. After three freeze-pump-thaw cycles the tube was backfilled with ar-
gon, sealed, placed in an oil bath at 60 °C and removed after 24 h. The tube was sub-
sequently cooled with liquid nitrogen to stop the reaction. A NMR-sample was with-
drawn for the determination of conversion, inhibited with a pinch of hydroquinone
(approx. 5 mg) and CDCl; was added. A conversion of 90% was calculated based on
the NMR data (see Section[9.3/for details of the calculation). The residue was dialyzed
against deionized water with a SpectraPor3 membrane (MWCO = 1000 Da) for 3 days
at ambient temperature. The solvent was removed in vacuo to yield the polymer as a
yellow solid (1.40 g, 99%, Mpheo = 18500 g-mol ™!, SEC(DMAc): Mysgc = 15800 g-mol ™,
D = 1.41).

Exemplary Synthesis of Alkyne-Functionalized PDEAAmM

12 (269.0 mg, 1.03 mmol, 1.0 eq.), DEAAm (10.00 g, 78.62 mmol, 76.3 eq.), AIBN
(15.0mg, 0.091 mmol, 0.1 eq.), DMF (45 mL) and a stirring-bar were added into a
Schlenk-tube. After three freeze-pump-thaw cycles the tube was backfilled with ar-
gon, sealed, placed in an oil bath at 60 °C and removed after 6 h. The tube was sub-
sequently cooled with liquid nitrogen to stop the reaction. A NMR-sample was with-
drawn for the determination of conversion, inhibited with a pinch of hydroquinone
(approx. 5mg) and CDCl; was added. A conversion of 82% was calculated based on
the NMR data (see Section[9.3 for details of the calculation). The residue was dialyzed
against deionized water with a SpectraPor3 membrane (MWCO = 1000 Da) for 3 days
at ambient temperature. The solvent was removed in vacuo to yield the polymer as
yellow solid (7.34 g, 87%, Mpheo = 8200 g-mol™?, SEC(DMAC): Myskc = 7500 g-mol?,
D, = 1.14).
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Exemplary Click-Reaction of Alkyne-Functionalized PDEAAm with p-CD-N3

Alkyne functionalized PDEAAmM (Mysgc = 7500 g-mol'1 ;2.00 g, 0.27 mmol, 1.0 eq.),
B-CD-Nj3 (1.25 g, 1.08 mmol 4.0 eq.), PMDETA (56 pl, 0.27 mmol, 1.0 eq.), DMF (25 mL)
and a stirring-bar were introduced into a Schlenk-tube. After three freeze-pump-thaw
cycles the tube was filled with argon and CuBr (38.0 mg, 0.27 mmol, 1.0 eq.) was
added under a stream of argon. Subsequently, two freeze-pump-thaw cycles were
performed, the tube backfilled with argon and the mixtures stirred at ambient tem-
perature for 24 h. EDTA-solution (5 wt.%, 1 mL) was added and the residue was
dialysed against deionized water with a SpectraPor3 membrane (MWCO = 2000 Da)
for 3 days at ambient temperature. The solvent was removed in vacuo to yield the
CD-functionalized polymer as a yellow solid (1.58 g, 68%, SEC(DMAc): Mysgc =
10300 g-mol !, Dy, = 1.12).

Exemplary Supramolecular Miktoarm Star Polymer-Formation via CD/Guest In-
teraction

Mid-chain adamantyl functionalized PDMAAm (Msgc = 15800 g-mol‘1 ; 100.0 mg,
0.006 mmol, 1.0 eq.) was dissolved in THF (2 mL) and added dropwise to a solu-
tion of CD-functionalized PDEAAmM (M,sgc = 8000 g~mol’1 ; 50.6 mg, 0.006 mmol,
1.0 eq.) under vigorous stirring. The resulting solution was dialyzed against a deion-
ized water/THF-mixture. The water-content was gradually changed from 70% to
100% over 1 day and the dialysis was continued for 3 days with deionized water at
ambient temperature. The solvent was removed in vacuo to yield the supramolecular
complex in quantitative yield. In a similar manner a control sample was prepared con-
sisting of a CD-functionalized PDEAAm (Mpsgc = 8000 g-mol!; 25.0 mg, 0.003 mmol,
1.0 eq.) and non-adamantyl functionalized PDMAAm (Mysgc = 12300 g-mol‘1 ;38.4mg,
0.003 mmol, 1.0 eq.) that was polymerized with EMP.
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CHAPTER 7

Modulation of the
Thermoresponsitivity of PDEAAmM
via CD Addition

7.1 Introduction

Thermoresponsive water soluble polymers have attracted much attention in the last

years 294-297

This is especially due to a broad range of envisaged applications, in
e.g. drug?® or gene delivery.2? Several polymer classes have been in the focus of
polymer scientists, e.g. poly(oxazolines),?® poly(acrylamides) or poly(acrylates) with
oligo(ethyleneglycol) sidechains.®” In addition thermoresponsive blocks have been
utilized in polymers with multiple stimuli responses, i.e. schizophrenic behavior.220
A common property of thermoresponsive water soluble polymers is a coil to globule
transition at a certain critical temperature, i.e. the cloud point T.. Either the poly-
mers lose their water solubility upon heating to a certain temperature (LCST) or they
dissolve upon heating (UCST). There are manifold examples of these two classes,
e.g. PNIPAAmM3% for LCST-polymers or poly(N-acryloylglycinamide)®® for UCST-
polymers. The T, is governed by several factors such as ionic strength,3% polymer

endgroups,?3? polymer concentration, polymer topology3® or the addition of supra-

molecular hosts, e.g. B-CD via complexation of endgroups306-3%

or polymer side-
groups.2®® The variation of the polymer endgroup gives rise to modulations of the
T., which can also be combined with external triggers or additional compounds, e.g.

the masking of a hydrophobic endgroup with cucurbit[8]uril, ¥ the cleavage of a

NOESY measurements were performed in collaboration with M. Hetzer and Prof. H. Ritter (Heinrich
Heine Universitdt Diisseldorf). Parts of this chapter were reproduced with permission from Schmidt,
B. V. K. J.; Hetzer, M.; Ritter, H.; Barner-Kowollik, C. Macromol. Rapid Commun. 2013, 34 (16), 1306-1311
(DOI: 10.1002 /marc.201300478). Copyright 2013 John Wiley & Sons.
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disulfide to remove a hydrophobic endgroup3!? or the photoisomerization of poly-
mer endgroups3!! via UV-light.

In the present chapter the modulation of the T. of PDEAAm via the formation of
supramolecular inclusion complexes between the guest-functionalized polymers and
Me-B-CD or B-CD (Scheme[Z.])) is described. The change in the T upon complexation
was determined via turbidimetry measurements. Furthermore, the complexes were
characterized via 2D NOESY. The modulation of the T. could be reversed via addi-
tion of competing guest molecules or for the first time via enzymatic degradation of
the added CDs, which is an outstanding property with regard to biomedical applica-
tions.

In the research on CD-complexed RAFT reagents for the reversible-deactivation rad-
ical polymerization of various acrylamides in aqueous solution (refer to Chapter [3) it
was noticed that in the case of DEAAm a homogenous polymerization mixture was
retained throughout the reaction time. Nevertheless, some of the obtained polymers
showed no water solubility after the removal of Me-B-CD. This effect was assigned
to the masking of the hydrophobic endgroups by the CD moiety and is investigated
turther in the present chapter.

a) b)

s

Tt < Te2 Tt > Te2 Tt > T2 @= @ or O\F

Scheme 7.1: Overview of the examined concept. a) Increase of the T, of PDEAAm (black) via
addition of Me-B-CD or B-CD (orange); b) decrease of T, after addition of competing guest
molecules; ¢) decrease of T, after degradation of CD upon enzyme addition; d) picture of
crude doubly adamantyl functionalized PDEAAm (M,, = 3000 g-mol ™) (left) and the polymer
after complex formation with 2 eq. of Me-B-CD (right) at 10 °C.
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7.2 Results and Discussion

7.2 Results and Discussion

7.2.1 Synthesis of Guest Endfunctionalized PDEAAm

PDEAAm with different chain lengths and endgroups was prepared via RAFT poly-
merization in DMF at 60 °C using AIBN as initiator (Scheme [Z.2). As endgroups for
single and double functionalized polymers tert-butyl phenyl (via 1 and 2), adamantyl
(via 10 and 5) or azobenzene (via 16 and 6) were utilized (Figure [Z]). The obtained
polymers were analyzed via SEC and subsequently subjected to measurements of the

T. (refer to Appendix[E.THE.7).
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Figure 7.1: Structures of the utilized CTAs
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Scheme 7.2: Polymerization of DEAAm in DMF at 60 °C with the respective CTA to generate

the desired endfunctionalized polymers.

The effect of CDs on the solubility of PDEAAm can be readily visualized when
a short chain PDEAAm with hydrophobic guest groups is considered, e.g. double
adamantyl functionalized PDEAAm (M, = 3000 g-mol ). Without the addition of Me-
B-CD, the polymer is insoluble in water even at 4 °C, whereas after addition of Me-
B-CD a clear solution of PDEA Am in water is obtained (refer to Scheme[Z.11d). The in-
clusion complex formation of the polymer endgroup with Me--CD can be proven via
NOESY. In the case of tert-butyl phenyl guests, the expected cross correlation peaks
between the signals of the inner CD protons at 3.6 and 3.8 ppm and the tert-butyl
phenyl-protons at 1.3, 6.9 and 7.3 ppm (refer to Figure a and b) are observed.
For adamantyl guests cross correlation peaks between the inner CD protons and the
adamantyl protons at 1.7, 2.0 and 2.2 ppm are evident (refer to Figure [Z2 c and d).
Mixtures of azobenzene functionalized PDEAAm with Me-B-CD or a-CD show cross
correlation peaks between the inner CD protons and the signals of the protons of the
azobenzene moiety between 7.0 and 7.5 ppm. A control sample of carboxyl termi-
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nated PDEAAm shows no cross correlation peaks in the respective regions (refer to
Appendix[ET).
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Figure 7.2: NOESY spectrum in D,O at 25 °C of a mixture of a) single tert-butyl phenyl func-
tionalized PDEAAm (M,, = 6500 g-mol!) and 2 eq. of Me-B-CD; b) double tert-butyl phenyl
functionalized PDEAAm (M,, = 5600 g-mol ™) and 4 eq. of Me-B-CD; c) single adamanty1 func-
tionalized PDEAAm (M, = 4900 g-mol™) and 2 eq. of Me-B-CD; d) double adamantyl func-
tionalized PDEAAm (M, = 7700 g-mol™) and 4 eq. of Me-B-CD.
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Figure 7.3: NOESY spectrum in D,O at 25 °C of a mixture of a) single azobenzene function-
alized PDEAAm (M, = 5000 g-mol!) and 2 eq. of Me-B-CD; b) double azobenzene function-
alized PDEAAm (M, = 11500 g-mol!) and 4 eq. of Me-B-CD; c) single azobenzene function-
alized PDEAAm (M, = 5000 g-mol!) and 2 eq. of a-CD; d) double azobenzene functionalized
PDEAAmM (M, = 11500 g-mol'l) and 4 eq. of a-CD.

7.2.2 Turbidimetric Measurements: Influence of Guest Groups,
Chain Length and CD/Endgroup Ratio

Apart from macroscopic observations, the apparent T'.s were measured via turbidime-
try with and without the addition of Me-B-CD. Firstly, the effect of different guest-
groups and their quantity was probed. Transmittance versus temperature plots of
exemplary chain lengths close to 5000 g-mol! are depicted in Figure [Z4 a. As ex-
pected, doubly guest functionalized PDEAAm exhibits a lower T, compared to sin-
gle functionalized PDEAAm due to the increased hydrophobicity of the chains, e.g.
a T of 28.4 °C is observed for single tert-butyl phenyl functionalization and a T of
26.8°C for double tert-butyl phenyl functionalization. Single adamantyl functional-
ized PDEAAm has a T. of 29.8 °C and double adamantyl functionalized PDEAAm
is not soluble in water over 4 °C. After addition of Me-B-CD, an increase of the T is
observed that is also dependent on the respective guest group. For adamantyl guest
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7.2 Results and Discussion

groups, large changes are evident, e.g. from 29.8 °C to 35.1 °C in the case of M, =
4900 g-mol. A completely different situation is observed in the case of azobenzene
guests, as no significant changes in the T. upon complexation are evident. This effect
could be due to the more hydrophilic nature of azobenzenes and the weaker complex-
ation with B-CD (refer to Appendix [E.6land [E.7). Thus, the effect of addition of a-CD
on the T. of azobenzene functionalized PDEAAm was investigated due to higher as-
sociation constants of a-CD with azobenzenes.2 After addition of a-CD, similar T¢s
of non-complexed and Me-B-CD complexed PDEAAmM were observed (refer to Ap-
pendix[E.8 and [E.9). The observed T. is increasing with increasing chain length. Nev-
ertheless the T is not rising over 30 °C even for molecular masses over 10000 g-mol .
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Figure 7.4: a) Turbidimetric measurements of PDEAAm with different guest groups (solid
line: without Me-B-CD; dashed line: with Me-B-CD) and a M,, of approx. 5000 g-mol™: car-
boxylic acid (black), double tert-butyl phenyl (green), single adamantyl (blue), single tert-
butyl phenyl (red) and double adamantyl (turquoise, note: without Me-p-CD the T is be-
low 4 °C); b) Turbidimetric measurements of PDEAAm with different M,, and single tert-
butyl phenyl endgroup (solid line: without Me-B-CD; dashed line: with Me-B-CD): M,, = 1800

g-mol! (black, note: without Me-B-CD the T. is below 4 °C), 6500 g-mol'1 (red), 7700 g-mol*
(green) and 11200 g-mol! (blue).

Furthermore, the dependence of the T from the polymer chain length was inves-
tigated (Figure [Z4b). In general, T. increases with increasing chain length for guest
functionalized systems, e.g. the T. comprises a range from insoluble at 4 °C to 33.0 °C
from a molecular mass of 1800 to 11200 g-mol ! in the case of single tert-butyl phenyl
tunctionalized PDEAAm without the addition of Me-B-CD. The complex formation
with Me-B-CD leads to an increase of the T from 6.0 °C to 1.5 °C resulting in a range
of observed Tcs from 22.9 °C to 34.5 °C (refer to Figure 3b and an additional discussion
in the Supporting Information Section for the other guest systems). The differences in
the T, between Me-B-CD associated and non-associated PDEAAm decrease with mo-
lar mass of the polymers. This is due to the weaker influence of the hydrophobic end-
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7 Modulation of the Thermoresponsitivity of PDEAAm via CD Addition

groups with a larger hydrophilic fraction in the polymer. In the case of carboxylic acid
functionalized PDEAAm, the T is almost constant around 37.5 °C to 41.1 °C regard-
less of the addition of Me-B-CD which leads to T'.s from 38.8 °C to 41.6 °C. In general,
the possible ranges of T. modulation with CD complexes is dependent on the chain
length, the hydrophobicity of the guest group and the number of guest groups (Figure
[7.5). As stated already, T. increases with increasing chain length of PDEAAm. In the
case of double tert-butyl phenyl functionalized PDEAAm, the observed T increases
from insoluble with a My, of 1800 g-mol™! to 30.7 °C for a My, of 7400 g-mol’l. After
addition of 2 equivalents of Me-B-CD, the T shifts to 33.5 °C for a M, of 1800 g-mol!
and to 36.7 °C for a My, of 7400 g-mol’!. Single adamantyl functionalized PDEAAm
shows Ts of 27.3 °C for a My, of 3200 g-mol™ and 33.7 °C for a My, of 8300 g-mol!. The
association of the endgroups with Me--CD leads to a T. of 33.4 °C for a M, of 3200
g-mol™ and 35.6 °C for a M, of 8300 g-mol!. For the double adamantyl functional-
ized PDEAAm samples only PDEAAm with higher molecular mass of 12700 g-mol!
is soluble in water with a T of 33.0 °C. The addition of Me-B-CD leads to solubiliza-
tion of all samples. For a M, of 5100 g-mol'l, aT. of 27.8 °C is observed, while a T, of
36.1 °C is observed for a My, of 12700 g-mol™. Similar trends are observable for both
guest systems. In the case of the tert-butyl phenyl and adamantyl endgroups, the T,
converges at molecular masses exceeding 8000 g-mol! to a value of approximately
33 °C, which is close to the reported value in the literature.2#2 It is noteworthy that
carboxylic acid functionalized PDEAAm has even higher T¢s close to 40 °C, proba-
bly due to additional hydrogen bonding interactions. The addition of Me-B-CD leads
to a shift in the observed T. from approximately 37 °C to 40 °C. For shorter chain
polymers with My, below 8000 g-mol!, Tcs of approximately 33 °C are observed. In-
terestingly, at chain lengths over 8000 g-mol™! the T still increases after Me-B-CD and
converges to the value of carboxylic acid functionalized PDEA Am, which shows that
the addition of CDs does not only shield the hydrophilic endgroups but also increases
the hydrophilicity of the chain ends (Figure [7.5).
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Figure 7.5: Observed Tcs as a function of M, for PDEAAm (filled symbols) and complexed
PDEAAm (open symbols; a), b), c) Me-p-CD addition and d) a-CD addition): a) single tert-
butyl phenyl guest (squares), double tert-butyl phenyl guests (circles) and carboxylic acid
functionalization (triangles); b) single adamantyl guest (squares), double adamantyl guests
(circles) and carboxylic acid functionalization (triangles); c) and d) single azobenzene guest

(squares), double azobenzene guests (circles) and carboxylic acid functionalization (triangles).

The dependence of endgroup / Me-B-CD ratio on the T, was investigated as well
(Figure [7.6l and Appendix [E.10). Initially for short chain guest functionalized poly-
mers (Mp = 3800 g-mol ') upon Me-B-CD addition the transmittance versus temper-
ature plot shows the expected sharp increase in turbidity at the T.. Unexpectedly,
the turbidity decreases again after further heating (see also Figure [Z4 b and [Z.7 b:
black dashed line). The variation of the Me-B-CD / polymer endgroup ratio reveals
an unexpected behavior. For short chain guest functionalized polymers with pendant
complexed Me-B-CD (M, = 3800 g-mol!), the transmittance versus temperature plot
shows the expected sharp increase in turbidity at the T... The turbidity decreases again
after further heating, whereas control samples with carboxylic acid endfunctionaliza-
tion and comparable M, do not show such a behavior. This effect clearly indicates
that the behavior is due to host/guest complexation. The cooling curve does not show
such a behavior, yet a slower transition is observed resulting in a large discrepancy
of the T, from heating ramp and cooling ramp. With a longer chain guest functional
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7 Modulation of the Thermoresponsitivity of PDEAAm via CD Addition

PDEAAm (M, = 6500 g-mol™), only minor discrepancies of the T, between the heat-
ing and cooling ramp are observed. Nevertheless, the decreasing turbidity after the
tirst sharp increase is observed, yet to a weaker extent as well. A possible explanation
is that after the phase transition at the T, the complexes begin to break up, which
leads to free Me-B-CD molecules in solution that interact with the insoluble polymers

and change the turbidity of the solution.
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Figure 7.6: Turbidimetric measurements of PDEAAm with different Me-B-CD equivalents
(heating ramps: 1.0 eq. red curve; 1.5 eq. turquoise curve; 2.0 eq. black curve; 3.0 eq. blue
curve; 5.0 eq. green curve; cooling ramp: 2.0 eq. magenta curve): a) single tert-butyl phenyl

group (M, = 3800 g-mol™), b) single tert-butyl phenyl group (M, = 6500 g-mol'l) and ¢) car-
boxylic acid group (M, = 3500 g-mol™).
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7.2 Results and Discussion

7.2.3 Reversal of the Effect via External Stimuli

As the addition of Me-B-CD leads to significant changes in the observed Ts, removal
of the CD moieties should give the opportunity to decrease the T. again or even to
precipitate the uncomplexed PDEAAm strands. One possibility is the addition of an
excess of guest molecules that should shift the equilibrium to uncomplexed poly-
mers and therefore change the observed T. (refer to Figure [Z.7] a and b). As an ex-
ample, single tert-butyl phenyl (M, = 3800 g:-mol ™) and double tert-butyl phenyl (M,
= 5600 g-mol!) functionalized PDEAAm was complexed with 2 equiv. of Me-8-CD
and an excess of 16 equiv. 1-adamantyl amine hydrochloride was added. A decrease
in the T towards the T of uncomplexed PDEAAm was observed, i.e. from 32.9 °C
to 27.9 °C for single tert-butyl phenyl functionalized PDEAAm (M, = 3800 g-mol'l)
(refer to Appendix[E.TT).

Apart from the addition of competing guests, destruction of the added CD molecules
should lead to a shift in T, as well. An enzymatic pathway is a valid and biocompati-
ble choice, e.g. via hydrolysis of the a-1,4-glycosidic bond in CD with x-amylase. Incu-
bation of beforehand p-CD complexed PDEAAm with Taka diastase from aspergillus
oryzae leads to a significant shift in T from 30.4 °C to 26.5 °C in the case of double
tert-butyl phenyl functionalized PDEAAm (M, = 4400 g-mol™) (refer to Figure [Z.7] c
and Appendix[E.12)), which is close to the obtained T\ for the respective uncomplexed
sample. For a control sample with non-guest functionalized PDEAAm, no shift was
observed (Figure[ZZ d). Thus not only an increase in T upon complex formation was
observed, but the situation could be reversed via addition of a competing guest or
enzymatically.
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Figure 7.7: a) Turbidimetric measurements of PDEAAm with single tert-butyl phenyl group
(M, = 3800 g-mol!): without Me-B-CD (solid line), with 2 eq. Me-B-CD (dashed line) and after
addition of 16 eq. 1-adamantylamine hydrochloride (dotted line); b) turbidimetric measure-
ments of PDEAAm with double tert-butyl phenyl group (M, = 5600 g-mol'l): without Me-
B-CD (solid line), with 2 eq. Me-B-CD (dashed line) and after addition of 16 eq. 1-adamantyl
amine hydrochloride (dotted line); c) turbidimetric measurements of PDEAAm with dou-
ble tert-butyl phenyl group (M, = 4400 g-mol!): without B-CD (solid line), with 2 eq. f-CD
(dashed line) and after enzymatic treatment (dotted line); d) turbidimetric measurements of
PDEAAm with carboxylic acid group (M, = 5000 g-mol!): without B-CD (solid line), with
2eq. B-CD (dashed line) and after enzymatic treatment (dotted line).

7.3 Conclusions

In summary, we have evidenced that the T, of aqueous guest functionalized PDEAAm
solutions is responsive to the addition of CD host molecules. The formation of supra-
molecular host/guest complexes of the hydrophobic polymer endgroups with CDs
leads to a shielding of the hydrophobic nature of the pendant guests. Furthermore,
the effect of different guest groups, the chain length and the endgroup / CD ratio
was investigated, showing a broad tuneability of the T'.. Addition of competing guest

molecules or CD degrading enzymes gives the opportunity to reverse the observed
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change of the T, in a straightforward and — in the case of enzymatic treatment — bio-
compatible fashion.

7.4 Experimental Part

Synthesis of 6-(4-(phenyldiazenyl)phenoxy)hexyl 2-(((ethylthio)carbonothioyl)thio)-
2-methylpropano-ate (16)

In a 50 mL Schlenk-flask EMP (0.75 g, 3.35 mmol, 1.0 eq.), 6-(4-(phenyldiazenyl)-
phenoxy)hexan-1-ol (1.25 g, 5.02 mmol, 1.5 eq.) and DMAP (0.08 g, 0.67 mmol, 0.2 eq.)
were dissolved in anhydrous DCM (15 mL). At 0 °C, a solution of DCC (1.04 g,
5.02mmol, 1.5 eq.) in anhydrous DCM (10 mL) was added. After one hour the solu-
tion was warmed to ambient temperature, stirred overnight, filtered and concentrated
under reduced pressure. The residual oil was purified via column chromatography on
silica-gel with a 20:1 mixture that was changed gradually to 15:1 of n-hexane:ethyl ac-
etate as eluent. The product-containing fractions were concentrated and the residue
recrystallized from n-hexane:ethyl acetate. The product was obtained as orange crys-
tals (1.10 g, 2.42 mmol, 72%).

TH-NMR (400 MHz, CDCl3): [6, ppm] = 1.31 (t, 3] = 7.4 Hz, 3H, CH3-CH,), 1.38 - 1.56
(m, 4H, 2x CH,-CH,-CH,-0), 1.57 - 1.75 (m, 10H, 2x C-CHj3; O=C-O-CH,-CH>), 1.81
(m, 2H, O-CH,-CH3), 3.27 (q, ®] = 7.4 Hz, 2H, CH3-CH>), 4.04 (t, 3] = 6.4 Hz, 2H, CH,-
0),4.12 (t, 3] = 6.4 Hz, 2H, CH,-O-C=0), 7.00 (d, 3] = 8.9 Hz, 2H, CHarom ), 7.40 - 7.55
(m, 3H, CHgrom.), 7.82 - 7.97 (m, 4H, CH 3rom.)- *C-NMR (100 MHz, CDCl3): [§, ppm]
=13.1 (CH,-CH3), 25.5 (2x CH3-C), 25.8 and 25.9 (2x CH,-CH,-CH3-0), 28.4 (O-CH,-
CH;), 29.2 (O=C-O-CH,-CH,), 31.3 (CH,-CH3), 56.1 (C(CH3)2), 66.1 (O=C-O-CHy),
68.3 (O-CH;), 114.8 (2x O-CHarom.-CHarom.), 122.7 (2x CHarom.), 124.9 (2x CHarom.),
129.2 (2x CHarom.), 130.4 (CHarom.), 147.0 (Carom.-N=N), 152.9 (Carom.-N=N), 161.8 (O-
Carom.), 173.1 (C=0), 221.4 (C=S). ESI-MS: [M + H" Jexp, = 505.25 m/z and [M + H"] 4
=505.17 m/z.
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Exemplary Synthesis of Endfunctionalized PDEAAmM

1(26.1 mg, 0.073 mmol, 1.0 eq.), DEAAm (311 mg, 2.49 mmol, 33.0 eq.), AIBN (2.4 mg,
0.015 mmol, 0.2 eq.), DMF (2.0 mL) and a stirring-bar were added into a Schlenk-
tube. After three freeze-pump-thaw cycles the tube was backfilled with argon, sealed,
placed in an oil bath at 60 °C and removed after 24 h. The tube was subsequently
cooled with liquid nitrogen to stop the reaction. A NMR-sample was withdrawn for
the determination of the conversion, inhibited with a pinch of hydroquinone (approx.
5 mg) and CDCl3 was added. A conversion of 99% was calculated based on the NMR
data (see Characterization Methods for details of the calculation). The residue was
dialysed against deionized water with a SpectraPor3 membrane (MWCO = 1000 Da)
for 3 days at ambient temperature. The solvent was removed in vacuo to yield the
polymer as a yellow solid (243 mg, 72%, Mptheo = 4500 g-mol'l, SEC(THF): Mysgc =
3800 g-mol!, Dy, = 1.08).

Exemplary Procedure for the Preparation of the Complexes for the Measurement
of T,

PDEAAm polymerized with 1 (Mysgc = 6500 g-mol!; 3.0 mg, 0.46 umol, 1.0 eq.) and
Me-B-CD (1.2 mg, 0.96 ymol, 2.0 eq.) were added into a vial. Deionized H,O (3 mL)
was added and the solution stirred for 1 day at ambient temperature and kept in the
fridge for 1 day. Subsequently, the T. was measured according to the Characterization
Methods Section.

Exemplary Procedure for the Shifting of the T via addition of Competing Guests

PDEAAm polymerized with 1 (Mysgc = 3800 g-mol}; 3.0 mg, 0.79 umol, 1.0 eq.) and
Me-B-CD (1.8 mg, 1.37 umol, 1.7 eq.) were added into a vial. Deionized H,O (3 mL)
was added and the solution stirred for 1 day at ambient temperature and kept in the
fridge for 1 day. Subsequently, 1-adamantyl amine hydrochloride (2.4 mg, 12.78 ymol,
16.0 eq.) was added and the solution stirred for 2 days at ambient temperature. Fi-
nally, the T. was measured according to the Characterization Methods Section.
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Exemplary Procedure for the Shifting of the T, via Enzymatic Treatment

PDEAAm polymerized with 17 (Mpspc = 4400 g-mol‘1 ; 3.0 mg, 0.69 umol, 1.0 eq.)
and B-CD (1.5 mg, 1.36 umol, 2.0 eq.) were added into a vial. Deionized H,O (3 mL)
was added and the solution stirred for 1 day at ambient temperature and kept in the
fridge for 1 day. Subsequently, Taka Diastase from aspergillus oryzae (approx. 0.5 mg)
was added and the solution was stirred for 2 days at 33 °C. Finally, the sample was
cooled in the fridge, filtered and the T. was measured according to the Characteriza-
tion Methods Section.

133






CHAPTER 8

Conclusions and Outlook

Supramolecular chemistry has emerged as an important tool in contemporary poly-
mer science. The utilization of supramolecular motifs, e.g. hydrogen bonding, metal-
complexes or inclusion complexes, has lead to a broad range of materials with novel
properties and promising applications in the life and material sciences. The devel-
opment of reversible-deactivation radical polymerization techniques had a very sig-
nificant impact on polymer science as well, especially for the preparation of novel
complex macromolecular architectures. The combination of both concepts to generate
supramolecular driven complex macromolecular architectures is a highly important
research topic from the view of fundamental science, yet with regard to applications
as well.

One reasonable approach for the formation of complex macromolecular architectures
governed by supramolecular interactions is the incorporation of supramolecular mo-
tifs into polymers via end functionalization, which can be conducted via click chem-
istry or the synthesis of the respective controlling agents. The control over polymer
functionality is essential in such an approach and is certainly possible via RAFT poly-
merization. Such a functionality guided attempt facilitates the formation of complex
macromolecular topologies and thus the combination of variable building blocks en-
ables the formation of complex macromolecular architectures. Another key feature
of the supramolecular approach is the possibility to combine the building blocks in a
modular fashion. As different building blocks are combined to form complex architec-
tures via specific supramolecular recognition motifs, it is easily possible to exchange
the respective building blocks, e.g. with different polymer-types and thus to change
the properties of the obtained materials easily.

In the current thesis, CDs were utilized as supramolecular motifs that are capable
of forming inclusion complexes with hydrophobic molecules in aqueous solution.

135



8 Conclusions and Outlook

Their complexation ability was exploited in a new method to solubilize hydropho-
bic RAFT agents and subsequently perform RAFT polymerizations of several acry-
lamides, i.e. DMAAmM, DEAAm and NIPAAm, in aqueous solution. Thus, hydrophilic
polymers with hydrophobic endgroups were prepared in water in one step. In addi-
tion to the novel method for controlling chain endfunctionality, CDs were incorpo-
rated in polymers as endgroup. In combination with guest functionalized polymers,
several complex macromolecular architectures were formed. Mono CD functional-
ized PHPMA was conjugated supramolecularly with doubly guest functionalized
PDMAAmM or PDEAAm to form supramolecular ABA block copolymers. In this case
the stimuli responsive behavior of the supramolecular linkage was probed, i.e. via a
temperature- and light-response. Thus, the formed triblock copolymers were disas-
sembled upon external stimuli. Furthermore, the thermo-responsive PDEAAm block
allowed the investigation of temperature-induced micellization. In the area of star ar-
chitectures a three fold CD functional core was attached to guest endfunctionalized
polymers to form three arm star polymers that showed disassembly of the stars at
increased temperatures and re-formation of the supramolecular assemblies after cool-
ing. An AB, miktoarm star polymer was prepared with CD-functionalized PDEAAm
and a mid-chain guest functionalized PDMAAm. Again, the thermoresponsive na-
ture of PDEAAm was utilized to form temperature-induced aggregates. Addition-
ally, the thermoresponsive behavior of PDEAAm was modulated via complexation
of hydrophobic endgroups with CD. This effect could be reversed via the addition of
competing guest molecules or in a biocompatible way via enzymatic degradation of
the CD molecules.

In conclusion, CD driven macromolecular architectures were put on a new level: From
control over endgroups to complex architectures such as block copolymers or star
polymers. Especially incorporation of stimuli-responsive linkages have proven to be a
powerful property of the presented systems, especially if future applications are con-
sidered, e.g. drug-delivery or the formation of nano-objects. Furthermore, the utiliza-
tion of thermoresponsive building blocks allows temperature-induced aggregation,
which has again uses in drug-delivery. The next step with the materials presented in
this thesis, is to put them to use in first application oriented studies, e.g. drug encap-
sulation and release or microphase separation of block copolymers.

CD-based macromolecular architectures are an interesting area of research that is at a
turning point. Almost every conceivable architecture has been prepared so far and the
focus of polymer scientists is turning from the fundamental level to more application
oriented research. Biomedical science is the most promising area for applications in
that regard, e.g. for drug-delivery. CDs are a viable choice in that case as native CDs
are biocompatible and are already employed in food technology or drug-delivery.
Furthermore, the association of CDs and guest molecules is performed in an aque-
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ous environment, which is the solvent of choice for biological applications. From the
point of view of biomedical applications, the frequently utilized CuAAc, which is cer-
tainly used so frequently due to the convenient preparation of mono azido functional
CD, has to be exchanged with biocompatible click reactions, e.g. thiol-ene reactions
or Diels-Alder processes. Branched structures and hydrogels have proven to be an
important area of CD-based polymer science. This area will be important with regard
to applications in the future as well, e.g. the formation of microgels, hydrogels for
drug-delivery or self-healing materials. Another area of rising importance in polymer
science is the modification of surfaces and first steps of supramolecular surface mod-
ifications with CDs have been undertaken already in the Barner-Kowollik group and
other research groups as well. Nevertheless, there are many opportunities left for dif-
ferent applications of supramolecularily attached molecules on surfaces.
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CHAPTER 9

Experimental Part

Experiments employing anhydrous solvents were conducted with standard Schlenk-
techniques under an atmosphere of argon. The glassware was dried with a heat-gun
under high vacuum and the flasks were backfilled with argon prior to addition of
reagents.

9.1 Materials

Acetic acid (Roth, 99%), 1-adamantylamine hydrochloride (ABCR, 99%), aluminium
chloride (ABCR, 99%), 2-amino-1-propanol (TCI, 98%), 4,4"-azobis(4-cyanovaleric ac-
id) (V-501; Sigma Aldrich, 98%), B-cyclodextrin (B-CD; Wacker, pharmaceutical grade),
2,2-bis(hydroxymethyl)propionic acid (Sigma Aldrich, 98%), 2-bromoisobutyric acid
(Sigma Aldrich, 98%), 3-bromopropionyl chloride (ABCR, 90%), carbon disulfide (Ac-
ros, 99.9%), 1-chloro-6-hydroxyhexane (Acros, 95%), copper bromide (Sigma Aldrich,
99%), deuterated acetone (acetone-Dg; Euriso-top, 99.8%), deuterated chloroform (CD-
Cl;; Euriso-top, 99.9%), deuterated dimethylsulfoxide (DMSO-Dg; Euriso-top, 99.8%),
deuterium oxide (D,O; Euriso-top, 99.9%), diisopropylazodicarboxylate (DIAD; AB-
CR, 94%), N,N’-dicyclohexylcarbodiimide (DCC; ABCR, 99%), N,N-dimethylamino-
pyridine (DMAP; Sigma Aldrich, 99%), N,N-dimethylformamide (DMF; ABCR, 99%),
Dowex 50WX2-100 ion-exchange resin (Sigma Aldrich), e-caprolactone (CL; Alfa Ae-
sar, 99%), ethanethiol (Acros, 99%), ethylenediaminetetraacetic acid disodium salt
(EDTA; ABCR, 99%), hydroquinone (Fluka, 99%), iodine (Acros, 99.5%), 3-mercapto-
propionic acid (Acros, 99%), methacryloyl chloride (Sigma Aldrich, 97%), 4-tert-butyl
benzylbromide (Acros, 97%), 4-tert-butyl phenol (Sigma Aldrich, 99%), 4-tert-butyl
aniline (Acros, 99%), 4-tert-butylbenzyl mercaptan (Sigma Aldrich, 99%), p-toluene-
sulfonic acid monohydrate (Sigma Aldrich, 99%), p-toluenesulfonyl chloride (ABCR,
98%), N,N,N’,N”,N”-pentamethyldiethyltriamine (PMDETA; Merck, 99.9%), 4-phenyl-
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azophenol (ABCR, 98%), potassium carbonate (VWR, rectapur), potassium iodide
(Sigma Aldrich, 99%), potassium phosphate monohydrate (Sigma Aldrich, puriss.),
propargylalcohol (Alfa Aesar, 99%), randomly methylated B-cyclodextrin (Me-3-CD,
average methylation grade 1.8 per glucose unit, pharmaceutical grade, was a gift from
Wacker), silica gel (Merck, Geduran SI60 0.063 - 0.200 mm), sodium acetate (Roth,
99%), sodium azide (Acros, 99%), sodium hydroxide (Roth, 99%), Taka-Diastase from
aspergillus oryzae (Sigma Aldrich, 126 u-mg™), tetrabutyl ammonium hydrogen sulfate
(Sigma Aldrich, 97%), triethylamine (Acros, 99%), trifluoroacetic acid (TFA; ABCR,
99%), triphenylphosphine (Merck, 99%), tripropargylamine (Sigma Aldrich, 98%) were
used as received. Anhydrous dichloromethane (DCM), N,N-dimethylformamide (DM-
F) and tetrahydrofuran (THF) were purchased from Acros (extra dry over molecular
sieves) and used as received. Diethyl ether (VWR Analpur) was dried over CaH; and
distilled before use. 1,4-Dioxane (VWR, HPLC-grade) was passed over a short col-
umn of basic alumina prior to use. All other solvents were of analytical grade and
used as received. 2,2’-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044;
Wako, 99%) and 2,2’-azobis(2-methylpropionitrile) (AIBN; Fluka, 99%) were recrys-
tallized twice from methanol. N,N-Diethylacrylamide (DEAAm; TCI, 98%) and N,N-
dimethylacrylamide (DMAAm; TCI, 99%) were passed over a short column of basic
alumina prior to use. N-Isopropylacrylamide (NIPAAm, Acros, 99%) was recrystal-
lized twice from n-hexane. Milli-Q water was obtained from a Milli-Q Advantage A10
Ultrapure Water Purification System (Millipore, USA). Acetic acid /acetate buffer had
a pH of 5.2 with an acetic acid concentration of 0.27 mol-L! and a sodium acetate con-
centration of 0.73 mol-L!. 4-(Dimethylamino)-pyridinium p-toluenesulfonate (DPTS)312
and isopropylidene-2,2-bis(methoxy)propionic acid (13)312 were prepared according
to the literature.

9.2 Additional Experimental Procedures

In the following, procedures are described that were utilized for the preparation of
starting materials in the previous chapters.
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9.2 Additional Experimental Procedures

Synthesis of mono-(6-O-(p-toluene sulfonyl))-5-CD (18)

According to the literature, 122 B-CD (50.0 g, 44.05 mmol, 1.0 eq.) was dissolved in
sodium hydroxide solution (500 mL, 0.4 M) and cooled to 5 °C in an ice-bath. The
solution was stirred vigorously and p-toluenesulfonyl chloride (35.0 g, 183.53 mmol,
4.2 eq.) was added in small portions, over a period of 5 min. The mixture was stirred
at 5 °C for 30 min and filtered subsequently. The filtrate was neutralized with conc.
HCl and stirred for 1 h. A white precipitate formed, was filtered off and washed three
times with deionized H,O. The white precipitate was freeze dried to yield the prod-
uct as white solid (14.1 g, 10.91 mmol, 25%).

TH-NMR (400 MHz, DMSO-Dg): [§, ppm] = 2.43 (s, 3H, CHj3), 3.14 - 3.76 (m, 42H,
H34556),4.07 - 4.60 (m, 6H, OHy), 4.70 - 4.87 (m, 7H, 3] = 3.2 Hz, Hy), 5.57 - 5.94 (br s,
14H, OH,3), 7.43 (s, 2H, 3] = 8.2 Hz, Harom), 7.75 (s, 2H, 3] = 8.2 Hz, Harom)-

Synthesis of mono-(6-azido-6-desoxy)-B-CD (B-CD-N3)

Based on a literature procedure,*>® mono-(6-O-(p-toluene sulfonyl))- B-CD (18) (10.0 g,
7.76 mmol, 1.0 eq.) was suspended in deionized H,O (100 mL) and heated to 80 °C.
Sodium azide (2.2 g, 33.85 mmol, 4.4 eq.) was added and the mixture was stirred at
80 °C over night, the solution was filtered and the product precipitated in cold ace-
tone (600 mL). The white precipitate was filtered off and dried under high vacuum.
The white solid was recrystallized from deionized H,O to give the product as white
crystals (3.9 g, 3.41 mmol, 44%).

TH-NMR (400 MHz, DMSO-Dy): [4, ppm] = 3.22 - 3.46 (m, 14H, H, 4), 3.48 - 3.81 (br
m, 28H, H3 ), 4.39 - 4.58 (m, 6H, OH ¢), 4.83 (d, 6H,°] = 3.2 Hz, H;), 4.87 (d, 1H, 3]
= 3.4 Hz, Hy),5.73 (br s, 14H, OH;3). ESI-MS: [M + Na*]exp = 1182.50 m/z and [M +
Na*].c = 1182.37 m/ z.

Synthesis of 2-(((ethylthio)carbonothioyl)thio)-2-methylpropanoic acid (EMP)

Based on a literature proceclure,&1 in a 100 mL round-bottom-flask ethanethiol (1.4mL,
18.91 mmol, 1.2 eq.) was dissolved in a suspension of K3PO4-H,O (4.27 g, 18.57 mmol,
1.1 eq.) in acetone (60 mL) at ambient temperature. After stirring for 20 min carbon
disulfide (3.0 mL, 49.69 mmol, 3.0 eq.) was added and the solution turned yellow.
2-Bromoisobutyric acid (2.74 g, 16.41 mmol, 1.0 eq.) was added after 20 min and the
mixture stirred at ambient temperature overnight. 1M HCl (200 mL) was added and
the aqueous phase was extracted with DCM (2 x 150mL). The combined organic ex-
tracts were washed with deionized H,O (75 mL), brine (75 mL), dried over Na,SOy4
and filtered. After evaporation of the solvent the yellow oily residue was purified via
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column chromatography on silica-gel with n-hexane:ethyl acetate 2:1 as eluent. The
yellow fractions were combined, evaporated and the residue recrystallized from n-
hexane at 40 °C to give the product as yellow crystals (2.71 g, 12.09 mmol, 74%).
TH-NMR (400 MHz, CDCl3): [6, ppm = 1.27 (t, 3H, 3] = 7.4 Hz, CH3), 1.66 (s, 6H, C-
(CH3)y), 3.23 (q, 2H, 3] = 7.4 Hz, CH;). 3 C-NMR (100 MHz, CDCl3): [5, ppm] = 11.9
(CH3), 24.2 (C-(CH3),), 30.3 (CHy), 54.6 (C-(CH3),), 177.9 (C=0), 219.6 (C=S). ESI-MS:
[M + Na"Jexp = 247.09 m/z and [M + Na*]cq1c = 246.99 m/z.

Synthesis of 2-((((2-carboxyethyl)thio)carbonothioyl)thio)-2-methylpropanoic acid
(CEMP)

Based on a literature procedure,? in a 250 mL round-bottom-flask 3-mercaptopro-

pionic acid (1.2 mL, 13.77 mmol, 1.1 eq.) was dissolved in a suspension of K3PO,-H,O
(3.19 g, 13.86 mmol, 1.1 eq.) in acetone (80 mL) at ambient temperature. After stirring
for 20 min at ambient temperature carbon disulfide (2.5 mL, 41.40 mmol, 3.3 eq.) was
added and the solution turned yellow. 2-Bromoisobutyric acid (2.09 g, 12.53 mmol,
1.0 eq.) was added after 20 min and the mixture was stirred at ambient temperature
overnight. 1M HCI (200 mL) was added and the aqueous phase was extracted with
DCM (2 x 150 mL). The combined organic extracts were washed with deionized H,O
(150 mL), brine (150 mL), dried over NaySO4 and filtered. After evaporation of the
solvent the yellow solid was recrystallized from acetone to give the product as yellow
crystals in two fractions (1.92 g, 6.48 mmol, 52%).

TH-NMR (400 MHz, DMSO-Dg): [, ppm] = 1.62 (s, 6H, C-(CH3),), 2.64 (t, 2H, 3] =
6.9Hz, O=C-CH,), 3.45 (t, 2H, 3] = 6.9 Hz, S-CHj), 12.73 (br s, 2H, 2x COOH). 3C-
NMR (100 MHz, DMSO-Dg): [4, ppm] = 25.0 (C-(CHs),), 31.4 (O=C-CH), 32.3 (S-
CH,), 56.3 (C-(CH3)3), 172.4 and 173.1 (C=0), 221.5 (C=S). ESI-MS: [M + Na"]exp =
291.08 m/z and [M + Na*].ac =290.98 m/ z.

Synthesis of 2-(1-carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-2-methylpro-
pionic acid (CMP)

In modification of the literature,®” carbon disulfide (9.2 mL, 152.37 mmol, 1.0 eq.),
chloroform (30.5 mL, 378.12 mmol, 2.5 eq.), acetone (27.9 mL, 379.49 mmol, 2.5 eq.)
and tetrabutylammonium hydrogen sulfate (1.02 g, 3.00 mmol, 0.02 eq.) were mixed in
petrolether (51 mL). At 0 °C sodium hydroxide solution (50 wt.% in deionized water;
85 g, 1063 mmol, 7.0 eq.) were added dropwise over 90 min. The mixture was stirred
overnight and deionized water (380 mL) was added. Finally conc. HCI (51 mL) was
added cautiously as gas was formed during the addition. The mixture was stirred for
30 min with argon purge. The residue was extracted twice with diethyl ether (300 mL).
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The organic phase was washed with 1IN HCl (300mL), brine (300 mL), dried over
Na,SO4 and the solvent was subsequently removed in vacuo. The crude product was
recrystallized from acetone to give the product as a yellow crystalline solid in two
fractions (8.71 g, 30.84 mmol, 20%).

TH-NMR (400 MHz, DMSO-Dg): [, ppm] = 1.60 (s, 12H, C-(CH3),), 12.91 (br s, 2H,
COOH). 13C-NMR (100 MHz, DMSO-Dg): [6, ppm] = 24.9 (C-(CH3),), 56.2 (O=C-
CH3),173.1 (C=0), 219.0 (C=S). ESI-MS: [M + Na"Jexp = 305.08 m/z and [M + Na™] 41
=305.00 m/z.

Synthesis of 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoate (CEP)

According to the literature procedure,m in a 250 mL Schlenk-flask ethanethiol (2.8 mL,
37.85mmol, 1.0 eq.) was added dropwise to a suspension of sodium hydride (60 wt.%
in mineral oil, 1.64 g, 41.00 mmol, 1.1 eq.) in anhydrous diethyl ether (75 mL). Subse-
quently carbon disulfide (2.4 mL, 39.75 mmol, 1.05 eq.) was added dropwise resulting
in a yellow precipitate. The precipitate was filtered off and washed with n-hexane.
Furthermore the resulting filtrate was treated with n-hexane leading to further pre-
cipitation that was filtered off as well. The two fractions were combined to yield ethyl
sodium carbonotrithioate as a yellow solid (5.84 g, 36.53 mmol, 97%). Subsequently
the product was suspended in diethyl ether (70 mL) and iodine (4.30 g, 16.94 mmol,
0.5 eq.) was added in portions. After stirring for 1 hour at ambient temperature a
white precipitate was filtered off. The filtrate was washed with saturated Na,S,0O3 so-
lution (100 mL), dried over NaySO, and filtered. Evaporation of the solvent yielded di-
ethyl carbonotrithioate disulfide as yellow oil (3.99 g, 14.55 mmol, 80%) that was used
subsequently in the next step. The disulfide was dissolved in ethyl acetate (150 mL)
and V-501 (6.11 g, 21.91 mmol, 1.5 eq.) was added. The mixture was degassed via two
treeze-pump-thaw cycles and heated to reflux under argon for 18 hours. After cooling
to ambient temperature the solvent was evaporated in vacuo and the residual oil was
subjected to a filtration on a silica pad with n-hexane:ethyl acetate as eluent that was
gradually changed from 1:1 to 1:20. The product was obtained after evaporation of
the solvent as a yellow solid (7.05 g, 26.91 mmol, 92%).

TH-NMR (400 MHz, DMSO-Dg): [, ppm] = 1.36 (t, 3H, 3] =73 Hz, CH,-CH3), 1.88 (s,
3H, C-CH3), 2.29 - 2.60 (m, 2H, O=C-CH)), 3.35 (q, 2H, ] = 7.3 Hz, CH»-CH3), 11.00
(br s, 1H, COOH). BC-NMR (100 MHz, DMSO-Dg): [6, ppm] = 12.9 (CH,-CH3), 25.0
(C-CH3), 29.7 (O=C-CH,), 31.5 (O=C-CH,-CHy), 33.6 (5-CH3), 46.3 (C-CN), 119.0 (C-
N), 177.5 (C=0), 216.8 (C=S). ESI-MS: [M + Na"]exp = 286.08 m/z and [M + Na™]qy1c =
286.00 m/z.
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Synthesis of N-(adamantan-1-yl)-6-hydroxyhexanamide (8)

According to the literature procedure,3—15 aluminium chloride (11.8 g, 88.50 mmol,
2.2 eq.) were suspended in anhydrous DCM (100 mL). At 0 °C triethylamine (17.2 mL,
124.08 mmol, 3.1 eq.) were added dropwise via a syringe. After stirring for 15 minutes
at 0 °C, the mixture was warmed to ambient temperature. Subsequently, a solution
of e-caprolactone (4.2 mL, 39.74 mmol, 1.0 eq.), triethylamine (6.1 mL, 46.89 mmol,
1.2 eq.) and adamantylamine hydrochloride (8.25 g, 43.95 mmol, 1.1 eq.) in anhydrous
DCM (100 mL) was added dropwise. The mixture was stirred over night and sub-
sequently poured into an ice cold solution of sodium carbonate (30 g) in ice water
(300mL). The organic phase was separated and the aqueous phase extracted three
times with DCM (200 mL). The combined organic extracts were washed with deion-
ized water (500 mL), brine (500 mL), dried over Na,SQy, filtered and concentrated in
vacuo. The resulting solid was recrystallized from an acetonitrile/methanol mixture
to give 7.09 g (26.72 mmol, 67%) of the product as off-white crystals.

TH-NMR (400 MHz, CDCl3): [, ppm] = 1.31 - 1.43 (m, 2H, CH,-CH,-CH,-0), 1.51
- 1.73 (m, 10H, CH,-CH,-O; CH-CH;-C=0; 3x CH3 adamanty1), 1.92 - 2.00 (m, 6H, 3x
NH-C-CH3 adamanty1), 2.01 - 2.12 (m, 5H, 3x CHadamantyl; CH2-C=0-NH), 3.63 (t, 2H,
3] = 6.5 Hz, CH,-OH), 5.17 (br s, 1H, NH). 3C-NMR (100 MHz, CDCl3): [6, ppm]
= 25.4 (CH,-CH,-C=0; CH,-CH,-CH,-C=0), 29.6 (3x CHadamanty1), 32.4 (CH2-CHa-
OH), 36.5 (3x CHy,adamanty1), 37.7 (CH-C=0), 41.8 (3x CHy adamanty1"C-NH), 51.9 (C-
NH), 62.6 (CH,-OH), 172.3 (C=0). ESI-MS: [M + Na*]exp, = 288.36 m/z and [M +
Na*]cac =288.19 m/z.

Synthesis of N-(2-hydroxypropyl)methacrylamide (HPMA)

According to the literature,3'¢ in a 250 mL Schlenk-flask 1-amino-2-propanol (48.6 mL,
621.17 mmol, 2.0 eq.) was dissolved in anhydrous DCM (20 mL). At 0 °C methacry-
loyl chloride (30.0 mL, 307.09 mmol, 1.0 eq.) in anhydrous DCM (20 mL) was added
dropwise over 1 hour. After 1 hour the ice bath was removed and the mixture was
stirred for further 30 min at ambient temperature. The mixture was cooled to -20 °C
in a freezer. The formed precipitate was treated with DCM at 40 °C. Any remaining
insoluble salt was removed by filtration and the product crystallized at -20 °C. This
procedure was repeated three times to obtain N-(2-hydroxypropyl)methacrylamide
as a white crystalline solid (22.91 g, 162.45 mmol, 53%).

TH-NMR (400 MHz, D,O+DSS): [§, ppm] = 1.17 (d, 3H, 3] = 6.4 Hz, CH-CH3), 1.93 (s,
3H, O=C-C-CH3), 3.20 - 3.38 (m, 2H, CH)>), 3.86 - 4.05 (m, 1H, CH-CH3), 5.46 (s, 1H,
CHyrans), 5.71 (s, 1H, CH). B3C-NMR (100 MHz, D,O+DSS): [6, ppm] = 20.4 (O=C-
C-CH3), 22.1 (CH-CH3), 48.9 (CH,-NH), 68.9 (CH-OH), 123.7 (C-CH3), 141.7 (O=C-C-
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CHs), 174.8 (C=0).

Synthesis of 6-(4-(phenyldiazenyl)phenoxy)hexan-1-ol (9)

According to the literature,3!” 1-chloro-6-hydroxyhexane (8.1 mL, 60.72 mmol, 1.5eq.),
4-phenylazophenol (8.00 g, 40.34 mmol, 1.0 eq.), KoCO3 (8.40 g, 60.78 mmol, 1.5eq.)
and potassium iodide (0.20 g, 1.21 mmol, 0.03 eq.) were suspended in anhydrous DMF
(24mL). The mixture was heated to 120 °C for 24 hours. After cooling to ambient
temperature the mixture was added to deionized water (400 mL) under stirring. The
resulting orange precipitate was filtered off, dried and dissolved in ethyl acetate (400
mL). The organic phase was washed with deionized water (400 mL), brine (400 mL)
and subsequently dried over NaySO4. After filtration and removal of the solvent in
vacuo the crude product was recrystallized from methanol to give the product as or-
ange solid (8.90 g, 29.78 mmol, 74%).

TH-NMR (400 MHz, CDCl3): [6, ppm] = 1.35 - 1.55 (m, 4H, CH,-CH,-CH,-O; CH,-
CH,-CH;-CH,-0), 1.56 - 1.66 (m, 2H, HO-CH,-CH>), 1.78 - 1.89 (m, 2H, CHa;om-O-
CH,-CH,), 3.67 (t, 2H, 3] = 6.5 Hz, CH,-OH), 4.04 (t, 2H, 3] = 6.5 Hz, CH,-O-CHarom),
7.00 (d, 2H, 3] = 9.0 Hz, CHarom), 7.40 - 7.46 (m, 2H, CHarom), 747 - 7.53 (m, 2H,
CHarom), 782 - 7.95 (m, 4H, 2x CHarom)- 2C-NMR (100 MHz, CDCly): [§, ppm] = 25.7
and 26.0 (2x CH,-CH,-CH;,-0), 29.3 (CHgarom-O-CH;3-CH3), 32.8 (HO-CH,-CH),), 63.0
(HO-CH,), 68.3 (O-CHy), 114.8 (O-Carom-CHarom), 122.7 (CHarom), 124.9 (2x CHarom),
129.2 (2x CHarom), 130.4 (2x CHarom), 147.0 (Carom-N=N), 152.9 (Carom-N=N), 161.8 (O-
Carom)- ESI-MS: [M + H" Jexp =299.33 m/z and [M + H"] 51 =299.18 m/z.

9.3 Characterization and Methods

Nuclear magnetic resonance (NMR) measurements were conducted on a Bruker AM-
250 spectrometer at 250 MHz for hydrogen nuclei for kinetic measurements, a Bruker
Avance III 300 spectrometer at 300 MHz for hydrogen nuclei for kinetic measure-
ments and a Bruker AM400 spectrometer at 400 MHz for hydrogen-nuclei and at
100 MHz for carbon-nuclei for structure verification. ROESY (rotating frame nuclear
Overhauser effect spectroscopy) and NOESY (nuclear Overhauser effect spectroscopy)
NMR-spectra were measured on a Bruker Avance II1 300 spectrometer at 300 MHz or a
Bruker Avance III 600 spectrometer at 600 MHz . For the determination of the conver-
sion of DMAAm the integrals of one vinylic proton (5.78 - 5.89 ppm) and the methyl
sidechain protons (2.87 - 3.28 ppm) were employed. The conversion of DEAAm was
determined with the integral of one vinylic proton (5.57 - 5.73 ppm) and with the inte-
gral of the sidechain methyl groups and backbone protons (0.81 - 1.97 ppm). The cal-
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culation of the NIPAAm conversion was carried out with the integrals of one vinylic
proton (5.47 - 5.59 ppm) and the integral of the sidechain methyl groups and the back-
bone protons (0.92 - 1.95 ppm). The conversion of HPMA was calculated with the in-
tegral of one vinylic proton (5.48 - 5.58 ppm) and with the integral of one side-chain
proton (3.86 - 4.14 ppm).

Size exclusion chromatography (SEC) employing N,N-dimethylacetamide (DMAc)
as eluent containing 0.03 wt.% LiBr was performed for PDMAAm and PHPMA on
a Polymer Laboratories PL-GPC 50 Plus Integrated System, comprising an autosam-
pler, a PLgel 5 pm bead-size guard column (50x7.5 mm) followed by three PLgel
5 pm MixedC columns (300x7.5 mm) and a differential refractive index detector at
50 °C with a flow rate of 1.0 mL-min"!. The SEC system was calibrated against linear
PSty standards standards with molecular weights ranging from 160 to 6-10° g-mol™!
or PMMA standards with molecular weights ranging from 700 to 2:10° g-mol!. All
SEC calculations for PDMAAm and PNIPAAm were carried out relative to a PSty
calibration. The SEC calculations for PHPMA were carried out relative to a PMMA
calibration.

SEC employing tetrahydrofuran (THF) as eluent containing 200 ppm 2,6-di-tert-butyl-
4-methylphenol for PDEAAm was performed on a Polymer Laboratories PL-GPC 50
Plus Integrated System, comprising an autosampler, a PLgel 5 um bead-size guard
column (50 x7.5 mm) followed by three PLgel 5 ym MixedC columns (300x7.5 mm),
a PLgel 5 pm MixedE column (300x 7.5 mm) and a differential refractive index detec-
tor at 35 °C with a flow rate of 1.0 mL-min"!. The SEC system was calibrated against
linear PSty standards with molecular weights ranging from 160 to 6-10° g-mol™. All
SEC calculations for PDEAAm were carried out relative to PSty. The molecular-weight
dispersity is abbreviated as Dp,.

Electrospray ionization mass spectrometry (ESI-MS) was performed on a LXQmass
spectrometer (ThermoFisher Scientific, San Jose, CA) equipped with an atmospheric
pressure ionization source operating in the nebulizer-assisted electrospray mode. The
instrument was calibrated in the m/z range 195-1822 Da using a standard contain-
ing caffeine, Met-Arg-Phe-Ala acetate (MRFA), and a mixture of fluorinated phosp-
hazenes (Ultramark 1621) (all from Aldrich). A constant spray voltage of 4.5 kV was
used, and nitrogen at a dimensionless sweep gas flow rate of 2 (~3 L-min™') and a
dimensionless sheath gas flow rate of 12 (~1 L-min!) were applied. The capillary
voltage, the tube lens offset voltage, and the capillary temperature were set to 60 V,
110 V, and 300 °C respectively.

Turbidity measurements (Chapter[fland 4) were performed on a Cary 300 Bio UV /VIS
spectrophotometer (Varian) at 600 nm. The heating rate was set to 0.32 °C-min’! and
the concentration was 1 mg-mL™. For the determination of the LCST the point of in-
flection of the transmittance vs. temperature plot was used.
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Turbidity measurements (Chapter B) were performed in a temperature range from
5°C to 100 °C with a heating and cooling ramp of 1 °C -min"! under stirring (700 rpm).
During these controlled heating/cooling cycles, the transmission was monitored in a
Crystal 16 TM (Avantium Technologies) instrument.

Dynamic light scattering (DLS) (Chapter 4) was performed on a 380 DLS spectrome-
ter (Particle Sizing Systems, Santa Barbara, USA) with a 90 mW laser diode operating
at 658 nm equipped with an avalanche photo diode detector. Every measurement
was performed four times at 10 °C for samples containing PDEAAm and at 25 °C for
samples containing PDMAAm. The data was evaluated with an inverse Laplace al-
gorithm. The scattered light was recorded at an angle of 90° to the incident beam. For
the temperature sequenced measurements the sample was equilibrated at the specific
temperature for 5 minutes, then the DLS measurement was performed three times
for three minutes and the temperature changed again. The entire procedure was per-
formed three times and the data points were finally averaged. All hydrodynamic di-
ameters (Dy) in the text are the averages of the number weighted distributions. The
samples were prepared in Milli-Q water and filtered with a 0.2 pm regenerated cellu-
lose syringe filter (Roth, Rotilabo).

DLS (Chapter[6) was performed on a 380 DLS spectrometer (Particle Sizing Systems,
Santa Barbara, USA) with a 90 mW laser diode operating at 658 nm equipped with an
avalanche photo diode detector. Every measurement was performed 4 times at 25 °C,
44 °C or 50 °C and the data was evaluated with an inverse Laplace algorithm. The
scattered light was recorded at an angle of 90° to the incident beam.For the temper-
ature sequenced measurements the sample was equilibrated at the specific tempera-
ture for 3 minutes, then the DLS measurement was performed 2 times for 5 minutes
and the temperature changed again. The entire procedure was performed 3 times and
the data points were finally averaged. All hydrodynamic diameters (Dy) in the text
are the averages of the number weighted distributions. The samples were prepared
in Milli-Q water and filtered with a 0.2 pm regenerated cellulose syringe filter (Roth,
Rotilabo).

DLS (Chapter B) was performed at a scattering angle of 90° on an ALV CGS-3 in-
strument and a He-Ne laser operating at a wavelength of A = 633 nm at 25 °C. The
CONTIN algorithm was applied to analyze the obtained correlation functions. For
temperature dependent measurements the DLS is equipped with a Lauda thermo-
stat. Apparent hydrodynamic radii were calculated according to the Stokes-Einstein
equation. All CONTIN plots are number-weighted distributions.

UV/VIS spectra were measured on a Cary 300 Bio UV /VIS spectrophotometer (Var-
ian) at a temperature of 25 °C or 10 °C depending on the sample.

UV irradiation for investigation of photoresponse was applied via a BLB-8 UV lamp
(8 W, Camag) with an emission maximum at 350 nm for the DLS samples and via
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9 Experimental Part

a UVASPOT 2000RF2 (2000 W, Honle technology) with its main irradiation between
315-420 nm for NMR samples.

Theoretical molecular weights (M, ,o,) Were calculated according to equation
and 0.1l with the following equation, with m); as the molar mass of the monomer,
mcta as the molar mass of the CTA and [M]y or [CTA]j as the initial concentration of
the respective compounds:

[M]o

[CTA]O + mcta

Mptheo = conversion - myp - 9.1)
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2VP..o 2-vinylpyridine

4VP.....ooo 4-vinylpyridine

AA oo acrylic acid

AAm ............... acrylamide

Ad................. adamantyl

AIBN............... 2,2’-azobis(2-methylpropionitrile)

AFM............. ... atomic force microscopy

AMPS .............. 2-acrylamido-2-methylpropanesulfonic acid

arom................ aromatic

ATRP............... atom transfer radical polymerization

Broncvveviiiia overall association constant

B-CD-N3 ........... mono azido functionalized -CD

CBMAA-3.......... 3-(methacryloylamino-propyl)-(2-carboxy-ethyl)-dimethyl-
ammonium carboxybetaine methacrylamide

CD.......oooii cyclodextrin

ConA .............. concanavalin A

CL.........oool. e-caprolactone

CMP................ 2-(1-carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-
2-methylpropionic acid

CPDB............... 2-cyano-2-propyl benzodithioate

CTA ................ chain transfer agent

Chr oo chain transfer constant

CIP................ 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid

CuAAC............. copper (I) catalyzed azide-alkyne cycloaddition

P average number of chains formed in a termination reaction

Dp oo, hydrodynamic diameter

Dmo oo molar mass dispersity
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Dp.ovvviiiiii. degree of polymerization

DCC................ N,N’-dicyclohexylcarbodiimide

DCM............... dichloromethane

DEAAmM............ N,N-diethylacrylamide

DIAD............... diisopropylazodicarboxylate

DLS................ dynamic light scattering

DMF................ N,N-dimethylformamide

DMAAmM ........... N,N-dimethylacrylamide

DMAc.............. N,N-dimethylacetamide

DMAEMA ......... N,N-dimethylaminoethyl methacrylate

DMAP.............. 4-dimethylaminopyridine

DMAPS............. 3-dimethyl(methacryloyloxyethyl) ammonium propane
sulfonate

DMP................ 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid

DMSO.............. dimethylsulfoxide

DNA ............... desoxyribonucleic acid

Dopat............... 2-((dodecylsulfanyl)carbonothioyl)sulfanyl propionic acid

DOSY............... diffusion-ordered NMR spectroscopy

Dox.........oooo... Doxorubicin

DPTS............... 4-(dimethylamino)-pyridinium p-toluenesulfonate

ECD................ PEG-b-PCL-b-PDMAEMA

EDTA............... ethylenediaminetetraacetic acid disodium salt

EMP................ 2-(((ethylthio)carbonothioyl)thio)-2-methylpropanoic acid

EPX.......oooiil. ethyl 2-((ethoxycarbonothioyl)thio)propanoate

[<Te TR equivalents

ESI-MS ............. electrospray ionization mass spectrometry

fo initiator efficiency

FT-IR ............... Fourier transform infrared

GAPDH............ glyceraldehyde 3-phosphate dehydrogenase

AH complex -« v vvneeee complex association enthalpy

HEA................ hydroxy ethylacrylate

HPMA.............. N-(2-hydroxypropyl)methacrylamide

ITC..........e. isothermal titration calorimetry

Jooo coupling constant

Koo association constant of i and j

S rate coefficient of addition

Kgooooeiii rate coefficient of fragmentation

8 rate coefficient of initiator decay

T rate coefficient of initiation



List of Abbreviations

kpoooiii rate coefficient of propagation

Kiroc e oot rate coefficient of termination by recombination
Kiq oo rate coefficient of termination by disproportionation
A wavelength

LCST........... ... lower critical solution temperature
MADIX............. macromolecular design via the interchange of xanthates
Me-B-CD ........... randomly methylated B-cyclodextrin

THCTA v vvnvvennnenns molar mass of CTA

TN eveeeeeeennnnnn molar mass of monomer

Mn.ooooooooii number-average molecular weight
MPEG.............. methoxy poly(ethylene glycol)
MS............ mass spectrometry

MWCO............. molecular weight cut off

NAS................ N-acryloxysuccinimde

NCCM.............. noncovalently connected micelle

NIPAAmM ........... N-isopropylacrylamide

NMP............... nitroxide mediated polymerization
NMR............... nuclear magnetic resonance
NOESY............. nuclear Overhauser enhancement spectroscopy
OEGMA............ oligo ethylene glycol methacrylate
PAA................ poly(acrylic acid)

PCL................ poly(e-caprolactone)

PDEAAmM........... poly(N,N-diethylacrylamide)
pPDNA.............. plasmid DNA

PDMAAm.......... poly(N,N-dimethylacrylamide)

PDMAEMA ........ poly(2-(dimethylamino)ethyl methacrylate)
PEG................ poly(ethylene glycol)

PHEA .............. poly(hydroxy ethylacrylate)

PHPMA ............ poly(N-(2-hydroxypropyl)methacrylamide)
PLA ................ poly(lactic acid)

PMDETA ........... N,N,N’,N”,N”-pentamethyldiethyltriamine
PMMA ............. poly(methyl methacrylate)
PNIPAAmM.......... poly(N-isopropylacrylamide)
PPG................ poly(propylene glycol)

PSty ................ poly(styrene)

Ry oo, hydrodynamic radius

RAFT............... reversible addition-fragmentation chain transfer
RL........ooooin. refractive index
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List of Abbreviations

ROESY ............. rotating frame nuclear Overhauser enhancement spec-
troscopy

ROP................ ring opening polymerization

AScomplex « v v vnee complex association entropy

SEC................. size exclusion chromatography

SEM................ scanning electron microscopy

SLS...........l. static light scattering

siRNA .............. small interfering ribonucleic acid

TEM................ transmission electron microscopy

TFA............. ... trifluoroacetic acid

TGA................ thermo gravimetric analysis

THE................ tetrahydrofuran

UV ultra-violet

UV/Vis............. ultra-violet/visible

V501 ..ol 4,4’-azobis(4-cyanovaleric acid)

VA-044 ............. 2,2’-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride

XPS.....ooooooia X-ray photoelectron spectroscopy
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APPENDIX A

CD-Complexed RAFT Agents
(Appendix to Chapter 3))
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Figure A.1: 3D plot of the vinyl region of the kinetic 'H-NMR-data for the polymerization of
DMAAmMm at 25 °C with DMAAmM/1/1: 298/1/0.2.
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Figure A.2: ESI-MS-spectrum of PDMAAm (Mpsgc = 3000 g-mol'l, Dp, = 1.18) polymerized
with 1 (the arrow marks residual Me-$-CD).

Table A.1: Theoretical and experimental m/z of PDMAAm polymerized with 1.

Species m/Zgheo M/Zexp Am/z

B [2+(DMAAm);3+Na]* 166697 1666.82 0.15
o [2+(DMAAm)30+2Na]>*  1687.57 1687.27  0.30
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Figure A.3: IH-NMR spectrum (400 MHz, D,0) of PDMAAm polymerized with 1 (Musgc =

10000 g-mol™?, By, = 1.17).
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Figure A.4: 3D plot of the vinyl region of the kinetic 'H-NMR-data for the polymerization of
DEAAm at 25 °C with DEAAm/1/1: 242/1/0.2.
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Figure A.5: ESI-MS-spectrum of PDEAAm (Mpsgc = 4000 g-mol'l, Dp, = 1.15) polymerized
with 1.

Table A.2: Theoretical and experimental m/z of PDEAAm polymerized with 1.

Species M/ Ztheo M/Zexp Am/z

M [1+(DEAAm)g+Na]* 152298 1523.00 0.02
o [1+(DEAAmM)»+2Nal**  1599.75 1600.25  0.50

175



A CD-Complexed RAFT Agents (Appendix to Chapter[3)

h

\g
S\/N O d
i c
WS&MC’@;
€ln
a

a,h,j

)C ’
N ‘L |
§ 7 6 5 4 3 2 1 0
olppm]

Figure A.6: IH-NMR spectrum (400 MHz, CDCl3) of PDEAAm polymerized with 1 (Musgc =
4000 g-mol'l, Dm = 1.15).
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Figure A.7: 3D plot of the vinyl region of the kinetic 'H-NMR-data for the polymerization of
NIPAAm at 25 °C with NIPAAm/1/1:48/1/0.2.
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Figure A.8: ESI-MS-spectrum of PNIPAAm (Mpsgc = 4000 g-mol™?, Dy, = 1.15) polymerized
with 1.

Table A.3: Theoretical and experimental m/z of PNIPAAm polymerized with 1.

Species m/Zpeo M/ Zexp Am/z
B [1+(NIPAAm){>+Na]* 1736.09 1736.18 0.09
o [1+(NIPAAm),y+2Nal?*  1728.18 1728.09  0.09
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Figure A.9: IH-NMR spectrum (400 MHz, CDCl3) of PNIPAAm polymerized with 1 (Mynsgc =
4000 g-mol'l, Dm = 1.15).
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B Supramolecular ABA Triblock Copolymers (Appendix to Chapter 4)

Supramolecular ABA Triblock
Copolymers (Appendix to Chapter
4)
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Figure B.1: 'H-NMR spectrum (400 MHz, CDCl3) of doubly adamantyl-functionalized
PDMAAmM (Mpsgc = 6400 g-mol™?, Dy, = 1.06) polymerized with 5 at 25 °C.
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Figure B.2: ESI-MS spectrum of doubly adamantyl-functionalized PDMAAmM (Musgc =
3300 g-mol'l, Dp, = 1.06) polymerized with 5.

Table B.1: Theoretical and experimental m/z of PDMAAm polymerized with 5.

Species m/Zneo M/Zexp Am/z
B [5+(DMAAm);3+Na]®  2074.26 207445 0.19
o [5+(DMAAmM)4+H]* 2151.35 215145 0.10
o [5+(DMAAmM);34+2Nal®* 2089.34 2090.18 0.84
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Figure B.3: 'H-NMR spectrum (400 MHz, CDCl3) of doubly adamantyl-functionalized
PDEAAmM (Mpsgc = 5100 g-mol!, By, = 1.05) polymerized with 5 at 25 °C.
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Figure B.4: ESI-MS spectrum of doubly adamantyl-functionalized PDEAAmM (Mpsgc =
1800 g-mol!, Dy, = 1.06) polymerized with 5.

Table B.2: Theoretical and experimental m/z of PDEAAm polymerized with 5.

Species m/Ziheo M/Zexp Am/z
B [5+(DEAAm);;+Na]* 2074.26 207445 0.19
o [5+(DEAAmM)1p-CpoH30NO3S3+Na]*  2151.35 215145  0.10
e [5+(DEAAm){1+H]* 2089.34 2090.18 0.84

185



B Supramolecular ABA Triblock Copolymers (Appendix to Chapter d)

b

a

e

d (0]

Cc

>

. o |
g [ k mg, s
N0
fooh n
Me,N“S0
p

g7h1i7j’|,m
cdap, fK U ° M
__U_A_ﬁ_l Jf\___J U
| ! | ! | ! | ! | ! | ! | ! | ! |
8 7 6 5 4 3 2 1 0
oppm]

Figure B.5: 'H-NMR spectrum (400 MHz, DMSO-Dg) of doubly azobenzene-functionalized
PDMAAmM (Mpsgc = 5400 g-mol™?, Dy, = 1.10) polymerized with 6 at 25 °C.
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Figure B.6: ESI-MS spectrum of doubly azobenzene-functionalized PDMAAmM (Mpsgc =
4000 g-mol'l, Dp, = 1.06) polymerized with 6.

Table B.3: Theoretical and experimental m/z of PDMAAm polymerized with 6.

Species m/Ziheo M/Zexp Am/z
B [6+(DMAAm);s+Na]®™  2352.34 235227  0.07
o [6+(DMAAmM)y,+2Na]** 143534 1435.82 0.48
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Figure B.7: 'H-NMR spectrum (400 MHz, CDCl;) of doubly azobenzene-functionalized
PDEAAmM (Mpsgc = 4000 g-mol!, By, = 1.10) polymerized with 6 at 25 °C.
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Figure B.8: ESI-MS spectrum of doubly azobenzene-functionalized PDEAAm (Mpsgc =
1900 g-mol'l, Dp, = 1.05) polymerized with 6.

Table B.4: Theoretical and experimental m/z of PDEAAm polymerized with 6.

Species M/ Zheo M/Zexp AMm/Z
W [6+(DEAAm) 3+Na]* 2518.6100 2518.55  0.06
o [6+(DEAAmM)3+H]* 2496.6820 2496.45 0.23
o [6+(DEAAmM)g-C1gHy1 N>Or+Na]*  1584.9477 1584.09  0.86
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Figure B.9: 'H-NMR spectrum (400 MHz, DMSO-Dg) of an alkyne-functionalized PHPMA
(Mpsgc = 4300 g-mol'l, Dp, = 1.15) polymerized with 7 at 25 °C.
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Figure B.10: ESI-MS spectrum of an alkyne-functionalized PHPMA (Msgc = 3900 g-mol!, Dy,

=1.17) polymerized with 7.

Table B.5: Theoretical and experimental m/z of PHPMA polymerized with 7.

Species M/ Zheo M/Zexp Am/z
B [7+(HPMA)7+2Na]** 139031 1390.18 0.13
o [7+(HPMA)o+Na]* 175496 1755.27 0.31
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Figure B.11: Overlay of the UV spectra before irradiation (black curve) and after irradia-
tion at 350 nm for 30 min (red curve) at 25 °C: a) PDMAAmygAz0;; b) PDMAAmMycAZz0y-b-
(PHPMAQ(;ﬁ-CD)Z; C) PDMAAm103AZ02,’ d) PDMAAm103AZOZ-b-(PHPMA26-IB-CD)2.
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Figure B.12: Overlay of the UV spectra before irradiation (black curve) and after irradiation at
350 nm for 30 min (red curve) at 10 °C: a) PDEA Am3zgAz0;; b) PDEAAm3eAzo,-b-(PHPMA g-
’B-CD)Q; C) PDEAAl’ngoAZOz; d) PDEAAmgoAZOz-b-(PHPMAzg-’B-CD)Q.
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Figure B.13: a) Temperature sequenced DLS measurement of PDEA AmysAdy-b-(PHPMA 5-
B-CD), at a heating rate of 0.2°C-min"! and a concentration of 1 mg-mL; b) temperature
sequenced DLS measurement of PDEAAmggAd,-b-(PHPMA5-$-CD), at a heating rate of
0.2°C-min! and a concentration of 1 mg-mL}; ¢) temperature sequenced DLS measurement
of PDEAAm3cAz0y-b-(PHPMA 55-B-CD); at a heating rate of 0.2 °C-min’! and a concentration
of 1 mg-mL'1 ; d) temperature sequenced DLS measurement of PDEA AmgyAzo,-b-(PHPMA »5-

B-CD); at a heating rate of 0.2 °C-min™! and a concentration of 1 mg-mL.
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Figure B.14: Turbidity measurements (cooling ramp) with a heating/cooling rate of
0.32°C-min™! and at a concentration of 1 mg-mL" for a) PDEAAmysAd, (dashed line) and
the supramolecular triblock copolymer PDEA AmysAd,-b-(PHPMA5-B-CD), (solid line); b)
PDEAAmggAd; (dashed line) and the supramolecular triblock copolymer PDEA AmgygAd,-
b-(PHPMA 3-B-CD); (solid line); c) PDEAAm3sAzo; (dashed line) and the supramolecular
triblock copolymer PDEA AmgzsAz0-b-(PHPMA3-B-CD), (solid line); d) PDEAAmgyAzo,
(dashed line) and the supramolecular triblock copolymer PDEAAmgyAzo;-b-(PHPMA -
B-CD); (solid line).
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Figure C.1: ESI-MS-spectrum of an adamantyl-functionalized PDMAAm (Mpsgc =
3900 g-mol, D, = 1.07) polymerized with 10.
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Table C.1: Theoretical and experimental m/z of PDMAAm polymerized with 10.

Species m/Zheo M/Zexp Am/z
B [10+(DMAAm)y+Nal* 247656 247655  0.01
o [10+(DMAAm)y3+2Na]** 1348.84 1348.82  0.02
o [10+(DMAAm),5-Adamantyl+Na]* 2440.516 2439.82  0.69
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Figure C.2: ESI-MS-spectrum of an adamantyl-functionalized PDEAAmM (Mpsgc =

2700 g-mol'l, Dy, = 1.08) polymerized with 10.

Table C.2: Theoretical and experimental m/z of PDEAAm polymerized with 10.

Species m/Zpeo M/ Zexp Am/z
B [10+(DEAAm);c+Na]* 2528.78 2528.82  0.04
e [10+(DEAAm);7+2Na]** 1339.44 133945 0.01
o [10+(DEAAm);7-Adamantyl+Na]* 2520.76 2500.00 0.76
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Figure C.3: 'H-NMR spectrum (400 MHz, CDCl;) of an adamantyl-functionalized PDMAAm

(Mnsgc = 3900 g-mol™?, By, = 1.07) at 25 °C polymerized with 10.
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Figure C.4: 'H-NMR spectrum (400 MHz, CDCl3) of an adamantyl-functionalized PDEAAm
(Mnsgc = 2700 g-mol™?, By, = 1.08) at 25 °C polymerized with 10.
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Figure C.5: 'H-NMR spectrum of the three-pronged B-CD core (8-CD;) recorded in D,O at
25°C.
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Figure C.6: ESI-MS-spectrum of the three-pronged B-CD core (3-CD3) (ionized with Nal).

Table C.3: Theoretical and experimental m/z of f-CDj3 (ionized with Nal).

Species M/ Zheo M/Zexp Am/z
B-CD3+2Nal?* 1828.09 182833  0.24
B-CD3+I'+3Na]?*  1903.04 1903.58 (.54

B-CD3+I"+4Na] 3+ 1276.66  1276.58  0.22

[
[
[B-CD5+3Nal3* 1226396 1226.67 0.28
[
[B-CD5+2I"+5Na)® 132632 132650  0.18
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Figure D.1: ESI-MS-spectrum of a mid-chain adamantyl-functionalized PDMAAmM (Mysgc =
4000 g-mol ™!, Dy, = 1.09) polymerized with 11.

Table D.1: Theoretical and experimental m/z of PDMAAm polymerized with 11.

Species M/ Ztheo M/Zexp Am/z
B [11+(DMAAm)y+Na]* 2798.59 2799.09  0.50
e [11+(DMAAm),; +2Na]** 1559.39 1559.73  0.34
o [11+(DMAAm)»5+3Na]>* 1113.30 111391 0.61

0 [11+(DMAAm)y)-Adamantyl+Na]* 2663.47 2663.27  0.20
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Figure D.2: 'H-NMR spectrum (400 MHz, D,0) of a mid-chain adamantyl-functionalized
PDMAAmMm polymerized with 11 (Mpsgc = 4000 g-mol!, Dy, = 1.09) at 25 °C.
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Figure D.3: ESI-MS-spectrum of the alkyne-functionalized PDEAAmM (Mysgc = 2400 g-mol'l,
Dp, = 1.14) polymerized with 12.

Table D.2: Theoretical and experimental m/z of PDEAAm polymerized with 12.

Species M/ Ztheo M/Zexp Am/z
B [12+(DEAAm);+Na]* 1683.10 1683.18  0.08
o [12+(DEAAm)y»+2Na]** 1552.60 1552.55  0.05

[ [12+(DEAAM)35 Adamanty +3Nal*  1593.83 1594.09  0.26
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Figure D.4: '"H-NMR spectrum (400 MHz, DMSO-Dg) of the alkyne-functionalized PDEAAm
polymerized with 12 (Mysgc = 6800 g-mol™, Dy, = 1.13) at 25 °C.
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Ambient 44 °C 50 °C
Temperature

Figure D.5: Pictures of the polymer solutions at different temperatures at a concentration of
1 mg-mL!. a) Mid-chain adamantyl-functionalized PDMA Am;s5-Ad, b) B-CD-functionalized
PDEAAm;;--CD and c) the supramolecular miktoarm star polymer.
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APPENDIX E

Modulation of the
Thermoresponsitivity of PDEAAmM
via CD Addition (Appendix to
Chapter [7)
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Figure E.1: NOESY spectrum in D,O at 25 °C of a mixture of carboxylic acid functionalized
PDEAAmM (M, = 6600 g-mol'l) and 2 eq. of Me-B-CD.
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E Modulation of the Thermoresponsitivity of PDEAAm via CD Addition (Appendix to
Chapter[7)

Table E.1: SEC-data of the utilized polymers (polymerized with EMP in DMF at 60 °C for 24
h with AIBN as initiator) and the corresponding T.s before and after addition of Me--CD.?

DEAAmM/CTA/I Conv. Mntheo MnSEC D T [OC ] TcMe—,B—CD [OC ]
[g-mol‘1 ] [g-mol‘1 ]
17/1/0.2 quant. 2400 1600 1.08 32.3/31.2 39.5/39.4
34/1/0.2 99% 4500 3500 1.07 41.1/39.9 40.9/41.0
48/1/0.2 97% 6100 5000 1.10 39.9/38.1 38.8/37.4
65/1/0.2 98% 8300 6600 1.09 37.4/35.5 41.6/40.1
82/1/0.2 98% 10400 7200 1.10 37.5/35.8 40.0/38.4
160/1/0.2 90% 18500 10800 1.18 37.7/35.6 37.7/36.7

Table E.2: SEC-data of the utilized polymers (polymerized with 1 in DMF at 60 °C for 24 h

a: first T from the heating ramp / second T from the cooling ramp

with AIBN as initiator) and the corresponding T'.s before and after addition of Me-p-CD.?

DEAAmM/CTA/I Conv. Mntheo MnSEC Dm T [OC ] TcMe—,B—CD [OC ]
[g-mol'1 | [g-mol’1 |
16/1/0.2 99% 2400 1800 1.06 <4 229/37.3
33/1/0.2 99% 4500 3800 1.08 26.5/25.9 32.9/38.1
49/1/0.2 99% 6600 5300 1.07 28.4/27.7 32.6/31.7
65/1/0.2 99% 8600 6500 1.09 30.3/28.3 33.5/32.0
79/1/0.2 99% 10400 7700 1.1 31.6/30.1 34.2/32.8
159/1/0.2 99% 20600 11200 1.2 33.0/31.5 34.5/32.6

Table E.3: SEC-data of the utilized polymers (polymerized with 17 in DMF at 60 °C for 24 h

a: first T, from the heating ramp / second T from the cooling ramp

with AIBN as initiator) and the corresponding T'.s before and after addition of Me-p-CD.?

DEAAm/CTA/I Conv. Mntheo MnSEC Dm TC [OC ] TcMe—,B—CD [OC ]
[g-mol'1 ] [g-mol’1 ]
16/1/0.2 98% 2400 1800 1.18 <4 33.5/38.9
31/1/0.2 99% 4300 3000 1.19 <4 35.6/38.7
42/1/0.2 99% 5700 3700 1.21 7.7/12.7 35.3/35.2
64/1/0.2 99% 8500 4400 1.28 26.1/24.2 38.0/36.8
81/1/0.2 99% 10600 5600 1.28 26.8/26.8 36.1/34.4
155/1/0.2 99% 19900 7400 1.28 30.7/28.2 36.7/34.9
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Table E.4: SEC-data of the utilized polymers (polymerized with 10 in DMF at 60 °C for 24 h
with AIBN as initiator) and the corresponding T'.s before and after addition of Me-p-CD.?

DEAAmM/CTA/I Conv. Mntheo MnSEC Dm TC [OC ] TcMe—,B—CD [OC ]
[g-mol'1 ] [g-mol‘1 ]

33/1/0.2 98% 4600 3200 1.07 27.3/27.8 33.4/33.3
59/1/0.2 99% 7900 4900 1.11 29.8/31.7 35.1/34.1
157/1/0.2 99% 20200 8300 1.21 33.7/31.7 35.6/34.2

a: tirst T, from the heating ramp / second T from the cooling ramp

Table E.5: SEC-data of the utilized polymers (polymerized with 5 in DMF at 60 °C for 24 h
with AIBN as initiator) and the corresponding T'.s before and after addition of Me-p-CD.?

DEAAmM/CTA/I Conv. Mntheo MnSEC Dm TC [OC ] TcMe—,B—CD [OC ]
[g-mol'1 ] [g-mol’1 ]
34/1/0.2 99% 5000 5100 1.05 <4 27.8/28.3
65/1/0.2 99% 8900 7700 1.10 <4 33.9/32.2

154/1/0.2 99% 20100 12700 1.24 33.0/31.5 36.1/35.2
a: first T, from the heating ramp / second T from the cooling ramp

Table E.6: SEC-data of the utilized polymers (polymerized with 19 in DMF at 60 °C for 24 h
with AIBN as initiator) and the corresponding T'.s before and after addition of Me-p-CD.?

DEAAmM / CTA / I Conv. Mntheo MnSEC Dm TC [OC ] TcMe—,B—CD [OC ]
[g-mol'1 ] [g-mol’1 ]

32/1/0.2 92% 4200 3600 1.09 15.1/16.0 17.4/15.7
65/1/0.2 92% 8100 5000 1.13 25.3/24.0 25.9/24.0
158/1/0.2 97% 20000 7700 1.23 29.0/27.0 30.2/30.7

a: first T from the heating ramp / second T from the cooling ramp

Table E.7: SEC-data of the utilized polymers (polymerized with 6 in DMF at 60 °C for 24 h
with AIBN as initiator) and the corresponding T'.s before and after addition of Me-g-CD.?

DEAAmM/CTA/I Conv.  Mptheo M sgc Dm T [°C] Terepcp [°C]
[g-mol'1 ] [g-mol’1 ]
32/1/0.2 81% 4100 4000 1.1 <4 <4
66/1/0.2 78% 7400 5300 1.19 15.6/17.3 14.8/ -

160/1/0.2 89% 18800 11500 1.33 25.5/30.2 25.1/29.3
a: first T from the heating ramp / second T from the cooling ramp
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E Modulation of the Thermoresponsitivity of PDEAAm via CD Addition (Appendix to
Chapter[7)

Table E.8: SEC-data of the utilized polymers (polymerized with 19 in DMF at 60 °C for 24 h
with AIBN as initiator) and the corresponding T'.s before and after addition of a-CD.?

DEAAmM/CTA/I Conv.  Mptheo Musec Dmn T [°C] Tewcp [°C1
[g-mol‘1 ] [g-mol'1 ]

32/1/0.2 92% 4200 3600 1.09 151/16.0 15.1/13.9
65/1/0.2 92% 8100 5000 1.13 25.3/24.0 24.7/23.8
158/1/0.2 97% 20000 7700 1.23 29.0/27.0 28.7/27.7

a: tirst T, from the heating ramp / second T from the cooling ramp

Table E.9: SEC-data of the utilized polymers (polymerized with 6 in DMF at 60 °C for 24 h
with AIBN as initiator) and the corresponding T'.s before and after addition of a-CD.?

DEAAmM/CTA/I Conv. Mhiheo Msec Pm Tc[°C] Tecp [°C
[g-mol’1 ] [g-mol'1 ]
32/1/0.2 81% 4100 4000 1.1 <4 <4
66/1/0.2 78% 7400 5300 1.19 15.6/17.3 13.7/16.8

160/1/0.2 89% 18800 11500  1.33 25.5/30.2 24.8/23.8
a: tirst T, from the heating ramp / second T from the cooling ramp

Table E.10: T';s in dependence of the Me-B-CD equivalents for a sample polymer polymerized
with 1 or EMP.?

equiv. CD/  1: Mpsec= 3800 g-mol™l  1: Myggc = 6500 g'mol”!  EMP: Mpggc = 3500 g-mol!

POlymel‘ TcMe—ﬁ—CD [°C] TCMe—/S—CD [°C] TCMe—/S—CD [°C]
0.5 28.5/29.6 30.5/28.8 38.9/40.0
1.0 32.5/37.3 31.8/31.0 39.5/38.9
1.5 30.7/33.0 33.1/33.1 40.1/39.8
2.0 32.9/38.1 33.5/32.0 40.9/41.0
3.0 34.4/36.5 33.4/32.1 41.6/41.4
5.0 36.6/36.5 34.9/34.6 40.9/40.2

a: first T, from the heating ramp / second T from the cooling ramp

Table E.11: T.s of polymers polymerized with 1 or 17 after addition of 16 eq. 1-

adamantylamine hydrochloride.?

polymer T.[°C] TcMe-,B—CD [°C] TcMe—/B—CD ad [°C]
1: Myspe = 3800 g-mol™?  26.5/25.9 32.9/38.1 27.9/-
17: Mipsgc = 5600 g-mol™!  26.8/26.8  36.1/34.4 30.9/-

a: first T from the heating ramp / second T from the cooling ramp
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Table E.12: T.s after enzymatic treatment of polymers polymerized with 17 or EMP and com-
plexed with g-CD.?

POlymel‘ TcMe—,B—CD Enzyme [°C] TCMe—,B-CD [°’C] T.[°C]
1: Myspc = 4400 g-mol™ 26.5/24.9 30.4/28.9 26.1/24.2
EMP: M,sgc = 5000 g-mol! 40.8/39.0 40.6/39.6  39.9/38.1

a: first T from the heating ramp / second T from the cooling ramp
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