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Abstract

Abstract

Thermoresponsive block copolymers of presumably highly biocompatible character
exhibiting upper critical solution temperature (UCST) type phase behavior were developed. In
particular, these polymers were designed to exhibit UCST-type cloud points (Tc,) in
physiological saline solution (9 g/L) within the physiologically interesting window of 30-
50°C. Further, their use as carrier for controlled release purposes was explored.
Polyzwitterion-based block copolymers were synthesized by atom transfer radical
polymerization (ATRP) via a macroinitiator approach with varied molar masses and co-
monomer contents. These block copolymers can self-assemble in the amphiphilic state to
form micelles, when the thermoresponsive block experiences a coil-to-globule transition upon
cooling. Poly(ethylene glycol) methyl ether (mMPEG) was used as the permanently hydrophilic
block to stabilize the colloids formed, and polyzwitterions as the thermoresponsive block to
promote the temperature-triggered assembly-disassembly of the micellear aggregates at low

temperature.

Three zwitterionic monomers were used for this studies, namely 3-((2-
(methacryloyloxy)ethyl)dimethylammonio)propane-1-sulfonate (SPE), 4-((2-(methacryloyl-
oxy)ethyl)dimethylammonio)butane-1-sulfonate (SBE), and 3-((2-(methacryloyloxy)ethyl)-
dimethylammonio)propane-1-sulfate) (ZPE). Their (co)polymers were characterized with
respect to their molecular structure by proton nuclear magnetic resonance ('H-NMR) and gel
permeation chromatography (GPC). Their phase behaviors in pure water as well as in
physiological saline were studied by turbidimetry and dynamic light scattering (DLS). These
(co)polymers are thermoresponsive with UCST-type phase behavior in aqueous solution.
Their phase transition temperatures depend strongly on the molar masses and the
incorporation of co-monomers: phase transition temperatures increased with increasing molar
masses and content of poorly water-soluble co-monomer. In addition, the presence of salt
influenced the phase transition dramatically. The phase transition temperature decreased with
increasing salt content in the solution. While the PSPE homopolymers show a phase transition
only in pure water, the PZPE homopolymers are able to exhibit a phase transition only in high
salinity, as in physiological saline. Although both polyzwitterions have similar chemical

structures that differ only in the anionic group (sulfonate group in SPE and sulfate group in

\%
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ZPE), the water solubility is very different. Therefore, the phase transition temperatures of
targeted block copolymers were modulated by using statistical copolymer of SPE and ZPE as
thermoresponsive block, and varying the ratio of SPE to ZPE. Indeed, the statistical
copolymers of P(SPE-co-ZPE) show phase transitions both in pure water as well as in
physiological saline. Surprisingly, it was found that mPEG-b-PSBE block copolymer can
display “schizophrenic” behavior in pure water, with the UCST-type cloud point occurring at

lower temperature than the LCST-type one.

The block copolymer, which satisfied best the boundary conditions, is block copolymer
MPEG 14-b-P(SPE43-co-ZPE39) with a cloud point of 45°C in physiological saline. Therefore,
it was chosen for solubilization studies of several solvatochromic dyes as models of active
agents, using the thermoresponsive block copolymer as “smart” carrier. The uptake and
release of the dyes were explored by UV-Vis and fluorescence spectroscopy, following the
shift of the wavelength of the absorbance or emission maxima at low and high temperature.
These are representative for the loaded and released state, respectively. However, no UCST-
transition triggered uptake and release of these dyes could be observed. Possibly, the poor
affinity of the polybetaines to the dyes in aqueous environtments may be related to the widely

reported antifouling properties of zwitterionic polymers.

Zusammenfassung

Neue thermisch-responsive Blockcopolymere mit vermutlich hoher biokompatibilitdt wurden
entwickelt, die ein Phasenverhalten mit oberer kritischer Losungstemperatur (UCST) in
wissriger zeigen. Insbesondere wurden diese Polymere so gestaltet, dass sie Triibungspunkte
des UCST-Ubergangs (T,) in physiologischer Kochsalzldsung (9 g/1) innerhalb des
physiologischen interessanten Temperaturfensters von 30-50°C zeigen. AuBBerdem wurde ihre
Eignung als Tréger fiir kontrollierte Freisetzungszwecke untersucht. Diese Polyzwitterionen-
basierte Blockcopolymere wurden durch ,,Atom transfer radikal polymerisation (ATRP)
unter Verwendung eines Makroinitiators mit verschiedenen Molmassen und Anteilen von
Comonomeren dargestellt. Diese Blockcopolymere kdnnen sich im amphiphilen Zustand zu
Mizellen selbstorganisieren, wenn der thermisch-responsive Block beim Abkiihlen einen

Ubergang vom Kniulen zur Kiigel erfihrt. Poly (ethylenglycol) methylether (mPEG) wurde

vi
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als permanent hydrophiler Blockverwendet, der die gebildeten Kolloide stabilisiert, und
Polyzwitterionen als thermisch-responsiver Block, der bei niedriger Temperatur die

temperaturinduzierte Bildung von Mizellen bewirkt.

Drei zwitterionische Monomere wurden fiir diese Untersuchungen verwendet, 3-((2-(meth-
acryloyloxy)ethyl)dimethylammonio)propane-1-sulfonate (SPE), 4-((2-(methacryloyloxy)-
ethyl)dimethylammonio)butane-1-sulfonate (SBE), und 3-((2-(methacryloyloxy)ethyl)
dimethylammonio)propane-1-sulfate) (ZPE). Die (Co)Polymere wurden durch protonen-
kernmagnetische Resonanz ('H-NMR) und Gelpermeationschromatographie  (GPC)
charakterisiert. lhr Phaseniibergangsverhalten im Wasser sowie in physiologischer
Kochsalzlosung wurde durch Triibheitsmessungen und dynamische Lichtstreuung (DLS)
untersucht. Diese (Co)Polymere sind thermisch-responsiv mit einem UCST-Ubergang als
Phasenverhalten in wissriger Losung. Die Ubergangstemperaturen héingen stark von den
Molmassen und von dem Anteil der Co-Monomeren ab: Eine VergroBerung der Molmasse
und des Anteils an schwerwasserloslichem Comonomer fiihrt zu einer Erhéhung der
Phaseniibergangstemperaturen. Des Weiteren beeinflusst ein Salzzusatz den Phaseniibergang
sehr stark. Wahrend die PSPE-Homopolymere nur in Wasser einen Phaseniibergang
aufweisen, zeigen die PZPE-Homopolymere nur bei hohem Salzgehalt, wie in
physiologischer Kochsalzlosung, einen Phaseniibergang. Obwohl beide Polyzwitterionen
dhnliche chemische Strukturen besitzen und sich nur in der anionischen Gruppe
(Sulfonatgruppe in SPE und Sulfatgruppe in ZPE) unterscheiden, ist die Wasserloslichkeit
sehr verschieden. Daher wurden die Phaseniibergangstemperaturen der Blockcopolymere
durch Verwendung von statistischen Copolymeren aus SPE und ZPE als thermisch-
responsivem Block mittels des Verhéltnisses von SPE zu ZPE moduliert. Solche statistischen
Copolymere P(SPE-co-ZPE) zeigen Phaseniiberginge sowohl in Wasser als auch in
physiologischer Kochsalzlosung. Dariiber hinaus wurde tiberraschenderweise gefunden, dass
PSBE-basierte Blockcopolymer z. T. "schizophrenes" Verhalten in Wasser besitzen, wobei

der Triibungspunkt des UCST-Ubergangs niedriger als der des LCST-Ubergangs liegt.

Das Blockcopolymer mPEG4-b-P(SPE43-co-ZPEs9) erfiillte am besten die Zielsetzung mit
einem Triibungspunkt von 45°C in physiologischer Kochsalzlosung. Deswegen wurde es fiir
Solubilisierungsexperimente verschiedener solvatochromer Farbstoffe als Modelle von
Wirkstoffen ausgewihlt, wobei die Eignung des thermisch-responsiven Blockcopolymers als
"intelligenter" Triager untersucht wurde. Die Aufnahme und Freisetzung der Farbstoffe

wurden durch UV-Vis- und Fluoreszenzspektroskopie anhand der Verschiebung der
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Wellenldnge der Extinktions- oder Emissionsmaxima bei niedriger und hoher Temperatur
verfolgt. Diese Temperaturen entsprechen dem aggregierten bzw. gelosten Zustand des
Polymeren. Jedoch wurde keine Aufnahme und Freisetzung dieser Farbstoffe durch UCST-
Ubergang beobachtet. Mdglicherweise hingt die schwache Affinitit der Polybetaine zu den
Farbstoffen in wissrigen Systemen mit den bekannten Antifouling-Eigenschaften von

zwitterionischen Polymeren zusammen.
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1. Introduction

1. Introduction

In recent years, stimuli responsive polymers have received much attention for smart materials
that can accommodate and deliver drugs. Their ability to change substantially key properties,
notably their affinity to water, in response to environmental factors (e.g., temperature, pH,
ionic strength, or electric fields) makes them potential candidates for controlled drug release
systems. In particular, temperature-triggered drug delivery has been studied, and has become
arguably the most interesting strategy among various responsive approaches. This includes
not only the use of thermoresponsive polymers exhibiting a lower critical solution
temperature (LCST), but also such that show an upper critical solution temperature (UCST),
as discussed in more detail in Chapter 1.1. Still, most research has been focused on
LCST-type polymers in aqueous media because they are easier to build chemically and to
analyze compared to UCST-type polymers. Moreover, their phase transition behavior seemed
to be modulated more easily by their polymer structure [1-4]. However, UCST-type polymers
in aqueous media have recently started to attract more interest in the field of smart materials
because the polymers become soluble upon heating, which make them suitable for many
biomedical applications [5-6]. The idea to release the drug at elevated temperature, for
instance due to fever or inflammation, may be accomplished by UCST-type polymers by
undergoing a globule-to-coil transition. Thermoresponsive block copolymers appear
particularly suitable for the controlled release of drugs, since amphiphilic block copolymers
can self-assemble to form micelles. The permanently hydrophilic blocks in the micelles shall
maintain the colloidal stability of the micelles so that precipitation may not occur. In the
aggregated state, the less polar domain of amphiphilic block copolymers will carry poorly
water-soluble drugs inside the core of micelles. Drug release is aspired upon heating via a
temperature-induced transition of thermoresponsive block inducing the micelles to
disassemble and become double hydrophilic block copolymer unimers in the dissolved state
of polymer chains in the aqueous solutions. Figure 1.1 describes the concept of controlled

release of drug by UCST behavior.
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PPy
\ - I Ly e e = |* block exhibiting an UCST-transition
—) B ' ~~ = 2™ plock being permanently hydrophilic
v, ) active agent

Figure 1.1. Scheme of micelle formation and disassembly of block copolymers containing an
UCST-type polymer block for the controlled release of poorly water-soluble active agents
(e.g., drugs) at elevated temperature.

The synthesis of block copolymers composed of at least one responsive block has been
reported frequently, but studies employing UCST are exceptional. Pei et al/ studied the
synthesis of thermoresponsive zwitterionic block copolymers of
mPEG-b-PSPE-b-PDMAEMA via atom transfer radical polymerization, in which their
temperature-sensitive properties depended on molecular compositions or solution conditions
[7]. Typically, controlled radical polymerization (according to the IUPAC: reversible
deactivation radical polymerization [8]) has been chosen as a preferred tool to prepare the
responsive block copolymers because of its tolerance of functional groups [9-10]. The
purpose is to improve control over molar mass and copolymer composition than that in
conventional free radical polymerization. As the phase transition depends on the molar mass,
it is preferable that the polymer chains are synthesized with good control of copolymer
homogeneity. Only then, the polymer-polymer interaction as well as polymer-solvent
interaction for every polymer chain will be equal. Thus, defined phase transition behavior can

be achieved and precise controlled release of drugs may happen.

Reversible-addition fragmentation chain transfer (RAFT) and atom transfer radical
polymerization (ATRP) are two types of controlled radical polymerization which are often
used to prepare block copolymers [11-14]. On the one hand, RAFT is often used due to its
convenience for not using transition metals as the catalyst, which sometimes is in conflict
with the polymer structure, since transition metals can complex with functional groups of the
monomer, as e.g. nitrogen-based moieties. In addition, high amounts of transition metals
cannot be tolerated if the polymers will be used later in biomedical applications, thus asking
for painstaking purification steps. On the other hand, RAFT has a disadvantage because of the
need of particular chain transfer agents, which have to be synthesized beforehand and
typically contain thiocarbonyl groups. This sulfur content in the RAFT agent is difficult to
2



1. Introduction

remove and might also pose problems in biomedical applications, e.g. when liberating H,S or
COS upon hydrolysis. ATRP has the advantage for allowing to avoid the use of normal
radical initiators that may cause secondary growing polymer chains. Therefore, a possible
source of inhomogeneity of the polymer chains will be avoided. This approach shall result in
well-defined thermoresponsive block copolymers and facilitate their perspective use for
controlled release of drug. Moreover, although transition metal catalysts are needed for the
ATRP reaction, the possibility of using the polymers made in biomedical applications has
improved much, because less toxic transition metal, such as iron, can be used for the reaction.
In addition, recent variants of ATRP, for instance Activators ReGenerated by Electron
Transfer (ARGET), allow to reduce the amount of transition metal catalysts, such as copper

complexes [15-16].

1.1. Thermoresponsive polymers

Thermoresponsive polymers in aqueous solutions have attracted much attention in the
research in over the past few decades, in particular for applications such as drug delivery [17-
18], tissue engineering [19-20], bioseparation [21-22], and bioimaging [23]. Inspired by the
natural phenomena such as hot and cold weather or fever in the body, to use temperature as a
trigger, this type of stimuli-responsive polymers is particular interesting because it is
reversible, and can easily be applied without the need to add chemical substances, i.e., in
closed systems. Many of these polymers are not toxic and are effective in a temperature range

that is feasible for biomedical applications [24-26].

Depending on the region in the phase diagram where the polymer dissolves, thermoresponsive
polymers can be divided into two types: polymers that dissolve in solution below a specific
temperature and become insoluble above that temperature are characterized by lower critical
solution temperature (LCST) behavior. This means that the polymer chains are well solvated
and therefore expanded and water-soluble below a specific temperature, but the polymer
chains collapse and become insoluble at higher temperature. In contrast, polymers exhibit
UCST behavior when the polymers dissolve above a specific temperature, but are insoluble
below [27-30]. However, the phenomenon of UCST has been rarely found in water [5]. LCST
and UCST, respectively, represent the minimum and the maximum point of the binodal curve,
at which the phase separation occurs. Figure 1.2 displays schematic phase diagrams for LCST

and UCST behavior.
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spinodal  binodal T

g@ I Y,

~ S M
Tcp = LCST . spinodal .
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Figure 1.2. Schematic phase diagrams of polymers bearing a) LCST and b) UCST behavior
(temperature v. mole fraction of polymers).

The thermodynamic reason for the solubility-insolubility of thermoresponsive polymers is
based on the Gibbs free energy law, where the Gibbs free energy of mixing, AG,, has to be
negative (AG;; < 0 ) to promote the solubility. In particular, the interactions of hydrophilic
moieties-water and of polymer-polymer play an important role for the phase transition

behavior.

AGer = AHmix _TAszx (1‘1)

AH,;, = change in enthalpy
T = temperature
AS,;x = change in entropy

In the classical case of LCST behavior in aqueous solution, when the temperature is low,
polymers are in solution because of hydrogen bonds between the polar segments of the
polymer and the water molecules [1], result not only in a loss of entropy, but also a strong
negative mixing enthalpy, AH,;. Although the mixing entropy, AS,., 1s negative and
unfavorable because of the highly ordered nature of the polymer-water interactions, AG,,;, 1s
negative and makes the solubility favorable. When the temperature increases, the water
molecules are more mobile than before resulting in a weakening of the hydrogen bonds
between polymer and water molecules. This favors the polymer-polymer interaction and
increasingly dehydrates the polymers. As consequence, the contribution of the entropy finally
becomes dominant and overcomes AH,,;, term resulting in a positive AG;, and the phase
separation occurs. Therefore, the miscibility in LCST systems is driven by the mixing

enthalpy.
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The analogous concept can also be applied for UCST behavior in aqueous solution. At low
temperature, the interaction between polymer-polymer is strong, resulting in positive AH,;,.
Since the strong and positive enthalpy term surpasses the entropy term, AG,,;, is positive, thus,
polymers become insoluble and the phase separation takes place. At higher temperature, the
system gains more mixing entropy that counterbalances the unfavorable mixing enthalpy,
resulting finally in a negative AG,,;, so that the polymers become soluble. In this case, the
miscibility is driven by the mixing entropy [5]. Nevertheless, this explanation is an
approximation to LCST and UCST phenomena. In reality, the situation is more complex
because neither the mixing enthalpy nor the mixing entropy are constants as assumed in the

standard case.

The quality of the solvent shifts from good to bad at the binodal line. In consequence, a coil-
globule transition of the polymer chain conformation occurs. Typically, this is indicated by a
change of the solution from clear to turbid due to the onset of demixing into a solvent-rich and
a polymer-rich phase [5]. This phenomenon can be easily observed by turbidity measurement,
e.g., when heating and cooling a polymer solution at a given concentration. The difference
between the phase transition temperatures upon heating and cooling is defined as hysteresis,
which indicates the metastable region between the binodal and spinodal lines of the phase
diagram. Also, a hysteresis may happen if the system has not yet completely equilibrated.
Figure 1.3 shows schematically the solubility behavior of thermoresponsive polymers in

aqueous media.
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Figure 1.3. Model of the temperature triggered coil-to-globule transition of hydrated polymer
chains.
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LCST-type polymers have stronger polymer-solvent interactions than polymer-polymer ones.
Therefore, polymers show LCST behavior and become insoluble upon heating by
experiencing a coil-globule transition at certain temperature, which depends not only on the
precise chemical structure of the polymer (i.e., including molar mass and end groups), but
also on physical parameters, such as concentration. They are well studied and known mostly
for nonionic polymers in aqueous media. Poly(N-isopropylacrylamide) (PNIPAM) is arguably
the most famous LCST-type polymer and the most intensively studied one so far. This is
because PNIPAM changes its behavior from hydrophilic (because of the hydrogen bonding
between the amide groups and water molecules) to hydrophobic (because of the dehydration
of the polymer chains) upon heating at about 32°C in water [1, 31]. This phase transition
temperature of PNIPAM makes it suitable for many applications, especially in biomedical
fields [32-33]. Other thermoresponsive polymers exhibiting LCST behavior belong to the
class of poly(oligo(ethylene glycol) methacrylate)s [34-37], poly(N-vinyl amide)s [26, 33],
and poly(vinyl ether)s [1, 38]. The structure and LCST of some polymers is given in
Table 1.1.

Table 1.1. Examples of polymers with LCST behavior.

Polymer Structure LCST? Ref.
Poly(/V-isopropylacrylamide) 32°C [31, 39]
(PNIPAM)
Poly(oligo(ethylene glycol) 26°C [37,40]

methyl ether methacrylate)
(POEGMA)

O
(0]
—t
2
Poly(N-vinyl-g-caprolactam) M 31°C [41-42]

(PNVCL) CIjo
Poly(methyl vinyl ether) /{,\(]/ 36°C [43-44]
(PMVE) O

* Estimated values; moreover, value may depend on the molar mass, tacticity, end groups, and
added salt
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In the case of UCST behavior, the polymers become soluble upon heating. Due to, e.g.,
Coulomb interactions and hydrogen bonds between the chains, the interaction between
polymer-polymer is stronger than polymer-solvent interaction at low temperature.
Nevertheless, this polymer-polymer interaction can be easily disturbed by applying heat [29,
45]. Thus, UCST-type polymers dissolve at increasing temperature. UCST behavior is usually
observed in organic solvents or in water-organic solvent mixtures [30, 46] but rarely found in
water. However, the research interest of UCST polymers in aqueous solution is increasing
recently. For instance, Agarwal et al and Ohnishi et al studied UCST-type nonionic polymers
in aqueous solution, especially in the class of poly(N-acryloylglycinamide) (PNAGA) [5, 45,
47-48]. Other examples of nonionic polymers with UCST behavior are ureido-derivatized
polymers [30, 49-50], poly(acrylamide-co-acrylonitrile) [6, 51-52], and possibly
poly(2-hydroxyethyl methacrylate) (PHEMA) [53]. Besides nonionic polymers, certain
zwitterionic polymers also exhibit UCST behavior, particularly from the class of

polysulfobetaines [7, 54-57]. A list of UCST-type polymer structures is given in Table 1.2.
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Table 1.2. Examples of polymers with UCST behavior.

Polymer Structure UCST? Ref.
Poly(/V-acryloylglycinamide) /%f
HN "0 17-30°C [45,47]
(PNAGA) I\fp
NH,
Poly(allylamine-co-allylurea) ij’lL W
v Y NH 8-65°C [49]
HN
O)\
Poly(acrylamide-co-acrylonitrile) /{/i N 6-60°C [6]
H,N
ronc i
hydroxyethylmethacrylate) o 70 > 90°C" [5, 53]
(PHEMA) H
OH
Poly(3-((3- ;E\Iﬁ;)
(methacrylamidopropyl)dimethyl
@/ 9-27°C [57]
ammonio)propane-1-sulfonate) N

/ j\
(PSPP)

S%
Poly(3-((2- /Fﬁ/
. o o
(methacryloyloxy)ethyl)di- H
methylammonio)propane-1- _N@_ 41-71°C [56]
sulfonate) KL
PSPE
( ) 50,
©

* Value depends on the molar mass, tacticity, and copolymer composition
> Conflicting data
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1.2. Polyzwitterions

A polyzwitterion is defined as a polymer, which carries pairwise negative and positive
charges in the same side chain, so that the overall charge is zero (neutral) [58-61]. The
numerous charged groups cause strong intra- and intermolecular electrostatic interactions
within the polymers (Figure 1.4), thus counteracting solubility, at least at lower temperatures
[62-63]. For this reason, many polyzwitterions exhibit an UCST in solution, with a coil-

globule transition upon cooling.

e
L% 1 I

a) b)

[le

Figure 1.4. Schematic illustration of a) intra- and b) intermolecular electrostatic interactions
within zwitterionic polymers causing UCST behavior.

Low molar mass zwitterions are often found in nature. One example of natural zwitterionic
compounds are phosphatidyl cholines, which carry a phosphobetaine group and form a major
group of lipids, the lecithins. The structure of lecithins is given in Figure 1.5.
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Figure 1.5. The general chemical structure of phosphatidyl choline lipids (lecithins).

The three most widespread classes of polyzwitterions are poly(phosphobetaine)s,
poly(carboxybetaine)s, and poly(sulfobetaine)s (Figure 1.6) [59-61, 64-66]. The similarity of

their chemical structure to biological compounds such as phospholipids, their high prevention
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of protein adsorption, and their high biocompatibility make them receive great attention in the

field of biomaterials [67-69].
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Figure 1.6. Examplary chemical structures of a) poly(phosphobetaine)s,
b) poly(carboxybetaine)s, and c) poly(sulfobetaine)s derived from poly(methacrylate)s.

1.3. Poly(sulfobetaine)s

Poly(sulfobetaine)s are one class of polyzwitterions that has been widely studied. They are
capable to bind water molecules using their positively and negatively charged ions, creating a
strong hydration layer, which prevents, e.g., protein adsorption. Therefore,

poly(sulfobetaine)s are favorably used to reduce “fouling” of surfaces [7, 57, 67, 70-71].

Many poly(sulfobetaine)s display UCST behavior in aqueous solution, which in detail is
sensitive to molar mass, and salt concentration [7, 28, 55-57, 59, 69, 72-73].
Poly(sulfobetaine)s show anti-polyelectrolyte effect in aqueous salt solution, in which the
addition of salts makes the opposing charges shield from the charges in the side chain of the
polymers [60]. This charge shield reduces the interaction between the polymer bound charges,
thus changing the conformation of the polymer chains to coil-like (as the solubility of the
polymers increases), and decreasing the UCST.

Only few monomers for the synthesis of poly(sulfobetaine)s are commercially available. 3-
((2-(methacryloyloxy)ethyl)di-methylammonio)propane-1-sulfonate ~ (SPE) and  3-((3-
(methacrylamidopropyl)dimethylammonio)propane-1-sulfonate (SPP) are the most well-
studied sulfobetaine monomers, which can be bought currently. Most other monomers have to

be synthesized beforehand [54, 56-57, 61, 68]. The most common preferred method to

10
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synthesize sulfobetaine monomers is via ring opening alkylation of dialkyl amino-functional
monomers by sultones to produce simultaneously quarternary ammonium and sulfonate

moieties in the side chain, as can be seen in Figure 1.7. [59, 61].

R, 0 Ro
N _A ———>  R;—N=(CH,),-SO
RN+ O=%>(cHy), I Ch=
R3 3

Figure 1.7. The reaction scheme of the typical sulfobetaine monomer synthesis
(mostly n= 3 or 4).

Very recently, people have tried to extend the chemical structure of poly(sulfobetaine)s also
in making poly(sulfabetaine)s [74-77], which have a similarity to the lecithins because the
spacer between the cationic and anionic groups can be hydrolyzed easily. These compounds
have been rarely studied as it has been found that they are less water soluble than their

poly(sulfobetaine) analogs [76, 78].

The strong intra- and intermolecular electrostatic interaction within the polymer chains makes
the synthesis of poly(sulfobetaine)s challenging, since the monomers and even more the
polymers are insoluble in nonpolar organic solvents. They generally require polar protic
solvent, such as trifluoroethanol (TFE) and hexafluoroisopropanol, or aqueous solutions or
brine to conduct the reaction in a homogeneous system during polymerization [54, 61, 69,
79]. Taking this and the marked hygroscopy into account, the choice to synthesize
poly(sulfobetaine)s is by free radical polymerization. Free radicals are mostly chemically inert
toward nucleophiles and electrophiles, in this respect from the monomer itself, which may
interfere with the polymerization reaction. Also, much research has been done recently in
preparing poly(sulfobetaine)s via reversible-deactivation radical polymerization (RDRP),

previously known as “controlled radical polymerization” methods [7, 56-57, 79-81].

1.4. Atom transfer radical polymerization (ATRP)

RDRP allows for synthesizing polymers with good control of the molar mass and the molar
mass distribution (low polydispersity), as well as of the polymer architecture, such as block or
graft copolymers, hyperbranched, and star polymers. These features cannot be provided by

conventional free radical polymerization. In RDRP, the reaction is controlled by fast initiation

11
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in the system and adding reversible deactivation by deactivating the growing polymer chains
into a inactive state called “dormant”. This dormant species is activated when the dynamic
equilibrium between dormant and the growing polymer chains is reached, as illustrated in

Figure 1.8. In general, the requirements to achieve controlled system of RDRP are [82]:

a) negligible termination

b) fast initiation compared to propagation

c) the exchange between the active and dormant species is faster than the propagation
d) ahomogeneous system

e) large amount of control agent compared to initiator

kact wv P
—_—— . m
P -X Pl + ) G > Pm+n
kdeact @ kt
ko
dormant active dead
species species polymer

Figure 1.8. General reaction mechanism as one major principle of reversible-deactivation
radical polymerization (RDRP).

RDREP is divided into three major techniques: reversible addition-fragmentation chain transfer
polymerization (RAFT), nitroxide mediated polymerization (NMP), and atom transfer radical
polymerization (ATRP). Among these techniques, RAFT and ATRP have been used most
often to prepare poly(sulfobetaine)s [61].

ATRP was established in 1995 simultaneously by Matyjaszewski and Sawamoto [13-14]. It is
one of the most successful free radical polymerization techniques that enables effective
control of the polymerization, in particular for styrenes, (meth)acrylates, and some other
monomers [83]. ATRP has been used to prepare well-defined polymer structures, for instance
block, brush, star, and end-functional ones [10, 84], including polymers for the field of
biomedical applications, in particularly of drug delivery [85-86]. As typical RDPD technique,
ATRP was introduced to control the reaction by creating a fast initiation via dynamic transfer
between the active species, in this case the growing polymer chains, and the dormant species.
In order to promote those requirements, ATRP uses transition metal complexes, often formed

in situ from, e.g., copper (I) bromide, along with specific ligands that act as activators of the
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dormant species, and copper (II) bromide, as deactivator of the growing polymer chains in the
reaction via redox reaction. The reversibly deactivated polymers in form of dormant chains
keep the stationary radical concentration during the reaction low (the number of the dormant
is greater than of the growing polymer chains). The dormant species makes the number of
dead polymer chains caused by irreversible termination become relatively small, when the
exchange rate between the active and dormant species is faster than the propagation rate. This
allows most polymer chains that started in the early stage of the polymerization, to grow in
parallel. Therefore, a narrow molar mass distribution can be achieved. Figure 1.9 shows the

general mechanism of ATRP

kact p:
M{"Lig + P-X X—MM™'Lig + P, ------ o> P
kdeact kt
()
ko
M," = transition metal
Lig = ligand
X =halogen

M = monomer
P* = active species

(growing polymer chains)
P = dead polymer

Figure 1.9. General mechanism of atom transfer radical polymerization (ATRP) [13].

The reversible deactivation step in ATRP consists of an oxidative addition of the growing
polymer radical onto a transition metal complex (“catalyst”). Thus, an ATRP system consists
of monomer, (pseudo)halogen initiator, catalyst, and solvent. It has been successfully used to
polymerize different classes of monomers such as styrenes, (meth)acrylates,
(meth)acrylamides, and acrylonitrile [13, 83-84, 87-89]. However, hydrophilic monomers are
more challenging to be polymerized via ATRP since side reactions, such as a complexation

between monomers and transition metals, may occur and reduce the control of the reaction.

As in the conventional free radical polymerization, an initiator is essential to initiate the
reaction and to produce the growing polymer chains. Initiators should promote a fast initiation
to give the growing polymer chains in the early stage of the polymerization, in order to yield

narrow molar mass distributions. Typical ATRP initiators are from the class of activated alkyl
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halides, for example benzylic halides, a-haloesters, a-haloketones, a-halonitriles, and sulfonyl

halides [13, 84].

ATRP uses a catalyst to manage the exchange between dormant and the active species. The
transition metal used must have at least two oxidation states and have good affinity to the
halogen. The classical examples of transition metals used in ATRP are copper, ruthenium, and
to a lesser extent, iron. ATRP catalysts use specific ligands to complex the metal, especially
to dissolve the metal salt in the organic phase, and to tune the redox potential of the metal for
the exchange process. The most common ligands used in ATRP for copper catalysts contain
nitrogen, such as 2,2’-bipyridyl (bpy), pentamethyldiethylenetriamine (PMDETA),
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA), and tris[2-(dimethylamino)ethyl]
amine (MesTREN) [13, 84].

Table 1.3. Examples of ligands for copper catalyst in ATRP.

Name of the ligand Structure
2,2¢-bipyridyl - -
bpy) NS
Pentamethyldiethylenetriamine (PMDETA) ﬁyf
/N\ /N\
1,1,4,7,10,10-Hexamethyltriethylenetetramine \N/_\N/
(HMTETA) ( _>
AR
Tris[2-(dimethylamino)ethyl]amine N7
(MesTREN)

ATRP has been performed in many nonpolar and polar solvents, not only in homogeneous but
also in heterogeneous systems. The important part in choosing the right solvent for ATRP is
that the solvent should have a better interaction with the catalyst to tune the redox potential
and does not compete with the ligands for the metal. Moreover, the solvent has to minimize

side reactions via chain transfer to the solvent [13, 84].
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The ATRP of zwitterionic monomers, such as poly(sulfobetaine)s, is complicated due to the
low solubility of the monomers and the polymers. As mentioned before, zwitterionic
monomers and polymers require polar protic solvent to dissolve them. Such protic solvents
may promote bad control of the reaction, for instance by displacing halide ligands from the
catalysts and deactivating the catalyst and/ or the propagation site [89]. Nonetheless, some
examples of well-controlled poly(sulfobetaine)-based materials via ATRP, which can be used
for further applications, have been reported. Kobayashi et al. prepared poly(sulfobetaine)s
brushes via ATRP in TFE-ionic liquid mixtures as solvent and studied the effect of the solvent
mixture on the polymerization of the sulfobetaines. They found that the addition of a small
amount of ionic liquid can improve the control on the polymerization of polymer brushes and
linear polymers to favor high molar mass and narrow molar mass distribution [79, 90]. Song
et al. also synthesized poly(sulfobetaine)s, namely PSPE, brushes in TFE as well as in a
TFE-ionic liquid mixtures, and also obtained well-defined PSPE [91]. Zhao et al. reported
that hydrophilic polyzwitterions, such as PSPE, could be synthesized via ATRP combined
with click chemistry, resulting in high conversion and producing polymers that could be used
as antifouling membranes [62]. Yao et al. showed that graft copolymers of polyamidoamine
dendrimers and PSPE can be prepared by ATRP, which due to their micellar structure could
act as nanocarriers [81]. Pei et al. synthesized thermoresponsive block copolymers of
poly(ethylene  glycol), PSPE, and  poly(2-(dimethylamino)ethyl = methacrylate)
(PDMAEMA) [7].

1.5. Objectives of the thesis

Until now, the research of thermoresponsive polymers for drug delivery applications has been
mostly based on polymers featuring LCST behavior. However, it seems that thermoresponsive
systems with UCST-behavior would cover the more realistic scenario for
temperature-triggered drug delivery in practice. Hence, smart UCST-based systems present an
interesting concept to be investigated. Up to now, only very few examples have been reported.
Therefore, the aim of this thesis was to prepare UCST-type block copolymers as smart
materials and to explore the possibility of their use for controlled release of poorly water-
soluble active agents. Only during the duration of this thesis, few other groups also have
addressed this alternative concept and published first results [6, 92-93]. In particular, the
thermal response should be realized under meaningful conditions, namely in a physiologically

useful temperature window as well as salinity.
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In order to explore options for such smart delivery, thermoresponsive micellar systems are in
the focus of the thesis. The idea is that such polymers are designed to form micelles that exist
at low temperature [94-95], but decompose at high temperature. Thus, at low temperature, the
system can accommodate and transport the active agents, whereas at the moment where the
phase transition temperature is reached, the polymeric micelles will liberate the solubilized
active agents. In this respect, the polymeric micelles act as carriers to transport the active
agents, e.g., a drug, while the temperature is used as the trigger to release the active agents
upon heating by the disassembling the micelles. In order to implement this concept,
UCST-type block copolymers are chosen. They are expected to behave as amphiphiles at low
temperature; when increasing the temperature, they shall become double hydrophilic
compounds so that the micelles will disassemble. The best way to start for this purpose is to
take the polymer architecture of block copolymers, in which the first block contains the less
water soluble and thermoresponsive polymer (namely polymers with UCST behavior) and
acts as the core of the micelles and is sensitive to the occuring of the phase transition. The
second block consists of a permanently hydrophilic polymer, to guarantee the colloidal
stability of the micelles in the aqueous phase and to assume the role of the shell of the
micelles (see Figure 1.10). Taking into account future applications of such smart materials,
for instance to be suited for medical uses, the polymers should have the potential for good
biocompatibility. Therefore, the choice of the responsive polymers as starting point was based
on PHEMA on the one hand, and on the other hand on polyzwitterions, such as
poly(sulfobetaine)s (in this case PSPE). PHEMA has been reported to be highly
biocompatible [96]. It has been used in several applications which have contact with body,
such as for implants. In addition, reports suggest that transitions similar to UCST behavior
can occur if the molar mass of PHEMA is not too high [53]. Poly(sulfobetaine)s are well-
known for showing UCST behavior in aqueous media and also to be biocompatible [97-98].
Considering biocompatibility of the permanently hydrophilic block, poly(ethylene glycol) is
chosen [99-100].
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Figure 1.10. Schematic illustration of active agents release via polymer micelle formation-
disassembly using a globule-to-coil phase transition in a physiological relevant temperature
range.

The target temperature for the controlled release of the active agents is aspired to be in the
range of physiological temperature, which is around 37°C for human beings. Notably, the
medium for the responsive system and the release is also a factor to keep in mind for its
design. The system should be investigated to which extent it is able to switch under relatively
realistic conditions. In this respect, physiological saline solution was considered to be a good

model system for a biological fluid environment rather than pure water.

This study is organized as the following:

1) First, synthesizing PHEMA-based copolymers which had been claimed to have UCST-type
phase behavior, and which would be particularly convenient to use for biomedical
applications. Their molecular structure and phase transition behavior is studied.

2) Second, preparing zwitterionic homo- and block (co)polymers with UCST-type behavior,
along with the characterization of their molecular structure as well as their phase transition
behavior. The study comprises the use of the co-monomers to tune the phase transition
temperature of the zwitterionic block in physiological saline solution.

3) Third, exploring the possibility of using the polymers, which have the desired phase

transition profile, for controlled release of models for drugs.
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2. Synthesis and Water Solubility of the Macroinitiator

The macroinitiator was synthesized by esterification of a monofunctional PEG, in this case of
poly(ethylene glycol) monomethyl ether (mPEG-OH) with molar mass of 5000 g/mol, and
2-bromo isobutyryl bromide resulting in poly(ethylene glycol) methyl ether

2-bromoisobutyrate (mPEG-Br). The reaction scheme is shown on Figure 2.1.

e} O
o . Br Et;N, toluene /{O \/i‘o Br
OH Br rt, 48 h e

114

o- bromo
mPEG-OH isobutyryl bromide mPEG-Br

Figure 2.1. Reaction scheme of macroinitiator, mPEG-Br, synthesis.

This macroinitiator approach via esterification on one hand has some disadvantages. First,
since it relies on the commercially available monofunctional PEG polymers, its molecular
structure, such as the range of molar mass and a-functionalities, is limited. Second, the use of
an ester linkage may be problematic because it might be hydrolyzed in aqueous media, in
particular at low or high pH values [36]. On the other hand, the reaction of an acid halogenide
with an alcohol in the presence of a tertiary amine is highly effective and has a good chance to
go to completion [101], minimizing the residual mPEG-OH at the end of the reaction.
Moreover, mPEG-OH and a-bromo isobutyryl bromide as starting materials are commercially
available and well-priced. Furthermore, the successful use of similar ATRP macroinitiators

has been reported [7, 86].

The reaction was conducted for 48 h at room temperature, since the poly(ethylene glycol)
monomethyl ether of molar mass 5000 g/mol did not dissolve completely in toluene at low
temperature. The reaction was nevertheless carried out at room temperature because the acid
bromide is highly reactive and tends to undergo side reactions. As higher the temperature is,
the more side reactions might occur. Toluene was used because it was necessary to dry
mPEG-OH beforehand, and toluene is a good solvent for azeotropic drying since the boiling

point is still decent in toluene, while the temperature difference between the azeotrope and the
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pure solvent is high (boiling point of toluene is 110°C, while the boiling point of azeotropic
toluene/water mixture is 84°C). In addition, toluene is nearly inert in the radical
polymerization of methacrylates, so that traces of toluene in the further ATRP reaction will
not cause side reactions. Triethylamine (Et;N) was used to remove the acid as the byproduct

of this reaction.

After the reaction was finished, toluene was diluted with dichloromethane (DCM). The
product was extracted with DCM in water, in which the ester preferred to partition compared
to the aqueous phase. The reason for that is because the product of mPEG-Br is soluble in
toluene, DCM, and water. However, the solubility follows the order of DCM > water >
toluene. The aqueous phase was extracted with 3 x 50 mL of DCM. The organic phases were
collected and the solvent was removed by evaporation. The crude DCM extract was
precipitated into a 20 fold excess of diethyl ether, and the macroinitiator was isolated as

colorless powder by filtration.

The NMR spectra (Figure 2.2) proved that the ester bond was formed, which can be seen
from the new peak at 4.3 — 4.4 ppm attributed to the a-CH, group next to the ester moiety. In
addition, the comparison of the integrated intensities of peaks a, e, and f, which gives a ratio
of approximately 2: 3: 6, proved that at least 95% purity was achieved. In addition, end group
analysis from this NMR spectrum gives the number of repeat units in the poly(ethylene
glycol) of 114, which resulted in the number average molar mass of about 5000 g/mol by
multiplying it with 44 (molar mass of ethoxy group repeat unit). This end group analysis was

calculated as follows:

_ Integrala,b,c,d)/4H

DP, (2.1)
Integrale)/3H
DP - (2.00+2.56 +3.30+428.07+3.01)/4H
" 2.88/3H
DP =114
M, (mPEG—-OH)=15+(114x44)+17 =5048g / mol 2.2)
M, (mPEG—Br)=15+(114x44)+166 =5197g/mol 2.3)
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Figure 2.2. "H-NMR spectra of poly[(ethylene glycol) methyl ether 2-bromoisobutyrate]
g y y gly y
(mPEG-Br) macroinitiator in D,0.

In order to verify the permanently hydrophilic character, the temperature dependent solubility
of mPEG-Br macroinitiator was investigated. A solution of mPEG-Br with concentration of
30 g/L in ultra-pure water and PBS buffer was prepared, and the turbidity of the solution was
followed during heating from 25°C to 90°C. The macroinitiator dissolved completely in ultra-
pure water as well as in PBS at all studied temperatures and no clouding indicating a phase

transition was observed.
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3. PHEMA Based Copolymers: Synthesis,
Characterization and Aqueous Solution Behavior

3.1. Synthesis and characterization
3.1.1. Statistical PHEMA copolymers

A copolymer of P(HEMA-co-OEGMA,475) was prepared in order to get knowledge about its
phase behavior in aqueous solution. PHEMA, possibly, exhibits an UCST-type transition,
with the phase transition proposed to occur above 90°C [53]. OEGMAy;s is used as
co-monomer to tune the phase transition temperature of the copolymers since OEGMA 475 is
known to have a high hydrophilicity. Thus, it was reasoned that, by incorporating OEGMA 475
into PHEMA, the additional hydrophilicity of OEGMA47s residues would decrease the
putative phase transition temperature of PHEMA, and to reach the desired window for a phase
transition temperature, i.e. in the temperature range of 30 - 50°C, preferentially in the
physiological most interesting window of 37 - 40°C. In addition, both PHEMA and
POEGMA 475 have shown good biocompatibility [37, 96]. Hence, such a copolymer might be

suitable for controlled release purposes.

The synthesis of P(HEMA-co-OEGMA475) copolymers was carried out via ATRP using EBiB
as initiator in ethanol as with 95 mol% of HEMA and 5 mol% of OEGMA 475 in the monomer
feed. The obtained copolymers were characterized at the molecular level to learn their
chemical structure and molar mass. The results are summarized in Table 3.1. NMR analysis
for the copolymers was performed to verify the incorporation of OEGMA475 into PHEMA
(Figure 3.1).
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Figure 3.1. 'H-NMR spectrum of P(HEMA-co-OEGMA 475) copolymer (CP-1) in D,O.

The NMR spectrum shows that P(HEMA-co-OEGMA475) copolymers (CP-1) were formed,
which is indicated by the presence of a peak at 3.4 ppm, which is attributed to the —O-CHj3 of
OEGMA,7s, and a peak between 3.8 — 4 ppm, which belongs to the -CH,-OH of PHEMA. No
peak of vinylidene groups between 5 — 7 ppm was observed, which implied that no monomer
contaminates the copolymers. CP-1 was obtained in the quite high yield of 70%, with a
copolymer composition of 96 mol% for PHEMA and 4 mol% of POEGMA 475. Although both
monomers have the same methacrylate structure, their reactivities seem to differ slightly,
which is possibly due to the sterical hindrance by the size of OEGMA475, which is much
bigger than HEMA. Hence, the incorporation of OEGMA 475 to PHEMA became slower and
in the end, the copolymer contains more HEMA versus OEGMA475 than the monomer feed
does. GPC analysis shows that the molar mass distribution was broad (high PDI of 2.5) and
bimodal. This might indicate that the exchange between the active species and the dormant
one was not fast enough, leading to unequal growth of polymers as well as molar mass.
Another possible explanation is that HEMA tends to induce a slight branching of polymers by
transesterification via its OH groups [102]. Branching increases the polymer’s dispersity

index (PDI), and may also result in a bimodal molar mass distribution.
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Table 3.1. Analytical data of the P(HEMA-co-OEGMA 475) copolymer.

Sample  Monomer feed  Yield HEMA:OEGMAg;s°  Mughes) Mugpp® PDI

ratio [%] content in the [g/mol] [g/mol]
HEMA:OEGMA 475 copolymer
cpr-1* 95:5 71 0.96 : 0.04 10600 10200 2.5

*Ratio of [M] : [I] was always 100 : 1

P Calculated from the relative signal intensities of signal groups at 3.4 and 3.6 — 4.5 ppm

¢ Calculated from the yield and the feed composition, assuming that the incorporation ratio is the same
as the feed ratio

 Measured by the GPC using DMF as eluent and polystyrene as calibration standards

3.1.2. Block copolymers of PHEMA

mPEG-b-PHEMA and mPEG-b-P(HEMA-co-OEGMA475) block copolymers were prepared
via the macroinitiator approach by ATRP in ethanol. The macroinitiator mPEG-Br (see
Figure 2.1) was used, and HEMA and eventually, OEGMA4;5 were added onto the
macroinitiator to form block copolymers. In order to explore the influence of OEGMA 475 as
co-monomer on the phase transition behavior, mPEG-b-P(HEMA-co-OEGMA475) block

copolymers with different monomer feed ratios were prepared.

"H-NMR spectroscopy showed that the polymerization happened because of the presence of
broad peaks. Moreover, the absence of peaks characteristic for double bonds at 5.8 and 6.2
ppm indicated that the polymers are free from monomers. In the polymer spectra, peaks
appeared, which are typical for mPEG, HEMA, and OEGMA.4;s derived polymers. Those
characteristic peaks are a peak between 3.6 — 3.8 ppm, which is attributed to -CH,-CH;-O- of
mPEG, a peak between 3.8 — 4 ppm, which is attributed to -CH,-OH on PHEMA, and a peak
at 3.4 ppm, which is attributed to —O-CH; on OEGMA 475 (Figure 3.2 and Figure 3.3). Since
no other initiator besides the macroinitiator had been used for these reactions, a mixture of
macroinitiator (mPEG-Br), PHEMA, and POEGMA,7s could not occur, and therefore, the
block copolymerization was successful. Yet from the NMR spectrum, it is not possible to
distinguish whether all mPEG-Br had been incorporated into block copolymers, or if a
mixture of mPEG-Br and mPEG-b-PHEMA or mPEG-b-P(HEMA-co-OEGMA475) block
copolymers is present. But the GPC elugram shows a monomodal molar mass distribution
with shorter elution times than for mPEG-Br, which means that the macroinitiator was
consumed and fixed in the copolymers. Thus, successful chain extension and purification

from residual monomers was achieved.
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Figure 3.2. '"H-NMR spectrum of mPEG-5-PHEMA copolymer (BC-1) in D,O.
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Figure 3.3. "H-NMR spectrum of mPEG-b-P(HEMA-co-OEGMA 475) copolymer (BC-3) in
D,O.

24



3. PHEMA Based Copolymers

However, it is difficult to quantify the presence of POEGMA 475 in the copolymer. The NMR
spectrum is no more resolved enough to enable the calculation of the copolymer compositions
because the peaks are so similar for the components. However, it is reasonable to assume that
the copolymerization using the macroinitiator behaves similar to the low molar mass initiator,
for which it was proven that the co-monomer incorporation was close to the monomer feed

composition. Still, in detail one has to assume that the OEGMA475 content is slightly lower

than in the feed.

Table 3.2. Analytical data of the mPEG-b-P(HEMA-co-OEGMA 475) block copolymers.

Sample® Monomer feed ratio Yield Mn(theo)b Mu@pp)  PDI
HEMA : OEGMA 475 [%o] [g/mol] [g/mol]

BC-1 100:0 66 13500 20700 1.3
BC-2 98:2 59 13000 19700 1.2
BC-3 95:5 50 12300 18600 1.2
BC-+4 85:15 36 11500 40000 1.4

* Ratio of [M] : [I] was always 100 : 1
P Calculated from the yield and the feed composition, assuming that the incorporation ratio is the same
as the feed ratio

¢ Obtained from the GPC measurement using DMF as eluent and polystyrene as calibration standards

The results of block copolymerization are summarized in Table 3.2. It can be seen that the
yields for these syntheses were 35 — 67%. However, unlike CP-1, the PDI was low and a
rather narrow molar mass distribution was obtained, which means that the molar masses of the
polymer chains were similar. The finding of a much smaller PDI for the block copolymers
compared to the copolymer of CP-1 is striking. A possible explanation might be branch
formation in CP-1, which is sterically hindered by the presence of the PEG block in the block
copolymers.
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3.2. Aqueous solution behavior
3.2.1. Statistical PHEMA copolymers

Table 3.3 and Figure 3.4 show the phase transition behavior of CP-1 in ultra-pure water.
A cloud point indicating a soluble-insoluble phase transition of CP-1 was observed at 30°C
with a very sharp transition, in which the system changed from transparent to opaque. After
prolonged heating, the solution stayed cloudy and no precipitation was observed. However, it
turned out that the phase transition behavior of P(HEMA -co-OEGMA 475) copolymers is of the
LCST-type, not of the UCST-type as should be expected when following the data
interpretation by Stover et al [53]. Nevertheless, it was interesting to study also the phase

transition behavior of the mPEG-b-P(HEMA-co-OEGMA.475) block copolymers.

Table 3.3. LCST-type phase transition temperature of 3 g/L aqueous solutions of the

P(HEMA-co-OEGMA475) copolymer in H,O. Temperature measurement between 25 — 60°C
(heating run).

Sample Monomer feed ratio H,O0
HEMA : OEGMA475 [°C]
CP-1 95:5 30
100 -
— 801
S
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g 401 :
-
20 1 \
0 T T T T T T ¥
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Figure 3.4. Temperature dependent turbidity (heating run) of 3 g/LL aqueous solutions of CP-1
in HQO.
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3.2.2. Block copolymers of PHEMA

Table 3.4 summarizes the phase transition behavior of mPEG-b-P(HEMA-co-OEGMA475)
block copolymers in pure water. Just like CP-1, mPEG-b6-P(HEMA-co-OEGMA475) block
copolymers display LCST-type phase transition behavior but not UCST-type behavior
(Figure 3.5). By adding more hydrophilic component, such as OEGMA 475, to the PHEMA
block, the overall system becomes more hydrophilic and the phase transition goes up. Hence,
the block copolymers behaved as expected for LCST-type polymers, in which the phase
transition temperature increases with increasing hydrophilic content of OEGMA 475 within the
polymer chains (phase transition temperature of BC-1 < BC-2 < BC-3 < BC-4). The more
OEGMA,7s is incorporated, the higher is the phase transition.

Table 3.4. LCST-type cloud point of 3 g/L aqueous solutions of
mPEG-b-P(HEMA-co-OEGMA 475) block copolymers in H,O. Temperature measurement
between 40 — 95°C (heating run).

Sample Monomer feed ratio Phase transition temperature
HEMA : OEGMA,7s in H,O
[°C]
BC-1 100:0 60
BC-2 98:2 65
BC-3 95:5 75
BC-4 85:15 82

It is also notable that for the block copolymer with the same feed ratio of 5 mol% OEGMA 475
(BC-3), which corresponds to CP-1, a much higher cloud point was obtained than for CP-1.
This implies that the hydrophilic block influences the overall hydrophilicity of the system and
phase transition. This behavior is not self-evident and has to be kept in mind when designing
smart amphiphilic polymers, since the optimization of one block needs not necessarily be

relevant for the case of block copolymers.
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Figure 3.5. Temperature dependent turbidity (heating run) of 3 g/L aqueous solutions of
mPEG-b-P(HEMA-co-OEGMA475) block copolymers.

Since the phase transition behavior found for mPEG-b-P(HEMA-co-OEGMA,7s) block
copolymers was not of the UCST-type, as suggested by the report of Stover et al [53], the
block copolymer synthesis was shifted to the use of other monomers, for which the polymers

indeed exhibit UCST-type phase transition behavior, and which also offer good

biocompatibility, namely to zwitterionic poly(sulfobetaine)s.
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4. Poly(sulfobetaine)s and Poly(sulfabetaine) Based
Copolymers: Synthesis, Characterization and Aqueous
Solution Behavior

4.1. PSPE based polymers
4.1.1. Synthesis and characterization
4.1.1.1. Homopolymer of PSPE

There is not much research dealing with ATRP polymerization of sulfobetaine monomers,
especially in homogeneous reaction systems [79, 90]. This is presumably because of the poor
solubility of poly(sulfobetaine)s in most solvents. Therefore, as mentioned in the first chapter,
homogeneous polymerization of sulfobetaine monomers requires particular polar protic
solvents, such as TFE, to maintain the solubility of poly(sulfobetaine)s formed during the
polymerization. According to that, the first step was to carry out homopolymerization of the
commercially available sulfobetaine methacrylate SPE via ATRP with EBiB as the ATRP
initiator in TFE. By analyzing the polymers obtained, the phase transition behavior of PSPE
can be studied. @The SPE monomer was chosen because its polymer has a good
biocompatibility and thermoresponsiveness with UCST-type phase transition behavior [97-
98]. In fact, several groups have reported the UCST-type phase transition of PSPE [54, 56,
80].

SPE

Figure 4.1. Chemical structure of monomer SPE.
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The polymerization was performed via ATRP in order to maintain the general architecture of
a mPEG-b-UCST block structure. ATRP is an established technique, which normally works
smoothly for methacrylates [13, 82-84, 103]. Nevertheless, it has to be kept in mind that the
need of using TFE, which is rarely used as solvent, for this system might cause some
difficulties. TFE is chemically aggressive, and it might compromise the in situ formation of
the copper catalyst. Since TFE is a rather acidic alcohol, it might, moreover, attack the ester
group, in particular in the presence of a Lewis acid like copper salts. Another point is that
TFE might interfere with the preservation of the bromide end group leading to substitution or

elimination reactions.

The choice of nitrogen ligands to complex with the copper catalyst is essential for the success
of ATRP [13, 15, 82, 84]. Each ligand contributes differently to the ATRP reaction, as the
activity depends on features such as the number of coordinating sites, the number of carbon
atoms between the nitrogen atoms, as well as branching. Thus, at first, different ligands were
explored for the ATRP of SPE, to know which one gives best yields and molar mass
distributions for PSPE. The ligands chosen are bipyridyl (bpy), PMDETA, and HMTETA,
which have different reactivities toward copper complex [84]. Bpy has the standard ligand
activity on the copper catalyst, but PMDETA and HMTETA are much more active. In order
not to lose control over the polymerization, a good balance to make the ATRP run and to
make the reaction not too rapid is necessary. The molar ratio for the reaction,
[M]:[I]:[CuBr]:[Lig], was kept to be 100:1:1:2 with the target degree of polymerization (DP,,)
of 100.
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Figure 4.2. '"H-NMR spectrum of PSPE homopolymer (HP-2) in D,0O with 0.5 M NaCl.

NMR analysis shows that the polymer PSPE was formed since signals are broad, and the
olefinic peaks of the monomer vanished (Figure 4.2). PSPE is characterized by the peak
between 3 — 3.2 ppm which belongs to methylene nears the sulfonate ( —SOs3 ) group. The
signals of the methacrylate group in the backbone at 0.8 — 2.2 ppm are broader than the
signals of the protons in the side chain. Often, the degree of polymerization can be determined
by end group analysis from the NMR spectrum. However, due to the high molar mass
obtained and low amount of ATRP initiator that was used, the end groups, which come from

ATREP initiator, EBiB, could not be resolved in the NMR spectrum.

Notably, it is also possible from the NMR spectra to estimate roughly the tacticity within the
methacrylate backbone [104]. According to the shape of the signal group h from the right to
the left, the majority of the triads is syndiotactic, a substantial part is atactic, and only a small
fraction is isotactic. This result is in agreement with the results reported by Hildebrand et a/
that polymerization of sulfobetaine methacrylate by RAFT method in the fluorinated solvent,
TFE, does not enhance the general tendency favoring syndiotacticity [56]. Therefore, it may
be concluded that compared with RAFT-made PSPE, ATRP-made PSPE had at best marginal

difference in tacticity, as the spectra look a priori the same.
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Table 4.1 summarizes the results of the homopolymerization of SPE. The conversion tells
that the molar mass increase with increasing the reactivity of the ligands. In addition, GPC
data also show that clearly chain extension occurred. Thus, homogeneous polymerization in
TFE was successfully carried out yielding PSPE. This indicates that the catalysts were active
and the ATRP reaction took place. By using PMDETA and HMTETA as ligands instead of
bpy, homopolymerization of SPE results in higher conversions. The activity of ligands
increases with increasing number of coordinating sites, in this case the number of nitrogen
atoms. Bidentate ligands, such as bpy, have lower activity to complex with copper than
tridentate ligands, in this respect PMDETA and HMTETA [84]. Therefore, at the same

polymerization time, the conversion increases when using PMDETA and HMTETA.

Table 4.1. Analytical data of the PSPE homopolymers made by ATRP using EBiB as initiator
and CuBr as catalyst precursor in TFE at 60°C for 24 h.

Sample’ Ligand  Conv. Yield  Myghesy. Muapp PDI
[%o] [%o] [g/mol]  [g/mol]

HP-1 bpy 60 43 16000 26000 1.6

HP-2  PMDETA 96 72 20000 41000 1.6

HP-3  HMTETA 96 72 20000 32000 1.5

* Ratio of [M] : [I] was always 100 : 1
P Calculated from the yield and the feed composition
¢ Obtained from the GPC measurement using HFIP as eluent and PMMA as calibration standards

There is a difference between the theoretical molar mass and the molar mass obtained from
GPC measurements, in which GPC gives much higher molar masses than the theoretical
values. This might be attributed to the imperfect match of the calibration standard used, which
in this case is PMMA. Apart from this general problem, GPC gave higher molar mass for
HP-2 than for HP-3 although theoretically, similar molar masses were expected. Similar
dispersity indexes were obtained for the use of bpy, PMDETA, and HMTETA, meaning that
these ligands produce similar molar mass distributions. However, the PDI values were
relatively high. This indicates that the reaction had not perfect control, which might be
attributed to the fact that TFE is chemically aggressive and this, to a certain extent,

endangered the ATRP process.
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4.1.1.2. Block copolymers of mPEG;4-b-PSPE,

The next step was to prepare PSPE based block copolymers. The block copolymers consist of
a permanently hydrophilic block, in this case mPEG, and a thermoresponsive block, in this
case PSPE. As mentioned before, ATRP is a powerful method to synthesize block copolymers
[13]. Therefore, the block copolymers were synthesized via ATRP using the macroinitiator
approach, in which the mPEG-Br macroinitiator that was synthesized as explained in Chapter
2.1 was employed. The macroinitiator was used to initiate the ATRP using CuBr/ligand as
catalyst. The synthesis of the block copolymers of mPEG,4-b-PSPE,, was carried out in two
solvents, i.e., in TFE and in a H,O/MeOH mixture (3/2 v/v).

'H-NMR spectra show that chain extension was successful, and SPE added onto the mPEG
macroinitiator. This is indicated by the appearance of a peak between 3 — 3.2 ppm, which is
characteristic for PSPE (CH; next to the SO; group), and the peak at about 3.8 ppm, which is
attributed to mPEG (CH;) (Figure 4.3). The absence of an olefinic peak between 5.6 — 6.2
ppm also indicates that the polymers obtained were free from the monomer. The number
average degree of polymerization, DP, was also determined via NMR analysis, by comparing
the integrals of the peak from mPEG with the ones of the peaks from PSPE. By knowing DP,
of PSPE, the influence of PSPE chain length on the phase transition temperature of the block

copolymers can be analyzed.
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Figure 4.3. '"H-NMR spectrum of mPEG-5-PSPE block copolymer (BC-10) in D,O with
0.5 M NacCl.
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Table 4.2. Analytical data of the mPEG4-b-PSPE,, block copolymers. Unless indicated, the
ratio of [M] : [I] was 100 : 1.

Sample Ligand Solvent Conv. Yield DP, Mn(theo)b Mn(app)c PDI
[%] [Yo] [g/mol] [g/mol]

BC-5 bpy TFE 83 85 84 28200 45000 1.3

BC-6 HMTETA TFE 86 74 74 28900 35000 1.7

BC-7* bpy H,O/MeOH quantitative 70 22 12500 20000 1.4

BC-8* bpy H,O/MeOH quantitative 80 38 16100 19000 1.6

BC-9 bpy H,O/MeOH quantitative 83 81 28100 30000 1.7

BC-10* bpy H,O/MeOH quantitative 73 137 45700 36000 2.1

* Ratio of [M]:[I] was 30:1 for BC-7, 50:1 for BC-8, and 200:1 for BC-10

P Calculated from the yield and the feed composition, assuming that the incorporation ratio is the same
as the feed ratio

¢ Obtained from the GPC measurement using HFIP as eluent and PMMA as calibration standards

Table 4.2 gives the results of the chain extension to give the block copolymerization of PSPE
(from BC-5 to BC-10). The reaction proceeded smoothly and resulted in 70 - 85% yields with
moderate dispersities. It can be seen that the use of bpy or HMTETA results in equally high
monomer conversions and similar yields of the block copolymers. However, the dispersity
index obtained in TFE with HMTETA was higher than with bpy (compare BC-5 with BC-6).
It is seen in the GPC elugram (Appendix Figures A.20 and A.21) that a shoulder appeared
and the peak is broad for BC-6 when using HMTETA as ligand. This suggests that bpy
provides better control over the catalysis in this ATRP reaction. Thus, bpy was used for all

further ATRP reactions.

Block copolymers of mPEG 4-b-PSPE, were also prepared in a HO/MeOH mixture (3/2 v/v)
as adapted from Pei ef al [7]. The results are shown in Table 4.2 with sample names BC-7,
BC-8, BC-9, and BC-10. It is seen that ATRP reaction in HO/MeOH mixture resulted also in
high yield (between 70 and 83%). Since it was hard to determine the olefinic peak in the
NMR spectra of reaction mixture in the end of polymerization, nearly complete conversion
was achieved. It is also interesting to see that the longer chain of PSPE block is, the higher
the dispersity index obtained. This might be attributed the unequal growth of polymer chains,
because of growing polymer chains already reached high molar mass (long chain length).
Thus, the reaction control is increasingly lost and the molar mass distribution becomes broad.

Moreover, the polymerization in the HO/MeOH mixture (3/2 v/v) was not completely
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homogeneous over the entire reaction time. At the beginning, monomer and macroinitiator
dissolved completely in the H,O/MeOH mixture (3/2 v/v). But as longer the polymer chains
formed are, as more viscous the reaction solution becomes. In the end, the reaction mixtures
formed a turbid gel. The high viscosity in the reaction mixture may promote uncontrolled
polymerization since the growing polymer chains are less mobile, and thus, it makes the
addition of monomers into the growing polymer chains difficult. It is also possible that H,O

and MeOH might interfere to a certain extent with the catalyst formation, leading to

uncontrolled polymerization [87].

4.1.2. Aqueous solution behavior

4.1.2.1. Homopolymer of PSPE
The aqueous phase behavior of PSPE in H,O was studied as shown in Figure 4.4. Cloud point
measurements were performed by cooling the sample solutions, which have concentrations of

30 g/L (3 wt%).
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Figure 4.4. Temperature dependent turbidity (cooling run) of 30 g/L. aqueous solutions of

PSPE homopolymers synthesized using different ligands in H,O: bpy (black squares),
PMDETA (red circles), HMTETA (blue triangles).
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As explained in Chapter 1, poly(sulfobetaine)s can exhibit UCST behavior in aqueous
solution because of the strong intra- and interpolymer electrostatic interactions in the polymer
chains. The PSPE samples obtained by the ATRP reactions have a cloud point at about 20°C.
This value is lower than the one that had been reported by Hildebrand et a/ for PSPE samples
made by the RAFT polymerization method, with similar degrees of polymerization (samples
of DP, = 85 as the case of PMDETA and HMTETA) [56]. Although the polymer
concentration that had been used in the experiments by Hildebrand et al was 50 g/L,
according to their report, the effect of polymer concentration on the cloud point is not
significant enough at the studied concentrations to justify the differences observed. A
plausible explanation for the low cloud points of the PSPE samples obtained by ATRP is that
the polymers contain traces of salt from the catalyst (copper bromide), which give a salting-in
effect, i.e. they increase the solubility of the polymers and bring the phase transition
temperature down. Efficient salting-in by various salts has been frequently reported for PSPE
[56]. O’Reilly et al reported similar results, in which the homopolymer of PSPE has a low
phase transition temperature when salt was present during the polymerization [105]. While
salt was absent in the RAFT polymerization experiments, the phase transition temperature of

PSPE of comparable DP,, in H,O can reach 41°C [56].

Table 4.3. UCST-type cloud point of 30 g/L. aqueous solutions of PSPE homopolymers in
H,O and physiological saline. Temperature measurement between 10 - 40°C (cooling run).
Concentration of sodium chloride in physiological saline is 9 g/L or 0.154 M.

Cloud Point
Sample H,O Physiological saline
[°C] [°C]
HP-1 23 soluble
HP-2 18 soluble
HP-3 22 soluble

It is also interesting to note that the more active ligands, in this respect PMDETA (for HP-2)
and HMTETA (for HP-3), result in a lower phase transition temperature, although monomer
conversion is higher (resulting in a higher degree of polymerization and higher molar mass)
than that in the case of bpy (HP-1), whereas usually the opposite effect happens (higher molar
masses increasing T¢, in the UCST behavior). It seems that PMDETA and HMTETA form
strong complexes with the catalyst and interact stronger with the polymers. This might result
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in a different affinity of the copper catalyst for the polymers according to the ligand chosen.
The explanation that the copper complexes of PMDETA and HMTETA bound more strongly
to the polymers than in the case of bpy, and thus, at the end, the residual amount of salt in the
polymers is higher, which is supported by the difficulties encountered to get colourless
polymers in the case of PMDETA and HMTETA. As consequence, the salt, presumably
copper bromide (the halogen counter ion), sticking to the polymers gave rise to a strong
reduction of Tp. This effect is well documented in the work of Hildebrand et a/, in which the

effect of salts on PSPE solubility was explored [56].

The high sensitivity of the phase transition temperature of poly(sulfobetaine)s to salt was also
shown in investigations in physiological saline solution. Physiological saline solution has a
concentration of sodium chloride of 9.0 g/L (0.154 M). As the polymers dissolve easier in
physiological saline solution than in pure water, it proves a marked salting-in effect. Studies
of the phase transition behavior of PSPE in physiological saline solution revealed, that PSPE
is soluble in the entire temperature window studied (5 - 75°C). Added salts shield the intra-
and interpolymer Coulomb interactions within the polymer chains and thus, the attractive

interactions decrease so that the phase transition temperature is lowered.

4.1.2.2. Block copolymers of mPEG14-b-PSPE,

The phase transition behavior of mPEG4-b-PSPE, block copolymers was investigated as
summarized in Table 4.4. The cloud points were investigated for the polymer concentration
of 30 g/L in water and in physiological saline. In pure water, all block copolymers BC-5 —
BC-10 showed a cloud point upon cooling. In order to learn about the UCST behavior of
mPEG;14-b-PSPE,, the cloud point of the block copolymers was analyzed with respect to the
degree of polymerization (DP,) of PSPE. The cloud points increase with increasing DP,, of
SPE. Cloud points increase from 39°C to 65°C with increasing DP, of PSPE (BC-7, BC-8,
BC-9) in pure water (Figure 4.5 and 4.6). The plausible reason for this behavior is that with
increasing degree of polymerization, the entropic contribution to dissolution decreases.
Therefore, the phase transition temperature increases. The same tendency of results was
reported by Pei et al and Morimoto ef al, although they used a different chain length of mPEG
[7,92].
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However, when the DP, of PSPE is higher than DP, of mPEG, the phase transition
temperature decreases. This can be seen from the sample BC-10, which has a phase transition
temperature of 50°C, about 15°C lower than for BC-9, while normally, the opposite effect
would happen. This behavior is not well understood. A possible explanation behind that could
be due to a higher amount of residual salt from the copper bromide complex. Nevertheless, as
BC-9 and BC-10 had the same purification treatment, this possibility was unlikely. Another
plausible explanation could be that partial hydrolysis of the methacrylate ester group becomes
more prone to occur for BC-10 because it has the higher molar mass. If hydrolysis occured,
the total net charge within the PSPE side chain would not be zero anymore increasing the

solubility of the polymers and decreasing the cloud point.

Table 4.4. UCST-type cloud point of 30 g/L aqueous solutions of mPEG 4-b-PSPE, block
copolymers in H>O and physiological saline. Temperature measurement between 5 - 75°C
(cooling run). Concentration of sodium chloride in physiological saline is 9 g/L or 0.154 M.

Cloud Point
Sample Polymers H,O Physiological saline
[°C] [°C]

BC-5* mPEG 14-b-PSPEg, 54 soluble
BC-6™" mPEG4-b-PSPEy4 48 soluble
BC-7¢ mPEG 4-b-PSPE», 39 soluble
BC-§¢ mPEG 4-b-PSPE3g 45 soluble
BC-9°¢ mPEG 4-b-PSPEg; 65 soluble
BC-10° mPEG 4-b-PSPE 3, 50 soluble

* Using TFE as solvent

P Using HMTETA as ligand

¢ Using H,O/MeOH (3/2 v/v)
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Figure 4.5. Cloud points versus degree of polymerization (DP,) of mPEG4-b-PSPE, in H,O:

polymers synthesized in TFE (black squares), and in H;O/MeOH 3/2 v/v (red triangles).

Block copolymers, which were prepared using different ligands (BC-5 for using bpy and

BC-6 for using HMTETA) give results of cloud points of about 50°C in pure water. However,

BC-6 shows a slightly lower cloud point, which might be explained as the previous

explanation that the different ligand, which complexes with the copper catalyst, may have a

different affinity toward the polymers. The copper complexes of HMTETA seem to have a

higher affinity toward the polymer than the complex of bpy, so that the residual amount of salt

in the polymer is relatively high. This implies a decrease of Tg,,.
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Figure 4.6. Temperature dependent turbidity (cooling run) of 30 g/L aqueous solutions of
mPEG;4-b-PSPE,, with different degrees of polymerization in H,O.

Another interesting feature is that the block copolymers of mPEG3-b-PSPE,, prepared in the
H,0/MeOH mixture, as BC-9, have higher phase transition temperatures than that made by
using TFE, BC-5, as reaction solvent. For instance, BC-5 (using TFE) has a by about 11°C
lower cloud point than BC-9 (using H,O/MeOH mixture) despite their similar DP, values of
around 80. The possible reason would be that some hydrolysis had taken place in TFE, when
it is not completely dry, resulting in increasing solubility of the polymer, and thus, the cloud

point decreases.

Comparing with homopolymers of PSPE (HP-1), which had DP, of 60, and using the same
ligand as BC-5, BC-7, BC-8, BC-9, and BC-10, all block copolymers of mPEG/4-b-PSPE,,
exhibit higher cloud points (the cloud point of HP-1 is 23°C). Even in comparison with the
PSPE homopolymer of Hildebrand ef al, whose system was free from salts, the block
copolymers of mPEG4-b-PSPE,, exhibit higher cloud points [56]. It seems that the addition
of poly(ethylene glycol block affected the phase transition temperature of mPEG4-b-PSPE,.
This might occur because of an attractive interaction between the mPEG block and the betaine
block. Such an interaction might reduce the solubility of the polymers, resulting in increasing
phase transition temperatures. This explanation is proven by the result that when the
macroinitiator mPEG-Br was mixed physically with PSPE homopolymer, the phase transition
became about 10°C higher than of PSPE homopolymer itself, as shown in Figure 4.7.
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Figure 4.7. Temperature dependent turbidity of 30 g/L aqueous solutions of physical mixing
of mPEG-Br with PSPE (HP-2) in H,O.

The phase transition behavior of the series mPEG/4-b-PSPE, was also investigated in
physiological saline solution, which has a NaCl concentration of 9 g/L (0.154 M). This
experiment is important to mimic the physiological condition. The cloud points obtained are
expected to be precise, as the presence of a substantial amount of NaCl should cover any
residual small amounts of catalysts possibly present. As listed in Table 4.4, no clouding
transition occurred for all mPEG 4-b-PSPE,, samples. The block copolymers were soluble in
the entire temperature range from 5°C to 75°C. Thus, the presence of this rather high amount
of salt strongly reduces the phase transition temperature of the PSPE polymers, including the
block copolymers, and such with high DP, (BC-10). This finding is in agreement with the
work of Hildebrand et al [56]. The phase transition temperature of homopolymers PSPE with
DP,, up to 575 were measured for with varying NaCl concentrations, revealing that above 0.1
M of added salt, the phase transition temperature drops below freezing point due to the
salting-in effect. Thus, the polymers become soluble in the entire temperature range studied.
Analoguous results were obtained by Morimoto et a/ [92]. They studied the effect of added
NaCl on the phase transition temperature of mPEGy;-b-PSPE74 block copolymers and
observed that the phase transition temperature decreased with increasing amounts of added
salt. A phase transition occurred only until a concentration of added salt of 60 mM, and was

absent for salt concentrations higher than 80 mM. This concentration range is still below the
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concentration of physiological saline. Thus, the missing clouding transition of mPEG4-b-
PSPE, in physiological saline is not unexpected. Therefore, in order to bring the phase
transition up into physiologically relevant temperature range in physiological saline solution,

another strategy had to be chosen.

4.2. PSPE with hydrophobic moieties
4.2.1. Synthesis and characterization

The phase transition temperature obtained for the polymers explored in the previous chapters
is not high enough to occur in physiological saline. One strategy to increase the phase
transition temperature is to make the polymer less water soluble, for instance to copolymerize
it with hydrophobic co-monomers [73], such as benzyl methacrylate (BzZMA), which carries
an aromatic group. The homopolymer is completely water-insoluble. Therefore, it was
expected by using benzyl methacrylate as co-monomer, the phase transition temperature
might be tuned, as with increasing hydrophobic content in polymers which exhibit UCST-type
behavior, the phase transition temperature would also increase. However, copolymerization of
non-polar monomers with zwitterionic monomers is complicated. It is most likely that the
copolymerization reactivity ratios of SPE and BzZMA are different from 1, which could lead to
gradient copolymers by ATRP, so that the copolymer composition becomes function of
conversion. Such a behavior is very complicated to handle. In order to avoid this problem, the
choice of a co-monomer pair with identical polymerizable group, i.e., a methacrylate ester, is
preferable, in order to render the reactivity ratios nearly the same (r = ~1). Nevertheless, it is
known that copolymerization of zwitterionic monomer, SPE with non charged monomers,
such as butyl methacrylate works poorly [106]. This was explained by the low compatibility
of the monomers, so that the local concentration of monomer around the growing radical
center differs from its average concentration in the reaction solution. It was hoped that this
incompatibility could be reduced by introducing a benzyl group, which is more polar than the
butyl residual due to the m-system. An additional advantage of using BzMA is that it
facilitates the analysis of the copolymers by 'H-NMR, as aromatic protons are well seperated
from the mPEG- and SPE-derived signals. Moreover, the addition of hydrophobic monomers
might help to encapsulate hydrophobic active agents, and therefore may be useful in future

applications of controlled release.
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Figure 4.8. "H-NMR spectrum of mPEG-b-P(SPE-co-BzMA) block copolymer (BC-12) in
TFA-d.

Similar to previous studies, ATRP with macroinitator approach was used to prepare
mPEG 14-b-P(SPEx-co-BzMA,) block copolymers. The NMR spectrum (Figure 4.8) shows
that benzyl methacrylate was incorporated into the zwitterionic block creating
mPEG14-b-P(SPE-co-BzMA,), which is indicated by the presence of a peak between 3.4 —
3.6 ppm which is attributed to the SPE repeat units, and a signal characteristic for aromatic
protons between 7.4 — 7.6 ppm which is attributed to the BZMA repeat unit, as well as the
peak at about 4 ppm, which is attributed to mPEG, as should be expected (Figure 4.8). These
block copolymers were free from monomer since there is no sharp signal from olefinic
groups. Due to the incorporation of the hydrophobic co-monomer, TFA-d was used as solvent
for "H-NMR spectra, since the signal of the benzyl group could not be seen in D,O, probably

due to hydrophobic association.
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Table 4.5. Analytical data of the mPEG 14-b-P(SPE-co-BzMA,) block copolymers.

Sample BzMA feed Yield DP,’ Maheo)’ Muapp.  PDI
[mol%] [%] PSPE:PBzMA [g/mol] [g/mol]
BC-11° 2 57 508 20300 18000 1.4
BC-12° 5 74 55:9 25300 19000 1.3
BC-13* 10 55 36: 14 19700 23000 1.3

* Ratio of [M]:[I] was 100:1

® Calculated from end group analysis of mPEG

¢ Calculated from the yield and the feed composition, assuming that the incorporation ratio is the same
as the feed ratio

¢ Obtained from the GPC measurement using HFIP as eluent and PMMA as calibration standards

Table 4.5 shows the results of mPEG4-b-P(SPE-co-BzMA,) synthesis. The increasing
molar mass shows that chain extension had happened, although the yield of the block
copolymers was moderate only, with about 50 — 74 %. Comparing the BZMA content in the
feed and in the copolymer, it is noted that BZMA is preferentially incorporated. In addition,
this gives not only a problem of compositional drift, but also gradient copolymer in the
system. A possible reason might be prefered solvatation of TFE as solvent in SPE growing
polymer chains, which hindered the radical in the SPE growing polymer chains to attack the
SPE monomers. The GPC elugrams show monomodal distributions. Although there is a
difference between the theoretical and the molar mass from GPC, which might be due to the
imperfect calibration standard, the PDI values obtained for these three block copolymers were
relatively small (about 1.3). This means the chains were able to grow in parallel in similar
time, and not many late initiations occurred during the reaction, and good control of the

polymerization was achieved.

4.2.2. Aqueous solution behavior

Turbidity measurements were also performed in order to study the phase transition behavior
of mPEGy4-b-P(SPEs-co-BzMA,) block copolymers. For this purpose, 30 g/L sample
solutions of BC-11, BC-12, and BC-13 were prepared. In general, the cloud point increased
along with the BZMA content within the polymer chains (Table 4.6). This result is similar to
that of Roth et al, who used benzylacrylamide (BzAm) in the copolymerization with poly[(3-
((3-acrylamidopropyl)dimethylammonio)propane-1-sulfonate)] (PADPS) [73]. However, the

phase transition behavior was not obvious for the case of mPEG4-b-P(SPEy-co-BzMA,)
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since the two transition (a big and a small one) appeared in the turbidity curves for BC-11 (at
17 and 45°C) and BC-12 (at 21 and 45°C), while only one, small transition (at 39°C) was
seen for BC-13 (Figure 4.9).

Table 4.6. UCST-type cloud point of 30 g/LL aqueous solutions of
mPEG14-b-P(SPE,-co-BzMA,) block copolymers in H>O and physiological saline.

Cloud Point
Sample Polymers H,O Physiological saline
[°C] [°C]
Major Minor Major Minor
BC-11 mPEG;14-b-P(SPEs¢-co- 17 45 45 -
BzMAg)
BC-12 mPEG;14-b-P(SPEss-co- 21 45 45 -
BZMA9)
BC-13 mPEG; 14-b-P(SPE36-co- <5 39 41 -
BZMA14)
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Figure 4.9. Temperature dependent turbidity (cooling run) of 30 g/L. aqueous solutions of
mPEG14-b-P(SPE,-co-BzMA,) block copolymers in H>O.

DLS studies were performed to analyze further, whether the weak transition, shown by
BC-13, was real. As can be seen on Figure 4.10, there was a transition happening since

bigger particles began to form at 39°C upon cooling.
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Figure 4.10. Temperature dependent DLS measurement (cooling run) of 30 g/L aqueous
solutions of BC-13 in H,O.

Also, the phase transition behavior in physiological saline was studied. As listed in Table 4.6,
all three samples show apparently the same weak cloud point. Yet, unlike the phase transition
behavior of other poly(sulfobetaine) polymers in physiological saline, this cloud point in
physiological saline was higher than in pure water. Because of this surprising behavior and
the weakness of the transitions seen (Figure 4.11), the effect of salt concentration on the
small turbidity transitions of mPEG4-b-P(SPEs-co-BzMA,) was investigated in more detail.
For this purpose, BC-12 was used, because BC-12 had better yield and PDI than BC-11 and
BC-13, while all had similar DP, values.
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Figure 4.11. Temperature dependent turbidity (cooling run) of 30 g/L aqueous solutions of
mPEG14-b-P(SPE,-co-BzMA,) block copolymers in physiological saline.
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Figure 4.12. Temperature dependent turbidity (cooling run) of 30 g/L aqueous solutions of
BC-12 with different salt concentration.

Figure 4.12 displays the effect of added salt on the phase transition behavior of BC-12. As
found in pure water, two transitions occurred, while only the big transition was salt
dependent. The more salt was added into the solution, the lower is the cloud point of the big
transition. This means that the big transition corresponds to the thermoresponsive behavior of
the poly(sulfobetaine)s because of the salting-in effect, by which the solubility of
poly(sulfobetaine)s increases with the addition of salts. In any case, the addition of small
amounts of benzyl methacrylate was not sufficient to bring the cloud point up in physiological
saline solution. As reported by Roth et al, more than 35% of benzylacrylamide (BzAm) was
needed to achieve a high cloud point of copolymers P(ADPS-co-BzAm) in pure water, while
in physiological saline solution, copolymers were still soluble [73]. In analogy, it is most
probable that this also happens for mPEG4-b-P(SPEs-co-BzMA,) block copolymers.

Nevertheless, the appearance of the small turbidity transition was still unclear.
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Figure 4.13. Temperature dependent DLS measurement (cooling run) of 30 g/L aqueous
solutions of BC-12 in H,0 a) from 10 to 60°C and b) zoom-in from 25 to 60°C.

In order to learn more about the small transition of mPEG4-b-P(SPEs-co-BzMA,) block
copolymers, the temperature dependent size in solution was followed by DLS. A solution of
BC-12 in pure water was taken for this purpose, and the change of sizes was recorded while
cooling the sample. Figure 4.13 displays the Z-average diameter of BC-12 polymers. A big
rise of the size of the polymers was observed at about 15°C. Still, if the graph is zoomed-in, a

small but notable increase of size occurs also at about 40°C (Figure 4.13b). From these
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graphs, one may conclude that both transitions are real.
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To get more insight in the nature of the minor transition, a micro DSC experiment of BC-12
solution in pure water was also performed. The heat flow of a semi dilute solution of BC-12
was measured and compared with the turbidity studies. Interestingly, an endothermic peak
occurred in the similar temperature range as the small turbidity transition, but not for the

major transition (Figure 4.14). Nevertheless, a detailed explanation remains unresolved.
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Figure 4.14. Turbidity (cooling runs) and micro DSC measurements (heating run) of 30 g/L
solutions of BC-12 in H,O.

Accordingly to all the measurements that were performed, the appearance of two transitions,
although the origin is not clear, seems real. It could be related to the gradient structure, which
mPEG14-b-P(SPE-co-BzMA,) block copolymers might have. Since this system 1is
complicated and cannot provide the aspired transition suited for a model study, another
approach was followed, by trying to make the betaine monomer unit itself less water-soluble,

which will be discussed in more detail in the next chapter.
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4.3. PSBE based polymers
4.3.1. Synthesis and characterization

In order to increase the phase transition temperature of the block copolymers, the
poly(sulfobetaine) blocks can be made less water-soluble. The studies of Hildebrand et al
revealed that the simple assumption that the solubility of polybetaines in water is governed by
the sum of the incremental hydrophilicities or hydrophobicities of the various molecular
fragments contained is not true [56]. In fact, the effect of changing the various substituents
cannot be rationalized at present. The only parameter, which seems reliably to increase the
phase transition temperature, is increasing the spacer between the positively and negatively
charged groups from C3 to C4. By making the alkyl spacer between ammonium and sulfonate
groups longer, e.g., four carbon atoms instead of three like in the SPE (Figure 4.15), the
cloud point increases significantly. This monomer is 3-((2-(methacryloyloxy)-
ethyl)dimethylammonio)-butane-1-sulfonate (SBE). Its homopolymer phase transition
temperatures have been investigated occasionally [54, 56, 107]. According to the report of
Hildebrand et al, the phase transition temperature of PSBE is higher than 100°C starting for
DP,, of 80, which is much higher than that of PSPE with the same DP,,. This monomer showed
a cloud point even in quite high amounts of NaCl, which in the aspired context might be good
enough. In addition, it was shown for SPE, that the block copolymer gives higher cloud point
than its homopolymer (see Chapter 4.1). Thus, it was hoped that by using SBE, the phase

transition in physiological saline would be more prone to happen.
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Figure 4.15. Chemical structure difference between SPE and SBE.
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Sulfobetaine monomer SBE is not commercially available. Therefore, it had to be synthesized
beforehand, which was done via ring opening alkylation of 2-(dimethyl amino) ethyl

methacrylate by 1,4-butane sultone in acetonitrile [54, 56].

In analogy to the polymers of SPE, block copolymers of mPEG/4-b-PSBE, were also
successfully prepared via ATRP with the macroinitiator approach (Table 4.7). The NMR
spectrum shows that the PSBE has been incorporated to mPEG blocks, which is indicated by
the appearance of a peak at about 3 ppm which is characteristic for PSBE, and the peak at
about 3.8 ppm which is attributed to mPEG (Figure 4.16). Since the synthesis used only the
macroinitiator but no low molar mass ATRP initiator (such as EBiB), no homopolymer of
PSBE could be formed. Moreover, the block copolymers were not contaminated by residual
monomer since no peaks of anolefinic group in the range 5.5 — 6.5 ppm were observed. It is
also noteworthy that the peaks, which are attributed to the polymer backbone, such as k, are
broader than those attributed to the side chain, such as g. This is explained by the higher
mobility of the latter.
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Figure 4.16. "H-.NMR spectrum of mPEG-b-PSBE block copolymer (BC-15) in D,0O with
0.5 M NacCl.
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Table 4.7. Analytical data of the mPEG4-b-PSBE,, block copolymers made by ATRP using
mPEG-Br as macroinitiator, CuBr/ bipyridyl as complex catalyst in TFE at 60°C for 24 h.

Sample  Conv. Yield DP,  Mughesy. Mn@pp PDI
[Yo] [l [g/mol]  [g/mol]

BC-14° 73 70 70 25500 42000 1.4

BC-15" quantitative 91 183 58300 71000 1.3

*Ratio of [M]:[I] was 100:1 for BC-14, and 200:1 for BC-15

P Calculated from the yield and the feed composition, assuming that the incorporation ratio is the same
as the feed ratio

¢ Obtained from the GPC measurement using HFIP as eluent and PMMA as calibration standards

Two block copolymer samples with different DP,, of SBE were prepared, i.e., BC-14 with a
DP, of 70 and BC-15 with a DP, of 183. As can be seen from Table 4.7, both of them are
obtained in high yields (70% for BC-14 and 91% for BC-15). The high yield and rise of
molar mass indicates also that chain extension occurred and block copolymers
mPEG; 4-b-PSBE,, were formed. According to the very low intensity of the signal of olefinic
peaks in the reaction mixture of BC-15 after polymerization, nearly complete conversion was

reached.

The GPC data show monomodal distributions for both samples. However, a small shoulder
was noticed for BC-14, which could explain the higher PDI obtained. Notably, the shift of the
elution time between macroinitiator and both samples indicates successful block
copolymerization. The GPC data also show higher molar masses than theoretically expected.
As explained before, this may be due to the use of PMMA as calibration standard in the GPC
measurements, which might be not a good match for poly(sulfobetaine)s. However, relatively
narrow molar mass distributions were obtained for these block copolymers (PDI about 1.3 —

1.4), meaning that good control was achieved in their synthesis.

4.3.2. Aqueous solution behavior

The phase transitions of mPEG4-b-PSBE,, were also investigated by turbidimetry. Sample
solutions with concentration of 30 g/L were prepared in pure water and in physiological
saline. The results summarized in Table 4.8 are somewhat surprising. Although the turbidity
transitions were rather broad, BC-14 showed not only an UCST but also apparently an LCST-
type phase transition. It seems that the mPEG block brings a LCST transition into the overall
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phase behavior of mPEG,14-b-PSBE,. Interestingly, as the DP, of PSBE block becomes
longer, the LCST-type transition disappeared (BC-15), and block copolymer BC-15 showed
only a UCST-type cloud point above 75°C (Figure 4.17a). This result contrasts with the
behavior of the more water-soluble sulfobetaine block copolymers mPEG4-b-PSPE,, such as
BC-6 having similar DP,, of the betaine block, which exhibit only one phase transition with
UCST-type behavior. PEG itself is known to show LCST-type phase transition behavior [108-
109]. Therefore, it is possible that mPEG affects the phase transition behavior of BC-14 since
the length of the poorly water-soluble PSBE block is less than the length of the water-soluble
mPEG block. Yet, because of the longer PSBE block in BC-15, the contribution of the mPEG
block to the phase transition behavior disappears. Still, comparing the UCST-type phase
transition temperatures for BC-14 and BC-15, it is noted that the cloud point increased with

increasing degree of polymerization, as expected from theory.

Table 4.8. Cloud point of 30 g/L aqueous solutions of mPEG 14-b-PSBE,, block copolymers
in H,O and physiological saline. Temperature measurement between 5 - 75°C (cooling run).
Concentration of sodium chloride in physiological saline is 9 g/L or 0.154 M.

Cloud Point
Sample Polymers H,O Physiological saline
[°C] [°C]
BC-14 mPEG14-b-PSBE~ 30 (UCST-type) 20 (LCST-type)
45 (LCST-type)
BC-15 mPEG14-6-PSBE 53 >75 soluble
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Figure 4.17. Temperature dependent turbidity (cooling run) of 30 g/L aqueous solutions of
mPEG;14-b-PSBE, block copolymers in a) H,O, b) physiological saline solution (9 g/L NaCl).
Black is BC-14, red is BC-15.

Temperature dependent 'H-NMR was performed to study the phase transition of BC-14 in
water and the result is shown in Figure 4.18. It is noticed that the characteristic peak of
PSBE, for instance between 2.8 — 3 ppm (pointed by red arrow), becomes sharper and gathers
more intensity within the temperature higher than 35°C, which indicates the increasing of
hydration of PSBE. Meanwhile, there is no significant change, with respect to shape and
intensity, from the characteristic peak of mPEG (pointed by blue arrow) which suggests that
the mPEG block is well-hydrated in the entire temperature measurement, even in the

temperature higher than LCST-type cloud point.
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Figure 4.18. Temperature dependent 'H-NMR (heating run) of 30 g/L aqueous solutions of
BC-14 in D,O

The study of the aqueous solubility behavior was extended to studying the phase transitions of
BC-14 and BC-15 in physiological saline solutions (Figure 4.17b). Both SBE based block
copolymers BC-14 and BC-15 did not show anymore a UCST-type cloud point in the
temperature range of 5 - 75°C. This most probably happened because the added salt
influenced strongly the poly(sulfobetaine) blocks, in this case the PSBE blocks, promoting a
salting-in effect. Thus, the PSBE blocks become soluble over the full temperature range and
the UCST-type phase transition vanished. In the case of BC-185, the block copolymer becomes
fully soluble in physiological saline solution. In contrast, in the case of BC-14, the LCST-type
cloud point is preserved but it is lower than in H,O. This behavior is just as expected for
mPEG block copolymers, because the addition of salt results in a salting-out effect that lowers
the LCST-type cloud point. The decrease of cloud point of mPEG/4-6-PSBE, block
copolymers matches to the work of Gao et al and Hildebrand et al, in which the UCST-type
phase transition temperature of homopolymers of PSBE alone decreased with increasing NaCl

concentration [56, 107].
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Interestingly, as mentioned before, BC-14 had a system, which shows in one molecule not
only a UCST-type but also a LCST-type phase transition. Even if this system is not well
understood at the moment, one can only assume that the mPEG block affects the overall phase
transition and that the UCST-type cloud point in physiological saline is very much reduced
because of the interaction between the betaine and salt. This also makes this structure
interesting in the context of "schizophrenic" diblock copolymers that can self-assemble in
aqueous solution and are able to form two micellar structures by inverting the core and the
shell of micelles by the respective blocks as a response of changing pH, temperature or ionic

strength [110-112].

4.4. PZPE based polymers
4.4.1. Synthesis and characterization
4.4.1.1. Homopolymer of ZPE

Another attempt to increase the phase transition temperature in physiological saline was done
by using other zwitterionic monomers from the class of sulfabetaines instead of sulfobetaines.
Sulfabetaines have a similar chemical structure as sulfobetaines, but differ in the anion group,
carrying a sulfate instead of a sulfonate moiety. The sulfabetaine analogue of SPE is called in

the following ZPE (Figure 4.19).

OH ’ OH ’
8%3 0_503
SPE ZPE

Figure 4.19. Chemical structure difference of SPE and ZPE.

Like most sulfobetaines, sulfabetaine monomers are not commercially available, and have to
be synthesized beforehand. In particular, ZPE is prepared by reacting a cyclic sulfate with

methacrylates bearing a tertiary amine moiety. The homopolymers of PZPE exhibit also
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UCST behavior, but are considerably less water soluble than PSPE. In fact, Vasantha et a/
reported that PZPE 1is insoluble in pure water, whereas it shows a phase transition in
concentrated aqueous NaCl at higher than physiological saline concentration [76]. Because of

that, ZPE was considered to be suitable for this research project.

a' g
/\Owﬁr
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water g
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Chemical shift (ppm)
Figure 4.20. '"H-NMR spectrum of PZPE homopolymer (HP-4) in D,O with 0.5 M of NaCl.

In order to get more information about the behavior of this sulfabetaine polymer, a series of
PZPE homopolymers with different DP,, (target DP, of 50, 100, and 200) was synthesized via
ATRP in TFE. NMR analysis shows that PZPE was formed. The sulfabetaine motif is
characterized by the peak between 4.2 — 4.4 ppm that is attributed to the —CH,-O-SO3" groups
(Figure 4.20). Notably, the signals of the methacrylate group incorporated in the backbone
(signal g and h) are broader than the ones of the side chain. No olefinic peak was observed
indicating no contamination by residual monomer, which means that the purification method

resulted in pure polymers.
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Table 4.9. Analytical data of the PZPE homopolymers made by ATRP using EBiB as
initiator, CuBt/ bipyridyl as complex catalyst in TFE at 60°C for 24 h.

Sample  Conv. Yield DP," Muheo)’  Mu@pp PDI
[o] [%o] [g/mol]  [g/mol]

HP-4* 80 84 40 12500 19000 1.3

HP-5 60 78 60 26100 28000 1.4

HP-6" 97 88 194 46200 77000 1.9

* Ratio of [M]:[I] was 50:1 for HP-4, 100:1 for HP-5, and 200:1 for HP-6

" Calculated from the conversion and monomer to initiator ratio

¢ Calculated from the yield and the feed composition

¢ Obtained from the GPC measurement using HFIP as eluent and PMMA as calibration standards

Table 4.9 summarizes the results of homopolymerization of ZPE. It shows that the
homopolymerization proceeded quite well and, in general, gives relatively high monomer
conversions with yields of about 80%. Relatively high molar masses could be obtained
(HP-6). However, the apparent molar masses from GPC were different from the calculated
molar masses. The possible reason for that is that the GPC used PMMA as calibration

standards, which is not suitable for the poly(sulfabetaine).

Analogously to the results of mPEG4-b-PSPE, with different DP, of PSPE (BC-7, BC-8,
BC-9, BC-10), homopolymers of PZPE also show increasing dispersity index with increasing
DP, (PDI of HP-4 < HP-5 < HP-6) meaning that although GPC elugrams gave monomodal
distributions for all three samples, rather broad molar mass distribution occurred for HP-6,
which had the target DP,, of 200. This might due to a low exchange rate between the active
species and the dormant one, resulting in unequal growth of the polymers as well as of molar
masses. It might also be due to the use of TFE, which is chemically aggressive and prone to
induce side reactions in ATRP. This suggests that the polymerization is no more
well-controlled, and may also explain the pronounced mismatch between theoretical M, and

apparent M, from GPC.

4.4.1.2. Statistical copolymers of SPE and ZPE

The previous studies in this work show that PSPE was soluble in physiological saline solution
(see Chapter 4.1.2.1). Therefore, copolymerization of SPE with ZPE was carried out. It was

expected that copolymers exhibit an intermediate phase transition behavior, and that the phase
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transition temperature could be tuned by modulating the ratio of SPE to ZPE in the
copolymer. The close similarity of the chemical structures of SPE and ZPE (both of them are
zwitterionic methacrylates and bear the same ammonium groups) seemed advantageous for

the copolymerization, since their reactivities were assumed to be nearly identical.

Copolymers with different monomer feeds of SPE and ZPE (CP-2 had the highest amount of
SPE in the monomer feed, while CP-4 had the lowest) were prepared via ATRP in TFE. Both
monomers were copolymerized successfully, which is indicated from the appearance of peaks
between 3 — 3.2 ppm and 4 — 4.4 ppm in the NMR spectrum. These are characteristic for the
methylene protons near the sulfonate group in PSPE and the methylene protons near the
sulfate group in PZPE, respectively (Figure 4.21). The absence of olefinic peaks between 5.6
— 6.2 ppm tells that no monomer is present, and pure copolymers were obtained. NMR
analysis also provides the compositions of the statistical copolymers. As expected, CP-4 had

the lowest PSPE portion within the P(SPE-co-ZPE) copolymers (Table 4.10).
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Figure 4.21. '"H-NMR spectrum of P(SPE-co-ZPE) copolymer (CP-2) in D,0O with 0.5 M
NaCl.
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Table 4.10. Analytical data of the P(SPE-co-ZPE), copolymers made by ATRP using EBiB
as initiator, CuBr/ bipyridyl as complex catalyst in TFE at 60°C for 24 h.

Sample ZPE  Conv. Yield SPE:ZPE" Maheo)’ Magpp) PDI
feed [Yo] Content in the [g/mol] [g/mol]
[mol%] copolymer
Ccp-2* 20 85 80 0.82:0.18 21200 18000 1.4
Cp-3* 50 90 88 0.52:0.48 25400 23000 1.5
CcP-4* 80 95 88 0.24:0.76 25800 25000 1.5

* Ratio of [M]:[I] was 100:1

P Calculated from integration ratio peaks of f and b

¢ Calculated from the yield and the feed composition, assuming that the incorporation ratio is the same
as feed ratio

¢ Obtained from the GPC measurement using HFIP as eluent and PMMA as calibration standards

In general, copolymerization of SPE and ZPE proceeded very well, as can be seen from the
high yields (about 80%) and the increasing molar masses up to 25000 g/mol. In general, all
three copolymers had compositions which correspond within the analytical precision to the
monomer feed ratios. Thus, it can be concluded that copolymers were formed, and assumed
that both monomers SPE and ZPE have indeed a similar reactivity in their copolymerization
behavior. The GPC data gave only slightly different apparent molar masses, MyGrc), than
theoretical molar masses, Myneo). The reason for that could be the difference of chemical
structure between the calibrations standards used in GPC (using PMMA) and the copolymers
obtained. The copolymerization also produced relatively narrow molar mass distributions.
This is shown by the rather low PDI values obtained (about 1.5). This means that the
copolymerization proceeded relatively smoothly, and each polymer chain grew for a similar

time. Thus, reasonable control on the polymerization could be maintained during the reaction.

4.4.1.3. Block copolymers of ZPE

Having demonstrated the successful homopolymerization and statistical copolymerization of
ZPE, it was also interesting to study the behavior of PZPE based block copolymers. In
analogy to the previous block copolymer systems, mPEG4-b-PZPE,, block copolymers were
prepared via ATRP using the macroinitiator approach in TFE as solvent, with the target DP,
of 100.
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The 'H-NMR spectrum of the copolymerization product shows that ZPE was added to the
mPEG-block, forming mPEG4-b-PZPE,, block copolymers (Figure 4.22). This is seen from
the occurrence of the peak between 3.2 — 3.4 ppm which is attributed to PZPE, and the peak at
about 3.8 ppm which is attributed to mPEG. The absence of an olefinic peak between 5.6 —

6.2 ppm demostrates that the polymers were free from monomer.
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Figure 4.22. "H-NMR spectrum of mPEG-b-PZPE block copolymer (BC-16) in D,O with
0.5 M NacCl.

The reaction yield was only moderate with 64%, DP,, reaching 58 (Table 4.11). In addition,
the PDI value obtained was quite high (PDI of 1.7). In fact, the GPC elugram shows a
bimodal distribution. A probable explanation for this finding is that once the ZPE has added
onto the mPEG, the growing sulfabetaine polymer chains suffered from decreasing
hydrophilicity. The monomer ZPE is soluble in water. However, PZPE has low water
solubility, so that the higher DP, of PZPE block is, the lower the water solubility becomes.
PZPE has different properties from mPEG, which has high water solubility. Therefore, it is
possible that after initiation, the ZPE monomer prefers to react with the active site on the
growing PZPE blocks (propagation was faster than initiation), until it saturated enough and

became less water soluble. This creates a gap of hydrophilicity between monomer ZPE and
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the growing polymer chains, which make the new ZPE monomers preferentially react with the
macroinitiator creating new growing polymer chains. Hence, low yield and diverse molar

mass occurred, and a broad molar mass distribution was obtained.

Table 4.11. Analytical data of the mPEG4-b-PZPE, block copolymers made by ATRP using
mPEG-Br as macroinitiator, CuBr/ bipyridyl as complex catalyst in TFE at 60°C for 24 h.

Sample  Yield DP," Moheo)’  Mu@pp)  PDI
[%] [g/mol] [g/mol]
BC-16° 64 58 23200 53000 1.7

* Ratio of [M]:[I] was 100:1

® Calculated from the conversion and monomer to initiator ratio

¢ Calculated from the yield and monomer feed, assuming that the incorporation ratio is the same as
feed ratio

¢ Obtained from the GPC measurement using HFIP as eluent and PMMA as calibration standards

4.4.1.4. Statistical block copolymers with SPE and ZPE

The studies continued by adding P(SPE-co-ZPE) copolymers onto the mPEG block. As for
the previous block copolymers, the macroinitiator approach was used to make such block
copolymers via ATRP. Monomers SPE and ZPE were added to the reaction mixture, to react
with the macroinitiator, mPEG-Br. Thus, block copolymers containing a statistical copolymer
of PSPE and PZPE as switchable block should be formed. The block copolymerization
employing SPE and ZPE was carried out in a H,O/MeOH mixture (3/2 v/v).

Two block copolymers with different monomer feed ratios of SPE and ZPE were prepared.
The first had a higher amount of monomer SPE than ZPE in the monomer feed, while the

other contained equal amounts of SPE and ZPE.

The analysis of the reaction products showed that both PSPE and PZPE were added onto the
mPEG macroinitiator. This is shown in the '"H-NMR spectra by the appearance of the peaks
between 3 — 3.2 ppm and 4.2 — 4.4 ppm, which are characteristic for PSPE and PZPE,
respectively (see Chapter 4.4.1.2), and of the peak at about 3.8 ppm, which is characteristic
for mPEG (Figure 4.23). In addition, the absence of olefinic peaks at 5.8 and 6.2 ppm
indicated that after work up, the polymers are free of monomers. A mixture of macroinitiator
(mPEG-Br), PSPE, and PZPE could not occur, since no other initiator besides the
macroinitiator was used for these reactions. Thus, the block copolymerization was successful.
However, it is not possible to distinguish whether all mPEG-Br was incorporated into block
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copolymers, or if a mixture of mPEG-Br and mPEG-b-PSPE or mPEG-H-PZPE or
mPEG-b-P(SPE-co-ZPE) block copolymers is present by looking at the NMR spectra.
Nevertheless, the GPC data show a monomodal distribution (with a small shoulder), and the
peak of the block copolymers is shifted compared to the peak of mPEG-Br. Thus, it is

concluded that chain extension and purification from residual monomers had successfully

occurred.
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Figure 4.23. "H-NMR spectrum of mPEG-b-P(SPE-co-ZPE) block copolymer (BC-18) in
D,O with 0.5 M NaCl.

Table 4.12. Analytical data of the mPEG 14-b-P(SPEx-co-ZPE,) block copolymers made by
ATRP using mPEG-Br as macroinitiator, CuBr/ bipyridyl as complex catalyst in H,O/MeOH
(3/2 v/v) atr.t for 5 h.

Sample  ZPE Conv.  Yield  SPE:ZPE"  Myqmes) Muapp® PDI
feed [%] content in the  [g/mol] [g/mol]
[mol%] copolymer
BC-17* 20  quantitative 84 0.82:0.18 28700 30000 1.8
BC-18* 50  quantitative 90 0.52:0.48 30800 35000 2.5

aRatlo of [M]:[1] was 100:1
> Calculated from integration ratio peaks of h and b

¢ Calculated from the yield and the feed composition, assuming that the incorporation ratio is the same
as the feed ratio

4 Obtained from the GPC measurement using HFIP as eluent and PMMA as calibration standards
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The results of mPEG14-b-P(SPEy-co-ZPEy) synthesis are summarized in Table 4.12. The
polymerizations have high yields of more than 80%. As shown in the synthesis of
P(SPE-co-ZPE), the copolymerization of SPE and ZPE proceeded well, which may be due to
the similar reactivities of SPE and ZPE, that come from their closely similar chemical
structures. Increasing molar masses indicate also that chain extension took place. The small
difference between the calculated molar masses and the apparent molar masses from the GPC
measurements might be due to the different calibration standards used for the GPC analysis

(using PMMA as standards).

Nevertheless, both BC-17 and BC-18 had high polymer’s dispersity indexes. This means,
they had broad molar mass distributions. The GPC elugrams show that monomodal
distributions with small shoulders were obtained. One plausible explanation for this
phenomenon is the use of a H;O/MeOH mixture as reaction medium, which might interact

partially with the catalyst and deactivate the catalyst [87].

We also note that, for the case of BC-17 and BC-18, PDI rose with increasing amounts of
PZPE. Although the data base is too small for allowing more than speculations, this might be
caused by the property of PZPE being less water-soluble than PSPE, leading to the local
solubility problem. Different hydrophilicities of mPEG and PZPE might cause that the
initiation of monomer ZPE by mPEG-Br in the beginning was difficult. Since BC-18 has the
same amount of SPE and ZPE in the monomer feed, mPEG-Br might prefer to initiate SPE,
which could solvate the mPEG-Br better than ZPE. This growing chain prefers to react further
with SPE rather than ZPE, until it reaches certain length and the reaction accelerated with the
addition of ZPE since now, the solubility properties of the SPE and ZPE is similar and amount
of SPE in the monomer feed became less than ZPE. This might result in an unequal rate of
initiation. This situation makes the reaction lose its control and increase PDI. Therefore, the
more PZPE is in the system, the more uncontrolled reaction became. This could lead to
broadened molar mass distributions with high PDI values. This explanation is supported by
the results for sample BC-16 (mPEG3-b-PZPE,), which showed a relatively high PDI value
and rather low yield (only 64%).
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4.4.2. Aqueous solution behavior
4.4.2.1. Homopolymer of ZPE

Table 4.13 gives information about phase transition temperature of PZPE homopolymers.
Cloud points were determined by turbidimetry. Because PZPE is poorly water-soluble, the
concentration was reduced to 3 g/L in these measurements. As can be seen, all three
homopolymers did not dissolve in pure water in the entire temperature window investigated
(from 20°C to 75°C). Accordingly, the intra- as well as interchains electrostatic interactions
between the betaine groups were stronger than the polymer-water interactions. Although
heating was applied to make them dissolve in pure water, they showed only swelling but did

not dissolve completely.

Comparing the phase transition behavior in water of PZPE (HP-5 in Table 4.13) with the one
of PSPE (HP-1 in Table 4.3) from samples, which were made under the same condition and
have similar DP,, it is obvious that PZPE is much less water-soluble than PSPE, although
both polymers have a similar chemical structure. PSPE bearing ammoniosulfonate moieties is
still soluble in pure water, especially at the high temperature. It seems that the sulfate group in

PZPE is the key factor for their low solubility (Figure 4.24).

Table 4.13. UCST-type cloud point of 3 g/L aqueous solutions of PZPE homopolymers in
H,O and physiological saline. Temperature measurement between 20 - 75°C (cooling run).
Concentration of sodium chloride in physiological saline is 9 g/L or 0.154 M.

Cloud Point
Sample H,O Physiological saline
[°C] [°C]
HP-4 insoluble 47
HP-5 insoluble 60
HP-6 insoluble >175

The phase transition behavior of PZPE was also studied in physiological saline solutions. In
this case, all three PZPE samples could be dissolved. This means that the salting-in effect is
also effective in PZPE. The presence of salt may shield the opposite charges and reduce the
electrostatic attraction between the polymer chains, thus increasing the solubility of the

polymers. As for PSPE, the cloud point of PZPE was of the UCST-type and increased with
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increasing DP, (HP-4 < HP-5 < HP-6). In fact, the solution of HP-6 was turbid in the entire

temperature range studied, indicating that the cloud point must be above 75°C.
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Figure 4.24. Temperature dependent turbidity (cooling run) of 3 g/L aqueous solutions of
PZPE homopolymers in physiological saline.

The phase transition behavior of PZPE contrasts with the behavior of PSPE, as PSPE
experiences a phase transition in water, but not in physiological saline solution, even for
similar DP,,, for instance when comparing HP-1 and HP-5. Despite the fact that they have
similar chemical structures and only differ in the anion groups, the effect of sulfonate and
sulfate groups in PSPE and PZPE, respectively, on the solubility in aqueous solutions is very
strong. This coincides with the work of Vasantha er al, which reported that the
polysulfabetaines were insoluble in water and only soluble with the addition of salt [74, 76].
This behavior is also similar to the finding that the zwitterionic ammoniosulfate surfactants
display higher upper critical temperatures than their ammoniosulfonate analogues with the

same alkyl spacer of C3 between the positive and negative charges in their hydrophilic part
[78, 113-114].
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4.4.2.2. Statistical copolymers of SPE and ZPE

To study the phase transitions behavior of P(SPE-co-ZPE) copolymers, like previous turbidity
measurements of PZPE polymers, sample solutions with a concentration of 3 g/l were
prepared in pure water and physiological saline solution. The results are shown in Table 4.14.
Cloud points are exhibited in both pure water and physiological saline. The phase transition
behavior of P(SPE-co-ZPE) copolymers lies between the one of PSPE and PZPE
homopolymers. Comparing the phase transition behaviors of CP-4 and HP-5 in pure water,
which have similar values of DP,, of PZPE, it becomes clear that the presence of SPE units in
the copolymer helped to dissolve them and shifted the cloud point to lower values. Compared
to the PZPE homopolymer, HP-5, which was insoluble in pure water, the water-solubility of
the copolymer increases. When adding a more water-soluble co-monomer, such as SPE, a
phase transition is observed. Vice versa, the presence of ZPE units in the copolymers
increases the cloud point in salt containing solution. In comparison to HP-1 that was soluble
in physiological saline solutions at all temperatures, CP-3 e.g. still presents a cloud point. The
cloud point of the P(SPE-co-ZPE) copolymers in pure water evolved as expected, increasing

with decreasing SPE portion in the copolymers (phase transition of CP-2 < CP-3 < CP-4).

Table 4.14. UCST-type cloud point of 3 g/L. aqueous solutions of P(SPE-co-ZPE),
copolymers in H,O and physiological saline. Temperature measurement between 5 - 75°C
(cooling run). Concentration of sodium chloride in physiological saline is 9 g/L or 0.154 M.

Cloud Point
Sample H,O Physiological saline
[°C] [°C]
CP-2 20 soluble
CP-3 62 22
CP4 70 42

Similar results were obtained for the cloud points of the P(SPE-co-ZPE) copolymers in
physiological saline solutions. By reducing the more water-soluble monomer content, i.e.
SPE, within the copolymers, the cloud point rose in the order of CP-2 < CP-3 < CP-4.
Nevertheless, as observed for all the zwitterionic homopolymers, cloud points in
physiological saline solutions were much lower than in pure water (Table 4.14). The marked

salting-in effect seems to be a general phenomenon for polyzwitterions, because the ions of
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the added low molar mass salts screen the electrostatic intragroup, intra- and interchain
interactions of the P(SPE-co-ZPE) copolymers, thus weakening the electrostatic attractions,
so that the copolymers are more easily dissolved, and consequently, the cloud points are lower

in physiological saline than in pure water.

4.4.2.3. Block copolymers of ZPE

The phase transition behavior of BC-16 in pure water and physiological saline was also
studied. Samples with a concentration of 3 g/ were prepared and their turbidity was
measured during cooling the solutions. The results are listed in Table 4.15. No phase
transition was observed for BC-16 in pure water. The polymers could be dispersed, but the
solution remained turbid in the entire temperature range measured. This finding was not so
surprising, since PZPE homopolymer (for instance, HP-5 with similar DP,, of ZPE) already
had a high phase transition temperature (60°C). Considering the phase transitions of
mPEG14-b-PSPE,, block copolymers, in which the incorporation of mPEG resulted in
increasing cloud points, it might have been expected that BC-16 would have a phase

transition temperature higher than 60°C.

Table 4.15. Cloud point of 3 g/L aqueous solutions of BC-16 in H,O and physiological
saline. Temperature measurement between 5 - 75°C (cooling run). Concentration of sodium
chloride in physiological saline is 9 g/L. or ~ 0.154 M.

Cloud Point
Sample Polymers H,O0 Physiological saline
[°C] [°C]
BC-16 MPEG 4-b-PZPEsg >175 12 (UCST) &
55 (LCST)

Interestingly, more than one phase transition was observed for BC-16 in physiological saline
solution. As shown on Figure 4.25, two types of phase transition behavior, i.e. UCST- and
LCST-type, occurred, where the UCST-type cloud point was lower than the LCST-type one
(Table 4.15). This was similar to the behavior of mPEG,3-b-PSBE, block copolymers
(BC-14) in pure water. As in the case of BC-14, PZPE is also a poorly water-soluble polymer,
and as mentioned before, the mPEG block itself may show LCST-type phase transition
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behavior, when attached to the second block. Therefore, it seems that the phase transition
behavior of mPEG indeed contributes to the overall phase transition behavior of the block
copolymers, which contained poorly water-soluble polymers in the other block, especially,
when the length of PZPE blocks is shorter than of mPEG blocks. Nonetheless, as in the case
for other zwitterionic polymers, a salting-in effect occurs for BC-16, so that added salt
increases the solubility of the block copolymers. Presumably, the low molar mass ions screen
the intra- and interpolymer electrostatic attraction between the zwitterionic groups, enabling

the polymer-water interactions to dissolve the block copolymers easily.
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Figure 4.25. Temperature dependent turbidity (cooling run) of 3 g/L aqueous solutions of
BC-16 in physiological saline solution (9 g/L NaCl).

4.4.2.4. Statistical block copolymers with SPE and ZPE

To study the phase transition behavior of BC-17 and BC-18, sample solutions with
concentration of 3 g/L in pure water and physiological saline were prepared. The phase
transition behavior was followed by turbidity measurements and the results are summarized in
Table 4.16. It was assumed that block copolymers with well-defined phase transition
temperature in physiological saline solution could be prepared, and these block copolymers

could be useful for controlled release of model compound.

The cloud point of mPEG 14-b-P(SPE-co-ZPE,) block copolymers increased with increasing
ZPE content in the polyzwitterions blocks. While in pure water, BC-17 displayed a cloud
point of 43°C, BC-18 that has a higher ZPE content was turbid in the entire temperature range

measured, meaning that the cloud point was above 70°C. These results match very well with
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the results for the simple statistical copolymers P(SPE-co-ZPE), (Table 4.14). The more ZPE
is incorporated in the copolymers, the higher the cloud point will be. Moreover, comparing
the transition temperatures of P(SPE-co-ZPE), and of their analogous block copolymers, it
can be seen that the presence of mPEG increased the cloud points, just as found for
mPEG 14-b-PSPE, block copolymers in comparison to the PSPE homopolymers (Table 4.4).
It is supposed that the permanently hydrophilic block mPEG interacts with the zwitterionic

block, enhancing the overall interchain attraction, and stabilizes the micelles.

Table 4.16. UCST-type cloud point of 3 g/L aqueous solutions of

mPEG  14-b-P(SPE,-co-ZPE,) block copolymers in H,O and physiological saline.
Concentration of sodium chloride in physiological saline is 9 g/L or 0.154 M. Temperature
measurement between 10 - 75°C (cooling run).

Cloud Point
Sample Polymers H,O Physiological saline
[°C] [°C]
BC-17 mMPEG 14-b-P(SPEss-co-ZPE ) 43 <10
BC-18 MPEG 14-b-P(SPE43-co-ZPE39) >70 45

Importantly, for mPEGj 4-b-P(SPEx-co-ZPE,) block copolymers UCST-type phase transition
behavior was also observed in physiological saline solution, but no indication for an
additional LCST type transition. Similar to the situation in pure water, the cloud points of the
block copolymers rose with increasing ZPE content in the zwitterionic blocks. The cloud
point of BC-17 could not be determined since it appeared below the temperature window
measured. The lower cloud points in physiological saline, shows that the salting-in effect
happened also for the mPEG 4-b-P(SPEx-co-ZPEy) block copolymers. Still, by adapting the
ZPE content, an UCST-type phase transition can be implemented despite the marked salting-
in effect, and enables a cloud point under physiologically relevant conditions. Thus, the cloud

point of BC-18 was in the targeted range that seems useful e.g. for drug delivery applications.
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Figure 4.26. Temperature dependent turbidity (cooling and heating run) of 3 g/L aqueous
solutions of BC-18 in physiological saline.

The investigation of the phase transition behavior of BC-18 was continued to learn whether a
hysteresis appeared between cooling and heating curves. As can be seen in Figure 4.26, both
cooling and heating curves almost overlapped, so that no hysteresis occurs. This result is a
good indication that the polymers were trapped not in a metastable state and that phase

separation may occur spontaneously.
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Figure 4.27. Turbidity and DLS measurements (cooling runs) of 3 g/L solutions of BC-18 in
physiological saline.
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In order to confirm the cloud point of BC-18, dynamic light scattering measurements were
performed. Figure 4.27 tells that phase separation occurred, which is indicated by the
formation of aggregates during the cooling. The hydrodynamic radius obtained at high
temperature was about 5 nm, suggesting that block copolymers were dissolved individually in
the coil conformation. Meanwhile, at low temperature, micellization and aggregation of the
micelles occured, which was indicated by large hydrodynamic radius of about 2500 nm. The
cloud point from the DLS measurements was 41°C, which is slightly lower than the value

obtained by turbidimetry.
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S. Solubilization Studies of Solvatochromic Dyes as Model
Active Agents by Block Copolymer BC-18

This chapter describes exploratory studies of the temperature-controlled release of active
agents from polymeric micelles upon passing through the UCST-transition. The active agent
was expected to be incorporated in the core of micelles when the core-forming block is
collapsed at low temperature (T < Tp), while the loaded active agent was expected to be
released at high temperature (T > T,), at which the micellar core expands and becomes more

hydrophilic to form unimers (Figure 5.1).
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Figure 5.1. Illustration of the temperature-triggered release of active agents from a
thermoresponsive polymeric micelle, followed by fluorescence spectroscopy using
solvatochromic model cargos.

The thermoresponsive block copolymer BC-18 was chosen for this purpose since it has a
UCST-type cloud point of 45°C in physiological saline, which is in the physiological relevant
temperature range. Several fluorescent dyes were chosen as model active agents which mimic
drugs, to explore whether the localization of these dyes might be detected using absorbance or

fluorescence spectroscopy. For that, dyes with different hydrophobicity and charged groups
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were investigated, in order to study, which dyes are capable to be encapsulated inside the
micelles at low, and to be released at high temperature. Moreover, solvatochromic dyes were
used to study the encapsulation and release of the dyes, by following the shift of the emission

wavelength at low and high temperature.

This type of studies was necessary because there is little information about the ability of
polyzwitterions to incorporate organic materials. There are only a few studies, in which the
idea of solubilization organic compound into polyzwitterions, has been described [28, 115].
Some studies have mentioned that non-charged compounds could not be solubilized by
poly(sulfobetaine)s [28, 116]. Although it is not obvious, to which extent the solubilization
can work, typically, it has been suggested that to achieve incorporation into polyzwitterions,
such as polybetaines block copolymers, charged solubilizates are advantageous to make
strong interactions [115]. Moreover, the study about solubilization of polysoap reported by
Anton and Laschewsky indicates that it is not obvious, whether the solubilization was
successful because of the charges in the active agents or it was due to some additional
hydrophobic moieties within the polymers [115]. However, it is noteworthy that
complementary ionic interactions are helpful. That is why the studies were focused mostly on

charged dyes as model active agents.

5.1. Reichardt’s dye

The first dye used as for solubilization experiments is Reichardt’s dye. It is a well-known
strong solvatochromic dye from the class of merocyanines and very hydrophobic. The

chemical structure of Reichardt’s dye is shown in Figure 5.2.

Reichardt's Dye
(Dye 1)

Figure 5.2. Chemical structure of Reichardt’s dye.
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Typically, absorbance and emission fluorescence and can be used to detect solvatochromism.
While experience shows that solvatochromism is very sensitive and often more pronounced
when using fluorescence emission, the solvatochromic effect of the non-fluorescent
Reichardt’s dye is followed by absorbance. Therefore, for this experiment, UV-Vis

spectroscopy was used.

As explained before, the idea is to observe the difference of A, absorbance between
Reichardt’s dye alone and solubilized by BC-18 in physiological saline. Samples were
prepared by dissolving separately the dye and BC-18 in physiological saline by heating. After
that, these two solutions were mixed, cooled to room temperature, and stirred for about 18 h.
Then, the mixture was centrifuged and decanted to separate the undissolved dye, and the
absorbance spectra were recorded. As reference, a solution with Reichardt’s dye alone in

physiological saline was prepared in the identical way.

—— Reichardt's dye
—— Reichardt's dye + BC-18

0.6

Absorbance
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Figure 5.3. Absorbance spectrum of Reichardt’s dye and BC-18 loaded Reichardt’s dye in
physiological saline at room temperature.

The result of the solubilization experiments is shown in Figure 5.3. No shift of the
wavelength occurred between samples containing Reichardt’s dye alone and in the presence
of BC-18, since both samples give A, absorbance of about 305 nm. This indicates that there
was no dye uptake by the polymer, which might be due to the high hydrophobicity of
Reichardt’s dye. Because of this finding, it was reasoned to continue the solubilization studies

with fluorescent dyes which bear charges and are more polar, as thus, the uptake of the dyes
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by the polybetaine block might be improved. In addition, fluorescence dyes may show a more

pronounced solvatochromism to be followed via fluorescence emission than via absorbance.

5.2. Dansyl L-phenylalanine

The second dye explored is dansyl L-phenylalanine (Figure 5.4). The dansyl group is an
effective fluorophore and known to be sensitive to the polarity of the medium, in particular to

hydrophobic-hydrophilic changes of the environment [117-118].

O:‘?“:O

HN
o OH

Dansyl L-phenylalanine (Dye 2)

Figure 5.4. Chemical structure of dansyl L-phenylalanine.

At first, solvatochromism studies were done in several alcohols of decreasing polarity as the
solvent, i.e., in methanol, ethanol, propanol, and butanol. Dansyl L-phenylalanine solutions
were prepared by dissolving it in the alcohols and also in PBS with a defined concentration,
and their fluorescence spectra were recorded. Yellowish solutions were obtained for the

dansyl L-phenylalanine.

Figure 5.5 displays the fluorescence spectra of dansyl L-phenylalanine in the homologous

series of alcohols and also in PBS (aqueous solution). The A”*™" shifted to shorter

wavelengths (hypsochromic shift) as the solvent became less polar. It is also noted that the
less polar the solvent is, the higher the fluorescent intensity of the dansyl L-phenylalanine
becomes. It seems that the hydrophobic part of dansyl L-phenylalanine plays the main role in
the solubilization. When PBS was used as the solvent for dansyl L-phenylalanine, the
fluorescence intensity is much weaker than in the alcohols, although a fluorescence spectrum

was still obtained.
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Figure 5.5. Fluorescence spectra of dansyl L-phenylalanine in a homologous series of
alcohols and PBS.

In comparison, the fluorescence of dansyl L-phenylalanine in other aqueous solutions, i.e. in
pure water and physiological saline, was also studied. As shown in Figure 5.6, all three
samples exhibit the same A" of 575 nm. However, the fluorescence intensity of dansyl L-
phenylalanine is the highest in PBS solution, while physiological saline gives the lowest
intensity. Since the presence of dansyl L-phenylalanine still can be detected in physiological
saline, the next step was to explore the possibility to encapsulate and release dansyl L-
phenylalanine in/ from block copolymer BC-18 in physiological saline using the temperature-

triggered mechanism.
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Figure 5.6. Fluorescence spectra of dansyl L-phenylalanine in aqueous solutions.

Samples were prepared by dissolving dansyl L-phenylalanine and BC-18 in physiological
saline with the help of heating. These two solutions were mixed, cooled, and stirred for about
18 h. Then, the mixture was centrifuged and decanted to separate the undissolved dansyl L-
phenylalanine. The fluorescence spectrum of the supernatant was recorded at low (25°C) and
at high (70°C) temperature, which corresponds to the loaded and released state, respectively.
As reference, samples of BC-18 with dansyl L-phenylalanine in pure water, and of dansyl L-

phenylalanine only in physiological saline were also studied.

Figure 5.7 shows the fluorescence spectra of load and release experiments of dansyl L-

phenylalanine with BC-18. No shift of the 27" could be detected for any of the samples at

low and high temperature, except for the one in the pure water at 70°C, which shifted about 5
nm to the shorter wavelength. However, from Figure 5.5, it is noted that the shift to the
shorter wavelength is indicative for a more hydrophobic environment. Therefore, it is most
probable that the dansyl was not released at the higher temperature, but more tightly bound to
BC-18, also considering that the cloud point of BC-18 in pure water is still higher than 70°C.
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Figure 5.7. Fluorescence spectra of temperature-triggered release experiments of BC-18
loaded with dansyl L-phenylalanine at 25°C and 70° in physiological saline and pure water.

5.3. Cyanine dyes

Since the loading and release experiment of dansyl L-phenylalanine with BC-18 was not
successful, several other ionic dyes were also investigated. The purpose was to understand
more about the possibility of dyes to be encapsulated in the collapsed zwitterionic polymers,
about which little information existed. Other dyes used for this experiment are cationic and
zwitterionic hemicyanine dyes of increasing hydrophobicity, which show strong
solvatochromism and have been studied not only in non-polar solvents, but also in polar
solvents and micellar solutions [115, 119-125]. In addition, their solubilization by certain
amphiphilic polymeric betaines has also been reported [115, 123]. Finally, a dye from the
class of merocyanines, which was reported to exhibit a marked solvatochromic effect [126],
was also used. The chemical structure of the dyes used in this experiment is given in Figure

5.8.
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Figure 5.8. Chemical structure of the dyes used for solubilization experiments [121, 125].

Quick screening experiments were performed by investigating the difference of A"

between the dye alone and in the presence of BC-18 in physiological saline. The purpose was
to explore, which dye shows the highest solvatochromic effect and would be useful for release
experiments. The preparation of the samples was similar to the one with dansyl L-
phenylalanine. For the screening, the fluorescence spectra were recorded only at low

temperature (22°C). The results of the screening are displayed in Figure 5.9.

As shown in Figure 5.9, no fluorescence spectrum could be recorded for very hydrophobic

dye 6 since it could not be dissolved properly. Figure 5.9 also tells that the only sample that

shows a shift of A"**" contains the ampholytic dye 7, which shifted about 10 nm to shorter

wavelengths in the presence of BC-18. In addition, the intensity difference between free dye 7
and encapsulated dye 7 is large. Therefore dye 7 was chosen for the next step of loading and

release experiments.
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Figure 5.9. Fluorescence spectra of solubilization experiment of free dyes at 22°C and in the
presence of BC-18 in physiological saline.

Figure 5.10 shows the fluorescence spectra of BC-18 mixed with dye 7 at low and high
temperature, and dye 7 alone as the reference. Apparently, there is no shift of 27" between

low and high temperature for dye 7 in the presence of BC-18. This suggests two possible
scenarios: either the dye could not be encapsulated in the zwitterionic block, or the release
mechanism of the on/ off micelles did not work as it was expected. The former one seems to

be the most probable case, since most of the dyes used in this experiment did not show a shift

of A" This suggests a general difficulty of dye encapsulation that applies not only to

max

hydrophobic dyes, as in the case of Reichardt’s dye and dansyl L-phenylalanine, but also to
polar charged dyes. Thus, it cannot be concluded whether the release mechanism via

switching on/ off micelles upon increasing temperature may be realized as expected.
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Figure 5.10. Fluorescence spectra of temperature-triggered experiment of BC-18 loaded dyes
7 at 25°C and 70° in physiological saline.

Although the UCST-type transition as such works out, and even if the polybetaines switch
correctly, their structure might be not good for the uptake and release of typical organic active
agents. Therefore, when polybetaines are used as the switching block, particular systems need
to be identified to allow the solubilization of active agents, before a temperature-triggered
release mechanism can be implemented. It is important to make sure that the polybetaine
block, in its collapsed state, is able to accommodate or favorably partition the active agents
out of the aqueous into the micellar phase. Only after incorporation is obtained, the controlled
release feature can be achieved. It is supposed that the present system did not work, because,
as mentioned before, the polybetaines are very polar, whereas the active agents are much less

polar.

Some suggestions to deal with this problem in the polybetaine systems are in the future to use
inorganic active agents, in which the affinity between the polybetaines and the active agents
might be high. Another plausible attempt is to add hydrophobic moieties in the switching
polybetaine block [115], as synthesized in the case of mPEG4-b-P(SPE,-b-BzMA,).
However, one has to pay attention to the synthesis method in order to have decent
copolymerization, and that the hydrophobicity is not too high to make the polymers insoluble

at all. Thus, an optimization of the reaction conditions seems crucial.
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6. Conclusions

The aim of this work was to prepare biocompatible block copolymers exhibiting UCST-type
phase behavior under physiologically relevant conditions, i.e. in physiological saline solution
(9 g/L) within the physiologically interesting window of 30-50°C. Because polymers
featuring UCST-type phase behavior in aqueous solution are exceptional, several series of
homopolymers, simple copolymers, and block copolymers featuring UCST-type phase
behavior were synthesized, and their phase transition behavior was investigated. The synthesis
of block copolymers was achieved by atom transfer radical polymerization via a
macroinitiator approach, in which mPEG (methoxy poly[ethylene glycol]) was used as the
permanently hydrophilic block to stabilize the colloids formed, and thermoresponsive
polymers as the second block to promote temperature-triggered assembly-disassembly of the

micelles formed at low temperature, and eventualy, controlled release.

The initial attempt of making such biocompatible block copolymers was based on PHEMA,
which had been postulated to exhibit UCST-type phase behavior. Thus, a series of PHEMA-
based block copolymers containing OEGMA4;5 was prepared to tune the phase transition
temperature, for which the PHEMA itself was reported to exhibit an UCST-type transition. It
turned out that the block copolymers obtained exhibited an LCST-type transition, but no
UCST-type one as claimed in the literature. Therefore, the studies were continued using

poly(sulfobetaine)s, which had been known to show UCST-type transitions.

Further, the possibility of using such block copolymers as smart carriers for the controlled
release of active agents was explored. Because for typical physiological conditions,
stimulation may be achieved by an increase of temperature, for instance due to fever or
inflammation, the use of UCST-based systems seems to be particularly relevant. In this
scenario, the drug is released at elevated temperature, at which the responsive block forming

the micellar core experiences a globule-to-coil transition upon heating.

Several series of poly(sulfobetaine)s-based (co)polymers were prepared, which indeed
exhibited UCST-type phase behavior in aqueous solution. First, PSPE-based block
copolymers of mPEG4-b-PSPE,, were synthesized, resulting in UCST-type phase transitions

only in water, but not in physiological saline. This corresponds to the well-known high
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sensitivity of polyzwitterions phase transition to salt concentration. Consequently, statistical
block copolymers containing a poorly water-soluble co-monomer, namely benzyl
methacrylate, in the thermoresponsive block (mPEG4-b-P[SPE,-b-coM,]) were also
prepared in order to tune the phase transition temperature in aqueous phase, especially in
physiological saline, expecting that the presence of poorly water-soluble may increase the
phase transition temperature in physiological saline. In general, all (co)polymers had higher
UCST-type cloud point with increasing degree of polymerization in pure water. An interesting
observation was that the block copolymers containing benzyl methacrylate as co-monomer,
mPEG14-b-P(SPE-b-BzMA,), exhibits apparently two UCST-type cloud points. The major
transition was affected by the increasing of benzyl methacrylate content in the
polysulfobetaine block, while the minor one stayed in similar range of cloud point of about
40°C. This is possibly due to the gradient structure that mPEG 4-b-P(SPE,-b-BzMA ) might
have, considering benzyl methacrylate was apparently more reactive in the copolymerization

than SPE.

Because of the simple block of mPEG4-b-PSPE and statistical block copolymer of
mPEG 14-b-P(SPE,-b-BzMA,) did not exhibit a phase transition in physiological saline,
another alternative of betaine monomer was introduced, namely SBE. This monomer has a
longer alkyl spacer between the ammonium and sulfonate groups (C4 instead of C3). Its
homopolymer is known to show UCST-type phase transition at higher temperatures than
PSPE. Thus, it was explored whether its block copolymer could exhibit phase transition in
physiological saline. While the interesting phenomenon occurred for its block copolymer, that
two types of phase behavior (UCST- and LCST-type) were observed for block copolymer of
mPEG;14-b-PSBE7 in pure water, the UCST-type transition vanished in physiological saline.

As described, no UCST-type phase transition was observed for poly(sulfobetaine)s-based
(co)polymers in physiological saline. Thus, another system with sulfabetaine monomer (ZPE),
which is difficult to dissolve in pure water, but a priori better soluble at high salinity, was
investigated. Although it differs only by the sulfate group (instead of sulfonate group in
PSPE), PZPE has indeed a very low water solubility. Because homopolymer PSPE did not
show a phase transition in physiological saline, but homopolymer PZPE did, the
copolymerization of both monomers was also undertaken. The incorporation of monomer
ZPE could enable the presence of a phase transition in physiological saline. In addition, as the
statistical block copolymer was synthesized, it seems that unlike copolymerizing SPE with

BzMA, copolymerization of two betaines with a similar chemical structure did not cause a
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problem. Indeed, both the simple copolymers of P(SPE-co-ZPE), and the block copolymers of
mPEG14-b-P(SPE,-b-ZPE,) exhibit UCST-type phase transition in pure water and also in
physiological saline, in which the cloud points increased with increasing ZPE content in the
copolymers. In fact, statistical block copolymers could be prepared that feature a UCST-type
cloud point in the interesting temperature range of 45°C, and showed no hysteresis between
heating and cooling curves. This result was corroborated by DLS measurements,
demonstrating induced aggregation/ disassembly at the cloud point. The best behaving
statistical block copolymer was then used for explorative solubilization and release

experiments.

Showing a phase transition under physiological interesting conditions, i.e. physiological saline
solution (9 g/L) within the physiologically interesting window of 30-50°C, the block
copolymer mPEG; 4-b-P(SPE43-co-ZPE39) seemed well-suited to establish such “smart”
carriers. Several solvatochromic dyes were used as model active agents to be encapsulated for
the solubilization-and-release studies. The dyes were chosen with respect to their

hydrophobicity and charges. It seems, however, that the polybetaines have only a low affinity

lemission
max

to dyes, since no difference of could be observed between the dye in the presence and

in the absence of the thermoresponsive polymer. The only dye for which a spectral shift was
observed, was the ampholytic Dye 7. However, when the release experiment was performed

at high temperature, the 27> stayed at the same wavelength as at low temperature. It looks

like when using polyzwitterions, such as poly(sulfobetaine)s, as the switching block,
particular systems need to be identified, to enable the solubilization of active agents, before
such block copolymer can work with a triggered release mechanism. Therefore, in the future,
it seems interesting to incorporate additional hydrophobic moieties into the switching block;
this will require optimization work to get well-defined copolymer compositions on the one
hand, and to achieve an UCST-type switch at physiological relevant condition on the other
hand. This could be done either by making the backbone more hydrophobic or by
copolymerizing hydrophobic co-monomers. In addition, it might be interesting also to explore
whether inorganic active agents might bind stronger to polyzwitterions, and thus, might allow

their uptake by the polyzwitterions.
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7.1. Materials

Table 7.1. Chemicals used in the experiments.

Chemical formula CAS purity supplier
L-ascorbic acid 6-palmitate Cy»H;3304 137-66-6 95 % Alfa Aesar
acetonitrile CoHsN 75-05-8 99.8 % Aldrich
benzyl methacrylate C1H,0, 2495-37-6 96 % “ Sigma-
Aldrich
2,2¢-bipyridyl C0HgN, 366-18-7 - Fluka
a- bromo isobutyryl bromide C4H¢Br> 20769-85-1 98 % Acros
1,4-butane sultone C4H305S 1633-83-6 99+ % Acros
chloroform-d CDCl; 865-49-6  99.8atom%D Armar
copper bromide CuBr 7787-70-4 -b Sigma-
Aldrich
dansyl-L-phenylalanine Co1HaoN>O4S 1104-36-5 98 % TCI
deuterium oxide D,O 7789-20-2 99.9atom%D VWR
dichloromethane CH,Cl, 75-09-2 99.8 % J. T. Baker
diethyl ether C4H100 60-29-7 99.8 % ChemSolute
2-(dimethylamino)ethyl CsHsNO», 2867-47-2 98 % ¢ Aldrich
methacrylate
ethanol C,H¢O 64-17-5 99.5 % ChemSolute
ethyl a- bromo isobutyrate C¢H;1BrO,  600-00-0 98 % Fluka
hexafluoroisopropanol (HFIP) CsH,F6O 920-66-1 99 % ABCR
hexamethyltriethylenetetramine C12H30N4 3083-10-1 97 % Sigma-
(HMTETA) Aldrich
2- hydroxyethyl methacrylate CsH1003 868-77-9 96 % Acros
magnesium sulfate MgSOy4 7487-88-9 99.5 % Alfa Aesar
3-((2-(methacryloyloxy)- Ci1H21NOsS  3637-26-1 97 % Sigma-
ethyl)dimethylammonio)- Aldrich
propane-1-sulfonate (SPE)
methanol CH4O 67-56-1 99.5 % Avantor
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Chemical formula CAS purity supplier
oligo(ethylene glycol) CsHgO,-  26915-72-0 -¢ Sigma-
methylether methacrylate (C,H40), Aldrich
(M, =475 g/mol) (OEGMA 475)
molecular sieve 3 A - - - Roth
pentamethyldiethylenetriamine CoHy3N3 3030-47-5 99% Sigma-
(PMDETA) Aldrich
phosphate buffered saline - P4417 - Aldrich
(PBS)
poly(ethylene glycol) - 9004-74-4 -8 Fluka
monomethyl ether
(M;, = 5000 g/mol) (mPEG-OH)
Reichardt’s dye C4HyoNO 10081-39-7 90 % Sigma-
Aldrich
sodium chloride NaCl 7647-14-5 99 % ChemSolute
toluene C;Hg 108-88-3 99.8 % Merck
triethylamine CgHisN 121-44-8 99 % Acros
trifluoroethanol (TFE) C,H3F;0 75-89-8 99.8 % Roth

“ contains 50-100 ppm MEHQ as inhibitor

PLOT# K21X001

“ contains 2000 ppm MEHQ as inhibitor
4 contains 200-400 ppm MEHQ as inhibitor
¢ contains 300 ppm BHT and 100 ppm MEHQ as inhibitor

TLOT# BCBF6911
g LOT# 1128575 31205058

Poly(ethylene glycol) methyl ether (mPEG-OH) was dried over toluene by azeotropic

destilation prior to use. Typically, mPEG-OH was dissolved in toluene and distilled between

90-110°C under nitrogen to remove excess water.

Benzyl methacrylate was passed through a column filled with “inhibitor remover” from

Aldrich (Batch# 08527BH) in order to remove inhibitors prior to use. Deionized water was

provided and purified by a Millipore Milli-Q Plus water purification system (resistivity
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18 MQ-cm™). Phosphate buffered saline (PBS) solution was prepared according to the
instruction provided by Aldrich. Dialysis membrane from cellulose was provided from
ZelluTrans/Roth by Carl Roth company with nominal cut-off MW 3500. The synthesis of Dye

3 — Dye 8 was described elsewhere. All other chemicals were used as received.

7.2. Methods and calculations

Proton nuclear magnetic resonance (‘H-NMR) spectroscopy

The apparatus Bruker Avance 300 MHz Spectrometer (Bruker, USA) was used. Samples were
prepared by dissolving the product into a suitable deuterated solvent. The minimum sample

concentration for 'H-NMR was 0.01 mol/L.

Monomer conversions were determined via "H-NMR spectra of the crude mixtures at the end
of polymerization and were counter-checked by the yields from weighing the isolated
polymers. Theoretically expected number average molar masses My, are calculated

according to equation 6.1.

[Monomer ]o M

_ Monomer .
Mn(theu) - .. -conversion + Mlnitiator (6’1)
[Imtzator]o
[Monomer]y, = initial molar concentration of the monomer
[Initiator], = initial molar concentration of the initiator
Mvtonomer = molar mass of the monomer repeat unit
M isiator = molar mass of ATRP (macro)initiator
Turbidimetry

Cloud point measurements were performed using a Varian Cary 50 Scan UV-Vis
spectrophotometer (Agilent, Germany) equipped with a thermoelectric Peltier element for
temperature control. In a glass cuvette of 1 cm inner path length, a polymer solution with a
defined concentration was prepared in Millipore water, in physiological saline, or in PBS. The
transmittance of the sample was monitored at 500 nm as a function of temperature with a

cooling rate of 1°C/min, and when needed, a heating rate of 1°C/min.
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Dynamic light scattering (DLS)

Measurements of dynamic light scattering were done with an instrument High Performance
Particle Sizer (HPPS-5001, Malvern Instrument, UK) using a He-Ne laser beam, and a
thermoelectric Peltier element to control the temperature of the sample cell. The
backscattering mode was used at a scattering angle of 8 = 173°. Samples were prepared by

diluting with Millipore water or in physiological saline to a defined concentration.

Gel permeation chromatography (GPC)

Gel permeation chromatography was performed to estimate the molar mass and the molar
mass distribution of the polymers. According to the eluent, two types of GPC equipment were
used. GPC with DMF as eluent (with addition of 0.1% LiBr, flow rate of 1 mL/min) uses a
refractive index and UV detector (SEC-3010 from WGE Dr. Bures), PSS GRAMM gel as
column. GPC measurements were calibrated with linear polystyrene standards with the molar
masses range from 265 — 2,570,000 Da (PSS, Germany). The other equipment uses HFIP-gel,
PL HFIP gel as column and 0.05 mol CF;COONa in hexafluoroisopropanol (HFIP) as eluent,
and a flow rate of 1 mL/min, and RI detector (SEC-3010, WGE Dr. Bures, A= 620 nm).
Narrowly distributed poly(methyl methacrylate) standards covering the range from 100 to
520,000 Da (PSS, Germany) were used for calibration. Calibration was always made prior to
measurement as the columns are endangered by aging effects due to the aggressiveness of the
eluent. This implies also that the individual uncalibrated elugrams cannot be directly

compared, because the measurements were performed over an extended period of time.

Micro-differential scanning calorimetry (u-DSC)

Micro-differential scanning calorimetry was carried out to investigate phenomena in phase
transition. The measurement was performed using p-DSC III (Setaram Instrumentation) in the
temperature range between 0°C and 80°C in a closed steel cell. The heating-cooling cycle was

repeated three times with heating rate at 1°C.

Ultraviolet-Visible (UV-Vis) spectroscopy

UV-Vis measurement was performed using Perkin Elmer UV/Vis/NIR Spectrometer
Lambda 19 and absorption spectra were recorded. Quartz cuvettes with an optical path length

of 1 cm were utilized.
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Fluorescence spectroscopy

Fluorescence spectroscopy measurement was done using FLS920-stm fluorescence
spectrometer (Edinburgh Instruments) and a FluoroMax-4 Horiba Jobin Yvon. Quartz
cuvettes with an optical path length of 1 cm were used. Different excitation wavelength was
used. FLS920-stm fluorescence spectrometer (Edinburgh Instruments) has the excitation and
emission slits to 1 nm. The FluoroMax-4 apparatus has slit width of 2 nm and is equipped

with a thermostated cell holder.

7.3. Synthesis of mPEG-Br initiator

Synthesis of macroinitiator poly(ethylene glycol) mono methyl ether 2-bromoisobutyrate

(mPEG-Br)

e} O
o . Br Et;N, toluene /{O \/i‘o Br
OH Br rt, 48 h e

114

o- bromo
mPEG-OH isobutyryl bromide mPEG-Br

The synthesis of the mPEG-Br macroinitiator was adapted from the work of Ranger et a/ [86].
10.0 g (2.00 mmol) of dried poly(ethylene glycol) methyl ether (Mn= ~ 5000 g/mol) were
dissolved in 200 g of toluene in a three-neck flask equipped with a septum, and stirred with a
magnetic stirrer. The solution was purged by nitrogen for 20 min to remove the oxygen inside.
After that, 0.4 g (4 mmol) of triethylamine were added dropwise for 30 min. Then, still at
room temperature, 0.912 g (4.00 mmol) of a-bromoisobutyryl bromide were added
continuously dropwise over 1 h. The reaction was stirred at room temperature for 48 h. Next,
the solution was extracted with water. The aqueous phase was re-extracted with 50 mL of
dichloromethane three times. The organic phases were collected, washed with water of pH
5-7, dried with MgSOy, and filtered through a filter paper. The majority of the solvent was
removed by evaporation until the crude extract was obtained. Finally, the crude extract was
precipitated into diethyl ether. The white solid formed was isolated by filtration by filter
paper, and dried in vacuo overnight. Yield: 50%, colorless hygroscopic solid. 'H-NMR
(0, ppm, D,0): 1.94 ppm (6H, -C(CH3),Br), 3.48 ppm (3H, -O-CH3), 3.5 - 4 ppm (4H, -CH,-
CH;-0O-), and 4.4 ppm (2H, -COOCH,-).
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7.4. Synthesis of PHEMA based (co)polymers

7.4.1. Synthesis of non-ionic copolymers

I I CuBr, bpy
)HQ Ethanol
O
60°C, 24h 0 L
OH o H 5
I: OH

7.8
0 0O 7-8
CH, én

EBiB HEMA OEGMA P(HEMA-co-OEGMA)

In a 50 mL flask, 0.053 g (0.37 mmol) of copper (I) bromide, 0.115 g (0.740 mmol) of 2,2’-
bipyridyl, 0.077 g (0.185 mmol) of L-ascorbic acid 6-palmitate, and 0.072 g (0.37 mmol) of
EBiB were weighed, and dissolved in 6 mL of ethanol. Then, 4.574 g (35.15 mmol; 95 mol%)
of HEMA and 0.878 g (1.85 mmol; 5 mol%) of OEGMA47s were added into the flask and
deoxygenated. The ratio of [monomer]y: [initiator]y: [catalyst]o: [ligand]y was 100: 1: 1: 2.
The mixture was stirred using a magnetic stirrer and bubbled with nitrogen for 30 min. After
that, the flask was heated in an oil bath to 60°C for 24 h. After 24 h, the reaction was stopped
by cooling and exposing the solution to the air. The purification was done by dialysis against
distilled water for 5 d with a membrane with a nominal cut-off of MW 3500. Last, the mixture

was lyophilized overnight to give solid polymer.
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7.4.2. Synthesis of non-ionic block copolymers

Jf“})* I I e w}w O

(0]

60°C, 24h
OH o H
F OH

: S
X

o

_oﬂm”

o748
éH3 CH;
mPEG-Br HEMA OEGMA mPEG-b-P(HEMA-co-OEGMA)

In a typical procedure, 10.6 mg (0.074 mmol) of copper (I) bromide, 23.2 mg (0.148 mmol) of
2,2°-bipyridyl, 15.4 mg (0.037 mmol) of L-ascorbic acid 6-palmitate (reducing agent), and
0.370 g (0.074 mmol) of mPEG-Br were weighed in a 25 mL flask, and dissolved in 6 mL of
ethanol. Then, 0.915 g (7.03 mmol; 95 mol%) of HEMA and 0.176 g (0.370 mmol; 5 mol%)
of OEGMA475 were added into the flask, and the reaction mixture was deoxygenated by seven
cycles of vacuum-flushing nitrogen. The ratio of [monomer]y: [initiator]o: [catalyst]o: [ligand]o
was 100: 1: 1: 2. The mixture was stirred by a magnetic stirrer and bubbled with nitrogen for
30 min. After that, the flask was heated in an oil bath to 60°C for 24 h. After 24 h the reaction
was stopped by cooling and exposing the solution to the air. The purification was done by
dialysis against distilled water for 5 d with a membrane with a nominal cut-oft of MW 3500.

Last, the mixture was lyophilized overnight to get solid polymers.

Table 7.2. Reaction recipes for HEMA-based block copolymerization (24 h, 60°C in 6 mL of
ethanol using 2,2°-bipyridyl as ligand).

Sample co-M M:co-M my Meo-M my MCuBr myig MRed

[g] [g] [g] [mg] [mg]  [mg]
BC-1 - 100:0 0.963 - 0.370 10.6 23.2 15.4
BC-2 OEGMA 98:2 0.944 0.070 0.370 10.6 23.2 15.4
BC-3 OEGMA 95:5 0.915 0.176 0.370 10.6 232 15.4
BC-4 OEGMA 85:15 0.819 0.527 0.370 10.6 232 15.4
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7.5. Synthesis of sulfobetaine and sulfabetaine based (co)polymers

7.5.1. Synthesis of zwitterionic homopolymers

0 0
Br CuBr, ligand Br
A O)HQ + OIO TFE o .
—_
H 60°C, 24h 0 "0
@ H
®

_N_
_N_
SO, f
883
EBiB SPE PSPE

In a typical procedure, 2.067 g (7.400 mmol) of monomer SPE were weighed in a 50 mL
Schlenk flask, dissolved in 6 mL of TFE under stirring, and deoxygenated by seven cycles of
vacuum-flushing nitrogen. In a 25 mL Schlenk flask, 14.4 mg (0.074 mmol) of EBiB were
diluted by 6 mL of TFE and degassed. In another 25 mL Schlenk flask, 10.6 mg (0.074 mmol)
of copper (I) bromide, 23.2 mg (0.148 mmol) of 2,2’-bipyridyl, and 15.4 mg (0.037 mmol) of
L-ascorbic acid 6-palmitate were weighed, dissolved in TFE, and deoxygenated. The diluted
initiator was transferred into catalyst solution under stirring and protection by nitrogen. The
initiator-catalyst solution was then transferred into the monomer solution under protection by
nitrogen. The mixture was stirred by a magnetic stirrer, and bubbled with nitrogen for 30 min.
After that, the flask was placed in an oil bath at 60°C for 24 h. After 24 h the reaction was
stopped by cooling and exposing the solution to the air. The purification was done by dialysis
against distilled water for 5 d with a membrane with a nominal cut-off of MW 3500. Finally,

the mixture was lyophilized overnight to get solid polymers.
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Table 7.3. Reaction recipes for homopolymerization of sulfobetaine (SPE) and sulfabetaine
(ZPE) in TFE.

Sample Monomer Ligand molar ratio my m; Mcugr Mg MRed

M:I:CuBr:Lig [g] [mg] [mg] [mg] [mg]

HP-1 SPE bpy 100:1:1:2 2.067 144 106 232 154
HP-2 SPE PMDETA 100:1:1:2 2.067 144 106 257 154
HP-3 SPE HMTETA 100:1:1:2 2.067 144 10.6 342 154
HP-4 ZPE bpy 50:1:1:2 1.092 144 106 232 154
HP-5 ZPE bpy 100:1:1:2 2.183 144 106 232 154
HP-6 ZPE bpy 200:1:1:2 4366 144 10.6 232 154

7.5.2. Synthesis of zwitterionic copolymers

i B 0 Br
St T Cusr oy AOW 1T
0~ o oo = . . B
o~ o
H H 60°C, 24h o "0
® ® H H
®

2 —N=

®
SO, 0—S0; ﬁ f
o S) S0, 0—S0,
)
EBiB SPE ZPE P(SPE-co-ZPE)

In a typical procedure, 1.652 g (5.920 mmol; 80 mol%) of monomer SPE and 0.437 g (1.48
mmol; 20 mol%) of sulfabetaine monomer (ZPE) were weighed in a 50 mL Schlenk flask,
dissolved in 6 mL TFE under stirring, and deoxygenated by seven cycles of vacuum-flushing
nitrogen. In 25 mL Schlenk flask, 14.4 mg (0.074 mmol) of EBiB was diluted in 3 mL of TFE
and degassed. In another 25 mL Schlenk flask, 10.6 mg (0.074 mmol) of copper (I) bromide,
23.2 mg (0.148 mmol) of 2,2’-bipyridyl, and 15.4 mg (0.037 mmol) of L-ascorbic acid 6-
palmitate were weighed, dissolved in 4 mL of TFE, and deoxygenated. The diluted initiator
was transferred into the catalyst solution under stirring and protection by nitrogen. This
initiator-catalyst solution was transferred into the monomer solution under protection by
nitrogen. The ratio of [monomer]: [initiator]y: [catalyst]o: [ligand]p was 100: 1: 1: 2. The
mixture was stirred by a magnetic stirrer and bubbled with nitrogen for 30 min. After that, the

flask was placed into an oil bath at 60°C for 24 h. After 24 h, the reaction was stopped by
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cooling and exposing the solution to the air. The purification was done by dialysis against
distilled water for 5 d with a membrane with a nominal cut-off of MW 3500. Finally, the

mixture was lyophilized overnight to give solid polymer.

Table 7.4. Reaction recipes for copolymerization of sulfobetaine (SPE) with co-monomers
ZPE in TFE.

Sample co-M M:co-M my Meo-M my MCuBr my g MRed

[g] [g] [mg] [mg] [mg] [mg]

CP-2 ZPE 80:20 1.652 0.437 144 10.6 23.2 15.4
CP-3 ZPE 50:50 1.032 1.092 144 10.6 23.2 15.4
CP-4 ZPE 20:80 0413 1.746 144 10.6 23.2 15.4

7.5.3. Synthesis of zwitterionic block copolymers

Q 0
(0] o Br . I CuBr, bpy o) o Br
TFE
114 0 "0 —— 4 n
0]

(0)

60°C, 24h
_le \@
f g
SO, f
© S0,
S

mPEG-Br SPE mPEG-b-PSPE

In a typical procedure, 2.065 g (7.400 mmol) of monomer SPE were weighed in a 50 mL
flask, dissolved in 6 mL TFE under stirring, and deoxygenated by seven cycles of
vacuum-flushing nitrogen. Then, in another 50 mL Schlenk flask, 0.370 g (0.074 mmol) of
mPEG-Br, 10.6 mg (0.074 mmol) of copper (I) bromide, 23.2 mg (0.148 mmol) of 2,2’-
bipyridyl, and 15.4 mg (0.037 mmol) of L-ascorbic acid 6-palmitate were weighed, dissolved
in 6 mL TFE, and degassed. The initiator-catalyst solution was then transferred into the
monomer solution under protection by nitrogen. The ratio of [monomer]y: [initiator]y:
[catalyst]o: [ligand]p was 100: 1: 1: 2. The mixture was stirred by a magnetic stirrer, and
bubbled with nitrogen for 30 min. After that, the flask was placed in an oil bath at 60°C for 24
h. After 24 h, the reaction was stopped by cooling and exposing the solution to the air. The

purification was done by dialysis against distilled water for 5 days with a membrane with a
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nominal cut-off of MW 3500. Finally, the mixture was lyophilized overnight to give solid

polymers.

Table 7.5. Reaction recipes for sulfobetaine (SPE and SBE) based block copolymers in TFE.

Sample co-M  M:co-M molar ratio My Meo-M my Mcypr  Myjg
M:I:CuBr:Lig  [g] [g] [g] [mg]  [mg]
BC-5 - 100:0 100:1:1:2 2.067 - 0.370  10.6 23.2
BC-6" - 100:0 100:1:1:2 2.067 - 0.370  10.6 342
BC-7" - 100:0 30:1:1:2 0.840 - 0.5 17 15.6
BC-8" - 100:0 50:1:1:2 1.400 - 0.5 17 15.6
BC-9" - 100:0 100:1:1:2 2.790 - 0.5 17 15.6
BC-10" - 100:0 200:1:1:2 2.790 - 0.25 8.5 7.8
BC-11 BzMA 98:2 100:1:1:2 2.026 0.026 0.37 10.6 23.2
BC-12 BzMA 95:5 100:1:1:2 1.962 0.065 0.37 10.6 23.2
BC-13 BzMA 90:10 100:1:1:2 1.858 0.130 0.37 10.6 23.2
BC-14¢ - 100:0 100:1:1:2 1.086 - 0.185 53 11.6
BC-15¢ - 100:0 200:1:1:2 2.168 - 0.185 53 11.6
BC-16 ZPE 100:0 100:1:1:2 2.183 - 0.37 10.6 23.2

BC-17"°  ZPE 80:20 100:1:1.2:1 2.232 0.500 0.5 17 15.6
BC-18"  ZPE 50:50 100:1:1.2:1 1.392  1.475 0.5 17 15.6

*using HMTETA as ligand
P using H,O/MeOH (3/2 v/v) as solvent at room temperature for 5 h
“using SBE as monomer
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Table 7.6. Chemical structures of the polymers produced.

Sample Polymers Structure
HP-1 0
HP-2 /\onr
HP-3 (O N©)
homopolymer of H ®
polyzwitterions —NT
(poly[sulfobetaine]s) f
8%3
PSPE
HP-4 0
HP-5 /\o)‘\Hﬁfr
HP-6 0" "o
homopolymer of H ®
polyzwitterions —NT
(poly[sulfabetaine]s) f
0—S0;
PZPE
CP-1 nonionic copolymers

P(HEMA-co-OEGMA)
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CP-2 zwitterionic
CP-3 copolymers O o Br
/\O 1-x
CP4 .
O O
O O
N e
ia f
fso 0-S0;
@3 ©)
P(SPE-co-ZPE)
BC-1 nonionic block (0]
copolymers O/\J/ O\/\OWE '
113 0 o)
OH
mPEG-5-PHEMA
BC-2 }
BC-3 { A]L /fiﬁgr
1-x
BC-4 0" SO0
TN
nonionic block H 0
OH
copolymers with co- 5—78
O
monomer éHs
mPEG-b-P(HEMA-co-OEGMA)
BC-5
BC-7 0
BC-8 PSPE based H
BC-9 zwitterionic block —NT
BC-10 copolymers f
mPEG-b-PSPE
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BC-11
O Br
- n
BC-12 o OV\OW C" =
BC-13 3 o *O 0" 0
zwitterionic block H

copolymers with

hydrophobic moieties f
S

BC-14 0
B
BC-15 0“} O\/\OW '

O O
PSBE based H
zwitterionic block —N—
copolymers <
mPEG-bh-PSBE
BC-16 PZPE based o
zwitterionic block H
e
copolymers f
so3
mPEG-H-PZPE
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BC-17

BC-18

zwitterionic based

block copolymers

fidoond

113

mPEG-b-P(SPE-co-ZPE)
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Figure A.2. "H.NMR spectrum of SBE in D,O
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Figure A.4. GPC elugram of mPEG-Br macroinitiator using DMF as eluent
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Figure A.5. GPC elugram of mPEG-Br macroinitiator using HFIP as eluent
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Figure A.6. GPC elugram of PSPE homopolymer (HP-1) using HFIP as eluent
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Figure A.7. GPC elugram of PSPE homopolymer (HP-2) using HFIP as eluent
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Figure A.8. GPC elugram of PSPE homopolymer (HP-3) using HFIP as eluent
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Figure A.9.
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GPC elugram of PZPE homopolymer (HP-4) using HFIP as eluent
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Figure A.10. GPC elugram of PZPE homopolymer (HP-5) using HFIP as eluent
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Figure A.11.
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Figure A.12. GPC elugram of P(HEMA-co-OEGMA.475) copolymer (CP-1) using DMF as
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Figure A.13. GPC elugram of P(SPE-co-ZPE) copolymer (CP-2) using HFIP as eluent
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Figure A.14. GPC elugram of P(SPE-co-ZPE) copolymer (CP-3) using HFIP as eluent
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Figure A.15. GPC elugram of P(SPE-co-ZPE) copolymer (CP-4) using HFIP as eluent
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Figure A.16. GPC elugram of mPEG-b- P(HEMA-co-OEGMA475) block copolymer (BC-1)
using DMF as eluent
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Figure A.17. GPC elugram of mPEG-b- P(HEMA-co-OEGMAu475) block copolymer (BC-2)
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Figure A.18. GPC elugram of mPEG-b- P(HEMA -co-OEGMA475) block copolymer (BC-3)

using DMF as eluent
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Figure A.19. GPC elugram of mPEG-b- P(HEMA -co-OEGMA475) block copolymer (BC-4)
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Figure A.20. GPC elugram of mPEG-b-PSPE block copolymer (BC-5) using HFIP as eluent
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Figure A.21. GPC elugram of mPEG-b-PSPE block copolymer (BC-6) using HFIP as eluent
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Figure A.22. GPC elugram of mPEG-b-PSPE block copolymer (BC-7) using HFIP as eluent
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Figure A.23. GPC elugram of mPEG-b-PSPE block copolymer (BC-8) using HFIP as eluent
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Figure A.24. GPC elugram of mPEG-b-PSPE block copolymer (BC-9) using HFIP as eluent
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elugram of mPEG-b-PSPE block copolymer (BC-10) using HFIP as eluent
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Figure A.26. GPC elugram of mPEG-b-P(SPE-co-BzMA) block copolymer (BC-11) using

HFIP as eluent
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Figure A.27. GPC elugram of mPEG-bH-P(SPE-co-BzMA) block copolymer (BC-12) using
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Figure A.28. GPC elugram of mPEG-b-P(SPE-co-BzMA) block copolymer (BC-13) using
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Figure A.29. GPC elugram of mPEG-b-PSBE block copolymer (BC-14) using HFIP as
eluent
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Figure A.30. GPC elugram of mPEG-b-PSBE block copolymer (BC-15) using HFIP as
eluent
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Figure A.31. GPC elugram of mPEG-b-PZPE block copolymer (BC-16) using HFIP as eluent
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Figure A.32. GPC elugram of mPEG-b-P(SPE-co-ZPE) block copolymer (BC-17) using
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Figure A.33. GPC elugram of mPEG-b-P(SPE-co-ZPE) block copolymer (BC-18) using
HFIP as eluent
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