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Zusammenfassung

Materialien mit der Fahigkeit, ihre Eigenschaften als Reaktion auf duflere Reize spontan zu
verandern, sind in der Polymerforschung vielversprechend und bergen den Schliissel zu zahl-
reichen potenziellen Anwendungen. So andern beispielsweise bestimmte organische Chromo-
phore ihre chemischen/physikalischen Eigenschaften, wenn sie Licht ausgesetzt werden,
wodurch sie sich fiir den Einsatz in Polymersystemen anbieten. In dieser Arbeit wurde eine
photochrome Gruppe, das so genannte Donor-Acceptor Stenhouse Addukt (DASA), in verschie-
dene Reihen von Polyacrylat- und Polyacrylamid-Copolymeren eingearbeitet. Diese Copoly-
mere wurden aufgrund ihres thermoresponsiven Verhaltens in wissrigen Losungen
ausgewahlt. Dies ermoglichte weitere Untersuchungen zu der Einstellbarkeit ihres responsi-
ven Verhaltens durch die lichtinduzierte Isomerisierung der entsprechenden chromophoren
Gruppe.

In einem ersten Schritt wurde eine PMMA-DASA-Copolymer Reihe mit Chromophor-antei-
len zwischen 1 und 11 Mol% hergestellt. Dazu wurde eine radikalische Copolymerisation mit
Methylmethacrylat und einem aktivierten Esteracrylat durchgefiihrt. Das Chromophor wurde
anschliefend durch zwei polymeranaloge Reaktionen mit einem Amin und einem aktivierten
Furan-Vorlaufer hergestellt. Dieses Verfahren ermoglichte den Zugang zu definierten, respon-
siven Materialien mit hohem Molekulargewicht und genau abgestimmtem Chromophorgehalt.
Alle Copolymere wiesen eine obere kritische Losungstemperatur (UCST) in Ethanol-Wasser-
Gemischen auf. Es war eine Korrelation zwischen der Chromophormenge und der Ethanolkon-
zentration (zwischen 65 und 95 Volumenprozent) zu beobachten. Im Vergleich zu PMMA zeig-
ten die Copolymere im Allgemeinen eine Abnahme der UCST bis zu einer Ethanolkonzentration
von 80%. Hohere Konzentrationen fithrten jedoch zu einem Anstieg der UCST. Eine Bestrahlung
der Polymerlésungen mit sichtbarem Licht (520 nm), und der dadurch erfolgten Schaltung der
DASA-Gruppe, bewirkte die resultierende hydrophile Struktur eine Abnahme aller UCST-Werte.
Nach zwei Stunden Bestrahlung erreichte eine Probe mit 10,7 Mol% Farbstoff eine maximale
UCST-Verschiebung von 20 °C. Insgesamt wurde die UCST der PMMA-DASA-Copolymere durch
die lichtinduzierte Loslichkeitsanderung stark beeinflusst. Obwohl dieser Prozess in Ethanol-
Wasser-Gemischen irreversibel war, konnte nachgewiesen werden, dass die Proben durch Er-
hitzen in Dichlormethan zu ihrer urspriinglichen UCST vor der Lichtbestrahlung zuriickkeh-
ren. Die Untersuchung des UCST-Verhaltens wurde auf Polymere ausgedehnt, die beim
Erhitzen eine niedrigere kritische Losungstemperatur (LCST) aufweisen. Durch Anwendung
des beschriebenen Syntheseverfahrens wurden zwei statistisch angeordnete PNIPAM- und
PDEA-Copolymer-Serien mit unterschiedlichen Mengen an eingebauten DASA-Seitengruppen
erfolgreich synthetisiert. Die Loslichkeit aller Polymere schien in wiassriger Losung im Ver-
gleich zu den homogenen PNIPAM/PDEA-Proben verringert zu sein. Eine Korrelation zwischen
dem Phaseniibergangspunkt und der Menge der DASA-Seitengruppe wurde durch die Messung
der LCST-Werte eindeutig nachgewiesen und zeigte eine nahezu lineare Abh&ngigkeit. Nach
einer 4-stiindigen Bestrahlungsdauer zeigten die Polymerlosungen eine Verschiebung zu einer
hoheren LCST. Im Fall von PNIPAM wurde eine maximale Verschiebung der LCST von 11,6 °C
fiir eine Probe mit 11,5 Mol% DASA-Gehalt beobachtet. Der Einbau von 10 Mol% chromophorer
Gruppen in PDEA fiihrte zu LCST-Verschiebungen von bis zu 9,5 °C. Die thermoresponsive
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Eigenschaft der Polyacrylamide wurde also wesentlich durch die Schaltbarkeit der eingebau-
ten Seitengruppe beeinflusst. Letztendlich erfolgte die Synthese von PDEA-Proben unter Ver-
wendung von DASA und einer Azoverbindung, die als zweite chromophore Seitengruppe
fungierte. Alle Probenlosungen wurden einer Sequenz von zwei Bestrahlungen unterzogen
(41 =570 nm; A, = 365 nm). Das Verfahren bewies, dass es moglich ist, die Chromophore im po-
lymeren System orthogonal zu schalten, was zu zwei unabhédngigen LCST mit erh6hten Werten
im Vergleich zu PDEA fiihrt.

Zusammengefasst hat sich die chemische Beschaffenheit des DASA-Chromophors als
hochwirksame Gruppe zur Einstellung der thermoresponsiven Eigenschaften verschiedener
Polyacrylate und Polyacrylamide erwiesen. Die funktionelle Gruppe ist somit sehr vielverspre-
chend fiir Materialien auf Polymerbasis. Bemerkenswert ist, dass das DASA-Schaltverhalten
mit einem hohen Verlust an Farbintensitat einhergeht. Wahrend der praktischen Arbeit an den
LCST-Verschiebungen war die héchste Polaritat bei allen Messungen makroskopisch leicht
durch eine Entfarbung erkennbar. Dieser Effekt verleiht dem DASA Chromophor zusatzlich ein
grofRes Potential fiir verschiedene Anwendungen.
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Abstract

Materials with the remarkable ability to undergo spontaneous property changes in
response to external stimuli hold great promise in the field of polymer research and hold the
key to numerous potential applications. For instance, specific organic chromophores alter their
chemical/physical characteristics when exposed to light, making them well-suited for use in
polymer systems. This work adopted a photochromic group known as the donor-acceptor
Stenhouse adduct (DASA) by effectively incorporating it into different series of polyacrylate
and polyacrylamide copolymers. These copolymers were well-selected for their thermo-
responsive behavior in aqueous solutions, allowing further investigations into their tunability
by light-induced isomerization of the corresponding chromophoric moiety.

In a first step, a PMMA-DASA copolymer library was prepared with varying chromophore
content between 1 and 11 mol%. Therefore, a free-radical copolymerization involving MMA
(methyl methacrylate) and an activated ester acrylate was performed. The grafted chromophore
was subsequently generated via two consecutive polymer analogous reactions first with an
amine and then with an activated furan precursor. This designed procedure provided access to
well-defined stimuli-responsive polymers with high molecular weights and precisely targeted
chromophoric content. All copolymers exhibited an upper critical solution temperature (UCST)
in ethanol-water mixtures. A notable correlation between the amount of chromophore and the
concentration of ethanol (ranging from 65% to 95% by volume) was revealed. When compared to
PMMA, the copolymers generally displayed a decrease in UCST up to an ethanol concentration
of 80%. Higher concentrations, however, caused an increase in the UCST. By subjecting the
polymer solutions to visible light (520 nm) and inducing the photoswitching of the DASA group,
the resulting hydrophilic structure caused a decrease of UCST values od all copolymers. After
2 h of irradiation, a sample containing 10.7 mol% dye reached the AUCSTmax of 20 °C. Overall, the
UCST of the PMMA-DASA copolymers was hardly affected by the light-induced solubility
change. Despite this process being irreversible in ethanol-water mixtures, heating in
dichloromethane was proven to revert the samples to their initial UCST prior to light
irradiation. The investigation on UCST behavior was extended to polymers showing a Jower
critical solution temperature (LCST) upon heating. By adopting the synthetic protocol, two
PNIPAM and PDEA statistically arranged copolymer series with different amounts of
incorporated DASA side groups were successfully prepared. The solubility of all polymers
appeared to decrease in aqueous solution compared to the homogenous PNIPAM/PDEA
samples. The correlation between the phase transition point and the amount of DASA side
group was clearly demonstrated by measuring the LCST values, showing a nearly linear
dependency. Following a 4 h duration of irradiation (white light bulb) the copolymer solutions
exhibited a shift towards higher LCST. In the case of PNIPAM, the maximum ALCST of 11.6 °C
was observed for a sample including 11.5 mol% DASA content. The presence of 10 mol%
chromophoric group in PDEA resulted in ALCST of 9.5 °C. Thus, the thermo-responsive property
of the polyacrylamides was significantly influenced by the photoswitching nature of the
incorporated side group. Finally, PDEA samples including DASA and azobenzene as second
chromophoric side group were synthesized by RAFT polymerization. All polymer solutions
underwent a sequence of light irradiation (A; = 570 nm; A, = 365 nm). The procedure proved that
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it is possible to switch the chromophore orthogonally, resulting in two independent ALCSTSs to
increased values as compared to PDEA.

Concluding, the chemical nature of the DASA chromophore has proven to be a highly effec-
tive stimuli-responsive group for tuning the thermo-responsive properties of various polyacry-
lates and polyacrylamides. The functional group have been demonstrated to be very promising
for smart materials based on polymers. Noteworthy, the DASA switching behavior is accompa-
nied by a high loss of color intensity. During the practical work on the LCST shifts, the highest
polarity was easily recognizable macroscopically in all measurements by discoloration. This
effect gives DASA also a great potential for several further applications.



Chapter1

Introduction

Since the very beginning, nature in its diversity and uniqueness has always been an inspi-
ration for mankind, and especially for scientists. Nature gives us questions and offers us possi-
bilities, it holds previously unknown phenomena in store and reveals new mysteries in a
beautiful way, but it also shows us the limits and the unembellished side of perishability. On
its long journey, nature therefore created molecules that enabled it to achieve an incredible
wealth of detail. Nature emerged with the idea to establish macromolecular structures as an
essential element of evolution. As cellulose in plants, as gene-carrying chains of amino acids
or as proteinogenic silk, biological macromolecules have become an indispensable part of pro-
cesses in life. Following this model, the everyday life of many people today is accompanied and
facilitated by a material that has driven technical development and innovation like no other. It
is the man-made artificial correspondence to biomacromolecules. We are talking about syn-
thetic plastics, named polymers.

Although the birth of this remarkable material is difficult to relate to a precise date from
today’s perspective, the chemist H. Staudinger is well-known as a polymer pioneer. His key
paper' in 1920 postulated the first polymerization processes and set the date for the 100-year
anniversary in 2020. Based on his chemical structure clarification and his method for deter-
mining the molecular weight of polymers, international research interest has aroused. In recog-
nition of his revolutionary achievements, Staudinger was awarded the Nobel Prize in chemistry
in 1953.2° But what makes plastics such special and important materials for our daily lives? Due
to its versatile synthesis possibilities and modifications, polymers are highly flexible and
adaptable materials that can be precisely tailored to different applications. Chemical variations
can cause quite different physical properties. Furthermore, synthetic plastics combine ad-
vantages over other materials. They are lighter than metals and ceramics, often cheaper and
are not mined underground. In everyday life, we find polymers primarily as packaging and dis-
posal materials (~40 % of total plastic volume in Europe 2018%, Figure 1.1, top), as components in
all conceivable means of transport, as coatings or even as synthetic clothing. Finally, polymers
are of great importance in medical technology, where they are required for the manufacture of
medical products, but also for example as direct component in dental technology.

People’s demands on their environment are constantly increasing. In addition to the com-
mercially known bulk polymers, such as polyethylene, Nylon or poly(ethylene terephthalate)
(PET), special high-performance polymers that are perfectly tailored to a specific area of appli-
cation are becoming more important (Figure 1.1, bottom). In contrast to standard thermoplastics,
the costs of high performance polymer increase the more specialized they are developed.®
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Figure 1.1. Top: Distribution of European (EU28-NO/CH) plastics converters de-
mand by segment in 2018, from left to right: Packaging, building & construction,
others (appliances, mechanical engineering, furniture, medical etc.), automotive,
electronic, sports, agriculture. Data were included.* Bottom: Data comparison of
the Europe (EU28+NO/CH) market segment of standard thermoplastics in com-
parison to high performance polymers in 2015 and distribution of European
(EU28+NO/CH).5

One step further leads to the so-called “smart polymers”, which respond to external influ-
ences such as changes in temperature- or pH-values.® Such smart polymers are highly versatile
and show tuneable properties for several applications. Among the different available stimuli,
the stimulus light has gained great interest in recent years, due to unique advantages, such as
its localized use.” Upon light irradiation, specific organic chromophores are able to change their
chemical or physical properties spontaneously. This concept is a multi-faceted and promising
field, which deserves a continued focus in the scientific community. For this reason, a recently
emerging chromophore class has been investigated in polymer science. The so-called do-
nor-acceptor Stenhouse adducts (DASAs) are characterized by impressive changeable proper-
ties and were therefore chosen as the focus of this study.



Chapter 2

Theoretical Background

The theoretical aspect of this study offers a basic comprehension of polymerization tech-
niques and the characteristics of temperature-responsive polymers in aqueous solutions. A
thorough understanding of the presented processes is necessary in order to fully grasp the fas-
cinating photoswitching phenomenon, which has an impact on the behavior of polymers in
this work. In addition, detailed explanations are provided on the individual chromophoric fea-
tures.

2.1 Polymerization techniques

This section of polymerization techniques describes synthetic methods to obtain polymers.
Nowadays, the possibilities for preparing polymers are highly versatile and form a powerful
tool, since the polymerizability of different monomers and the chemical/physical properties of
the desired polymer are given by the polymerization technique used. Therefore, synthetic
methods attract widespread interest in both academic research and industry.

Polymerization techniques can be divided into two basic types (Figure 2.1).2 The first one is
the chain polymerization, which is characterized by an active chain end that is extended by
one monomer unit at a time.® Consequently, the activity is continuously transferred to the last
bound monomer and is attributed to radical or ionic functionality.'®"? In addition, different co-
ordinative processes have been published based on the use of organometallic complexes dur-
ing the last few decades.’® To overcome some disadvantages of the conventional free-radical
polymerization, a number of key strategies belonging to the class of reversible deactivation
radical polymerizations (RDRP, by IUPAC))"**® were investigated. During the whole process, the
chain growth requires monomer presence in the reaction mixture to prevent it from coming to
an end."” In contrast to this, the second polymerization technique, called step polymerization,
proceeds stepwise without reactivity transfer and can take place between molecules, regard-
less of the degree of polymerization.”® This type of polymerization technique can either be car-
ried out with an elimination of low molecular weight compounds (polycondensation) or without
(polyaddition).’®

Overall, each process has its own merits and special characteristics, hence the choice of
polymerization depends on the nature of the monomer(s), ie, on the selected product with its
desired properties and acceptable reaction conditions. Individual processes are explained in
detail in the following sections.



_ 2 THEORETICAL BACKGROUND

Polymerization

Polyaddltlon
— Polycondensatlon -

Radical ) Coordlnatlve

N

Free-radical

RAFT**

Figure 2.1. Basic chart flow of the investigated polymerization techniques uti-

Ilized in research and industry. *Reversible deactivation radical polymerization
**Atom transfer radical polymerization ***Reversible addition fragmentation
(chain) transfer.

2.1.1 Conventional free-radical polymerization

Nowadays, polymers derived from chain polymerization account for more than 80% of the
total plastic consumption in our daily life.?® The majority of them based on radicals, which
makes free-radical polymerization the most commonly used reaction technique with respect
to bulk polymers.? It is mainly known for the conversion of unsaturated monomers, which in-
cludes mono- and disubstituted ethylene compounds.? One well-known example is poly(vinyl
chloride) (PVC), which is produced in an order of magnitude of around 60 million tons®? per year,
plays a crucial role as synthetic plastic in the world and is significant for the construction in-
dustry for the production of doors, windows and drinking water/wastewater pipes.?® For prod-
ucts, that require transparency, such as food packaging, polystyrene (PS) is an excellent
representative.? Moreover, its expanded form (EPS) is famous for being used as a material for
insulating buildings and as food container.?® Another well-known material is poly(methyl
methacrylate) (PMMA), also called Plexiglas®, which is a widely used material for several appli-
cations in sectors like transportation, electronic and health.??” And last but not least, ethylene
itself can also be polymerized via free-radical polymerization technique to yield polyethylene
(PE) that can be utilized as packaging materials or foils.?® In principle, radical polymerization
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has become a key component in global plastics production due to its various advantages. First,
the reaction shows a high acceptance regarding the number of polymerizable monomer struc-
tures and often results in polymers with high number-average molar masses after compara-
tively short reaction times. In addition, the reaction is tolerant towards solvents and conditions,
which, unlike other reaction techniques, makes syntheses easy to perform in terms of cost and
equipment. Finally, free-radically polymerizable monomers and consequently the resulting
polymers are often a type of thermoplastic material, that can easy be formed in melt and there-
fore offers many application possibilities.?

At a closer look, the commercial success of the conventional radical polymerization is di-
rectly related to the mechanism, that can be divided into three fundamental steps as follows:
Initiation, propagation and termination. Additionally, chain transfer is involved.!” Scheme 2.1
illustrates the reaction course utilizing a general vinyl monomer.

Initiation | — | E, hv 20
R = HorCH;

/—\/—\ | E -
—— ' ' I = nitiator
Examples

@ Propagation  monomer i CeHs, R= H
' (Polystyrene) ==

; CLR=H  CO,CHs R=CHj
. (PVC) (PMMA)
1

I .

'—, n “,

Ro R Tt '

I Scheme 2.1. Diagram of the fundamental reaction steps involved in the free-rad-
ical polymerization mechanism: Initiation, propagation and termination
through combination or disproportionation.

During initiation, the monomer is attacked by a radical formed previously for example via
homolytic bond cleavage. Hence, this initiator-monomer adduct forms the shortest propagation
radical and starts the chain growth.*® For this, the C=C-bonds of monomers are attacked by the
active species and radical functionality is transferred. The process is repeated and
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consequently many more monomers are successively added. At some point, this propagation is
terminated through electron saturation of the radical species by combination or disproportion-
ation. This general view can now be considered in more detail, as shown in Figure 2.2. Initiator
systems are the starting material, which usually decompose into two free-radical fragments by
energy absorption (e.g, thermal, redox or photo reaction influences).!” A well-known and prob-
ably most widely used thermal representative is 2,2'-azobis(2-methyl-propionitril) (AIBN)?, out-
lined in Figure 2.2a). Here, the decomposition and formation of cyanopropyl radicals takes place
through nitrogen elimination, the driving force for the process.!” Generally, radicals form a
group of organic species characterized by unpaired electrons. This energetically unfavorable
state gives radicals their typical unstable nature, which leads to an extremely high reactivity
and is expressed by a short lifetime.® To compensate for this state, radicals react preferentially
with functionalities that have a high electron density, such as C=C double bonds. Ideally, the
initiators should be relatively stable at room temperature but should rapidly decompose under

polymerization conditions. Thus, reactions initiated by AIBN ensure a practical reaction rate
OC.H'ZZ

due to its favorable decomposition during the synthesis performed at 50-80

YZ
-2
YH .
Ph— Y + PH
+nM

IFigure 2.2. Information board about aspects in the free-radical polymerization

technique includes a) initiator degradation of 2,2'-azobis(2-methylpropionitril)
(AIBN) though heating, b) stabilized radical forming by structure resonance and
c) possible pathways of chain transfer, with P,® (active radical chain), YH (mon-
omer, initiator, solvent or another polymer chain), Y* (radical recipient) and M
(monomer).
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After reaction with the initiator radical, the new radical functionality is favorable localized
at the most stabilized carbon atom.**"** This fact has an impact in two ways. First, radical
polymerization was preferred for monomers capable of stabilizing radicals by delocalization
(example PMMA in Figure 2.2b) or by inductive effects. Second, the radical position determines
the point of attachment for the propagation process. Due to stabilization, the type of monomer
arrangement usually results in the head-to-tail linkage, which means substituents alternate
along the polymer backbone.?’ In addition, Figure 2.2c summarizes the chain transfer reaction,
a mechanism accompanying the polymerization process and it describes the consequence of
transferring the radical function from the growing chain P:, to another species XY (e, mono-
mer, initiator, solvent or another polymer chain). While the P:, chain is terminated, the novel
radical bearing species Y can typically start a new propagation or lead to another dead polymer
chain YZ by combination with Z. It can be either another hydrogen atom or another species
with unpaired electrons. The actual radical transfer can occur for example through hydrogen
abstraction, which is respectively possible as intra- or interchain reaction.®*~*” Within intramo-
lecular processes, the hydrogen atom abstraction refers to backbiting, which manifests itself
in branched polymer chains. All in all, chain transfer reactions lead to a decrease in the length
of the growing polymer chain, 7 e, the degree of polymerization.”

In summary, free-radical polymerization offers multiple possibilities and forms a profitable
technology that has been of high economic importance for several decades. However, even this
powerful tool reaches its limits, namely through poor control of molecular weight distribution
and in preparing well-defined copolymer structures, e.g, block copolymers or polymers with a
given functionality sequence. In order to cope with these limitations, the RDRP has recently
generated considerable research interest.

2.1.2 Reversible-deactivation radical polymerization

Reversible-deactivation radical polymerization (RDRP) is a useful tool to synthesize poly-
mers that are characterized by adjusted molecular masses and narrow molecular weight distri-
butions in contrast to FRP.*® The main idea is the minimization of chain termination processes.
For this, the concentration of active radical species is kept low and consequently the probabil-
ity of termination though two active propagating chains is reduced. In practice, RDRP uses a
reversible activation/deactivation dynamic equilibrium within propagating polymer radicals
that are portioning between active and dormant states.***° Two basic strategies for establishing
equilibria have been discovered*, which are illustrated in Figure 2.3. First, free radical concen-
tration minimization originates from a reversible trapping mechanism with activation/deacti-
vation of the propagating radical including a species X (Figure 2.3a). For example, in the
nitroxide mediated-polymerization (NMP), reversible termination occurs through nitroxide
capping*?, while atom transfer radical polymerization (ATRP) is based on a catalyzed redox pro-

cess with a metal halide salt.®®

Both types have an equilibrium which strongly favors the
dormant state.** The second strategy provides control via a degenerative chain transfer mech-

anism, for example the reversible addition-fragmentation (chain) transfer (RAFT) outlined in
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Figure 2.3b and 2.3c. RAFT polymerizations include a chain transfer agents (RAFT-CTA) which
typically consist of a thiocarbonyl group like dithiobenzoates, trithiocarbonates or dithiocarba-
mates.*® All structures have a free-radical leaving group R (weak bond)*®, which is responsible
for a rapid equilibrium between propagating chains, giving all chains an equal chance to grow
and resulting in low dispersity.** After full monomer conversion, RDRP offers the possibility to
be continued upon addition of further monomer. Hence, by getting microstructure and end
group control, RDRP provides access to complex polymeric architectures, e.g, block copoly-

mers?8

, star polymers* or dendrimeric structures®®®. During the last two decades, especially
RAFT polymerization grew in popularity, due to a much broader range of functional monomers
as compared to living systems like anionic polymerization. Moreover, RAFT is significantly less
stringent towards reaction parameters, which enables the synthesis of a wide range of new

polymeric materials.52%

a) Activation/deactivation by reversible termination
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P, + O-N T‘_ P,—X X = NMP
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dead polymer NMP reaction
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Figure 2.3. Types of reversible-deactivation radical polymerization with a)
mechanism based on reversible termination/trapping (e.g, X = nitroxide/ halo-
gen) and b) mechanism based on degenerative chain transfer (e.g, RAFT
polymerization) and ¢) basic RAFT reaction including chain transfer agents
(CTA) and thiocarbonyl groups.
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2.1.3 Step polymerization

Step polymerizations are as old as synthetic macromolecules themselves. By synthesizing
one of the first real synthetic polymer through reaction of phenol and formaldehyde in 1907, L.
Baekeland started the history of intensive polymer use.* A few years later, Carothers formal-
ized the step polymerization as the technique that focuses on different functional groups to
form novel covalent bonds.!”® Today, the differences to chain polymerizations are mainly con-
sidered, and, in fact, the techniques are fundamentally dissimilar. While chain reaction activity
is located at some propagating chains, each monomer in step processes can react to build ex-
tended linkages, and usually no initiator system is required.'® Consequently, the mechanism
consists of simple dimer formation in the first stage, which might bind another monomer or
dimer in the next stage (Figure 2.4). Therefore, molecular weights increase steadily during the
reaction which leads to a high conversion requirement and long reaction times to obtain poly-
mer structures instead of oligomers. However, there are no terminations, and macromolecules
bearing various functionalities in the backbone can be easily established.*

¢ Starting polymerization
conditions

Polycarbonates Polyamides Polyesters Polyurethanes
H H
0.0 N 0) N_ O

Examples of characteristic units

Figure 2.4. Model of step-growth monomer conversion over time. Dimer for-
mations lead to monomer or dimer binding in the second stage, etc. Typically,
functional backbone groups of step-growth processes lead, e.g, to polyesters,
polyamides, polyurethanes and polycarbonates.
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Two basic types of monomers are commonly used for syntheses, which are illustrated in
Figure 2.5.° AB-type monomers consist of two different functional groups, A and B, which react
under polymerization conditions. For example, e-caprolactam undergoes ring opening by hy-
drolysis yielding e-aminocaproic acid, which serves as an AB-type monomer in the formation
of polycaprolactam (nylon 6). Nowadays, nylon 6 is a well-established construction material in
the industry.%®%" In contrast, AA-BB-type reactions require two different monomer structures
and a strict stoichiometrical equal molar ratio of 1:1. Probably the most famous example is the
polyester poly(ethylene terephthalate) (PET), which can be synthesized through polycondensa-
tion of terephthalic acid and ethylene glycol accompanied by water removal as depicted Figure
2.5.% Technically, PET batches are manufactured in three steps. These are accompanied by di-
verse metal catalysts. The intermediate bis(2-hydroxyethyl) terephthalate (BHET) is produced
through the transesterification of dimethyl terephthalate with ethylene glycol. Subsequently,
this is subjected to high temperatures to undergo polycondensation.®*®® In addition to linear
polymer chains, branched polymer networks can easily be created by using monomers with
three or more functional groups, resulting in a wide variety of thermosets.

AB-monomer type:

n(‘@:‘Tﬂ

A-B c n
AA-BB-monomer type:
A-A B-B

Cc n

' Example AB-monomer: :
: 0 5
‘ NH o) 0 E

210 \/\/\)J\ I
| HoN !
: n —— | n Hp oH/ ™ N :
: HIn
! g-caprolactam polycaprolactam

E Example AABB-monomer: '

: 0 o - (2n-1) H,0 Q 0 5
bon >—®—< +n Ho/\/OH OH E
! HO OH H—O o~

therephthalic acid ethylene glycol poly(ethylene terepthalate)

IFigure 2.5. Monomer types for linear thermoplastic syntheses via step polymer-
ization. A and B are functional groups before polymerization to form the covalent
bond C.
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In summary, step polymerization accounts for about 20% of worldwide plastics production
and is therefore an important part of the plastics industry.® In terms of reaction times and con-
ditions, it is inferior to the chain reaction. However, step-growth reaction owes its advantages
to many different monomer structures that can be used and to the associated tolerance toward
functional groups.

2.2 Post-polymerization modifications

In the previous sections, some of the best-known and most important polymerization tech-
niques were discussed. However, the synthesis of polymers, including side-chain functionali-
ties, well-defined architectures and defined compositions with specific properties, is still a
challenge. On the one hand, this is due to an incompatibility of the functional groups with the
required synthesis conditions, on the other hand, the occurrence of undesired side reactions is
known. The situation becomes even more difficult when low dispersities are desired. Although
various controlled polymerization mechanisms have been developed, the possibilities for di-
rect polymerization of monomers containing functional groups are still limited. To overcome
these limitations, post-polymerization modifications (also known as polymer-analogous reac-
tions) have been established in the polymer community and have attracted particular interest
in the last three decades.®?"%

The approach of post-polymerization modification is based on the polymerization of an in-
ert monomer type, whose side groups can be quantitatively converted into a broad range of
functionalities in a subsequent step. For this, reactions have come into the focus, which are
associated with the “click” chemistry introduced by Sharpless in 2001.%° Today, a number of
reactions, such as the Huisgen 1,3-dipolar cycloaddition®® or Michael-type additions®, are pop-
ular syntheses in the field of post-modifications. Independent of this, Ferruti et a/% and the
group of Ringsdorf® reported active ester monomers to offer a diverse library to generate poly-
mers with different side-functionalities in 1971. Such active esters have become a popular
method of post-modifications. The activated ester group can easily be cleaved by nucleophilic
amines to form stable amide bonds. Figure 2.6 shows a schematic illustration of the active ester
practice. Well-known monomers, such as N-hydroxysuccinimide (NHS) acrylate or pentafluor-
ophenol (PFP) acrylate or their corresponding methyl acrylates, were polymerized by FRP or a
controlled mechanism in order to be converted into poly(methyl)acrylamides.””""? Such reac-
tions allow access to complex structures under mild reaction conditions (room temperature),
and orthogonal functionalization with complete control of the molar ratios can be realized in
one-pot syntheses. Especially PFP offers advantages. In contrast to Huisgen reactions, no envi-
ronmentally harmful metal catalyst is needed, besides PFP-based polymers have a clearly
higher solubility in common solvents than NHS analogues. Another useful option is to monitor
complete reaction conversions (quantitative PFP exchange) via '°F NMR spectroscopy.”

11
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The mentioned advantages of active esters lead to their use as the means of choice in the

field of temperature- and/or light-responsive polymer preparation when sensitive units are in-
volved.

Post-polymerization
modification
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I Figure 2.6. Model of activated ester exchange by amine groups. Various activated
ester monomers are polymerized to form homogenous polymer precursor, which
ester groups are converted into amid bonds vzaamidation under mild conditions.
Amidations can happen using different functional amine compounds in one pot

synthesis to generate orthogonal systems. R denotes any other rest than a pro-
ton.
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2.3 Stimuli-responsive polymers

When polymers respond spontaneously in a perceptible way, e.g, by. shrinking, swelling or
color change, their behavior is frequently associated with so-called “stimuli-responsive” sys-
tems.” In this context, the polymer response is generated by external, controlled and abrupt
stimuli. Many research focus areas have been based on such “smart materials” in the last few
decades. Although the nature of such materials is not limited, especially macromolecules have
become a focal point of interest in many research publications.” This is due to their high func-
tionalization and modification possibilities by designed synthetic pathways. In addition, most
commercially available polymer compounds are cheaper than metals and ceramics.” The stim-
uli-responsive behavior can either be a consequence of the polymer structure itself or can be
generated by compounds, that bind to macromolecules.”

The changes in the polymer environment can be caused by various stimuli, which are clas-
sified into biological, physical and chemical impulses.”” The latter include changes in pH val-
ues, ionic strength and solvent, as well as redox-reaction initiations. Biological stimuli involve,
e.g, enzyme activities and receptor recognition. Responsive behavior after light irradiation,
electrical/magnetic/mechanical changes are the consequence of physical stimuli, moreover,
responsivity caused by temperature changes has been intensively studied. In general, polymer
systems can also be stimuli-responsive to one or more stimuli. Such multi-stimuli systems
show simultaneous responses to two or more stimuli.”

The noteworthy aspect is in the diversity of polymer systems, encompassing a wide range
of responsivity types and a multitude of stimuli. Temperature- and light-responsive structures
are particularly important since they have a wide range of uses and are compatible with living
organisms. Their advantages and applications are described below.

2.3.1 Temperature-responsive polymer solutions

When cooking, many people find that household salt dissolves better the warmer the water
is. In fact, many low molar mass compounds behave in a similar way. Surprisingly, several
aqueous polymer solutions show precipitation upon heating, which can be observed macro-
scopically by opacity. This fascinating phenomenon has been studied intensively over the past
decades. Nowadays, it is probably the most studied temperature-responsive behavior, also
known as lower critical solution temperature (LCST).” Most LCST behaviors occur in water or
water/solvent mixtures. Due to the relatively cheap, safe and biocompatible water properties,

8182 sensors/ label-

LCST plays a maijor role in several applications®, such as in drug delivery
ling® and hydrogels®. Regarding the phase diagram of the binary polymer/solvent mixture
(Figure 2.7a), the opacity is a result of the phase separation due to a miscibility gap. By defini-

tion, the LCST is the lowest point on such a binodal temperature vs. composition diagram 258
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Figure 2.7. Temperature vs. composition phase diagram of aqueous polymer so-
lution with a) LCST and b) UCST behavior. Reproduced with permission from
Elsevier Ltd, copyright: 2011.8¢

In practice, LCST behavior is based on altering hydrophobicity/hydrophilicity upon temper-
ature variation caused by different forces. First, polymers that consist of polar groups are able
to form hydrogen bonds with water molecules. Second, polymer chains consist of intramolec-
ular polar/non-polar interactions. Below LCST, hydrogen-bonds with water molecules form
preferentially. Consequently, polymer chains are present as hydrated coils (Figure 2.8) and the
miscibility is high, which leads to a one-phase system. In contrast, above LCST, these hydrogen
bonds to water molecules are strongly weakened, and intramolecular polymer interactions in-
crease. As a result, polymer coils collapse and aggregate in globule conformations.?"#®

From a thermodynamic point of view, LCST behavior is an entropy-driven effect, which is
explained in terms of the relation between the free Gibbs energy AGn of solvent/polymer mix-
tures, the enthalpy AH, and the entropy ASy®:

AGn=AHy ~TASn 2.1)

Below LCST, hydrogen-bonds between polymer chains and water molecules lead to the fa-
vorable free energy AGn < 0 for ideal miscibility. When the temperature is increased, Brownian
motion of small water molecules are much more affected and facilitated than sterically hin-
dered polymer chains. Due to the fact that hydrogen bonds are directional forces, polymer/wa-
ter interactions are weakened and water molecules are preferentially expelled from the
polymer structure. AS, decreases, thus AHy, values overcome the negative 7AS, term. The free
energy turns to the unfavorable state AG, > 0, and phase separation occurs.®**' It is worth noting
that LCST behavior is not a real phase separation. In fact, it is a two-phase system consisting of
a highly concentrated polymer phase and a water phase including a very low polymer concen-
tration. Furthermore, the LCST behavior is not limited to being present in aqueous solutions.
Also, solvent mixtures with other solvents have been reported.®

14
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Figure 2.8. Classical coil-to-globule transition and vice versa of polymer chains
in aqueous solutions. The strength of the hydrogen bonds is temperature-de-
pendent.

Besides LCST, so-called upper critical solution temperatures (UCST) have also been men-
tioned for numerous aqueous polymer systems in recent decades. This behavior exhibits rapid
miscibility with increasing temperature (Figure 2.7b). The scientific interest has been aroused
in particular, since non-ionic polymer systems have been reported that may be applicable in
the field of biocompatible technologies.® It is noteworthy that the UCST/LCST behavior can be
found in a polymer system that is characterized by loop-shaped miscibility gaps. As a promi-
nent example, poly(ethylene oxide) (PEO), shows LCST behavior at 107 °C*3, while miscibility
caused by UCST is detected at 232 °C*® in a closed system. However, only a few polymers are
known that exhibit UCST between 0-100 °C. One such non-ionic is the homogeneous poly(/NV-
acryloyl glycinamide) (PNAGA), the UCST behavior of which was intensively investigated by

Agarwal and coworkers.**%

On the LCST side, poly(MN-isopropylacrylamid) (PNIPAM) is probably the most studied rep-
resentative, which was reported in 1956.° The LCST value of 32 °C%" close to body temperature
made PNIPAM an outstanding polymer system for application research in the medical field. In
this context, it should be noted, that the name LCST is not used consistently in the literature.
As mentioned before, the LCST defines the lowest point in binodal temperature-composition
curves. However, the LCST is frequently quoted independently of composition values, and
“cloud point” is probably the more appropriate term.® For consistency with original publica-
tions, the two terms will be used throughout this thesis.
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Figure 2.9. Structure examples of temperature-responsive polymer systems, in-
cluding UCST behavior (top) and LCST behavior (bottom). The UCST and LCST (in
water) values shown in this figure pertain to the measurement conditions, such
as number-average molar mass and polymer concentration.?®97-10!

Regarding the scope of temperature-responsive systems, values can be dramatically af-
fected by, e.g, copolymerizations. Thus, an increase in the LCST is obtained as a function of the
influence of the hydrophilic comonomer. The trend is opposite when hydrophobic groups are
incorporated. Ionic structures also show a remarkable influence. However, the UCST is much
more affected, especially when salts are involved. Overall, the temperature-responsive behav-
iors are significantly influenced by the polymer concentrations, the type of solvent mixtures
and the molecular masses, dispersities and salt impurities/additions.’

2.3.1.1 Turbidimetry

In polymer science, several methods have been developed for determining LCST and UCST
values. One involves observing the cloud point. This is the temperature below which a clear
solution separates into a liquid-liquid phase to form an emulsion or suspension. Macroscopi-
cally, this means that a precipitate or turbidity is visible, which can be easily measured. The
cloud points themselves can be obtained via turbidimetry.®*1®® This technique has been estab-
lished to determine the critical solution temperature by tracking the intensity loss of transmit-
ted light. For this purpose, a light beam with a defined wavelength passes through a
polymer/solvent solution. The transmittance intensity ras the ratio of 4 (intensity before pass-
ing) and 7 (intensity after passing) is determined while the sample is heating. Then, this raw
data can be plotted as transmittance vs. temperature function, which is shown schematically
in Figure 2.10. Below LCST, the solvent/polymer mixture appears completely transparent, hence
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the transmittance is close to 100%. As the temperature increases, the hydrated polymer coils
collapse, globules are formed resulting in a phase separation and hence a turbity is observed.
The transmittance decreases sharply to a minimum. In most cases, it is suggested to determine
the cloud point temperature at 50% transmittance. In general, cloud point measurements de-
pend on various parameters, including polymer concentration, stirring, cuvette type and wave-
length of the incident light. The latter was found to influence the turbidimetry results only
slightly.85'1°4'1°5
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Figure 2.10. Example of transmission vs. temperature curve for a polymer solu-
tion that exhibits an LCST behavior.

2.3.2 Light-responsive polymers

From the physicist's point of view, light is a complex, fascinating phenomenon that can be
described as an electromagnetic wave or as a particle. From the perspective of a plant,
however, light is simply a powerful source of energy that is responsible for biochemical
life processes, such as photosynthesis. Based on the role of light in nature, it can also be
found as information carrier, e.g. phototaxis or phototropism.!® With the intention of de-
veloping intelligent polymer materials that change properties spontaneously, polymer sci-
entists were very interested in mimicking such natural systems. For this reason, from the
1980s onwards, there was a special activity in the research of light-sensitive polymers.
Nowadays, those light-induced characteristic changes play a major role in polymeric so-
lutions!971%8 micelles!®® and core-shell particles®. Furthermore, light responsivity has at-
tracted attention within the areas of photonics/telecommunications (optical data
storage'') or biotechnology (drug delivery'>!%, cell labeling4). Also hydrogel networks!'s

and films"® have been modified using light-responsive groups. The comprehensive
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investigation of such materials is based on easy accessibility of light as stimulus, which is
easy to control in space and time, can be applied quickly, can be controlled outside of the
system, can be adjusted in intensity and is inexpensive compared to special chemicals
that act as catalysts and various more.0”11"106117 In general, light-responsive behavior in
polymers is achieved by incorporation of photochromic compounds into polymers. For
this, various topological configurations, e.g., as side groups, as crosslinkers or as backbone
units, are possible.!’® Chromophores can cause different reversible/irreversible effects af-
ter light irradiation, which can be subdivided into four main classes:

1. Dimerization: A single photo-excited molecule undergoes a reaction with a sec-
ond molecule of identical chemical composition but in a non-excited state, re-
sulting in the formation of new covalent bonds (e.g, anthracene dimerization®).

2. Conjugation: A single photo-excited molecule undergoes a reaction with a second
molecule of another chemical composition but in a non-excited state, resulting
in the formation of new covalent bonds (e.g, Diels-Alder reaction'?).

3. Photocleavage: Light induces a controllable cleavage within the absorbing mole-
cule (e.g, o-nitrobenzyl-based photolabile protecting groups'?).

4. Isomerization: Light induces a (reversible) conjugation variation to tranfser one
molecule to its isomer. This can be observed macroscopically by, e.g,, a change in

color, shape or solubility.'*

Dimerization and conjugation are useful tools for in situpreparation/modification of cross-
linking hydrogels. Various chromophores have been published, of which coumarin and cin-
namic acid derivatives are most commonly used.’?® In general, this process is a reversible
method, which allows further reversible network formation or cleavage. In the opposite case, o-
nitrobenzyl groups are widely used, when photo lability is required. This group is popular be-

cause of its easy handling and controllable polymer chain cleavage.'?*!%

Isomerization, in particular, has raised great interest in the scientific community. Here, az-
obenzene is probably the most studied representative. This chromophore is converted from the
trans to the cis configuration upon UV light and vice versa upon light irradiation.’® Notewor-
thily, the polarity is changed from non-polar to polar. Structurally, the increase in polarity is
due an increase in the dipole moment from 0 (trans) to 3 (cis) Debye.'*” Spiropyran (SP) also
undergoes a change in polarity from 14-18 Debye to 14-18 Debye!?® when converted to merocya-
nine (MC), but this responsivity is additionally accompanied by a change in color from colorless
to highly colored.!® Based on these properties, both chromophores have been intensively in-
vestigated in recent years. In order to achieve further progress in the field of smart materials,
individual research groups have adopted a new class of chromophores, namely donor-acccep-
tor Stenhouse adducts (DASA).**° These colorful dyes exhibit color-, polarity-, and conformation
changes upon light irradiation. DASAs, thus, promise interesting multi-responsive polymer
systems. The chemical structures of the mentioned photochromophores and the light influence
of light on them are explained in Section 2.3.3.
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After a separate discussion of temperature and light sensitivity, some examples of stimuli
combinations are described in the following. Such systems are known as dual/multi-respon-
sive polymers. In general, dual responsivity can consist of any kind of stimuli. However, tem-
perature- and light-responsive polymers have gained special interest.

2.3.3 Photochromic organic compounds

Photochromic organic compounds undergo photochemical transformations through light
absorption, as explained in Section 2.3.2. Due to the application of an external input energy, a
specific property (e.g., pKa, color, polarity) can be changed. The photochromism is a powerful
phenomenon. Hence, there is a high motivation for designing innovative materials consisting
of such smart photochromic compounds. In general, photochromic reactions are reversible and
unimolecular.’ The reversible process occurs between a thermodynamically stable state A and
state B (Scheme 2.2), which can be reconverted to A by thermal or photochemical influence.
Depending on the thermal stability, there are two classes for photochromism, which are called
T- and P-type. The T-type is converted thermally induced and occurs when B is a metastable
state. In the opposite case, the P-type is converted under light absorption, hence via photons.
Each switching process requires light of specific wavelengths, due to the characteristic absorp-
tion spectra of the compound.!327134135

Eq Ei=hv
A =—— B 1 1
EzOI'A E2=hV2

Scheme 2.2. Example of photochromism including reversible conversion from
state A to B and vice versa. State A and state B show different absorption spectra.

Therefore, it is important to note that light-induced reversible conversion happens through
different wavelengths (4, 12).*® The list of interesting photoactive compounds has become
longer as their role in polymer chemistry has increased. Azobenzene is probably the most stud-
ied chromophoric unit that has been successfully established in several responsive polymer
systems, due to light-induced polarity changes.”®” A new class of responsive dyes has caught
the interest of the polymer community since they have been discoverted in 2014. So called Do-
nor-Acceptor Stenhouse adducts are brightly colored compounds that show isomerization
upon irradition with light. Distinguishing itself from other azobenzene derivatives, the DASA
photochromism is induced by visible light exposure, which is less energetic and thereby makes
it suitable for biocompatible applications. As a result of their capacity to be synthesized in a
controlled manner, DASAs have garnered a great deal of interest in the field of polymer re-
search. The discussion in Section 2.3.3.2 provides a more in-depth understanding of the struc-
tural nature of DASA compounds as well as the potential uses of these interesting dyes.
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2.3.3.1 Azobenzenes

Azobenzene is the structurally simplest aryl azo compound, which consists of an N=N dou-
ble bond and was first prepared almost 200 years ago by Mitscherlich.® In general, this type of
compound absorbs light and is well-known as a classical dye. However, azobenzene itself ex-
hibits a fascinating photoisomerization process from fransto cisconfiguration under UV-light
(Scheme 2.3). In general, the frans-isomer is by ~50 kcal mol ! more thermally stable. Under UV-
light irradiation, the structure switches to the higher energy cis state. Through thermal relaxa-
tion in the dark or under visible light irradiation, the trans-state is reached again.*®**°

1.0 nm
uv N=N
(380 nm)
Vis or A
=0 Debye u# =3 Debye
trans-azobenzene cis-azobenzene

Scheme 2.3. UV-light-induced isomerization from trans- to cis-azobenzene and
its light or thermal induced inversion.

The photoisomerization is accompanied by a dipole moment increase from 0 Debye to 3
Debye (trans to cis) as a result of geometrical modification. Consequently, the polarity is in-
creased. While this photoisomerization happens within picoseconds, the reversal process usu-
ally takes several hours. Overall, the absorption wavelength for photoisomerization strongly
depends on the substitution of the compound and its position. For the unsubstituted azoben-
zene, the wavelength for mn — n* belonging to the trans azobenzene appears at 380 nm, however
the cis-isomer shows a strong absorption at 440 nm for the n — n* transition.'’

Derivatives of zobenzene have progressed from basic dyes to complex compounds with

light-dependent properties that can be utilized to manipulate a wide range of materials, includ-

141 142 143

ing e.g, biomacromolecules'*, polymers'** and metal-organic frameworks
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2.3.3.2 Donor-Acceptor Stenhouse Adducts (DASAs)

Based on previous works of J. Stenhouse, Read de Alaniz and coworkers presented the first
generation of a highly versatile and new class of organic photochromic compounds and imple-
mented the name donor-acceptor Stenhouse adduct (DASA) in 2014.)*° These photoswitches
undergo a reversible transformation within two states, which have completely different photo-
chemical and photophysical properties. Up to this point, three generations of DASAs have been
identified.!** Scheme 2.4a shows the general structures of DASAs before (A) and after (B) irradi-
ation. DASA state A is strongly colored and consists of a conjugated triene system, which forms
abridge between an acceptor and donor part on opposite sides (push-pull system).'®* The DASA
structure and typical building blocks are outlined in Scheme 2.4b. The acceptor generally con-
sists of cyclic S-carbonyl acids (1% and 2" generation) and offer optical tuning by varying the
structure (e.g, Meldrum's acid or 1,3- barbituric acid derivatives). The 3" generation is based on
heterocycles, e.g., pyrazolone.'* The donor simply consists of secondary aliphatic (1 genera-
tion) or secondary aromatic (2" generation) amines. Photoswitching of state A leads to the col-
orless cyclopentenone DASA salt. This process is further accompanied by 50% loss of volume
contraction as a consequence of triene removal.4%*4"
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Scheme 2.4. a) Photoswitching process of DASA through visible and NIR light b)
DASA structure building blocks c) General synthetic route, including fufural and
various acceptor/donor compounds.
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The predominant DASA synthetic pathway employes fufural as the starting material
(Scheme 2.4c). After treatment with un-/modified acceptor groups, various activated furan pre-
cursors can be prepared through Knoevenagel condensation (Scheme 2.4b).!*° In the second
step, the furan core is subsequently opened through nucleophilic secondary amines. The sup-
posed mechanism occurs through a series of rearrangements and is quite similar to (aza-)Pi-
ancatelli reactions. Medrum'’s acid and 1,3-barbituric acid derivatives have proven to be suitable
acceptors, while nitrogen-based nucleophiles are strong enough for ring opening initiation in
contrast to oxygen and sulfur.'*”~*° The 1% generation consists of dialkylamine donors, while
syntheses of the second generation of DASA compounds employ N-alkyl anilines.’*® It is worth
noting that N-alkyl anilines produce DASAs without zwitterionic character, due to the absence
of ammonium formation. Furthermore, the usage of primary amines generally results in unsta-
ble salts.”*

Upon visible light stimulation, the first DASA generation shows impressive property
changes, namely negative photochromic behavior, a polarity change and volume contraction.
Therefore, DASA represents an ideal candidate in the field of stimuli-responsive polymer ap-
plications. Additionally, DASAs promise to be an interesting alternative because, unlike most
other chromophores, their light absorption is in the biocompatible range of visible light and
NIR. Each DASA UV-spectrum exhibits a very strong absorption between 450-700 nm, which
corresponds to the m-m* transition in the triene structure (Figure 2.11, 1A, highlighted in

green).**’
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Figure 2.11. Absorption spectra of DASA 1A before irradiation with visible light
and after 1B. Reproduced with permission from the Royal Society of Chemistry,
copyright 2017.147

This push-pull conjugated electron system is responsible for the strong coloring of the DA-
SAs®® In the case of structure 1A, the aqueous DASA solution appears in red. After
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photoswitching and triene bond breaking, the visible light absorption bond completely disap-
pears and absorption in the range of 265 nm can be recognized, which is attributed to the acti-
vated dicarbonyl structure in the acceptor (Figure 2.11, 1B, highlighted in red)."*" In general, the
maximum absorption values of DASAs can be tuned by variation of the acceptor. For example:
1,3-barbituric acid acceptors permit bathochromic shifts of approximately 35 nm as compared
to Meldrum's acid acceptors. In contrast, 1°* generations amine donor groups have almost no
shifting influence.’*

The mechanism of the photoreaction of DASAs has not been finally clarified. However,
mechanistic hypotheses have been published based on NMR-, UV-vis steady state spectros-
copy, ultrafast time-resolved UV-vis and mid-IR spectroscopy. Based to the theory, the mech-
anism is thought to follow a complicated multistage pathway. Accordingly, the
photoisomerization can be divided into a visible light-driven part (so called actinic step'™) and
in a series of thermally-driven follow-up reactions. In particular, it was discovered that pho-
toisomerization only occurs in the presence of the C,-hydroxy group (Figure 2.12).!2 Other het-
eroatoms are theoretically also feasible. In 2024, C. Reyes et al demonstrated the utilization of
an amino group and examined the impact of this backbone atom on the photoswitching.!*’
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Figure 2.12. Proposed mechanism of the DASA switching (1%t and 2™ generation)
induced though visible light.1”

According to the proposed mechanism, the thermodynamically most stable isomer A
(EEZZ) undergoes photoizomerization along the C,-C; position with the hydroxyl group (green
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bond), which leads to a favorable isomerization of this double bond and forms isomer A’ (EEEZ).
While compound A’ was detected via time-resolved UV-vis measurements, A” (EZEZ) and B
could not be observed so far. The intermediate A’ is supposed to be mestable and is generated
within picoseconds. The ring formation is assumed to be a consequence of conrotatory 4mn-elec-
trocyclization, followed by proton transfer to yield the colorless DASA salts. However, the pro-

ton role has not yet been clarified either.s3'*

The switching behavior of the DASA compound is strongly influenced by the solvent nature
and the dimensions of the side chains modifications with respect to acceptor and donor groups.
For first-generation DASAs, Read de Alaniz and coworkers have impressively illustrated the
solvent dependency through phase transfer experiments (Figure 2.13). Therefore, DASA solu-
tions based on Meldrum's acid acceptors and different donor alkyl lengths were tested to trans-
fer from toluene to water and finally to dichloromethane. The example shows that protonic
solvents promote DASA salt formation, while the thermal conversion to elongated trienes is
carried out in halogenated solvents. In fact, colored compounds cannot be recovered in protic

solvents and the latter also promote switching in the dark without light. Moreover, only aro-
130

matic environments allow for a reversible switching.

N
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light separation
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% Transfer
to aqueous
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di-n-butyl 99 di-n-butyl
di-n-octyl 0 di-n-octyl

IFigure 2.13. Phase transfer process of Meldrum's acid-based DASA first-genera-

tion. Polar solvents stabilize DASA salt formation, whereas thermal conversion
requires aromatic or halogenated solvents. Reproduced with permisson from the
American Chemical Soviety, copyright 2014.1%°

The publication of novel DASA compounds by Read de Alaniz laid the foundation for highly
interesting applications in which DASAs prove their versatility and flexibility. Thus, DASAs
were, for example, designed for the rapid and selective calorimetric detection of nerve agent
mimics'® and as highly sensitive sensors for the detection of amines'®. Furthermore, DASAs
have been successfully integrated into polymer science applications. For example, a cross-
linked polyurethane elastomer with modified DASAs for local temperature analysis was incu-
bated with thermochromic molecular sensor technology.’’

A further example is the successful synthesis of acryl and methacryl polymers bearing 3-4
mol% of a DASA compound, published by the groups of Boeasel and Read de Alaniz in 2017 (Fig-
ure 2.14).% Their approach involved using pentafluorophenyl ester chemistry to incorporate
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different quantities of DASA side groups into the polymer structure. Hence, an amine precursor
was treaten with activated furans to produce the DASA side group. The authors demonstrated
the effective reversible photoswitching of the first and second DASA generation by exposing
the spin-coated film to white lightirradiation. In addition, the study examined the impact of the
polymer glass transition temperature on switching kinetics, revealing a significant accelera-
tion in the transition from a glassy to a rubbery matrix.!®
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Figure 2.14. The general synthesis of DASA polymer conjugates a) published by

IAlaniz and coworkers and b) their prepared thin films before and after irradia-
tion with visible light and thermal conversion. Reproduced with permission
from the American Chemical Society, 2017.1%

2.3.4 Dual light- and temperature-responsive polymers

Reports have been published of several applications using either temperature or light as
stimulus. In the next step, dual responsive systems were developed in which both stimuli are
combined. Such systems have attracted considerable interest for the preparation of biomedical
applications. This results from the fact, that some important thermo-responsive polymers (e.g.,
PNIPAM, PDMHEMA) that exhibit LCST/UCST behavior, are water-soluble and biocompatible.
In addition, their cloud points are in the range of human body temperature, which makes them
suitable for use as drug-carriers. To generate even more powerful tools, such systems can be
further modulated by light-responsive chromophore units which lead to cloud point shifts after
light irradiation. Well-known dual thermo- and light-responsive polymers consist of
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azobenzenes as chromophores. The first successful report was published in 1987 by
Kungwatchakun and Irie, who used a copolymer of NIPAAm and N-(4-phenylazophenyl)-acryla-
mide to study the effect of photoisomerization on LCST values.”®® The general idea of such aque-
ous polymer systems is explained in Figure 2.15. First, the LCST of the considered copolymer is
measured (black curve). The azobenzene derivative is in state A, which means the non-polar
trans configuration. In the next step, the sample is irradiated with UV-light. As a result, the
azobenzene state A is converted into the cisisomer state B. Due to the change from non-polar
to polar, the phase separation now takes place.

As mentioned in Section 2.3.1, the LCST values depend on a balance between the formation
of hydrogen bonds formation and the intermolecular hydrophobic forces of the polymer to pre-
cipitate.

State A shift State B

SAR®

Transmittance (%)
NS
2

a Tb

Temperature (°C)

Figure 2.15: Schematic illustration of the light-responsive chromophore effect on
the LCST values before (7;) and after irradiation (73).

By introducing a higher polarity, the tendency towards the formation of hydrogen bonds is
higher. Consequently, the polymer solubility increases and the LCST is shifted from T, to T;
(blue curve). Overall, the gap between the irradiated and the non-irradiated state can be calcu-
lated as the ALCST value.

In the case of Kungwatchakun and Irie, after irradiation with UV-light and a 2.7 mol% azo-
benzene compound in the copolymer, they showed a temperature shift from 21.0 to 26.0 °C. They
further postulated that 2.7 mol% was the best ratio that most affected the cloud point.!*° Shortly
before reaching the LCST, such systems are in an unstable state, which leads to a dramatic
effect on the properties in that only a few photons are absorbed. This dramatic effect becomes
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even clearer if one considers a publication by Menzel and coworkers from 1992. They reported
an impressive LCST shift up to 20 °C for 7.3 mol% azobenzene groups in a temperature-respon-
sive polymer based on N,N-dimethylacrylamide.' While their system was synthesized by di-
rect free radical polymerization of N,N-dimethylacrylamide and 4-phenylazophenyl acrylate,
Jochum and Theato investigated an excellent tool for preparing dual temperature- and light-

responsive copolymers in 2009 by using the activated ester chemistry. 762

By using PPFPA (Figure 2.16), they demonstrated the high applicability of such a synthesis
route. This resulted in several temperature-responsive polymers containing different amounts

of azobenzene side-groups. 7> ¢2
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Figure 2.16. Schematic model of the use of polymer-analogous reactions to pro-
duce functional polymers. The treatment of PPFPA with an azobenzene amine
precursor and isopropylamine for the preparation of dual temperature- and
light-responsive copolymers as utilized by Jochum et al. 152

As mentioned before in Section 2.2, especially PFP-based post-polymerization modifica-
tions exhibit particular advantages. In contrast to Menzel, all polymer samples consist of the
same dispersity, due to a polymer precursor which is used as the starting material for a series
of azobenzene contents. By examining the light-controlling effect of azobenzene, they found a
maximum temperature shift of 7 °C, attributed to poly(N,N-dimethylacrylamide) containing
8.5 mol% of azobenzene groups.'®?

Furthermore, Jochum and Theato published a report on the preparation of dual tempera-
ture- and light-responsive copolymers by double polymer-analogous reaction using PPFPA as
polymer precursor. Here, salicylidene aniline was incorporated as a side-group and light-re-
sponsive chromophore. The highest temperature shift was observed for copolymers based on
poly(N-cyclopropyl-acrylamide) with 15.0 mol% salicylidene aniline. This system allows a max-
imum cloud point difference of 13 °C upon irradiation, which also clearly shows the efficient
control of temperature-responsive polymers by light.!*®
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In addition to the LCST values, also the UCST behavior is tunable upon irradiation of an
incorporated light-responsive group. However, the direction of UCST shifts is opposite to that
of LCST. Higher polarities as consequence of chromophore switching increase the polymer sol-
ubility, hence the UCST values decrease. The classical LCST polymer PNIPAM shows an im-
pressive UCST shift from 50.9 °C to 7.9 °C in an ionic liquid of 1-ethyl-3-methylimidazolium
bis(trifluoromethane sulfone)amide. Therefore, Ueki and coworkers prepared random p(Az-
oMA-co-NIPAM) copolymers containing different azobenzene groups. The maximum shift is
noted for 30 mol% azobenzene (Figure 2.17)."* Consequently, the example demonstrated the
high influence of ionic liquids, in which the UCST is influenced before the irradiation (poorer
solubility as compared to pure NIPAM) and during the irradiation due to the better solubility of
cis-azobenzene in ionic environments.
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Figure 2.17. Light-controlled UCST shifts of P(AzoMA-co-NIPAM) as a function
of azobenzene group content. All samples were measured in an ionic liquid of 1-
ethyl-3-methylimidazolium bis(trifluoromethane sulfone)amide. Reproduced
with permission from American Chemical Society, copyright 2011.164

Temperature responsivity control through light can further be influenced by solvent com-
positions. Zhang and Theato prepared a series of PMMA copolymers containing 6-8% azoben-
zene side groups andalso 6-8% isopropylamine or ethanolamine. All samples were measured in
ethanol/water mixtures containing 60 to 100% ethanol. The group found a linear correlation of
increasing AUCST values and increasing water content in the solvent mixture with an maxi-
mum shift of 6 °C, resulting from 6% azobenzene and 6% ethanolamine as polymer side-
groups.'®®

Overall, the light-controlled phase separation is a powerful tool, which has attracted con-
siderable interest. Especially in the field of biocompatible materials, smart dual responsive pol-
ymers offer the possibility for future successful inventions. All the systems mentioned are
summarized in Table 2.1 to give an overview.
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Table 2.1. List of mentioned ALCST/UCST shifts due to dual temperature- and light responsive poly-
mer systems.

T - . A f
emperature- ; jht-respon- moumtol - \ICST  AUCST
responsive pol- . . solvent chromophore o o Ref.
. sive unit o (°C) (°C)
ymer matrix (mol%)
*ih, Azobenzene
0P NH derivative water 2.7 5 - 160
N A
I~ Azobenzene
L derivative water 7.3 20 - 1ol
(¢] N
\ B
~r Azobenzene
. derivative water 85 7 - 162
(¢] N
\ C
A, Salicylidene
07 NH aniline water 15 13 - 163
D
! Azobenzene Ionic li-
derivative 30 - 40 lo4

B quid

A
*f Azobenzene  ethanol/
o
\

derivate water 6 - 6 165
c (60:40)
A B Cc D

In addition to chromophore structures, dispersities and, in particular, the type of tempera-
ture-responsive compounds, the range of shift values is influenced by solvent compositions
and chemical environments.

The present work focuses on the subject of tuning thermo-responsive polymers by the use
of non-thermal radiation. Hence, the subsequent chapters elucidate the motivation and out-
comes of the actual work, while also examining the impact of light-switchability. DASA

29



_ 2 THEORETICAL BACKGROUND

compounds are the primary subject of investigation as light-switchable chromophores. In an
extended synthesis, an azobenzene derivative was also employed.
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Chapter 3

Motivation

Stimuli-responsive polymers, sometimes also referred to as “smart” polymers, have
garnered great attention as they are able to change their physical or chemical properties
spontaneously in response to external stimuli (e.g, light, temperature). Usually, slight changes
in the environment are sufficient to trigger significant modifications in the characteristics of
the polymeric material. In light of this context, polymeric materials that respond to several
external stimuli at once present substantial opportunities for applications in the future. Hence,
the fundamental concept of this study focuses on examining thermo-responsive polymer
systems that also possess light-switching chromophores, enabling them to respond to both
temperature and light stimuli. An ideal chromophoric group for this purpose is known as the
donor-acceptor Stenhouse adduct (DASA). These DASA dyes undergo isomerization when
stimulated by visible light. Their photoswitching not only results in a remarkable transition
from a highly colored state to a colorless state but also involves a chemical change from being
hydrophobic to becoming hydrophilic (Figure 3.1).
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I Figure 3.1. Schematic overview of thermo- and light-responsive copolymers with

donor—acceptor Stenhouse adducts as chromophoric side groups. The copoly-
mers showed a tunable LCST or UCST behavior (based on the main monomer
system), depending on the DASA content and irradiation conditions.
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The local increase in polarity caused by light is able to shift the phase-transition tempera-
tures of the overall polymer. Thus, the objective of this work is the preparation of various tem-
perature- and light-responsive copolymers that consist of statistically arranged DASA side
groups. In order to successfully impact the behavior of phase transition, this thesis investigates
materials with the following properties:

The copolymers should either demonstrate an upper critical solution temperature (UCST)
or a lower critical solution temperature (LCST) in aqueous solutions, which can be measured
prior to and after exposure to visible light. This enables the determination of the AUCST/ALCST
values, allowing for conclusions to be generated on the specific influence of the chromophore
in the polymer system. The isomerization of the chromophore should result in a maximum dif-
ference between the phase transition temperatures of the non-irradiated and the irradiated
species. Therefore, the synthetic protocol should provide access to systematic copolymer li-
braries containing varying amounts of incorporated DASA side groups, allowing for comparison
of DASA content across a certain temperature range. The polymer and phase transition condi-
tions should be chosen so that the DASA structure's isomerization is only affected by light of a
specific wavelength and not by other physical or chemical stimuli, such as temperature. Inves-
tigating these polymers is a challenge, as it is necessary to demonstrate the stability of the
DASA structure in the presence of aqueous solutions. Given the expected preference for stabi-
lization in polymers with a high molar mass, it is necessary to employ polymerization tech-
niques that fulfill this criterion, e.g, free-radical polymerization. Under the specified
conditions, PMMA-based (poly(methyl methacrylate)) polymers that undergo phase transitions
in ethanol-water mixtures are appropriate for conducting UCST investigations. These solvent
mixtures offer the potential to stabilize the DASA chromophore. LCST studies, on the other
hand, might benefit from the use of PNIPAM (poly(N-isopropylacrylamide)) copolymers due to
their phase transition occurring near human body temperature. This implies that there is no
need to heat the polymer solution to a high temperature, resulting in reduced stress on the
DASA structure.

Once having analyzed the properties of thermo- and lightresponsive copolymers consisting
of DASA side groups, an expansion of the current study would involve the incorporation of a
second chromophoric unit. Given that previous research on non-polymeric systems has
demonstrated the independent, e, orthogonal, switching potential of azobenzenes with DASA,
this chromophoric group is highly appropriate. When integrated into a polymeric system with
a LCST like PDEA (poly(N,N-diethylacrylaminde)), the chromophores ideally demonstrate inde-
pendent switching behavior at distinct wavelengths. The resulting isomerization of each chro-
mophore should lead to a change in polarity, which can be verified by measuring the shifted
phase transition temperatures.
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Chapter 4

Results and Discussion

Due to their multifunctional responsiveness, DASA promised highly interesting application
possibilities. Their light-responsive nature with an external on-demand control over the
change in polarity was particularly attractive in combination with materials that display
LCST/UCST behavior. Here, the characteristics of Stenhouse adducts were perfectly suited to
provide influences of polymers on their cloud point. Consequently, the first decision entailed
the selection of a temperature-responsive polymer matrix, which was then accompanied by the
implementation of a comprehensive synthesis technique that integrates DASA onto the
polymer's side chains. The detailed results are presented in the following three sections, which
differ in terms of polymer matrix and stimuli response. The description begins with an inten-
sive study of PMMA-DASA-polymer conjugates and their UCST behavior, which lays the foun-
dation for the second part. By adapting the procedure of PMMA for PNIPAM and PDEA, the focus
was then on investigations of the widely known LCST phenomenon. The third part summarizes
the results of orthogonal photo-isomerization systems, where the polymer side groups carried
two different chromophoric units. All projects have one thing in common: The significance of
the light-induced switchable DASA system, which produced drastic changes in the polymer
properties and thus had a lasting influence on the temperature-responsive behavior and even
made it controllable.

Figure 4.1a represents the general synthetic pathway. Notably, it was based on investiga-
tions by Ulrich et a/'® The group successfully prepared polymer conjugates consisting of max.
4% DASA and made use of amidation as described in more detail in Section 2.3.3. The prepara-
tion described in this work involved two sequential post-polymerization modifications in
which, first, PFP ester groups were substituted by N-ethylethylendiamine (EEDA) as an amine
linker and, secondly, DASA formation was achieved by treatment with an activated furan pre-
cursor. The employed methodology offered favorable reaction conditions and facilitated effec-
tive regulation of the desirable mole ratios of DASA attached to the polymer chains. This work
primarily aimed to investigate the furan precursor of Meldrum's acid and the 1,3-disubstituted
barbituric acid in order to obtain the appropriate colored Stenhouse structures (Figure 4.1b).
The research conducted by Ulrich and colleagues concentrated mainly on investigating the im-
pact of various modifications of DASA on glass transitions, particularly in relation to the second
generation of DASA. However, the present study aimed to examine the changes in cloud point
temperatures upon light irradiation. This study exclusively concentrated on 1°* generation Sten-
house adducts due to their capability to undergo zwitterionic production upon absorption of
visible light, as changes in polarity were crucial for inducing cloud point alterations (Figure
4.1c)
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For the purpose to acquire a comprehensive understanding of the impact of DASA on cloud
points, the objective was to generate polymer conjugates containing a DASA concentration ex-
ceeding 4 mol%. Hence, the main challenge addressed was the successful synthesis of a copol-
ymer library with a range of 2 to 12 mol% DASA moiety content. In order to prevent the
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concurrent formation of the colorless cyclopentenone, it was imperative to conduct preparatory
procedures and analyses under conditions devoid of illumination.

4.1 Poly(methyl methacrylate)-DASA conjugates

Poly(methyl methacrylate) (PMMA) is one of the well-known synthetic polymers,
discovered in the early 1930s by Rowald Hill and John Crawford.'®® The first application followed
1933, when Otto Rohm recognized PMMA as interesting safety glass. Nowadays, the resulting
PLEXIGLAS® brand is world-renowned and PMMA has long been established in a wide range of
applications. The reason for this success is directly related to its physical properties. PMMA is
an amorphous thermoplastic polymer characterized by high impact strength, shatter and
weather resistance, high resistance to sunshine exposure and good thermal stability. Nicely, it
exhibits outstanding processing conditions. Besides the utilization as electrically conductive

filler'®”, as polymer electrolyte membrane for batteries!®®:®

170

or as nanomaterial in plastic
chips'’®, PMMA is further highly attractive in the field of biomedical applications. For example,
Nien et al described bone cements for drug delivery/release!™ using PMMA as non-toxic
polymer. Furthermore, PMMA shows an interesting solution behavior. Although the polymer is
not soluble in water, clear solubility in ethanol at ~86 °C'"? can be observed including a sharp
phase transition. As the number of reports dealing with non-toxic and non-zwitterionic UCST
systems (especially upon 100 °C) is severely limited, PMMA offers a great opportunity for UCST
tuning studies.!” This has been proven by introducing different functional groups into the
polymer side chain, as example fluorescent dyes'” or active ester amidation reactions with a
series of amines published by Theato and Hoogenboom!™ in 2012. They demonstrated
impressively the controllability of phase transition temperatures by varying side groups and
their content within polymer side chains. As explained in Section 2.3.4, Theato and
Hoogenboom further developed their study in 2015 by azobenzene incorporation to the PMMA
side chain and presented the existing of UCST shifts (AUCST) after UV-light irradiation.'® The
influence and control of such cloud point temperatures could potentially offer a novel
application route towards drug delivery/release.

In light of these findings, PMMA was strategically chosen as the polymeric substrate for
tuning the UCST in the present work. Hence, it was hypothesized that the modulation of PMMA
cloud points in different aqueous ethanol mixes might be achieved through the utilization of
Stenhouse adducts as chromophores, exhibiting a range of polarity spanning from hydrophobic
to hydrophilic. In contrast to the dipole moment change of azobenzene, the polarity change of
DASA compounds is caused by formation of zwitterions. Hence, the observation of higher
AUCST values was assumed. Further, Stenhouse dyes provided the advantage of photo-
switching with visible light, which is much more biocompatible compared to energy-rich UV-
light. Last but not least, their negative photochromic tendency from highly colored to colorless
is an attractive side effect.
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4 RESULTS AND DIScUSSION

The results of the synthesis and characterisation of PMMA-DASA-polymer conjugates are
described in the following sections. Following that, measurements of the UCST prior to and
after light irradiation are shown and discussed.

4.1.1 Synthesis of PMMA-DASA-polymer conjugates

To commence, a poly(methyl methacrylate-co-pentafluorophenyl methacrylate) (p(MMA-
co-PFPMA), Pyl) library was prepared, varying in the active ester content carefully by targeting
different monomer mole ratios. For this purpose, the monomer pentafluorophenyl methacrylate
(PFPMA, M1) was first synthesized through a nucleophilic addition of pentafluorophenol to
methylacryloyl chloride, according to the literature.!” While TEA was used as an auxiliary base
to increase the reactivity of pentafluorophenol'”®, a routinely obtainable yield of 80% was
achieved (Scheme 4.1a). Since free-radical polymerization techniques provide access to poly-
mers with a high average molecular mass, 2,2"-azobis(2-methylpropionitril) (AIBN) initiated the
direct copolymerization of MMA and M1 (Scheme 4.1b). This process followed the published
description of Theato and Hoogenboom.!” In order to achieve PMMA-DASA polymer conjugates
consisting of different chromophore contents, the amount of monomer M1 was varied between
2 mol% and 14 mol% (Pula — Pulg).

a
) OH
F F 0°/ 0
+
(0} (of F F
F

methyl acrloyl- pentafluorophenol

chloride
b)

oj\/ ICH *fﬁf
DT SRS
Sl S s

MMA M1 Pyla-g

Scheme 4.1. a) Reaction between methylacryloyl chloride and pentafluorophenol
to perform pentafluoeophenyl methacrylate (M1) adopted from ref.'”5. Reaction
conditions: (i) Dry Et;0, TEA, rt, 19 h. b) Free-radical polymerization of MMA and
M1 with AIBN as initiator. Synthesis conditions (ii) were adopted from ref }"*: Dry
1,4-dioxane, AIBN, 6 h.
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All Pyl copolymer syntheses resulted in practically quantitative conversions and yields
(Appendix A.1). Thus, the polymerization conditions used allowed for precise control of the ap-
propriate M1 content inside the polymer chains. Table 4.1 summarizes the analytical data for
the size-exclusion chromatography (SEC) determination. To facilitate the conclusions of the
characterization methods, the corresponding PMMA homopolymer was also successfully syn-
thesized under the same reaction conditions.

Table 4.1. SEC measurement results of the Pyl copolymer series.

sample M oxested Zo“l-l>a omay P
PMMA — 4.79-10* 1.0410° 218
Pula 2 6.22:10* 1.31-10° 211
Pulb 4 5.40-10* 1.2110° 2.24
Pulc 6 6.18-10* 1.35-10° 2.18
Puld 8 5.59-10* 1.22-10° 218
Pule 10 5.84-10* 1.29:10° 221
Pulf 12 5.49-10* 1.20-10° 218
Pulg 14 5.46:10* 1.28:10° 2.35
2determined by SEC

The SEC measurements were carried out using THF as the solvent, and the molecular
masses were calculated using a PMMA standard. The observation of unimodal curve progres-
sions indicated successful statistical copolymerizations (Figure 4.2a). The average molecular
masses M, of all Pyl samples were in the same range of 60,000 g mol”, whereas PMMA had an
average molecular mass of approximately 10,000 g mol™ lower as compared to the copolymers.
All dispersities were in the range of D =2.2. Since the copolymers only differed slightly in terms
of molecular weight and dispersity values, they represent excellent parent materials by allow-
ing an accurate comparison of the cloud point measurement results.

The amount of incorporated M1 was determined via 'H NMR spectroscopy, respectively.
Peaks originating from the methoxy protons H. (Figure 4.2b) were compared to the correspond-
ing methyl backbone protons Hqy. This calculation method was verified by using hetero nuclear
single coherence (HSQC) NMR to confirm the clear separation of methyl backbone protons
(HatHg) and methylene backbone protons (Hy+He). Thus, the mol% ratio of Pyl was calculated
through Equation 4.1.

JHe

3

Xprp=1- (41)
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As example, calculation of Pyld with the integral Hc (2.77) resulted in approximately 7.7% of
PFP ester moiety. By adopting the calculation for each Pyl sample, Table 4.2 reveals that the
determined values nicely correspond to the expected calculated amounts (e, feeding ratio).
This high control over the incorporated monomer ratios was a consequence of the quantitative
conversion due to the free-radical polymerization technique. However, small inaccuracies of
+10% could be caused by phase corrections during NMR spectra analysis.

Table 4.2. Expected and measured mol ratios of the activated PFP ester group and conversion
to functionalized amine and DASA group of the PMMA-DASA copolymers.

A B C b C c

Sample eﬁ:ff;"d (n?:f‘;) (;2113:) (;D:féxf,) (3:15%)

(Y=1) (Y =2) (Y = 3) (Y =3)
PuYa 2 2.0 2.1 1.0 11
PuYb 4 3.9 4.2 3.8" 2.6
PuYc 6 71 6.5 5.7 51
PnYd 8 7.7 8.5 7.4" 6.6
PuYe 10 10.4 10.3 10.7" 7.8
PuYf 12 12.6 12.0 12.2" 10.6
PuYg 14 145 — — —

atheoretical PFP ester content with respect to the used mol ratios of M1.
bdetermined by ' H NMR integration with *Measured in CDCls and ** Measured in DMF-ds
cdetermined by UV-vis absorption measurement through calibration.

CO
o> 070 0“0 07 °NH ocI)ONH
0.__0O
I F F I H H Ho \F
N (o]
F F HNj LN
F (o)

A: Pyla-g B: Py2a-f C: Py3a-f

In addition, the 'H NMR spectra depicted in Figure 4.2c highlight the successful copoly-
merization between MMA and M1 instead of two concurrent homo-polymerizations. The ob-
served broadening of the peak at 3.66 ppm (H;) was attributed to changes in the chemical envi-
ronment of —CH; resulting from the integration of a second monomer species, as the Ml
concentration exhibited a linear increase.
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IFigure 4.2. a) SEC curves of the synthesized PMMA and the Pyl series measured

**residue solvent
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While the PFP ester exchange by primary amines is generally advantageous and the DASA
formation requires a secondary amine functionality, N-ethylethylendiamine (EEDA) was cho-
sen as linker due to its commercial availability, ease of handling and low steric hindrance
(Scheme 4.2a). The aminolysis of the Pyl series to form poly(N-(2-(ethylamino)ethyl)-methac-
rylamide- co-MMA) (p(EEDA- co-MMA), Pu2) copolymers was adapted from a general procedure
of Zhang et al'®

-ethylethylendlamme

U]

a)
I s
fo) (o) (o} (0] (o) NH
| F F I \

HN
F F
F
Pyla-g Pn2a-g
b)
H
/@/ N _~_NH; @CC\NHZ
~ N
o H
MPDP rTryp

Scheme 4.2. a) Reaction scheme of the first post-polymerization process includ-
ing N-ethylethylendiamine (EEDA) as amine linker and reaction conditions (i):
TEA, THF/acetone (80:20), 45 °C, 5d. b) Aromatic amine linker used by Ulrich et
31_158

Following the described synthetic protocol, all Pyl polymers were dissolved in a mixture of
THF/acetone (80:20), respectively, and converted by using an excess (4 eq.) of EEDA and TEA as
an auxiliary base. Compared to pentafluorophenyl acrylate, the PFP ester amidation of M1 with
its methyl group exhibits less reactivity and requires longer reaction times. Hence, the progress
of this polymer analogous reaction was monitored by following the disappearance of the car-
bonyl band signature (C=Oswetch—Vibration) of the PFP ester at 1775 cm™ utilizing Fourier trans-
form infrared spectroscopy (FT-IR) (Figure 4.3a). Accordingly, a complete vanishing of the
carbonyl band was assumed to be equivalent to a 100% conversion. For the newly formed Pu2
copolymers, purification issues had to be resolved, especially for the samples with higher
PFPMA moiety contents (Pw2d-f). Purification through repetitive precipitation/solving proce-
dures left impurities of EEDA that could cause undesirable side reactions in the next step. In
addition, pentafluorophenolate residues were detected, causing problems in coincidence with
the colored DASA state due to the high salt polarity. To address these issues, the crude products
were purified by dialysis against acetone for at least 5 days using a membrane with a molecular
weight cut-off (MWCO) of 6000 Da, which proved to be highly efficient. Furthermore, the disap-
pearance of °F atom signals in the °F NMR spectra of the pure products corroborated the suc-
cessful quantitative substitution of the PFP ester (Figure 4.3b). Noteworthy, the detected
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number of peaks belonging to PFP fluorine atoms is unusual due to a splitting effect concerning
the ortho-fluorine atoms. This phenomenon might be a result of the change in the chemical
environment caused by the tacticity of the methyl group in the polymer backbone.
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Figure 4.3. a) Conversion monitoring via FT-IR spectra (selected region) of Pyld
before (0 d) and during aminolysis with EEDA. b) °F NMR spectra of Pylf before
(top) and after 5 d of aminolysis (bottom) and sample purification.

The preceding discussion presumed the prioritized substitution of the PFP ester moiety
with the primary amine functionality of EEDA, rather than its secondary amine group. The cur-
rent state of research provides substantial evidence supporting the feasibility of amidation re-
actions involving secondary amines through the utilization of the PFPMA/PFPA ester moiety.'”
In the present methodology by Ulrich and coworkers, an aromatic-bonded amine linker was
utilized (Scheme 4.2b).%® Since electron-rich aromatic neighboring groups markedly reduced
the reactivity of the secondary amine, no side reactions were observed. In contrast, the second-
ary amine functionality of EEDA showed more reactivity. Scheme 4.3 summarizes possible syn-
thetic pathways for the PFP ester aminolysis through EEDA.
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a
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Scheme 4.3. a) Desired and possible undesired (side) reaction of the Pyl copoly-
mer series during aminolysis with EEDA. b) Protecting process of S1 including
imine formation. Reaction conditions: (i) MIBK, MgSQ,, argon, reflux, 21 h; (ii)
MIBK, TEA, argon, reflux, 48 h; (iii) water, 2-propanol, 50 °C, 21 h.

Given the study's goal of achieving higher DASA content ratios in the polymer backbone
relative to Ulrich's previous work, it was statistically probable that side reactions would occur.
This presented two complications: First, the amount of secondary amine precursor for DASA
formation would be lower than expected. Secondly, the side reaction created the free primary
amine (Scheme 4.3b, red dotted line), which would form an unstable salt in the second post-
polymerization reaction. Since ®N NMR spectra of the Py2 series suffered from resolution
issues and 'H NMR spectra showed overlaps, a protective reaction cycle involving
poly(pentafluorophenyl methacrylate) (P1) as a homopolymer (Scheme 4.3b) was performed.

The general mechanism was based on the achievements of Laduron et al*"”

, with an imine
playing a crucial role as protecting group. For an equivalent emulation, EEDA was selectively
protected by an imine condensation with 4-methylpentan-2-one (MIBK) giving S1, which was
further employed for the polymer analogous reaction of P], yielding in the intermediate P2. By
hydrolysis, the polyacrylamide P3 was obtained, having solely primary amine functionalities.
Hence, P3 was the homopolymer representant of the possible undesired reaction shown in
Scheme 4.3a. Owing to significant differences in the 'H spectra and 2D HSQC spectra, the
comparison of the appropriate analytical data enlightened the absence of the primary amines

in the chemical structure of the Pu2 series (Figure 4.4).

42



RESULTS AND DISCUSSION 4 _

i 5!

=} -40
=

5 (ppm)

-

-60

10
-20
—— -30
- O@ -40
-50
- 60

3

P ———————
£2%
é

NH
[e) N/\/ 2

5 (ppm)

1
1
1
P3 1
1
1
1

[T [ pp—

3.0 25 20 1.5 1.0 05 0.0
5 (ppm)

w |

8.0 7.5 4.0

IFigure 4.4. a) 'H NMR spectra of Py2f (top) and P3 (bottom) measured in DMSO-
ds. b) 2D HSQC spectra of Py2f (top) and P3 (bottom) measured in DMSO- dk.

Determining of the —NH atoms N (§ = 7.68 ppm) and N; (5 = 3.47 ppm) in the 'H NMR spec-
trum of Py2f (Figure 4.4a) did not reveal a corresponding signal in the spectrum of P3 (green
dotted lines). Moreover, while the signals of Hy (protons next to amide) were clearly identified
at 6=3,77 and 3.09 ppm, a corresponding signal was not located in the 2D HSQC spectrum of P3
(pink dotted boxes). Overall, there was a prevalent assumption that the desired reaction oc-
curred with a higher preference. This might be attributed to the utilization of a lower reaction
temperature and an excess amount of EEDA in the polymer equivalent process. Incidentally,
the presented 'H NMR spectra of Py2f revealed the unexpectedly splitting of the Hysignal. This
phenomenon was hypothesized to be a consequence of the conformational equilibrium of
acrylamides'®®, as depicted in Figure 4.5. As for PNIPAM, the acrylamide equilibrium usually
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displays one broad averaged peak. However, splitting can be observed due to sterically hin-
drance or probably influence of the polymer backbone methyl group.

Amide equilibria

0.11 3.00 0.12

40 39 3.8 3.7 3.6 3.5 3.4 3.3 3.:
5 (ppm)

Figure 4.5. 'H NMR spectrum (selected region) of Py2e measured in acetone-ds
for the amide content estimation and the methyl acrylamide equilibrium as pre-
sumed cause for the Hg signal splitting.

The Pu2 copolymer compositions were determined by 'H NMR signal integration as de-
picted in Figure 4.5. The algebraic sum of Hy was used as integral area Aamiqe and was inserted
into Equation 4.2:

Srarg

Xamine = 1 (42)
ng ot 1

The factor one as the denominator resulted from three MMA methoxy protons multiplied
by one third. Hence, Equation 4.2 leads to a 10.3% of acrylamide content in Py2e. Equivalently,
all mol% fractions of Xamine of the Pu2 series were calculated and listed in Table 4.2. As expected,
these confirmed adequately the p(MMA-co-PFPMA) amounts by exhibiting minor differences,
that might arise from phase tolerances. The synthetic procedure involving the facile and selec-
tive post-polymerization modification of Pyl through EEDA amidation presented a straightfor-
ward method for developing an initial library of substances for DASA binding in the subsequent
step.

The second polymer analogous reaction was performed viaring opening addition of an ac-
tivated furan precursor, as generally described by Helmy et a/**'*Noteworthy, they impress-
ively demonstrated the selective formation of the colored open Stenhouse structure instead of
the concomitant generation of the colorless cyclopentanone (Section 2.3.3) by using THF as re-
action solvent. Accordingly, furylidene-Medrum'acid (S2) was selected to obtain the strongly
pink colored p(MMA-EEDA-DASA) (Pu3 series) copolymers as illustrated in Scheme 4.4. The
synthesis of S2 was adopted from the literature.!”®
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IScheme 4.4. Second post-polymerization modification process. Stenhouse ad-
duct formation by ring opening addition of the fuylidene-Meldrum's acid precur-
sor (S2). Reaction conditions (i): Dry THF, 1t, 5 d.

An excess (4 eq.) of the furylidene precursor S2 was added to the Pu2 series dissolved in dry
THF under an argon atmosphere, respectively, and stirred at room temperature. Upon furan ad-
dition, the colorless solution turned immediately pink. The progress of the DASA formation was
monitored by UV-vis measurements of the reaction solution (Figure 4.6a) to indicate complete
conversion. For example, the successful conversion of Py3d was evident from the increase of
the absorption band at 4 =540 nm, which corresponded to green light. The majority of DASA
formation progress was seen on the initial day (Figure 4.6b). Subsequently, the reaction exhib-
ited a decreased rate, ultimately reaching a saturation point where there was no further in-
crease in absorption values after 5.5 days, suggesting the conclusion of the conversion process.
The purification process involved dialysis in dichloromethane for 5 days at room temperature,
using a membrane with a MWCO of 6000 Da. Dichloromethane was used for its advantageous
property of preventing the undesired switching behavior to the colorless cyclopentenone (Sec-
tion 2.3.3).

a) 05 b) 05
—O0h P )
1h
P 0.4 4 2h 0.4 -
3 4h E
g 0.3 8h E 0.3 1 °
E 20 h g
.8_ 0.2 4 —48 h _g 0.2 4
2 72 h 2
< 9%6h 3 o,
0.1 — 120 h '
— 130 h
L - —140h 00 e
0.0 . T
T T LA I B I RN L L R
500 550 600 0 20 40 60 80 100 120 140 160
Wavelength (nm) Time (h)

I Figure 4.6. a) DASA formation monitoring viaUV-vis absorption measurements.
b) Absorption maxima change depended on time scale.
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The pure product was analyzed by 'H NMR spectroscopy, UV-vis spectroscopy and FT-IR
(ATR) spectroscopy.

The 'H NMR spectra comparison between Py2d and Pu3d confirmed the successful attach-
ment of DASA chromophores within the polymer side chains (Figure 4.7a). This was clearly
denoted by the appearance of the characteristic conjugated double bond protons (pink dots)
and the obvious appearance of the signal corresponding to He (11.4 ppm), belonging to the DASA
hydroxyl group. Furthermore, the signals of Hy, (3.46 ppm) and Hc/Hq (2.73 ppm) shifted down-
field, due to the deshielding effect of the double bond protons (green dotted lines). The DASA
moiety content was estimated from the 'H NMR spectrum by comparing the integral areas of
the double bond protons and the methoxy proton H, as shown in the selected 'H NMR region in

Figure 4.7h.
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Figure 4.7. '"H NMR spectroscopy characterization of Py3d. a) Comparison to

I sample Pm2d corroborated the shift of the peaks Hy/Hq and appearance of He. Due
to overlapping, Hc is not visible (bottom). b) Selected NMR region of a): Integral
areas of the conjugated double bound systems in relation to H,. *CDCIl; solvent
signal **solvent residue
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Therefore, the double bound proton integral value Hpg of 0.08 was used in Equation 4.3.

f Hps

Xpasa =
.I‘HDB +1 (43)

The DASA content calculation of sample Pu3d, for instance, yielded a chromophore propor-
tion of 7.4% (Table 4.2).

Following the explained general calculation, the amount of incorporated DASA for the Pu3
series was determined by integrating the associated 'H NMR double bound protons and meth-
oxy protons, respectively (Appendix A.1). The calculated values are summarized in Table 4.2
compared with the theoretical DASA amounts (based on MMA and M1 weights) and the esti-
mated amine linker contents. As a whole, Pu3a-d samples were measured in CDCl; and exhibit
lower calculated DASA values as compared to the determined amine linker. In contrast, Pu3e+f
samples were measured in deuterated dimethyl sulfoxide due to poor solubility and show
slightly higher DASA values. Altogether, the double bond peaks are much lower in intensity as
compared to the methoxy peak. Such an intense methoxy protons signal could affect the sig-
nal/noise ratio of the double bond peaks. This might be a suitable explanation for the diver-
gence of 1% DASA content determined for Py3a. Interestingly, Pu3e and Pu3f displayed slightly

higher Xoasa Values as expected. This indicated a different influence of the solvents.

Besides 'H NMR spectroscopy, the dye contents were also estimated via UV-vis absorption
measurements. Due to the linear correlation between absorbance intensity and DASA content,
alinear regression offered access to chromophoric content calculations. Therefore, a quantified
stock solution was required. The homopolymeric P1 sample was used for a treatment with EEDA
and subsequently treated with Meldrum's acid furan precursor to synthesized 100 mol% DASA
side chain groups. The obtained polymer was not soluble in conventionally used solvents.
Moreover, full conversion to DASA homopolymer could not be confirmed, presumably caused
by steric hindrance.

In order to address this issue, compound S3 was synthesized, as described in a the literature
(Figure 4.8a).%® To confirm its absorption maximum alignment with the Py3 series, a compara-
tive UV-vis absorption measurement was conducted in chloroform (Figure 4.8b). The copoly-
mers exhibited an absorption maximum at Amax = 542 nm, whereas the S3 maximum appears at
Amax = 540 nm. Due to the minor variance, a concentration vs. absorbance plot of S3 was targeted
by measuring the UV-vis spectra of different sample concentrations (Figure 4.8c). The result-
ing curve maxima (left side) and the corresponding concentrations were plotted (right side) and
a linear regression fit represent the dependency between the absorbance 4 and the concentra-
tion cs3 of S3

A =0.0083 + 0.11956 - cs3 (4.4)

when the sample was dissolved in chloroform. Table A.1 displays the concentrations of the
samples and their matching absorbance values.
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It was further assumed that the intensities of absorbance from S3 and the DASA content in
the Py3 series were the same. As a result, the content of Xpasa in the Py3 series was determined
by calculating the molar concentration of cpasa and MMA cumva with

CpAsA
Xpasa =

(4.5)

Cpasa + Cuma

for the corresponding Pu3 samples. Another assumption used was the relationship between
the concentration of MMA cuma and the mass concentration of cems, as well as their respective
molar mass, as demonstrated in Equation 4.6:

cpma= Mivia - Cvma + Mpasa * Cpasa (4.6)

By insertion of Equation 4.4 and 4.6 in 4.5, the DASA content Xpasa was calculated using

Equation 4.7
A-0.0083
0.11956
Xpasa = A-0.0083 (4.7)
A-0.0083 cpms - Mbasa * 0.11956
011956 Minva

and the following term was summarized to the concentration cpasa

_ A-0.0083
CDpAsA = 70 11956 (4.8)

which led to a simplification of Equation 4.8 to

CpAsA
Cpms - Mbasa * Cpasa (4.9)
Cpasa + M
MMA

Xpasa =

Finally, Equation 4.9 was used to calculate the DASA mol% fractions Xpasa in the Py3 series
from the UV-vis spectra in Figure 4.8d. All molar masses and concentrations, as the calculated
Cpasa Values, are listed in Table A.2. The obtained Xpasa values derived from the corresponding
UV-vis spectra of the dissolved Pu3 sample are summarized in Table 4.2. In comparison with
the calculated Pu2 methacrylamide contents, the Py3 values were lower. One reason for the
variance might be the usage of S3 and the resulting low difference in molecular weight.
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Overall, the ring opening mechanism of Meldrum's acid furan derivatives and secondary
amines is highly favorable, due to its easy handle conversion monitoring. Moreover, the reac-
tion occurs selective and almost quantitative, which makes it particularly suitable for such
post-polymerization modifications under mild reaction conditions. Minor divergences in the
DASA content determination via 'H NMR might be cause by phase corrections. Nevertheless,
our synthetic protocol works efficiently and yielded an MMA-DASA-copolymer series from al-
most 1% to 12% chromophoric amount.

4.1.2 Temperature and light responsiveness of PMMA-DASA conjugates

Following the successful synthesis of the PMMA-DASA conjugate series, a subsequent ex-
amination of its light-responsive properties was carried out. Unlike, e.g, azobenzene, Sten-
house adducts of low molar masses show reduced stability when dissolved in polar protic
solvents. The inability to control switching behavior was a barrier to achieving light-induced
UCST changes. Therefore, it was necessary to evaluate the Py3 samples' resistance to water and
combinations of ethanol in an aqueous solution. An initial estimation of the Py3 stability in
various solvents was made by conducting solubility tests and comparing the results with sam-
ple S3. Due to the resulting red colored alcoholic solution, S3 was indicated as a red dye. When
dissolved in water, however, the solution immediately changed to yellow after a few seconds
without the influence of light (Figure 4.9). The rapid change from the colored hydrophobic tri-
ene structure to the colorless zwitterionic state in water generated this optical phenomenon
since it was energetically more favorable. The macroscopic observation of the DASA-bearing
copolymer Py3d yielded acceptable findings. The copolymer exhibited delayed dissolving be-
havior in water, and interestingly, the solution turned red instead of yellow. This indicated the
significant impact of the polymer environment on the DASA nature. As a result, the polymer
matrix provided stability to the colored structure.

A direct comparison between S3 and Pn3d in aqueous ethanol revealed the PMMA matrix
to be the predominant part of the solution characteristics. The non-polymeric S2 sample dis-
solved rapidly. However, the PMMA matrix in Py3d reduced the dissolution behavior. Further-
more, a color dependence on the sample concentration, e, a pink solution turning red at higher
concentrations, was observed.

Besides water stability, the light responsiveness was a supplementary condition for suc-
cessful UCST tuning studies. The UV-vis absorption of the sample Pu3b dissolved in water
(2 mg mL? 30 °C) before and after irradiation was compared (Figure 4.10, red curves). The strong
absorbance peak at 520 nm corresponding to the n-n* transition, decreased apparently after
90 min of irradiation (green arrow) due to the bond breaking of the conjugated DASA structure.
On the opposite, the absorbance peak corresponding to the activated dicarbonyl of the cyclo-
pentenone (red structure) increased.
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I Figure 4.9. Solubility investigations of S3 and Py3d in water and an ethanol/wa-

ter mixture (80:20), respectively.

The process was accompanied by the optical loss of the red color intensity and revealed

Stenhouse dyes as negative photoswitching chromophores. It shall be noted, absorption in the

region of green light leaded to complementary visual red polymers. While the reversible trans-

formation from the colorless state back to the triene did not occur in polar protic solvents (for

1°' generation DASA), thermal conversion proceeds in halogenated environment. Thus, 30 min

heating at 30 °C of Py3b dissolved in DCM (2 mg mL?)led to a higher color intensity (pink curves)

at 545 nm and 360 nm (blue arrows) as compared to the absorption behavior in water. Notably,

the acceptor of the triene exhibited absorption as well, which was shifted to the UV region at

approximately 220 nm as a consequence of solvent influence. The thermal conversion yielded

the complete disappearance of the bond at 360 nm. Furthermore, the solvent effect resulted in

a bathochromical shift of 25 nm in the visible region from red to pink color.
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Figure 4.10. Absorption efforts of sample Py3b in water (red lines) before and af-
ter irradiation with green light and in DCM (pink lines) before and after heating.
In water: The characteristic triene absorption bond decrease after 90 min of light
irradiation (green arrow), while the bond corresponding to the 1,3-dicarbonyl
structure increase (red arrow). In DCM: Heating for 30 min at 35 °C produces the
opposite effect.

As a point of reference, Helmy et al introduced the complete conversion of the barbituric
acid analogous Stenhouse substance over a course of 35 min in methanol by monitoring the
characteristic triene absorption disappearance.’®® In comparison, the colored DASA proportion
in sample Py3b was reduced by half within 120 min and significantly differed from the non-
polymeric sample, which confirmed the efficient regulation of the photoswitching effect by us-
ing PMMA as polymer matrix. The effect was probably caused by hydrophobic interactions of
PMMA and sterically hindrance of the cyclopentenone formation due to the polymer backbone.
Overall, the UV-vis results give access to successful UCST investigations in the next step, since
increased stability towards aqueous ethanol has been proven.

There has been significant interest in studying alcohol-water mixtures for a number of
years, particularly due to their relevance in biological processes such as protein extraction.'”
Within the liquid phase, the structures have the capability to form complex connectivities of
hydrogen bonds, which are referred to as clusters.”®® The characteristics of these assemblies
vary from those of the individual solvents and exhibit an immense dependence on the volume
ratio. Consequently, alcohol-water solutions have garnered interest in this field of UCST re-
search.

To broaden the scope of this work, the investigations conducted by Zhang et a/'™

were
adopted and involved in the utilization of a range of ethanol/water mixtures for the Py3 sam-

ples. Typically, the ability of a polymer to dissolve is influenced by the development of
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hydrogen bonds between its structure and the binary solvent. This competes with the process
of solvation, which occurs when the polarity of the solvent changes due to heating. Hence,
Zhang and colleagues convincingly illustrated the correlation between the composition of the
solvent (ranging from 60 to 95 vol% ethanol) and the associated UCST values during both heat-

ing (7ep-u) and cooling (Tep.c), commonly referred to as hysteresis.'™

To proceed further into this investigation, the cloud points Tcp.c of the synthezised PMMA
sample were initially identified (Figure 4.11). The UCST values were determined by turbidimetry,

which involved monitoring the transmittance as the temperature was changed.
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I Figure 4.11. PMMA UCST investigation. a) Transmittance vs. temperature plot of
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Alaser beam with a wavelength of 700 nm was transmitted through a silica cuvette located
in the sample cell of a spectrometer. The sample preparation was done by heating (under ex-
clusion of light) to a suitable temperature in order to obtain clear solutions. Afterwards the
transmission was recorded continuously (starting from 100%) while the temperature was low-
ered. Due to aggregation of the polymer, each sample exhibited a transition from the one-phase
solution to an opaque two-phase system upon cooling. The resulting UCSTs were defined as the
temperature belonging to the 50% transmission value. The curves obtained in this way are rep-
resented in Figure 4.11a, from which Tcpe.c are then determined and plotted (black dots) as a
function of the ethanol vol% as shown in Figure 4.11b.

In comparison to Zhang et al, the phase separation temperatures of PMMA described in
this study were slightly higher, probably because of the larger molar mass. However, the phase
transition values exhibited similar characteristics and demonstrated identical binary solution
behavior within the specified range. The solubility and transition, which were dependent on
the water content, can be described by referring to Figure 4.11b. The aforementioned cluster
formation of the solvent molecules through hydrogen bonds was related to the content of water,
whereby cluster formation was preferred by increasing water availability. However, the poly-
mer solvation through hydration shells suffered from a low content of single state water mole-
cules. Since the concentration of clusters lowered with decreased water presence, more single
state water molecules (not clustered) formed hydrated shells and the polymer solubility within
the range of 80 vol% ethanol increased significantly. When taking into account the presence of
a high concentration of ethanol, the number of hydrogen bonds was significantly reduced, and
the solubility behavior depended on the solvent's ability to dissolve substances.

The cloud points of the Pu3 samples were determined using the same method. As expected,
the series exhibited a hysteresis pattern similar to that of sample Py3d, which was dissolved in
95-vol% ethanol, as illustrated (Figure 4.12a). While the cloud point 7tp.c was reached at 49.5 °C,
the clearance point 7tp.y upon heating was approximately 5 °C lower. However, by increasing
the amount of water, the hydrated coil-to-globule transition 7cp.c occurred at lower tempera-
tures compared to Tcp.n. This effect resulted from the capability of water molecules to induce
hydrogen bonding, including the ester and amid moieties of the polymer side chains which
energetically favored the hydrated polymer state. In contrast, the hydration in ethanol-water
composition including low water contents was overlaid by solvation processes as a conse-
quence of change in the solvent polarity upon heating and resulted in lower Tepy than Teec
values. These observations were in good agreement with the results of Zhang and coworkers
for PMMA containing several amid side groups (max. 6 mol%). In contrast, this study further
focused on the comparison of the cooling curves instead of investigations into hysteresis. Be-
sides the solvent mixture, the polymer concentration had an impact on the cloud points as well.
The addition of 1 mg mL" of polymer to a sample containing 4 mg mL" of Pu3 dissolved in
80 vol% ethanol resulted in an increase in the polymer phase transition temperature of about
6 °C.
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Figure 4.12. a) Hysteresis pattern of Pu3d. b) Influence of sample concentration
on the UCST behavior. ¢) Turbidity curves of Pu3b (left) and Pu3d (right) meas-
ured in different ethanol-water solvent mixtures ranging from 95 vol% ethanol
to 65 vol%. Legend: e.g, 95:05 (ethanol:water (v:v)) denote 95 vol% ethanol.

For Pu3b, when 4 mg mL" of polymer was dissolved in the same solvent mixture, a curve
with a minimum of 15% transmittance was obtained (Figure 4.12b). The concentration compar-
ison demonstrated that a concentration of 5 mg mL™ of Py3 polymer was necessary to achieve
precise tuning of the UCST. The curves obtained from the transmittance monitoring prior to
exposure to visible light exhibited a distinct and sharp change in phase, which was highly in-
fluenced by the composition of the solvent. As an example, the transmission vs. temperature
curves of the samples Py3b and Py3d are illustrated in Figure 4.12c. By varying the ethanol con-
tent around 15 vol% higher, the Tep.cof Pu3b increased impressively from 21 °C to 44 °C. An anal-
ysis of the cloud points of Pu3b and Pu3d revealed a correlation with the quantity of DASA
chromophore, particularly noticeable in the curves related to 80 vol% ethanol. While the lowest
phase transition point for Pu3b was indicated as 20 °C, a slight increase of the DASA content
(Pm3d) enabled the controllable addressing to a minimum UCST value of 14 °C. Significantly, the
determination of Tte.c of Pu3d dissolved in a 95-vol% solution was not possible due to incom-
plete solubility before the solvent mixture reached its boiling point.
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The turbidity curves of the Py3 were applied to determine the associated Tce.cvalues, which
are presented in Figure 4.13 together with the corresponding solvent composition. A review re-
vealed slight variation in the cloud points of PMMA and the polymer-conjugates with 2 and
4 mol% DASA side chain groups.
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Figure 4.13. Determined cloud points 7cp of the samples Pu3a-Pu3e in compari-
son to PMMA using different ethanol-water mixtures.
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However, the impact of the chromophore became increasingly evident as the ratio in-
creased, as demonstrated by the contrasting behavior of Pu3c, Pu3d and Py3e compared to
PMMA. In addition, all samples except Pu3a exhibited the lowest phase separation tempera-
tures when dissolved in a solution containing 80 vol% ethanol. This suggested that the solvent
composition with the highest solubility was achieved by using this ethanol concentration.

The cloud point gap between PMMA and the polymer conjugates noticeably increased, par-
ticularly in the ethanol range of 60 to 80 vol%, depending on the concentration of DASA. On the
one hand, a suitable explanation was the additional formation of hydrogen bonds between the
water molecules and the amide, as well as the carbonyl-functionalities within the Stenhouse
structure. By enhancing the hydration shell, lower 7cpvalues were observed. On the other hand,
the assumption was that ionic interactions due to light background switched from the neutral
DASA state to the zwitterionic structure without light irradiation. This assumption was con-
sistent with the observation of the S3 switching behavior in the dark without light insertion.
Conversely, ethanol mixtures with 5-15 vol% water result in less solubility of the polymer con-
jugates compared to PMMA.

By simultaneous consideration of the phase transition temperature measured in the range
of 60 to 80 vol% ethanol and also 85 to 95 vol%, the correlations became more evident (Figure
4.14). Increasing water concentrations resulted in an almost linear decrease in cloud points as
the DASA content increased (red dots, left). In contrast, reducing the number of water molecules
led to an increase in UCST values relative to PMMA (blue dots, right). For instance, measure-
ments of PMMA and Py3e in 90 vol% ethanol resulted in T, which exhibited a value distance
of 25 °C. In addition, although the turbidity curve of PMMA in 95 vol% ethanol was examined,
the Pu3c-e copolymers did not dissolve below the boiling point of the solvent mixture. The as-
sumption was that ionic interactions, evoked from the unaffected cyclopentenone formation,
interfered with the solvation at high ethanol content due to ionic polarity.
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Figure 4.14. Cloud points 7tp of Pu3a-e in correlation to the ethanol content in
the ethanol-water mixtures.
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In conclusion, higher concentrations of DASA side chain groups had a significant impact
on the UCST prior to light irradiation. Compared to unmodified PMMA, the phase transitions
occurred at lower temperatures when using ethanol volume concentrations ranging from 60 to
80%. However, higher proportions of ethanol increased the polymer-conjugates Tcp.cover that
of PMMA. The cloud point measurements were plotted to establish a correlation between the
ethanol volume percentage and dye concentration. This resulted in the creation of the area di-
agram shown in Figure 4.15. Each point of the plot represents a 7Tcp value, depending on the
corresponding dye and ethanol content.

I Figure 4.15. Area plot type of Tep in correlation to dye content (2% to 10% dye con-
tent, Pmy3a-e) and ethanol vol% in ethanol-water mixture.

Hence, the incorporation of the DASA side group moiety in PMMA provides a very broad
spectrum for precisely determining cloud points, encompassing temperatures ranging from
17.4 °C to 66.6 °C. A direct and straightforward method for regulating the UCST using visible
light exposure has been successfully developed, enabling a wide range of potential uses. The
cloud points of several PMMA-DASA-polymer conjugates dissolved in ethanol-water mixtures
were further adjusted using the light-induced isomerization of the chromophore unit.

Therefore, each sample was dissolved by heating the solution over the corresponding UCST.
As illustrated in the schematic overview (Figure 4.16), this temperature is denoted as 7. The
corresponding cloud points were measured by cooling the sample solution under the UCST,
which is denoted as 7i. After reheating above Tand irradiation for 30 min with green light, the
remeasured cloud point 7; exhibited lower values as compared to 7 (before irradiation). The
irradiation process was repeated to yield cloud point 73, which was even lower than 7; and 7i.
The observed phenomenon can be attributed to a substantial shift in polarity of the Stenhouse
adduct, switching from an unpolar to a polar state. This change ultimately led to an increase in
solubility.
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Remarkably, the macroscopic observation of negative photochromism revealed a decrease
in color intensity over time. The UCST study was conducted in accordance with the following
procedure: Each Py3 sample was heated in a number of ethanol-water mixtures (5 mg mL?) un-
til complete dis-solution was seen. Following the turbidity measurement prior to irradiation
(t=0), each sample was subjected to visible light (1 = 520 nm, green) for a duration of 120 min,
during which opacity observations were taken at 30-minute intervals by tracking transmit-
tance. All irradiation processes were performed at the required temperature for full dissolution
of the respective sample.

(o]
(o]
— >< soluble insoluble
—— (o]
/= oo T, <UCST
— =
, p—
B iy T>UCST
NH
@ 38900
T,<T,
[
[oJe)
(o]
\ X : > bt >
d =

H\N

S+\§)_ t, =30 min s .
\L{}UEM&)J

IFigure 4.16. Schematic overview of the visible light (1 = 520 nm) induced upper

critical solution temperature shift of PMMA-DASA-conjugates solved in ethanol-
water solutions (5 mg mL™). The structural property changes are caused by the
photoswitching process of the chromophoric unit. The temperatures are speci-
fied as follows: T: Temperature over UCST, which means the copolymer sample
is fully dissolved. Ti: Cloud point bevor sample irradiation with visible light. 75:
Cloud point after sample irradiation for 30 min. 73: Cloud point after sample irra-
diation for further 30 min.

Several turbidity curves are plotted in Figure 4.17, as examples. Due to enhanced polarity,
each curve resulting from polymer solutions following light exposure (4 = 30, % = 60, = 90, and
t =120 min) displayed a downward shift in temperature relative to the matching initial polymer
solution. It was obvious that the gaps between the UCST curves increased as the DASA side
chain content (Pu3a-d) expanded, indicating a positive UCST tuning. In some cases, the trans-
mittance curves do not end at 7= 0%, especially in those measured after 120 min irradiation
time. Besides, these curves became even broader in comparison to #= 0 min due to increased
polarity, leading to a deviating precipitation behavior.
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IFigure 4.17. Examples of turbidity curves of the Py3 series. Each sample were

performed with a concentration of 5 mg mL* and a heating rate of 1 °C min uti-
lizing a quartz cuvette. The transmission was detected using a light beam of 1 =
700 nm. Solvents: Py3a (ethanol:water, 80:20 v/v); Pu3b (ethanol:water, 85:15 v/v);
Pum3c (ethanol:water, 75:25 v/v); Pm3d (ethanol:water, 65:35 v/v);

Based on the turbidity curves, all cloud points belonging to Pu3 were calculated as 7= 50%
transmittance value and summarized in Table 4.3.
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Table 4.3. Determined UCST for the Pu3 series values before and after light induces
DASA photoswitching in dependency of the ethanol-water ratio.

Ethanolcon-  ycSThefore UCST after ir-

Sample tent irradiation? radiation? AI({%?T
(vol%) ¢C) C)

95 50.4 478 26

90 341 308 3.3

85 26.4 24.2 292

Pm3a 80 081 259 ”g
(1.0 mol%

70 41.2 35.9 5.3

65 56.4 53.6 2.8

60 — — _

95 66.5 60.8 57

90 38.6 325 6.1

85 279 19.1 8.8

Pum3b 80 24.1 17.9 6.2
(3.8 mol%

70 41.0 32.8 8.2

65 53.2 457 75

60 — — _

95 61.3 56.1 51

90 45.4 40.3 51

85 26.6 17.8 8.8

Pwm3c 80 3.9 o7 142
(5.7 mol%

70 38.8 299 92

65 50.2 416 8.7

60 — — _

95 — — _

90 54.2 42.1 12.1

85 30.1 175 12.6

Pm3d 80 011 01 120
(7.4 mol%

DASA)! 75 283 115 16.8

70 343 21.6 12.6

65 36.8 23.2 13.6

60 435 24.2 193

95 — — _

Pm3e 90 63.2 41.8 21.4
(10.7 mol%

DASA)! 85 33.8 234 10.4

80 19.2 6.3 12.8
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Ethanolcon-  ycSThefore UCST after ir-

Sample tent irradiation? radiation® AUCST
(VOI%) (°C) (oc) ( C)
75 26.2 55 20.7
70 30.1 1.2 18.9
65 36.2 15.9 20.3
60 38.0 297 83

IDASA content calculated by 'H NMR spectroscopy as listed in Table 4.2
Measured by turbidimetry
3Pm3a, Pu3b, Pu3c and Py3d UCST values after 120 min irradiation in total, for Pu3e: After 90

min of irradiation.

The observed UCST shifts demonstrated the complete spectrum of the impact of the DASA
concentration and the ethanol-water mixture. Remarkably, the addition of a modest amount
(1 mol%) of DASA (Pwm3a) resulted in a significant increase in UCST by 5.3 °C when 75 vol% etha-
nol was used. Typically, the experiments conducted in 70-80 vol% ethanol had the greatest
AUCST values, except for Pu3d, which showed a preference for 85 vol% ethanol. The finding was
consistent with the previously demonstrated correlation between the composition of aqueous
alcohol and the presence of individual water molecules that are not part of a cluster. It was
assumed that mixtures with low cluster concentrations would energetically promote the light-
induced switching process by enhancing the solvation of the cyclopentenone state. Interest-
ingly, sample Py3e deviated from this consideration by additionally achieving high AUCSTSs
when 90 and 65 vol% ethanol are utilized. A suitable explanation was the facilitated bond break-
ing of hydrogen-hydrogen and ethanol-ethanol interactions by the zwitterionic Stenhouse
structure. Furthermore, in contrast to sample Pu3d where a 60 vol% ethanol portion generated
an almost 20 °C difference between prior and after irradiation, while Py3e exhibited a signifi-
cantly lower value of 8.3 °C.

It was plausible to assume that non-light-induced switching processes occurred immedi-
ately following the dissolution of Pu3e, with a reduced probability of polarity change through
photoswitching. In order to enhance clarity, all cloud points were graphed with their respective
ethanol-water compositions (Figure 4.18). Among them, Py3e at # = 120 min was not calculated
due to an extremely high solubility with more than 40% transmission at a temperature of 0 °C
in each solvent mixture. The cloud points vs. ethanol-water composition plots clearly identified
Pu3e to yield the highest temperature shift.
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I Figure 4.18. Cloud points vsethanol-water composition plot for Py2a-e before ir-
radiation (#=0) and after 30 min steps.
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The influence of the solvent mixture on the cloud point gaps was apparent for the analyzed

data (Figure 4.19).
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Figure 4.19. T;p-c vs. DASA content plot for the Pu3 copolymer series before (=0
min) and after irradiation, measured in 30 min intervals over a course of 120 min
(except for Pu3e (10% DASA)).
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In this case, the presence of increased water amounts, ranging from 40 to 15%, significantly
affected the DASA switching behavior. This distinction was most evident when comparing the
cloud point differences of Py3d and Pyu3e at ethanol concentrations below 85 vol% with those at
higher concentrations. Consequently, increased water levels resulted in the anticipated prefer-
ence for the energetically favorable zwitterionic cyclopentenone structure, leading to an im-
proved transition from the colored to the uncolored state. On the contrary, the presence of high
amounts of ethanol decreased the switching process, as seen by the smaller differences in
cloud point between 95% ethanol and 60% ethanol in all instances.

The polymer aggregations of the samples Pu3a to Pu3c created almost symmetrical cloud
points vs. composition plots, however, slight variations were observed for Py3d and Pu3e (es-
pecially for 70 vol% ethanol). This was accompanied by non-uniform cloud point shifts from 7=
0 min to #=120 min. Based on the DASA switching behavior, it was seen that the colored form
exhibited an exponential fall when exposed to visible light and measured by UV-vis spectros-
copy.'** It was assumed that the difference in UCST would decrease as the duration of irradia-
tion increased. The increased influence of chromophores can be attributed to the neighboring-
effect of the polymer side groups, which becomes more pronounced with higher levels of DASA
content. The increased occurrence of steric hindrance can lead to a higher risk of irregular
switching behavior due to the statistical distribution of side chains.

Further, the aggregation behavior after 150 min and 180 min was studied. However, for Py3a
to Pm3d, there was no noticeable alteration in the cloud point when compared to an irradiation
duration of 120 min. As previously noted, subjecting sample Py3e to 120 minutes of visible light
exposure resulted in the formation of highly soluble molecules.

The successful UCST tuning of a PMMA-DASA-polymer conjugate series by biocompatible
visible light irradiation (1 = 520 nm) over a course of max. 120 min was presented, resulting in
impressively outstanding AUCST values of more than 20 °C belonging to polymers with 7.4 and
10.4 mol% of chromophore content. The total UCST shifts of each Py3 sample after a duration
time of 120 min are outlined in Figure 4.20 as a function of the dye content (rounded) and
ethanol-water ratio. The figure graphically demonstrates the correlation between the
increasing DASA concentration in the related polymer sample and the corresponding rise in
the temperature shifts.

In general, due to the irreversible switching behavior of DASA compounds (1% generation)
in polar protic solvents, the initial UCST values cannot be re-obtained by thermal conversion
after exposure to visible light. In order to address this limitation, a solvent-exchange cycle was
utilized to successfully achieve “healing”. Sample Pu3d serves as a representative example
(Figure 4.21a).
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I Figure 4.20. Total UCST shifts of the Py3 series as function of Stenhouse content
and ethanol vol% content in the ethanol-water mixture.

After complete dissolution in an ethanol-water mixture (85:15) at 40 °C (1), the transmittance
was followed as a function of time and the cloud point was determined at 7zp= 30.1 °C (2). Light
irradiation (1 = 520 nm) over a course of 40 °C yielded a UCST shift of 12.6 °C (3). The selective
regeneration of the colored unpolar DASA state was performed in chloroform after evaporation
of the aqueous ethanol under reduced pressure, as halogenated solvents enabled thermal con-
version processes'® (4, 5). The increased triene amount was macroscopically observed by color
intensification (6). A second solvent evaporation (7) and renewed dissolution in aqueous etha-
nol resulted in the successful recovery of the initial cloud point.

The corresponding turbidimetry measurements are outlined in Figure 4.21b. While this re-
activation method was successful for the majority of samples, it was ineffective for Pu3e (ex-
cept for EtOH/H,0 (80:20)) and also for Pu3d when performed with 60 and 90 vol% ethanol
content. Subsequently, the impact of temperature on the switching behavior and stability of the
Stenhouse structure was examined.
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IFigure 4.21. Healing process of the Pu3 copolymer series. a) Sample Pu3d dis-

solved in EtOH/H,0 (85:15) was recovered. The unpolar colored DASA structure
can be re-obtained through sample solvation in chloroform and heating at 50 °C
for 30 min (6). b) Measured turbidity curves before irradiation (¢= 0 min), after
irradiation (#=120 min) and after generation cycle (¢= 0, healing).
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When exposed to visible light at 30 °C, a comparison of the UV-vis absorption maxima of
Pu3b and Py3e (0.2 mg mL%) at three-minute intervals revealed that the reduction in color in-
tensity was more pronounced in the case of Py3e during the initial 10 minutes (Figure 4.22a).
When comparing the initial cloud point difference between ¢=0 and ¢= 0 of Py3d and Pu3e, the
change in UCST was larger than in the following measurements. Notice that the UV-vis meas-
urements necessitated a significantly lower sample concentration compared to that utilized for
UCST determination. Hence, the reason for the extra fast decline in the switching behavior of
Pude might be attributed to the statistically larger likelihood of a photon stimulating DASA
electrons to transition to a higher energy state.
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Figure 4.22. Temperature influence on PMMA-DASA-polymer conjugates in so-
lution. a) UV-vis absorption maxima vs. time plot (normalized) of Pu3b and Py3d
performed in EtOH/H,0 (80:20) at 30 °C. b) Cloud point results in dependence of
different temperature values of Py3d (5 mg mL™) before and after irradiation with
visible light over a course of 45 min and solved in EtOH/H,0 (80:20).
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In order to evaluate the influence of temperature during dissolution and switching, sample

Pu3d was irradiated at 30, 40, 50 and 60 °C, respectively, and the corresponding 7cp-C values

were compared (Figure 4.22b). The procedure revealed a dramatic increase in the AUCST that

was almost linearly dependent on the temperature rise. The cloud points before irradiation de-

creased with increasing dissolution temperatures. Since the dissolution occurred under the ex-

clusion of light, only background switching can be responsible, which was also more distinct

the faster the molecules migrated. In the case of light irradiation at 60 °C, no Tcp-C value was

received. For further investigation of the temperature dependency, a time resolved UV-vis

tracking at 18 °C and 55 °C, respectively, was carried out to study the characteristic absorption

intensity at A = 525 nm (Figure 4.23).
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Figure 4.23. Time resolved UV-vis tracking (every minute) of a PMMA-DASA-
polymer conjugate (6.5 mol% DASA) performed in EtOH/H,0 (0.25 mg mL™") at
a) 55 °C and b) at 18 °C over a course of more than 120 min.
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Therefore, the sample containing 6.5 mol% DASA was dissolved in 80 vol% ethanol and the
change of the color intensity was observed by monitoring the UV-vis spectra at 60 s intervals.
A temperature of 55 °C was more efficient to induce the non-irradiated switching behavior of
the chromophoric unit, since the characteristic triene absorption (at 525 nm) stronger de-
creased as compared to measurements at 18 °C (red arrows). However, a slight intensity loss
(background switching) was observed at lower temperatures. This phenomenon might arose
either due to the impact of temperature and the polarity of the solvent combination or as a re-
sult of the necessary illumination during the measurement process.

Overall, a temperature- and light-responsive PMMA series including Stenhouse adducts as
chromophoric moieties with concentrations ranging from 1 mol% to 10.7 mol% was successfully
synthesized. The straightforward synthetic route relied on a subsequent polymer analogous re-
action, which employed the activated ester pentafluorophenyl methyl acrylate (PFPMA) as the
starting material for an easy incorporation of DASA side chains. Through the utilization of these
copolymers in UCST experiments using ethanol-water mixtures (with ethanol concentrations
ranging from 65% to 95% by volume), a significant correlation between the quantity of the inte-
grated chromophore and the analysis of cloud points was discovered. Encouragingly, the de-
ployment of biocompatible green light triggered isomerization processes that resulted in a
decrease in the cloud point in all instances. The UCST changes were observed to be the highest,
reaching 20 °C, after 2 hours of exposure, notably for DASA concentrations of 7.4/10.7 mol%. In
addition, the original cloud points of the majority of the samples have been repaired using a
healing process that involved changing the solvent and thermally converting them from the
colorless state to the colorful DASA condition. In summary, the PMMA polymer matrix was ef-
fectively modified to stabilize the unstable DASA compounds (1* generation) against protic po-
lar solvents. Additionally, the negative photoisomerization of these compounds was applied to
achieve excellent control over the cloud point.
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4.2 Poly(N-isopropylarylamide)-DASA  conjugates  and
poly(N,N-diethylacrylamid)-DASA conjugates

Inspired by the promising results obtained from the investigation of poly(methyl methac-
rylate)-DASA conjugates with adjustable UCST behavior, the synthetic approach was subse-
quently advanced. For this reason, the focus of this work was broadened to encompass
polymers that demonstrate phase separation upon heating in an aqueous solution. The point of
lowest solubility in the cloud-point curve is referred to as the precipitation threshold, also
known as the Jower critical solution temperature (LCST) Tcp (Section 2.3.1).!®! In recent decades,
the scientific community has shown an intense fascination in such an inverse solubility phe-
nomenon. This interest has mostly been motivated by the potential applications in the field of
water exploration.”® One of the most widely recognized examples is poly(N-isopropylacryla-
mide) (PNIPAM), which exhibits a cloud point in water that falls within the temperature range
of Tep = 31-35 °C.%%82 The observed variations are related to the detailed microstructure of the
macromolecule and the polymer concentration.!®®® Since Heskins and Guilet originally re-
ported the solution properties of PNIPAM in 1968'%4, the list of applications has grown to include,
e.g., microgels’®*®, drug-delivery systems'®, sensors®®, thin films'® and biomedical engineer-
ing"*!, In part, the high level of academic interest can be attributed to the favorable condition
of the globule-to-coil transition occurring around the human body temperature.!*® Additionally,
the monomer N-isopropylacylamide can be readily exposed to several polymerization pro-
cesses, including free radical polymerizations as well as controlled methods, which also allow
for copolymerizations using a significant array of distinct comonomers.'*>%* With respect to
this work, the numerous advantages associated with PNIPAM have resulted in being highly
motivated for its adoption as the primary framework for further studies on the LCST behavior,
particularly in conjunction with DASA side groups. Due to their reduced stability in hydrophilic
solutions/chemical environments, Stenhouse adducts are prone to undesired switching pro-
cesses. To investigate this influence, the strategic decision was made to include a second pri-
mary monomer moiety, namely N,N-diethylacrylamide (DEA). While PDEA meets the PNIPAM
criteria on the one hand ( 7z = 33 °C, water solution'®), its ethyl groups contribute to its higher
hydrophobicity than PNIPAM on the other (Figure 4.24).

hydrophilic % hydrophobic /{/j\d/” hydrophilic
group jl\ o groups /)d o group

PNIPAM PDEA
Tcp=32°C* Tcp=33°C™

Figure 4.24. Structure comparison of poly(/N-isopropylacrylamide) (*PNIPAM)!¢?
and poly(N,N-diethylacrylamide) (**PDEA)'S.
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The slightly enhanced hydrophobic character is attained without significantly augmenting
the likelihood of steric hindrance for the DASA side chains, as could be found for cyclic mono-
mers. The sections that follow discuss the results of the synthetic strategy employed to acquire
access to a PNIPAM-DASA and PDEA-DASA conjugate library, respectively. The primary em-
phasis lies in the examination of the LCST phenomenon both prior to and subsequent to the
activation of the chromophore through illumination.

4.2.1 Synthesis of PNIPAM-DASA- and PDEA-DASA-polymer conjugates

The utilization of activated ester chemistry, specifically incorporating the pentafluoro-
phenyl (PFP) side group, has demonstrated its efficacy in providing a convenient synthetic ap-
proach to obtain polymer precursors for temperature-responsive polymer materials. These
materials readily undergo subsequent reactions, resulting in the synthesis of tailor-made co-
polymer libraries containing DASA moieties (Section 4.1.1).

Hence, the previously described method for PMMA copolymers was applied and slightly
modified. Scheme 4.5 illustrates the process overview. The activated PFP ester group was in-
corporated into the polymer matrix through the utilization of the monomer pentafluorophenyl
acrylate (PFPA, M2). The selection to approve of this alternative over pentafluorophenyl methyl
acrylate (M1), as used for PMMA conjugates, was based on its more advantageous copolymeri-
zation conditions with DEA and NIPAM. Hence, M2 was routinely synthesized through the re-
action of pentafluorophenol (1.0 eq.) with acryloyl chloride (1.1 eq.) in anhydrous THF. The
reaction solution was stirred for 20 h at room temperature in an argon atmosphere, while TEA
was added as an auxiliary base. In accordance with the literature, the desired product was iso-
lated with a 73% yield after purification using column chromatography.'**!¢® For the preparation
of the copolymer libraries poly(MN-isopropylacrylamid-co-pentafluorophenyl acrylate)
(p(NIPAM- co-PFPA), Pyl) and poly(N,N-diethylacrylamid- co-pentafluorophenyl methacrylate)
(p(DEA-co-PFPA) Ppl) as starting material, M2 was further subjected to a statistical FRP
(Scheme 4.5) method, which was previously reported and slightly modified.

The monomer quantities were systematically altered, leading to samples ranging from
2 mol% to 14 mol% of the PFP side group. In order to confirm sample identification in context
with this study, the index x is utilized to denote the theoretical amount of PFPA monomer in-
cluded. The corresponding values for x are as follows: a =2%,b = 4%, c = 6%,d = 8%, e = 10% and f
= 12%. The crude samples were obtained after treating either NIPAM/M2 or DEA/M2 in anhy-
drous dioxane with AIBN as initiator and heating at 75 °C overnight.
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Scheme 4.5. Synthesis steps for NIPAM/DEA-DASA-polymer conjugates. (i) M2
synthesis adopted from ref.!°® Reaction conditions: Dry THF, TEA, rt, 19 h; (ii) FRP
polymerization. Reaction conditions (adopted from ref.}’4): Dry 1,4-dioxane, AIBN,
6 h; (iii) Treatment with M-ethylethylendiamine (EEDA). Reaction conditions:
TEA, THF/acetone (60:40, v/v), 45 °C, 3 h); (iiii) Treatment with furan precursor
(S4/S5). Reaction conditions: THF, 1t, 4 d, light exclusion.

All copolymers were ob-tained in quantitative conversions (‘H NMR monitoring of the reac-
tion solution, appendix A.l1) and yields. The full characterization of both copolymer libraries
was conducted via'H NMR, *C NMR, FT IR spectroscopy and SEC chromatography. The results
of the SEC analyses are displayed in Table 4.4 and discussed below. The number-average molar
mass M, and mass-average molar mass M, were determined from an analysis of the SEC
traces illustrated in Figure 4.25a and 4.25b. These SEC traces exhibited unimodal curves, indi-
cating the successful occurrence of statistical copolymeri-zation. All measurements were con-
ducted in DMF as the eluent, with a polystyrene standard serving as a reference. For the Pyl
series, values of M ,varied from 88.000 to 110.000 g mol?, including standard dispersities D of

the free-radical polymerization process.
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Table 4.4. Analytical data of SEC of of p(NIPAM-co-PFPA) (Pyla-g) and p(DEA-co-PFPA) (Ppla-g)
copolymers.

M2 ex-

Structure Sample pected XMf a Mn MW.1 b oA
(mol%) (mol%)*  (gmol?)® (gmol?)

Pyla 2.0 2.1 1.08:10° 3.53-10° 3.24

Pylb 4.0 3.8 1.10-10° 3.33-10° 3.33

n°° m Pylc 6.0 6.2 9.90-10*  3.57.10° 3.60
NH o

)\ F Pyld 8.0 8.3 9.32:10*  2.87-10° 3.03

Pyle 10 9.8 9.57-10* 3.18:10° 3.32

Pylf 12.0 11.6 8.7510*  2.60-10° 2.96

Pylg 14.0 13.7 9.00-10* 2.61.10° 2.80

Ppla 2.0 150 4.49-10* 1.17-10° 2,60

Pplb 4.0 3.50 2.04-10*  5.59-10* 2.68

ﬁ /fjj Pplc 6.0 6.70 5.58-10* 1.33-10° 2.39

N O

j@[ Ppld 8.0 8.30 5.57-10% 1.33-10° 2.40

Pple 10.0 10.1 7.30-10* 1.72-10° 2.36

Pplf 12.0 12.1 5.05-10* 1.35-10° 2.67

Pplg 14.0 13.0 5.76:10* 1.21-10° 2.20

adetermined by 'H NMR-spectroscopy
bdetermined by SEC

The latter was also displayed for the Ppl copolymers. In comparison, the Ppl library showed
M, values ranging from 50.000 to 70.000 g mol™. By comparing the relative peak intensities of
the -CH< (He) NIPAM proton signal and the methyl backbone protons of the M2 moiety —-CHx—
(Hp) in the 'H NMR (in acetone-ds; &/ppm: 2.7, 4.0), an incorporation ratio of PFP side groups in
Pyl (Figure 4.26a) was revealed. The sharp separation of the H; signal from other backbone
peaks was validated by applying heteronuclear single coherence (HSQC) NMR. The calculation
occurred through Equation 4.10.

I

— 410
Xv2 =009 + 1 (4.10)

Using sample Pyld as an example, the calculation with the peak of Hy (0.09) yielded about
8.3% M2 moiety content. For each p(NIPAM-co-PFPA) copolymer, a similar calculation was em-
ployed. Gratifyingly, the obtained values closely matched the expected amounts (Table 4.4),
with minor discrepancies due to phase corrections during NMR analysis.
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Figure 4.25. SEC traces of a) Pyl series and b) Ppl series measured in DMF. All
data were determined relative to linear PS standards.

While the proton signal Hc emerged at the 'H NMR (in acetone-ds), the spectrum of Pplg
confirmed successful integration of the PFP ester group, however the computation of incorpo-
rated M2 monomer was not achievable due to signal overlapping (Figure 4.26b). Therefore, the
quantitative PFP ester substitution through amidation using an excess of benzylamine in an-
hydrous THF at ambient temperature and stirring for 1 h revealed the broad peak in the aro-
matic region (in CDCls;; &/ppm: 7.0-7.5), attributed to benzene protons (Figure 4.26c). In
conjunction with the benzylamine architecture, the peak corresponding to the methylene pro-
tons Hy (&/ppm: 4.25) displayed a downfield shift. The relative integration of the separated peaks
Hy/H, and subsequent estimation with Equation 4.11

Xopn=——— (4.11)

yielded a quantification of the benzylamine side group Xsa, expressed as a percentage
6.7 mol%), for Pplc. Assuming that Xga is equivalent to Xerp, the procedure was applied to all Ppl
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samples. This assumption was derived from the convenience of verifying the quantitative con-
version of the PFP ester through the utilization of highly sensitive °F NMR analysis.
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IFigure 4.26.'H NMR spectrum of a) sample Pyld measured in acetone-ds. b) sam-

ple Pplg measured in acetone-ds. ¢) sample Pplg after quantitative substitution
of the PFP ester side group by benzylamine measured in chloroform-ds. *Refer-
ence solvent **solvent residue

FT-IR spectroscopy was employed to conduct further characterization of the Pyl and Ppl
copolymer libraries. The PFP ester showed a prominent peak corresponding to the C—Fstrech-
vibration at wavelengths ¥ = 1516 cm™ (Figure 4.27a, Pyl) and # = 1519 cm™ (Figure 4.27b, Ppl).
Furthermore, the PFP ester and amide C=Ostetcn-vVibration bands were clearly separated. The
linear absorption increase observed in the selected regions of the PFP ester C=Ogtretch-vibration
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band at 7 =1728 cm™ (Py1) and 1780 cm™ (Ppl) demonstrated an increase in the PFP ester content
within both copolymer series. This observation was concomitant with a concurrent reduction
in the absorption of the respective amide bands at 1642 cm™ (Ppl) and 1625 cm™ (Pyl).
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IFigure 4.27. a) FT-IR spectra of Pyla-g with the selected region of the M2 ester
band at 1728cm™. b) FT-IR spectra of Ppla-g with the selected region of the M2
ester band at 1780 cm .

The next step involved the initial post-polymerization modification PPM 1, specifically the
integration of EEDA to form amine linker side groups (Scheme 4.5). The copolymer samples
were dissolved in acetone at room temperature and subjected to an excess of EEDA and TEA as
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an auxiliary base. After 1.5 h of reaction time, the quantitative conversion was confirmed by FT-
IR spectroscopy due to the full disappearance of the C=Osyecn-vibration band at 1728 cm™ and
1780 cm™ (Figure 4.28a). The newly modified polymers were purified by dialysis from methanol
for at least 5 d using a membrane with MWCO of 8000 Da.
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Figure 4.28. a) Conversion monitoring vialR spectra (selected region) of Pylc and

IPDId before and after aminolysis with M-ethylethylendiamine (EEDA). b) 1°F NMR
spectra of Pylc before (top) and after aminolysis (button).*Signals resulted from
PFP-salt residue.

The validity of the quantitative PFP ester substitution was further proven by the absence of
F atom signals in the °F NMR spectra of all samples, together with the presence of residual
pentafluorophenolate peaks (Figure 4.28b). As a result, it was assumed that the side group ratio
of EDDA and either NIPAM or DEA equated Xzepa=Xwm2 for all copolymers. Hence, the polymer
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analogous synthetic pathway facilitated a highly efficient method for obtaining primary amine
groups. The approach guaranteed complete yields and ensured the quantitative substitution of
PFP groups.

In the subsequent synthetic procedure, the colored copolymers of interest were generated
by subjecting the reactive parent polymer libraries Py2 and Pp2 to a secondary post-polymeri-
zation reaction (PPM 2, Scheme 4.5) involving furan precursors (Scheme 4.6a) The precursors
are typically synthesized by an environmentally sustainable, non-catalyzed condensation re-
action involving activated methylene compounds and aldehydes in an aqueous medium.'™ I1-
lustrative examples of such compounds include Meldrum's acid, as previously discussed in
Section 2.1.1, and derivatives of 1,3-disubstituted barbituric acid. Notably, for the following in-
vestigations, the acceptor moiety present in the DASA architecture was derived from barbituric
acid derivatives rather than Meldrum's acid. As shown in Scheme 4.6a, 5-(furan-2-
ylmethylene)-1,3-dimethyl-pyrimidine-2,4,6(1H,3H,5H)-trione (S4) and 5-(furan-2-ylmethyl-
ene)-1,3-dibutyl-pyrimidine-2,4,6(1H,3H,5H)-trione (S5) were isolated through filtering from the
aqueous reaction mixture containing 1,3-dimethyl-barbituric/1,3-dibutyhl-barbituric acid (S6)
(1.1 eq.) and furfural (1.0 eq.) following a 2-hour stirring period at a temperature of 75 °C. In ac-
cordance with the literature, a yield of 90% (S4)"® and 85% (S5)"*° was obtained.

\ o furan precursors
a) N_/<
o N— \ (o]
:<_§ N—<
o o N—
barbituric acid o ’é)\NH
— o — -
| Y nco,fjj(m 0_ )\
(o) i S4 o) or
(o]
o_ ! ROR = -
— -
\_/ Bu O Pn3/Pp3 ~_N_-
N
fufural i
ufura o N—Bu r‘{
. > | o) / Y — NH o I\’l:Ie/Blé
U\N—qo J H HO Y
) N—Bu 85 SN “Me/Bu
(o]
o
S6
b) O O
Bu
fo) n-butylamine, fo) CI)J\/U\CI \N—qo
CsCO malonyl chloride
OJJ\O Bt S /\/\NJJ\N/\/\ y—» (o] N—Bu
\ / H,0, 85% H H
ethylen carbonate S7 S6 o

Scheme 4.6. a) Schematic overview of the furan precursor synthesis with fufural
and (i) barbituric acid or (ii) M, N-diebutylbarbituric acid followed by DASA for-
mation. b) Two step synthesis of NJN-dibutylbarbituric acid (S6).
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The synthesis of sample S6 was accomplished by means of a two-step process. Initially, the
use of ethylene carbonate (1.0 eq.) was implemented in a symmetrical CsCOs-catalyzed (0.1 eq.)
transamination process, wherein n-butylamine (1.0 eq.) was employed as the reactant to pro-
duce 1,3-dibutylurea (S7).1” Notably, this reaction was conducted in the absence of any solvent
resulting in an 85% yield after filtration as purification. The findings were consistent with those
published in the literature.®” The urea derivative (S7) underwent a cyclic addition reaction with
malonyl chloride, resulting in the formation of $5.!® Generally, corresponding DASA publica-
tions frequently involves the utilization of isocyanates as a primary chemical for the synthesis

of 1,3-disubstituted intermediates.!?%?%°

This study introduces a fresh strategy employing the mild ethylene carbonate pathway as
an alternative to address the significant concerns associated with the toxicity and respiratory
dangers posed by isocyanates. Furthermore, no disadvantages pertaining to reaction time, pu-
rity, and yield were noticed. The furan precursors were then exposed to a ring opening reaction
(ROR, Scheme 4.6a) adapted from Helmy and coworkers.'® The elaboration of DASA side groups
in the Pn2 series occurred with S5, which led to the formation of p(NIPAM-co-EEDA-Barb-Bu)
(Pn3) copolymers with a distinct purple color. Besides an implementation of the same proce-
dure for Pp2 to perform p(DEA-co-EEDA-Barb-Bu) (Ppsu3), the Pp2 was undergone further Sten-
house synthesis (Pome3) by using S4. The general reaction procedure included dissolving of all
Py2 and Pp2 samples in anhydrous THF, respectively, followed by treatment with an excess of
S3 or S4 under an argon atmosphere and stirring at room temperature. UV-visible light meas-
urements were employed to monitor the purple solutions, ensuring their complete conversion
within a period of 6 days, as described in Section 4.1.1.

The comparative analysis of the effects of various acceptor groups in the furylidene precur-
sors on the ring formation was additionally conducted by tracking the reaction conversion of
furylidene-Medrum'acid (S2) with p(MMA- co-EEDA) (Pm2c) and S6 with copolymer Pp2¢c viaUV-
vis spectroscopy. The UV-vis absorbance spectra (THF; 0.40 mL; ¢~ 3.9 x 10° M) depicted in
Figure 4.29a and 4.29b exhibit a maximum absorobance wavelength Ama.x centered at 545 nm
(Pm3c) and at 565 nm (Ppeu3c). Upon carrying out a direct comparison of the normalized absorp-
tion maxima during a reaction period of 250 min, the rate of DASA formation including S5 was
comparatively slower. The potential factors contributing to this phenomenon may be attributed
to the inherent characteristics of the acceptor structures, as already discussed in the literature
for non-polymeric systems.*” Additionally, the structural configuration of DEA may potentially
result in an increased steric hindrance.

All NIPAM/DEA based DASA copolymers (Px3, PDBu3, Ppne3) were purified employing dial-
ysis in dichloromethane (5 d, rt, MWCO = 8000 Da), an appropriate method owing to the advan-
tageous non-switching property of DASA compounds when dissolved in halogenated solvents.
The pure substances underwent additional analysis through '*H NMR, UV-vis, and FT-IR spec-
troscopic techniques.
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Figure 4.29. DASA formation monitoring via UV-vis absorption measurements

I in THF including a) the PMMA-polymer conjugate Py2c and the furylidene
Medrum'acid (S1) precursor to yield Pu3c. b) DEA based Pp2c sample treated with
furylidene barbituric acid (S5) to give Ppgu3c. ¢) Normalized absorbance maxima
comparison of UV traces a) and b).

A comparison between the parent copolymers Pp2f and Ppp.3f revealed the appearance of
C=Ostretcn Vibration bands at 1721 cm™and 1711 cm™ in the FT-IR spectrum (Figure 4.30a). The ob-
served bands were found to correspond precisely to the C=Ostetch Vibration band at 1721 cm?,
which is characteristic of the non-polymeric compound S8 (Figure 4.30b). Sample S8 was syn-
thesized using the standard protocol for DASA synthesis as described in the publication by

130

Helmy et al*® Also, the FT-IR spectroscopy investigation of Py3c revealed differences in direct
comparison with the diamine precursor sample Py2c. The carbonyl C=0 band at 1728 cm ! was

slightly shifted to a higher wavelength.

81



_ 4 RESULTS AND DIScUSSION

a)

b)

Transmittance (%)

Transmittance (%)

100

95 \)
90 /
. 7
80 -
75 +
70

o |

60 f——F————F——T7——7—
2000 1800 1600 1400 1200 1000

Wavenumber (cm™)

100
Mg
90

o

80

— P,2f
— P, 3f

75

70

65 — S8

/ — Ppg,3d
60 T T T T T T
2000 1800 1600 1400 1200 1000

Wavenumber (cm™)

n
o ’\(\0 NH

Pp2f HN]

fo) N/\O NH 2 '!‘ o
NN ety
~oNeAAAA N\Bu

Bu

(o)
Ppg,3f
?u
\ Ho © NYO
~_ N A~ N‘Bu
sg °©
07 >N""\0" "NH Bu
L \ "o © NYO
SN AN Ny
(o)
Ppg.3f

Figure 4.30. a) FT-IR spectra of Pp2f and Ppgu3f (selected region). b) FT-IR spectra
comparison of Ppg,3f and the non-polymeric compound 1,3-Dibutyl-5-((2Z,4E)-5-
(diethyl-amino)-2-hydroxypenta-2,4-dien-1-ylidene)pyrimidine-2,4,6(1H,3H,5H)-
trione (S8).

Furthermore, additional bands appeared in the spectrum region at 1780 cm™ (grey), which
correspond to the C=Osyech-vibration of the DASA structure. The presence of the DASA unit in
the polymer side chains was further substantiated by the detection of the distinctive conju-
gated double bond protons (Figure 4.32b; indicated purple dots) in the '"H NMR spectrum of Px3d,

in contrast to the parent polymer Py2d (Figure 4.32a).
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Figure 4.31. FT-IR spectra comparison of the C=Osyech-vibration region of sample
Pn2c and Pn3c.

The signal downfield shift of Hy (2.73 ppm) can be attributed to the deshielding impact of
the double bond protons (indicated by the green dotted lines). Note, the 'H NMR corresponds to
DMSO-d; solution due to the poor solubility of the highly polar Px2 series, whereas Py3c was
evaluated while dissolved in chloroform-d, because halogenated solvents stabilize the colored
DASA structure. However, it was assumed that the occurrence of a methylene shift was not
attributable to the solvent.

The determination of the DASA content Xpasa was achieved by establishing the ratio be-
tween the integral of the methylene protons Hc and the integral of the amide proton of NIPAM,
as defined by Equation 4.12.

Xpasa= 1 (4.12)
chv o+l

The calculation of DASA content for Px3c, as an illustrative example, yielded a chromophore
proportion of 3.9 mol%. The observed deviation from the expected value of 6 mol% can be at-
tributed to the insufficient solubility of Py3 in chloroform, leading to an unfavorable signal-to-
noise ratio. Hence, it was solely practicable to ascertain the DASA composition of Py3a-b using
'H NMR, which, incidentally, were found to be lower than the anticipated values as indicated in
Table 4.5. The DASA fraction for the samples Pxy3d-e was estimated using a linear regression
analysis of the chromophore measured by UV-vis spectroscopy.
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Figure 4.32.'H NMR spectroscopy characterization of a) Py2c dissolved in DMSO-
ds in comparison to b) sample Py3d dissolved in chloroform-d after DASA for-
mation. *calibration solvent **solvent residue signal

Along with the NIPAM-based copolymer series Px3, the corresponding Pp3 library was also
subjected to characterization using 'H NMR spectroscopy, as depicted in Figure 4.33. The suc-
cessful formation of DASA was denoted by the presence of signals matching to the conjugated
double bond system in the chemical shift region of 6.7-8.4 ppm, as well as the signal of the
DASA hydroxyl group (Hg) at 11.5 ppm. Additionally, the identification of a distinct peak at
4.5 ppm, belonging to the amine linker methylene protons (H), was readily observable. How-
ever, the signal of H, (DASA acceptor) was already overlapping. Note, that the proton NMR spec-
troscopy measurements were performed on samples that were dissolved in DMF-d; due to the
limited solubility of the Ppg,3 series.

The inability to distinguish and integrate signals from the backbone and side groups in the
DEA structure was attributed to their closely matched chemical shifts in NMR spectra. The
quantification of the chromophore content by NMR was not achievable, thus requiring its eval-
uation through UV-vis spectroscopy. This observation was similar to the Ppme3 series, where
NMR spectra entirely varied in the position of Hy, which exhibited total overlap.
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Figure 4.33.'H NMR spectroscopy characterization of a) Pp2c solved in acetone-
ds in comparison to b) PDgy3c dissolved in DMF-d, after DASA formation and
sample purification. *calibration solvent **solvent residue signal

To sum up, the successful treatment of the DEA and NIPAM amine side groups with barbi-
turic precursors was proved by using 'H NMR spectroscopy. Following the explained general
calculation, the amount of incorporated DASA was determined for Pxy3b and Px3c by integration
of one methylene proton signal corresponding to the amine linker group and the NIPAM amide
proton (Table 4.5). Additionally, the expected DASA amounts Xj (based on DEA/NIPAM and M2
weights) and the estimated amine linker contents Xeepa are summarized. For the DASA mol%
estimation Xpasa, a linear regression of DASA content vs. UV-vis absorption took place, which
is explained below.

The dye contents were also estimated viaUV-vis absorption measurements. Using a linear
correlation between absorbance intensity and DASA content, a linear regression offers access
to chromophoric content calculations. Therefore, the absorbance maxima of the non-polymeric
DASA sample S8 and the copolymers Py3d/Ppp.3d in dry THF were compared, and they were
found to be closely aligned with Amax = 570 nm. The UV-vis spectra of various sample concen-
trations of S8 were measured to generate a concentration vs. absorbance plot (Figure 4.34c, left).
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Table 4.5. Comparison between theoretical DASA amount, amine linker content and estimated
DASA mol% moiety via 'H NMR and quantitative UV—vis analysis for the Px3, Ppsu3 and Ppome3.

Structure Sample (nf;ii;) (‘::f;ln‘;z) ():;D:ls%s) é:l:oA;;, ;

Px3a 2 21 — 13

oo Px3b 4 4.2 2.3% 3.1

o ;H mﬂ Bu Px3c 6 6.5 3.9* 49
A \j J\;’\i:fzu Py3d 8 8.5 — 7.7
o Px3e 10 10.3 — 11.3

Py3f 12 12.0 — 12.5

Ppeu3a 2 18 — 15

. /ijj Pogu3b 4 3.9 — 32
m/\o " Bu Pogu3c 6 6.5 — 6.3
~ \j J\;’\ii;f:u Ppeu3d 8 9.1 — 83
0 Ppsu3e 10 10.2 — 9.5

Popu3f 12 12.1 — 12.6

/{,j"m/ill( PDMe3a 2 2.3 — 1.3
h m
o ,‘(\O NH [ Ppme3b 4 4.2 — 3.7
Oo._N__O
HO
J%&T\ Poude 6
8

6.5 — 5.8

o Poume3d 81 — 7.3
Pome3e 10 9.9 — 10.2

Ppye3f 12 11.6 — 11.8

theoretical DASA content with respect to the used mol ratios of DEA/NIPAM and M2 monomers for the
free-radical polymerization.

2determined amine linker amount by 'H NMR with the assumption Xu2 = Xeepa. The calculated values of
Xuz were taken from Table 4.4.

Sdetermined by ' H NMR integration with *Measured in CDCls.

‘determined by UV-vis measurement through calibration.

A linear regression analysis was performed to determine the relationship

A=0.0432 + 01074 - Css (4.13)

between the absorbance A4 and the concentration css of S8.
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Figure 4.34. UV-vis calibration board. a) Sample S8 structure. b) Absorbance
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roform. c) Measured UV-vis spectra of S8 (left) and corresponding linear regres-
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series.
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With the assumption that the intensities of the absorbance from S8 and the DASA content
in Py3/Ppeu3 and Ppue3 were the same, the DASA content Xpasa of the copolymers were calcu-
lated using Equation 4.14.

CDASA

Xpasa =
CpN3/PDBU3/PDMES — Mbasa * Cbasa (4-14)

Cpasa t
Mbpea/NPAAm

The Equation (4.14) resulted from the same assumptions and variables as already explained
in detail in Section 4.1.1 for the PMMA-based copolymer series. The obtained Xpasa values de-
rived from the corresponding UV-vis spectra of the dissolved copolymer sample as illustrated
for the Ppgu3 series as an example in Figure 4.34d. The calculated Xpasa mol% fractions are sum-
marized in Table 4.5. Supplementary data, such as maximum absorbance values, can be found
in appendix A.3.

The ring-opening mechanism of barbituric acid furan derivatives with secondary amines
proved favorable due to the ease of monitoring and conversion. In addition, the reaction dis-
played selectivity and achieved almost full conversion, making it very suitable for post-
polymerization modifications under mild reaction conditions. To summarize, the synthetic
strategy presented a method to create three different copolymer libraries that demonstrate
temperature responsiveness and include varying quantities of the DASA chromophore in the
polymer side chain.
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4.2.2 Temperature and light responsiveness of DEA and NIPAM-DASA copoly-
mers

Following the successful synthesis of the PDEA/PNIPAM-based copolymers including
DASA side groups, a subsequent examination of the light-responsive properties was carried out.
Effective adjustment of the LCST necessitated the consideration of the light-dependent char-
acteristics of the DASA chromophore. Consequently, the UV-vis absorption of sample Pp3b dis-
solved in water (6.0 pmol L) before and after irradiation was compared (Figure 4.35, blue arrow).
The significant absorbance peak at 560 nm, which corresponded to the n-n* transition, de-
creased markedly after 40 min of irradiation (white bulb). This decrease was attributed to the
bond breaking of the conjugated triene DASA structure (green) and simultaneous formation of
the cyclopentenone (red) structure. Upon macroscopic observation, a decrease in the intensity
of the solution color was noted, transitioning from a highly pink hue to a shade of rose. Besides
the UV-vis absorption of sample Pp3b dissolved in DCM (purple curved; 0.5 mg ml™) revealed a
bathochromical shift of the absorption maxima by 10 nm. The Px3 and Pp3 copolymer series
were further subjected to LCST investigations before and after visible light irradiation. In gen-
eral, the zwitterionic cyclopentenone, as compared to the brightly colored triene DASA nature,
exhibited an increase in the polymer solubility after light exposure.
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Figure 4.35. Absorption efforts of sample Pp3b (butyl-Barbituric acid based) dis-
solved in DCM and THF before and after 40 min light-irradiation.

Consequently, the LCSTs of all copolymers displayed a noticeable upward shift, with T, >T;
(Figure 4.36). All LCST were determined by turbidimetry as the cloud point temperature Tcp.
Thus, the optical transmittance of a light beam with a wavelength of 1 =700 nm through the
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sample cell of the photospectrometer was detected as a function of temperature. The copolymer
solutions were prepared with a concentration of 1.5 mgmL™’ in Millipore water containing
1 M NaCl. The observed cloud points were not influenced by the relatively modest proportion of

salt.
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IFigure 4.36. Schematic overview of the visible light (1 = 520 nm) induced LCST

shift of PNIPAM/PDEA-DASA polymer conjugates dissolved in aqueous solution
(1 mg mL). The photoswitching phenomenon shown by the DASA chromophore
led to the formation of a zwitterionic structure. The solubility of the polymer ex-
hibited a rise, leading to the occurrence of a phase transition at temperature 73
that surpassed 7.

The cloud point was operationally defined as the temperature at which a transmittance of
50% was recorded. Initially, a comparative analysis took place on the phase transition behavior
of the NIPAM based Py3 series prior to light exposure (Figure 4.37a). Likewise, a homogenous
PNIPAM solution (M, = 40500 g mol™; D= 2.7) was measured under identical experimental con-
ditions. While the latter demonstrated a phase transition of 7cp = 35.6 °C, all Py3 samples dis-
played even lower values (Figure 4.37b-d). The LCSTs exhibited a significant reliance upon the
content of incorporated DASA chromophore. In broad terms, an increase in the mole fraction of
DASA side groups within the copolymer was seen to result in a decrease of Tce. The observed
phenomenon was related to the inherent property of the colored Stenhouse compounds, which
possessed a nonpolar structure leading to lower solubility in an aqueous medium. Py3f revealed
a temperature that was approximately 10 °C lower compared to the PNIPAM sample. Further-
more, the transmittance-temperature curves displayed a broading course rather than a distinct

phase change with increasing DASA content.
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IFigure 4.37. a) Turbidity curves of PNIPAM and Px3a-f before light exposure. b)

Pn3ath, ¢) Py3c+d, d) Pn3e+f after light exposure. All samples were measured
while dissolved in an aqueous NaCl solution (1 M). *After light exposure for at
least 4 h by a clean 40 W light bulb.

Following the first turbidity measurements, the Pyx3 solutions were subsequently exposed
to visible light emitted by a white light bulb for a minimum duration of 4 h. Afterwards, addi-
tional turbidity measurements were conducted before and after irradiation (Figure 4.37b-d) and
the results of 7cp were compared (Table 4.6). The observed temperature shifts ATzp towards
higher values were attributed to the polar nature of the cyclopentenone compound. Therefore,
the presence of the DASA side group exerted an influence on the solubility of the copolymer,
whereby an increase in the amount of integrated chromophore caused elevated ATcp. In the
context of sample Py3e and Pn3f, the phase transition curves demonstrated a partial full
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solubility with a noted end transmission of 18/29%. This phenomenon was additionally ob-
served for Py3f prior to exposure to light, which led to the assumption of uncontrolled switching
mechanisms during the turbidity measurement for this particular sample.

Table 4.6. Determined 7cp for the PNIPAM-based Pn3 series before and after light induced

DASA photoswitching.
Sample Xbasa _ LCS_T I?efore _ LC_ST_after M:,CST

(mol%)? irradiation (°C) irradiation (°C) (°C)
Px3a 1.3 31.2 35.6 44
Px3b 31 29.9 35.9 5.9
Px3c 49 28.3 34.8 6.5
Pn3d 7.7 27.1 35.8 8.7
Pn3e 11.3 25.6 35.2 9.6
Pn3f 12.5 241 35.7 11.6

2determined by UV-vis spectroscopy (Table 4.5)

Examining Figure 4.38 provided a more profound understanding of the impact of DASA in-
corporated side groups unto NIPAM based polymers. Prior to light irradiation, all Px3 samples
displayed an almost linear correlation, as illustrated by the grey dotted line. Hence, the incor-
poration of each expected 2 mol% DASA component led to a reduction of approximately 1.7 °C
in the Tpvalues.

Upon the transition from the colored structure to the non-colored DASA molecule, it was
observed that all samples presented a LCST (7cp = 35.5 °C) similar to that of pure PNIPAM. The
irradiation of light effectively nullified the impact of the side chain on LCST value, resulting in
a binary-like system with an on-off behavior. However, in relation to the bar diagram (Figure
4.38b), the ATtp values were not consistently linearly dependent on the DASA content. As an
example, the presence of 1.3% chromophore in sample Py3a caused a temperature shift of 4.4 °C,
whereas sample Px3c exhibited ATcp = 6.5°C despite containing a higher concentration of 4.9%
chromophore.

The polymer conjugates based on DEA were subjected to LCST examinations in a similar
manner, consistent with the procedure previously reported for the Px3 series. In contrast, the
methyl-barbituric structure (Ppme3) was additionally studied alongside the buthyl-copolymers
(Pppu3).
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Figure 4.38. a) Cloud point temperatures of Px3 series before and after irradia-
tion. The grey dotted line demonstrates the linear relationship of all T, before
irradiation. b) Bar diagram of ALCST (°C) and temperature difference from one
Tp to the next higher DASA content (dashed lines).

The turbidity curves of the Ppme3 series before irradiation with visible light are illustrated
in Figure 4.39a. For the Ppg,3 series, all turbidity curves are shown in Figure 4.40a. Overall, the
copolymer conjugates exhibited similarities to the PNIPAM based series. In relation to the ho-
mogeneous PDEA (M, = 42700 g mol’; P = 2.3), each sample revealed a decrease in the cloud
point as the concentration of the dye moiety increased.

For instance, the PDEA solution demonstrated a distinct phase transition at a temperature
of 37 °C when heated. Conversely, the samples of Ppue3a (Figure 4.39a) and Pppu3a (Figure 4.40a)
displayed lower LCST values, specifically at temperatures of 32.4 °C and 30.3 °C, respectively.
The Ppg,3 series, characterized by the presence of a butyl group, showed a relatively less polar
nature, resulting in lower LCST values when compared to the sample containing the methyl
barbituric acid compound. Additionally, differences appeared in the curve shapes. The course
of the curves pertaining to Ppme3 exhibited a higher degree of broadening. Furthermore, for the
Ppsu3 series, no end transmittance >0% was observed. It is worth mentioning that the sample

Ppeu3f (12.6 mol% DASA) displayed insolubility in water. Therefore, the turbidity curve was not
recorded.

After conducting the turbidity measurements as specified, the Pp3 solutions were next sub-
jected to visible light exposure for a duration of 4 h. The resulting curves are depicted in Figure
4.39b-d (Ppme3) Figure 4.40b-d (Pppu3).
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Figure 4.39. Turbidity curves of a) PDEA and Ppume3 series before irradiation. Tur-

Ibidity curves of the samples b) Ppme3ath, ¢) Pome3c+d, d) Pome3e+f after light ex-
posure. All samples were measured while dissolved in an aqueous NaCl solution.
*After light exposure for at least 4 h by a clean 40 W light bulb.

The LCST values obtained at a transmission of 50% and the calculated ALCST are summa-
rized in Table 4.7. In general, the ALCST values of Ppme3 and Ppg.3 exhibited similarity when
considering the incorporation ratio of the DASA moiety. In the case of Ppme3f, a significant tem-
perature shift of 14.0 °C was recorded, providing evidence for the substantial impact of DASA
isomerization mechanism on the behavior of the temperature-responsive polymer material.
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Figure 4.40. Turbidity curves of a) PDEA and Ppgu3 series before irradiation. Tur-

Ibidity curves of the samples b) Pppu3a+bh, ¢) Ppeu3c+d, d) Pppu3e after light expo-
sure. All samples were measured while dissolved in an aqueous NaCl solution.
*After light exposure for at least 4 h by a clean 40 W light bulb.

The initial temperatures of Ppme3 indicated a nearly linear decline with increasing DASA
content. In contrast to the PNIPAM based conjugates, which exhibited a consistent lower LCST
of approximately 36 °C following irradiation, the cloud point of PDEA family displayed variation.
The methyl series had an inclination towards increasing lower critical solution temperature
(LCST) values following irradiation. In the butyl series, there is a modest drop in values observed
as the dye concentration increases from sample Ppgy3a (1.5%) to sample Ppgpy3e (9.5%).
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Table 4.7. Determined LCST for the Ppgy3 and Ppme3 series before and after light induced DASA
photoswitching.

Polymer Xpasa LCST b.efor? ir- LCST zi\fteroirradi- A ECST
(mol%)? radiation (°C) ation (°C) (°C)
Ppeu3a 15 32.7 36.5 3.80
Ppsu3b 3.2 31.0 35.8 4.80
Ppeu3c 6.3 30.2 36.1 5.90
Ppgu3d 83 28.3 36.9 8.60
Ppeu3e 9.5 274 36.8 9.40
Popu3f 12.6 25.2 39.2 14.0
Ppme3a 13 30.3 335 3.20
Pome3b 3.7 27.9 339 6.00
Ppme3C 5.8 25.0 32.6 7.60
Ppme3d 7.3 23.3 319 8.60
Ppume3e 10.2 22.6 31.8 9.20

adetermined by UV-vis spectroscopy (Table 4.5)

Figure 4.41 depicts a bar diagram that visually represents the similarity between the shifts
in ALCST seen in the methyl and butyl samples. Furthermore, it was evident that the progres-
sion from lower dye level to higher dye content is non-linear, as indicated by the uneven
heights of the bars. In brief, the manipulation of acceptor side groups presents an opportunity
to expand the spectrum of lower critical solution temperature (LCST) values, hence enabling a
broader range of control over ALCST changes.

To summary, all temperature-responsive copolymers exhibited a LCST behavior, which was
significantly influenced by the incorporation of DASA side groups. The samples demonstrated
a nearly linear dependency between the quantity of incorporated DASA and the LCST change
following exposure to visible light (white bulb) for a duration of 4 h. Therefore, the phase-tran-
sitions were shifted towards higher values as a result of the increased solubility generated by
the zwitterionic DASA structure. The sample, which consisted of a copolymer based on NIPAM
and contained 10 mol% DASA, exhibited the greatest increase in ALCST of 9.2 °C. The largest
recorded increase in ALCST for DEA-based copolymers was 14 °C, seen in a sample Ppg.f con-
taining 12.6 mol% of DASA.
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4.3 Orthogonal photoswitching copolymer systems

The preceding sections offer a comprehensive examination of the successful studies com-
mitted on dual temperature and light responsiveness. To broaden the scope of this work, more
attention was dedicated to the photoswitching potential. This feature garnered significant in-
terest due to its capacity of providing orthogonal light addressing. In the present context, or-
thogonality refers to the property of a polymer network exhibiting LCST behavior and being
composed of a at least two chromophoric units. The latter facilitated the ability of their simul-
taneous and independent activation at distinct wavelengths. In 2018, Lerch et al impressively
highlighted separate absorption peaks in a low molecular weight system utilizing DASA and
azobenzene chromophores, as observed through UV-vis monitoring (Section 2.3.3).2" Moti-
vated by these results, the scope of the current work was widened to encompass a polymer
matrix based on PDEA, incorporating DASA and azobenzene side chains.

The subsequent sections present a comprehensive account of the outcomes obtained from
the synthesis of PDEA-DASA-Azo polymer conjugates, encompassing a thorough characteriza-
tion of the materials. Subsequently, the cloud points prior to and after to light exposure are
presented and discussed.

4.3.1 Synthesis of PDEA-DASA-Azo polymer conjugates

To improve a comparative analysis of stimuli-responsive polymer systems featuring two
distinct chromophores, the decision was made to synthesize the respective materials by a se-
quential post-polymerization process of a precursor polymer Pra (Scheme 4.7a). Such procedure
facilitated the introduction of functional groups, while preserving the unaltered degree of
polymerization and molecular masses distribution. Consequently, monomer M2 was exposed
to a RAFT polymerization using AIBN as radical initiator and 4-cyano-4-[(dodecyl-sulfanylthi-
ocarbonyl)sulfanyl]pentanoic acid (CDSTP) as chain transfer agent (CTA) with a feed ratio of
[PFPA][CDSTP]:[AIBN] = 100:1:0.1. The reaction was proceeded in anhydrous THF for a duration
time of 19 h at a constant temperature of 70 °C. Analysis of the reaction mixture via ‘H NMR
spectroscopy revealed a quantitative conversion. The pure product was isolated through par-
ticipation in methanol and full characterized by 'H NMR and FT-IR spectroscopy which was in
close agreement with the literature.?’* The precursor Pra was further subjected to a first poly-
mer analogous reaction (PPM 1) in a one-pot synthesis with different amounts of the amino
functionalized (£)-N-(2-aminoethyl)-4-(phenyldiazenyl)benzamide (S11), EEDA and TEA
(Scheme 4.7b). The synthesis of S11 was adapted from existing literature and successfully car-
ried out by a three-step process (Scheme 4.7¢).!%?
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Scheme 4.7. Synthesis pathway of P2x,0a-c. a) RAFT polymerization of monomer
M2. Reaction conditions: (i) 1,4-dioxane, 75 °C, 19 h. b) PPM 1: Treatment of Pra
with S11, EEDA and TEA; PMM 2: DASA formation through PPM 2 with barbituric
acid precursor S5. Reaction conditions: (i) THF, rt, 7d; (ii) THF, 5d. ¢) Synthesis of
(£)-N-(2-aminoethyl)-4-(phenyldiazenyl)benzamide (S11). Reaction conditions:
(i) Dry THF, rt, 2.4 h; (ii) Ethan-1,2-diamin, dry THF, 2.5 h.
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The initial step involved the addition of nitrobenzene and 4-aminobenzoic acid to yield the
diazo compound (£)-4-(phenyldiazenyl)benzoic acid (S9) as described in the literature?*. Sub-
sequently, S9 underwent esterification using pentafluorophenyl trifluoroacetate to produce
perfluorophenyl (£)-4-(phenyldiazenyl)-benzoate (S10). In the last step, an amidation reaction
of S10 occurred, using ethan-1,2-diamine, resulting in an overall yield of 31% after three steps.
Using the diazo S11 substance, the PPM 1 reaction proceeded. Due to the higher reactivity of
primary amines in relation to secondary amines, a mixture of S11 and the amine precursor
EEDA were added first to a solution of Pga dissolved in THF, respectively. After a reaction time
of 6 h at room temperature, the remaining PFP ester groups were converted with an excess of
diethylamine to yield the Pla,, series with different amounts of DASA and azo side groups. All
Pla,, samples were purified by dialysis in acetone for 15 d using a membrane with a MWCO of
1000 g mol* and analyzed by FT-IR, NMR, UV-vis spectroscopy and SEC measurements. A no-
table change in the molecular masses was seen in the SEC traces (Figure 4.42) of the samples
Pra (before first post-polymerization modification) and Plazea (afterPPM 1) following pentafluor-
ophenol substitution using DEA, EEDA, and S11. Therefore, the theoretical Number-average mo-
lar mass M, was determined to be around 24,000 g mol®. Specifically, M, decreased
from = 24800 g mol™ (P=15) to M, =12100 g mol* (D= 2.0).
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Figure 4.42. SEC traces of Pra and Plaz0a measured in DMF. All data were deter-
mined relative to a linear PS standard.

Complete conversion was quantified by monitoring the full disappearance of the PFP ester
C=Ostretcn-vibration band at ¥ = 1780 cm™ and 1800 cm™in the FT-IR spectrum of Pla,.c as an
example (Figure 4.43). Additionally, the appearance of N-Hgyeten-vibration at 3400 cm™ and C=0s.
wetcn-Vibration of the amides at 1650 cm™ confirmed the successful formation of amino and am-
ide side group. Moreover, the 1H NMR spectrum revealed the corresponding aromatic protons
for signal integration and estimation of the aovenzene content (Figure 4.44b).

In order to achieve the copolymer series P2a,0a-c, which consisted of Azo and DASA moie-
ties, the furan precursor S5 was employed to convert the remaining EEDA amine linker by the
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PPM 2 reaction. Consequently, all Pl,,, samples were dissolved in anhydrous THF, respectively,
and subjected to continuous stirring for a duration of 5 d at a constant room temperature. The
complete transformation was monitored utilizing UV-vis spectroscopy, as previously detailed
in the prior chapters. The purple-colored products were isolated after dialysis for 4 d in di-
chloromethane using a membrane with a MWCO of 1500 g mol ™.
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Figure 4.43. FT-IR spectra of the precursor polymer Pra in comparison to the
sample after the first post-polymerization reaction Pla,.c and the second post-
polymerization sample P24;.C.

The evidence of the synthesis of P2, samples was verified through the allocation of
'H NMR spectra signals, as illustrated in Figure 4.44c.

For example, the 'H NMR spectrum of the copolymer P2,,.,¢c showed the characteristic sig-
nals attributed to the PDEA backbone (in acetone-d: 8/ppm: 1.50-3.50), as well as signals origi-
nating from the side group at 1.05 ppm (Hy) and 3.28 ppm (H.). Moreover, the presence of the
azobenzene group was established based on the detection of signals from H¢/Hy within the
chemical shift range of 7.20-8.15 ppm. The determination of the degree of substitution for the
azobenzene chromophore was conducted by integrating the signals of H, and H;. The successful
synthesis of the DASA side group was demonstrated through the identification of the double
bond protons (in CDCls: §/ppm: 6.58-7.60; purple dots). In addition, a downfield shifted signal of
the methylene protons Hc' at 4.48 ppm was found. The DASA content was estimated by com-
paring its integrated double bond with the aromatic signals of the azobenzene group (Figure
4.44c). The computed copolymer compositions are provided in Table 4.8.
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I Figure 4.44. 'H NMR spectroscopy characterization of a) Pra dissolved in DMSO-

dsb) Sample Plazoc after first post-polymerization modification dissolved in ac-
etone-ds and c) Sample P2a,0c after second post-polymerization modification
dissolved in chloroform-d with two chromophoric structures: DASA and S11.
**signals originating from reaction solvent residue

As an illustration, the signal integration of the double bond protons (purple dots) and Hs
revealed a DASA content of 4.5 mol% for the sample P2,,,¢. Noteworthy, the ratio of chromo-
phores was mutually defined. The estimate did not consider the polymer backbone.
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Table 4.8. Composition of the copolymer series P2,,0a-c.

Structure  Sample Az<>(§g;;§ted - o s
P2sz02 2.0 1.7 2.0 2.1
A P2,,0b 3.0 31 3.0 34
P2,,.C 5.0 47 5.0 45

adetermind by 'H NMR spectroscopy

|
N (o]

\ Ho Oy
~NeAAFA N\B
u

o

)fj o
/{j' o n
e B ka@L ©
H _N
N/
A: P2, 0a-c

To sum up, the synthetic protocol of using a homopolymeric precursor which underwent
two polymer analogous reactions, provided a straightforward method to create three distinct
copolymer samples. These were composed of designed to target DASA and azo side groups as
chromophoric units. The subsequent section examines the orthogonal photoswitching behav-
ior and its impact on the LCST of the copolymers based on DEA.
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4.3.2 Temperature and light responsiveness of DEA-DASA-Azobenzene conju-

gates

The synthesized P2,,, series was employed to examine its responsive behavior to temper-
ature and light. Lerch et a/ demonstrated the successful reversible orthogonality of DASA and
azobenzene components in a low molecular mass inter- and intramolecular system. The great
photoswitching efficiency observed in this system was owing to spectral areas characterized
by substantial disparities. The present investigation involved the intentional choice of the az-
obenzene molecule S11 and a barbituric acid based Stenhouse adduct as side groups in a PDEA-
based polymer system for the purpose of irradiating them at different wavelengths.

Upon analyzing the absorbance curves of the chromophores in the UV-vis spectra before
any exposure to light, the following observation was made: The DASA compound S8 showed
limited absorption characteristics between the wavelengths of 200 to 500 nm (Figure 4.45a),
with the solvent utilized affecting the degree of absorption.
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Figure 4.45. Comparison of the UV-vis spectra of a) barbituric acid based DASA
S8 and b) azobenzene derivative S11.

The most significant amount of absorbance was recorded in the visible light region at 1, =
545 nm. The highest level of absorbance for S11 was seen at 4, = 360 nm, which corresponded to
the n-nt* transition of the trans-configuration (Figure 4.45b). Hence, the chosen chromophores
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had the potential to serve as a complimentary class. In relation to this study, it was hypothe-
sized that the key feature of the chromophores, which undergo a transition from nonpolar to
polar polarity, would cause a shift in the LCST value towards greater magnitudes.

Subsequently, the P34, samples underwent phase separation investigations both before
and after exposure to light, as depicted in Figure 4.46. The copolymers were individually dis-
solved in Millipore water at a concentration of 2 mg mL™. Further, the LCSTs (Tzp) of each sam-
ple was ascertained by measuring the optical transmittance of a light beam (1 = 700 nm) as it
passed through the sample cell of the photospectrometer. The process of phase separation oc-
curred concurrently with the insertion of a heating rate of 1 °C mininto the sample holder. The
LCSTs (Tcel- Te3) were consistently defined as the temperature at which a transmission of 50%
was recorded in the corresponding transmission vs. temperature curve. Consequently, the
cloud point was utilized for optical observation of the LCST.

soluble insoluble insoluble

A=560 nm
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o
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IFigure 4.46. Schematic overview of the LCST investigations on copolymer sam-

ples P2,,, with DASA and azobenzene as chromophoric side groups. The mate-
rial was dissolved in an aqueous solution (15 mg mL?). Prior to light irradiation,
the copolymers displayed a LCST Tcpl. Following exposure to visible light (1 =
560 nm) and DASA photoswitching, T1 was increased to T2. Following the second
exposure to light (1 = 365 nm), the LCST was shifted to 7cp3. The correlation be-
tween the cloud points was as follows: Tcpl> Tcp2> Tcp3.
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After being cooled to a temperature of 7= Ttpl, each material received treatment with visible
light (41 = 560 nm) for a duration of 2 h. The observed discoloration was attributed to the selec-
tive photoisomerization of the DASA chromophore from the colored triene species to the color-
less zwitterionic cyclopentenone. The azobenzene structure remained unaffected during the
switching process due to the presence of distinct wavelength areas that were utilized as stim-
uli. Based on the described procedure for cloud point determination, the value of 7tp2 was ob-
tained. Further, the solutions were cooled to a temperature of 7<7cp2. At this point, the samples
were subjected to irradiation using UV light (4, = 365 nm) for 2 h, which induced the isomeriza-
tion of the azobenzene group. This process of isomerization is invariably accompanied by a
concomitant alteration in the dipole moment of the molecular configuration.

The sequencing of irradiation involving the wavelengths 4; = 565 nm and A, = 365 nm was
not arbitrary. DASA compounds exhibit a high degree of sensitivity to spontaneous switching
phenomena in aqueous solutions as a consequence of their isomerization into the salt form. To
prevent any additional increase in milieu polarity, the isomerization of DASA was carried out
prior to that of azobenzene. Basically, Stenhouse adducts and azobenzenes are chromophares
that demonstrate reversible switching properties. Nevertheless, the aspect if thermal-induced
reversibility was deemed insignificant for this study in both scenarios. DASAs exhibit recycla-
bility in aromatic and halogenated solvents through thermal means, while this process is not
observed in aqueous solvents. The cis-trans isomerization of azobenzenes in aqueous condi-
tions is potentially plausible. However, the prolonged half-time of 12 h rendered the undesired
switching processes inconsequential within these particular settings.

Figure 4.47 depicts the recorded correlation between transmission and temperature for the
P2,,, series in aqueous solution. In contrast to the curve shape observed for PDEA, the copoly-
mer curves displayed a wider shape that became more noticeable with increased amounts of
chromophore incorporation. Table 4.9 presents the LCST values obtained at a transmission
level of 50%, together with the corresponding LCST shifts following the light exposures. Thus,
the LCSTs of the aqueous solutions of the P2,,, series showed a dependence upon the content
of incorporated chromophore.

Table 4.9. LCST values befor and after light irradiation.

Sample (m)iAlz; . Xp4 s Terl Ter2 Ter3 Af’cp  ADcp ATicp
6 (mol%)* () (C) (C) (:C) (*C) (*C)
PDEA - - 345 - - - - -
P3az0a 1.7 21 32.7 33.0 334 0.3 04 0.7
P3azb 31 3.4 31.6 33.0 34.6 2.3 0.7 3.0
P3az0C 47 51 28.7 34.7 36.1 6.0 14 7.4

3determined by 'H NMR-spectroscopy

In general, the LCST of all copolymers decreased with increasing dye amount. In accord-
ance with the hydrophobic character of the colored DASA structure and f{rans-azobenzene
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before light irradiation, the samples exhibited 7cpl values that are lower in comparison to the
cloud point of PDEA (7cpl= 34.5 °C).
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IFigure 4.47. a) Turbidity curves of PDEA and P2,z0a prior to after sample expo-
sure to light. b) Turbidity curves of P24,0b prior to after sample exposure to light.
c¢) Turbidity curves of P2az0c prior to after sample exposure to light. All samples
were measured while dissolved in an aqueous NaCl solution (1 M). *After light

exposure for at least 2 h with 4; = 560 nm. **After light exposure for at least 2 h
with 2, =365 nm.

Tcrl of the copolymer P3Azoc as example, was estimated to be 6.0 °C lower (28.7 °C) as meas-
ured for PDEA. The previous investigations on the LCST behavior of DASA bearing PDEA copol-
ymers, as comparison, outlined =5 °C in difference regarding similar side group incorporation.
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Hence, it was assumed that the DASA molecule has the dominant influence on the polymer
solution behavior. This observation was confirmed by the results after the first and second light
irradiation. The LCST shift (AT*CP) was particularly pronounced for P3Azo b (2.3 °C) and P3Azo
c (6.0 °C), while the most intense shift resulting from the influence of trans-cis configuration
was 1.4 °C. Nevertheless, the finding of measurable LCST modifications (AXCP) following the
second exposure to a 365 nm wavelength revealed the independent light-activation of the chro-
mophores.

In total, the highest LCST shift (ATcp) was calculated at 7.2 °C with an amount of 4.7 mol%
azobenzene and 4.5 mol% DASA side group within the sample P34,.,c. Normally, a linear increase
of the LCST shift would be predicted as the number of chromophoric units elevated. In fact, no
linear correlation was seen because the influence on the copolymers P3Azoa and P3Azob was
lower than expected in terms of the incorporated side group quantities. A potential explanation
could be the statistical incorporation of the DASA and azobenzene moieties in the polymer,
which could have resulted in a neighborhood effect caused by the included photoswitchable
units. In contrast, the previously discussed results of tunable LCST values of PDEA- and
PNIPAM-DASA exhibited linear correlations between the amount of chromophore units and
LCST shifts. The neighboring effect appeared to be highly affected by the molecular weight.
While the statistical distribution of the side chains claimed to be meaningless for very high
molecular masses (M, >60,000 g mol?), it had a significant impact on polymer chains in the
10,000 g mol™* molecular weight area.
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Chapter 5
5 Experimental Part
5.1 Materials and Characterization

The following sections provide a concise overview of the materials and conditions used in
the synthesis and characterization of the compounds in this study.

5.1.1 Chemicals and solvents

Unless otherwise stated, all chemicals and solvents were commercially available and uti-
lized as received. Azobisobutyronitrile (AIBN; Merck, 98%) was purified by recrystallization
from diethyl ether and stored at -7 °C. N-Ethylethanamine (TEA, Merck, 99%) was dried with
activated 4 A molecular sieve and stored under an argon atmosphere. Methyl methacrylate
(MMA, fisher scientific, 99%) was filtered through basic alumina immediately before used to
remove the stabilizer. N,N-Diethylacrylamide (DEA, Merck, 99%) was filtered through alumina
immediately before used to remove the inhibitor 4-methoxyphenol. N-Isopropylacrylamide
(NIPAM, Merck, 97%) was purified by recrystallization from isopropyl alcohol. Acetone, dichlor-
methane, ethyl acetat and petrol ether (technical grade) were distilled prior use as solvents for
the column chromatohraphy/dialysis. Tetrahydrofuran (THF) and 1,4-dioxane were distilled
over sodium.

5.1.2 Characterization and Purification Methods

Column Chromatography

The purification by column chromatography was carried out using silica gel 60 (70-230
mesh ASTM, 60 A) obtained from Merck. The thin-layer chromatography was conducted with
commercially available ALUGRAM® Xtra SIL G/UVas4 (SiO2) aluminum panels manufactured by
Macherey-Nagel
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Dialysis

The polymer samples were subjected to dialysis utilizing Spectra/Por® 1 and Spectra/Por® 7
membranes, which had molecular weight cut-offs of 6000 g-mol™ and 1000 g-mol?, respectively.
The specific solvent employed in each case is specified in the synthesis conditions within Sec-
tion 5.2. The solvent was refilled continuously after a maximum term of 18 hours.

FT IR spectroscopy

FT IR spectroscopy was measured on an iTR-Nicolet iS10 from Thermo Scientific with an
attenuated total reflectance (ATR) attachment. The spectra were analyzed using Omnic 8.5.

Irradiation systems

The light irradiations were conducted by subjecting the dissolved samples to light emitting
diodes (LEDs) for the Pu3 series. To enhance efficiency and minimize irradiation duration, the
LED utilized possesses a wavenumber of A4 = 515 nm, corresponding closely to the peak of the
red dye's spectral curve (1 = 525 nm) during UV measurement. All other copolymer samples
were exposed to a white lamp (40 W).

Mass spectrometrie

The ESI MS spectra were measured in positive mode using an Agilent 6224 TOF spectrom-
eter from Agilent Technologies.

NMR Spectroscopy

The NMR spectra (*H, °C, °F) were conducted using the Bruker spectrometers Avance Il HD
600 MHz, Bruker Avance I 500 MHz, Bruker Avance III HD 400 MHz and Bruker Avance I
400 MHz. Tetramethylsilane served as internal standard. The denoted solvent was utilized to
calibrate the chemical signal shift. When possible, the assignment of the 'H and "*C signals was
facilitated by two-dimensional spectra (H,H COSY, HSQC, HMCB). The data were analyzed using
MestReNova software version 14.1.0.

Size Exclusion Chromatography

SEC was performed in either dimethylformamide with 0.01 mol L™ LiBr using a P1000 iso-
cratic pump and RI detector L-7490 on MZ-Gel SD-plus 5 pm linear column or in tetrahydrofu-
ran using a JASCO PU-980 pumo, RI detector and MZ-Gel SD. The data were analysed via
Chromatographica V1.0.20.
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UV-vis spectroscopy and turbidimetry

UV-vis and turbidity measurements were conducted using a JASCO V-630 spectrometer
equipped with a silicon photodiode (S1337). The device utilized a dual-beam optical system
comprising a deuterium lamp with a wavelength range of 190 to 350 nm and a halogen lamp
with a wavelength range of 330 to 1100 nm. The spectrometer included an ETCS-761 thermostat
for the purpose of temperature regulation. The samples were dissolved in the designated sol-
vent and transferred (as mentioned concentrations) into a quartz glass cuvettes with a thick-
ness of 10 mm. The UV-vis spectra were obtained within the wavelength range of 300 to
700 nm, while turbidity measurements were conducted specifically at a wavelength of 700 nm.
The samples were measured with a cooling/heating rate of 2.5 °C-min™ or 1.0 °C'min”, unless
otherwise stated.
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9.2 Synthesis

5.2.1 Monomers

Pentafluorophenyl methylacrylate (M1)

o;fo Chemical formula: C;oHsFs0;
F F Molar mass: 252.14 g mol’
TLC: R =0.35 (petrol ether)
F F
F

The synthesis of pentafluorophenyl methylacrylate was carried out using the procedure
provided in the literature.”® Under an argon atmosphere, pentafluorophenol (45 g, 244 mmol)
and trimethylamine (29.7 g, 293 mmol, 1.2 eq.) were dissolved in 400 mL dry diethylether. The
solution was cooled with an ice bath and stirred. Methylacryloyl chloride (28.4 mL, 30.7 g,
293 mmol) was added dropwise though a dropping funnel over a time course of 30 min. The
reaction mixture was stirred 19 h at room temperature. The precipitated salt was removed by
filtration. The solvent was evaporated under reduced pressure and the crude product was iso-
lated using column chromatography (column: silica gel, solvent: petrol ether). The title com-
pound was obtained as a colorless liquid (49.3 g, 80% yield) and stored at 8 °C under argon
atmosphere.

'H NMR (400 MHz, CDCL): 6(ppm) = 6.42 (t, J=17.8 Hz, 1H, CH,=C-), 5.81 (t, J= 17.6 Hz, 1H, CH,=C-),
2.00 (s, J=10.3 Hz, 3H, CH5C-).

13C NMR (100 MHz, CDCLs): 6 (ppm) = 163.1 (1C, C=0); 142.6, 140.1, 138.1, 136.9, 136.2, 135.7 (6C, Ca);
135.4 (1H, CH,=CH-)., 125.3 (1H, CH,=CH-), 19.8 (~CHa).

15F NMR (600 MHz, CDCls): 6 (ppm) = -162,7 (2F), -156,3 (IF), -150,5 (2F).
FT-IR (ATR) # (cm™) = 1752, 1511, 1290, 1083, 989, 849, 781.

MS (EI): m/z = 69.07 (100%) [C4Hs0), 41.06 (72%) [CsHs], 183.99 (29%) [CsFsHO].
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Pentafluorophenyl acrylate (M2)

(o]
\)J\o Chemical formula:  CgHsF50;
F F Molar mass:  238.11 g mol’!
E E TLC: R:=0.46 (petroleum ether)
F

The synthesis of pentafluorophenyl acrylate was carried out using the procedure provided
in the literature.!®® Pentafluorophenol (50.0 g, 210 mmol) and triethylamine (25.5 g, 250 mmol,
1.2 eq.) were dissolved in 350 mL of dry diethylether and stirred under an argon atmosphere.
The reaction mixture was cooled with an ice bath, and acryloyl chloride (22.8 g, 250 mmol,
1.2 eq.) was added dropwise for 30 min using a dropping funnel. Following the removal of the
ice bath, the reaction was continued at ambient temperature overnight. The precipitated salt
was removed by filtration. The filtrate was washed twice with 50 mL of water and dried over
MqgSO,. After the evaporation of the solvent under reduced pressure, the residue was purified
by column chromatography (column: silica gel, solvent: petroleum ether). The title compound
was obtained as a colorless liquid (46.6 g, 196 mmol, 72% yield) and stored at 8 °C under an argon
atmosphere.

'H NMR (400 MHz, CDCly): & (ppm) = 6.72 (dd, J= 17.8 Hz, 1H, CH,=CH-), 6.37 (dd, J = 17.6 Hz, 1H,
CH,=CH-), 6.18 (dd, J= 10.3 Hz, 1H, CH,=CH-).

13C NMR (100 MHz, CDCls): 6 (ppm) = 161.6 (1C, C=0); 142.4, 140.7, 139.9, 138.2, 136.7, 136.1 (6C, Ca,);
135.4 (1H, CH,=CH-)., 125.3 (1H, CH,=CH-).

15F NMR (600 MHz, CDCL): & (ppm) = -163,7 (2F), -158,3 (1F), -153,5 (2F).
FT-IR (ATR) # (cm™) = 1769, 1513, 1388, 1214, 1109, 985, 852, 783.

MS (EI) (1m/2) = 57.07 (100%) [CsH,O] , 71.08 (82%) [C3H:04] , 55.05 (65%) [CsH:O).
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9.2.2 Chromophores and Chromophore Precursors

5-(2-Furanylmethylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (S2)

0 0 Chemical formula: CyH;00s
o Molar mass:  222.20 g mol™

The synthesis of 5-(furan-2-ylmethylene)-2,2-dimethyl-1,3-dopxame-4,6-dione was carried
out using the procedure provided in the literature.'”® Meldrum's acid (5.01 g, 34.7 mmol) was dis-
solved in 100 mL distilled water and 2-fufuraldehyde (3.00 g, 31.2 mmol, 0.9 eq.) was added drop-
wise. The reaction mixture was stirred for 2 h at 80 °C. Following the cooling process toward an
ambient temperature, the precipitate was filtered and washed three times with 60 mL distilled
water. The purification was performed by recrystallization using isopropyl alcohol. The title
compound was obtained as a yellow powder (5.88 g, 26.4 mmol, 85% yield).

1H NMR (500 MHz, CDCls): & (ppm) = 7.17 (d, 1H, 5'-Hturan), 7.00 (s, 1H, C=CH-), 6.65 (dd, 1H, 3'-
Hfuran), 6.74 (m, 1H, 4"Hfuran), 1.76 (S, 6H, CHB).

13C NMR (500 MHz, CDCL): 6 (ppm) = 163.4 (C=0), 160.4 (C=0), 151.6 (C=C), 150.1 (C=C), 141.2
(C=C), 128.5 (C=C), 115.7 (-C=0CC=0-), 108.0 (-CCHz), 27.1 (-CHz)

FT-IR (ATR) # (cm™) = 2980, 1640, 1371, 1000, 780.

HRMS (ESI+) m/z = 222.0528 [M+H]* (calcd) / 222.0521 [M+H]* (found).

5-((2Z4E)-5-(Diethylamino)-2-hydroxypenta-2,4-dien-1-ylidene)-2,2-dimethyl-1,3-dio-
xane-4,6-dione (S3)

(o) (o]
\ HO Chemical formula: Ci;sH21NOs
N (o}
NANIAINA Molar mass: 295.34 g mol*
o

The synthesis of 5-((2Z4 E)-5-(Diethylamino)-2-hydroxypenta-2,4-dien-1-ylidene)-2,2-dime-

6

thyl-1,3-dioxane-4,6-dione (S3) was carried out using the procedure provided in the literature .
Compound S2 (1.24 g, 5.58 mmol) was dissolved in 20 mL THF and stirred at ambient

114



EXPERIMENTAL PART 5

temperature. Triethylamine (0.564 g, 5.53 mmol (1.0 eq.) was added dropwise and the reaction
mixture was stirred for 30 min followed by cooling with an ice bath for 30 min. The precipitate
was filtered and washed with cold diethyl ether (three times). The title compound was isolated
after solvent evaporation under reduced pressure as a red solid (1.48 g, 5.02 mmol, 90%).

H NMR (500 MHz, CDCls): & (ppm) = 11.42 (s, 1H, COH), 7.20 (d, J = 12.1 Hz, 1H, -NCH=CH-),
7.06 (s, 1H, -C=CH-), 6.74 (dd, J = 12.2, 1H, -C=CHCOH-), 6.05 (t, J = 12.3 Hz, 1H,
~NCH=CH=CH-), 3.46 (q, 4H, ~CH2CHz) 1.76 (s, 6H, ~CHz), 1.30 (dt, 6H, ~CH,CHa).

13C NMR (500 MHz, CDCls): 6 (ppm) = 167.7 (C=0), 164.1 (C=0), 156.2 (C=C), 151.2 (C=C), 144.2
(COH), 139.1 (C=C), 103.0 (C=C), 102.9 (-C=0OCC=0-), 90.1 (-C(CHz);), 52.1(-CH,CHz), 44.1
(-CH2CH3), 28.0 (CHs), 14.5 (-CH2CHs), 12.2 (-CH,CHa).

FT-IR (ATR) # (cm™) = 3090, 2991, 2939, 1703, 1605, 1500, 1370, 1147, 918, 768, 657, 493.

HRMS (ESI+) m/z = 613.2732 [2M+Nal* (calcd) / 613.2750 [2M+Na]* (found).

5-(Furan-2-ylmethylene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (S4)

\ o]
N—4 )
o N— Chemical formula:  Cy;HioN20,4
o  y Molar mass:  234.21 g'mol™
| o

The synthesis of 5-(Furan-2-ylmethylene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione
(S4) was carried out using the procedure provided in the literature.*® 1,3-Dimethylbarbituric
acid (2.03 g, 12.9 mmol) was dissolved in 80 mL distilled water and 2-fufuraldehyde (1.21 g, 12.5
mmol, 0.95 eq.) was added dropwise. The reaction mixture was stirred for 2 h at 80 °C. Following
the cooling process toward an ambient temperature, the precipitate was filtered and washed
three times with 60 mL distilled water. The purification was performed by recryzallization us-
ing isopropyl alcohol. The title compound was obtained as a yellow powder (2.65g, 11.3 mmol,
90% yield).

'H NMR (500 MHz, CDCLs): 6 (ppm) = 7.17 (d, 1H, 5'-Hturan), 7.00 (s, 1H, C=CH-), 6.65 (dd, 1H, 3'-
Hfuran), 674 (m, lH, 4V'Hfuran), 176 (S, 6H, CH3)

13¢ NMR (500 MHz, CDCLs): & (ppm) = 162.2 (C=0), 160.6 (C=0), 150.6 (C=C), 150.3 (C=0), 149.1.
(C=C), 139.1. (C=C), 127.6 (C=C), 114.0 (C=C), 111.1 (-C=0CC=0-), 28.8 (-CHz), 28.0 (—CHa).
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FT IR (ATR) ¥ (cm™) = 2980, 1640, 1371, 1000, 780.

HRMS (ESI+) m/z= 235.0713 [M+H]* (calcd) / 235.0690 [M+H]* (found).

5-(Furan-2-ylmethylene)-1,3-dibutylpyrimidine-2,4,6(1H,3H,5H)-trione (S5)

N_/< Chemical formula:  Ci7Hz,N20.4

o N
o ) ‘\_\ Molar mass: 318.37 g'mol™
o

The synthesis of 5-(Furan-2-ylmethylene)-1,3-dibutylpyrimidine-2,4,6(1H,3H,5H)-trione (S5)
was conducted to the general procedure described in the literature for 1,3-disubstituted barbi-
turic acid furan precursors.’® To a suspension of 1,3-dibutylpyrimidine-2,4,6(1H,3H,5H)-trione
(S6) (19.7 g, 81.9 mmol) and 200 mL distilled water, fufuraldehyde (7.86 g, 81.2 mmol, 1.0 eq.) was
added dropwise. The reaction mixture was stirred for 2 h at 70 °C. Following the cooling process
toward an ambient temperature, the precipitate was filtered and washed three times with
60 mL distilled water. The residue was dried under reduced pressure. The purification of the
crude product was performed by recrystallization (twice) using petroleum ether/EtOAc (8:2 v/v).
The title compound was obtained as a yellow powder (21.7 g, 68.2 mmol, 83% yield).

IH NMR (500 MHz, CDCls): 6 (ppm) = 8.61 (d, 1H, 5'-Hiuran), 8.41 (s, 1H, C=C), 7.83 (dd, 1H, 3'-Hiuran)
6.72 (m, 1H, 4'-Hruran), 3.97 (dt, 4H, N-CH,-), 1.63 (m, 4H, ~CH,-), 1.38 (m, 4H, -CH,-), 0.97 (td,
6H, —CHa).

13C NMR (500 MHz, CDCls): & (ppm) = 162.2 (C=0), 160.3 (C=0), 151.2 (C=C-0), 150.9 (C=0), 150.1.
(C=C), 140.2 (C=C), 128.3 (C=C), 115.0 (C=C), 111.0 (-C=0CC=0-), 42.2 (-CH3), 415 (-CH3), 30.5
(-CH3), 20.2 (-CH2), 13.7 (~CHb).

FT-IR (ATR) © (cm™?) = 2925, 2854, 1653, 1577, 1404, 1365, 1157, 788, 549, 428.

HRMS (ESI+) m/z = 319.1652 [M+H]* (calcd) / 319.1651 [M+H]* (found).
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1,3-dibutylpyrimidine-2,4,6(1H,3H,5H)-trione (S6)

fo) Chemical formula: C;2H0N203
/\/\NJ\N/\/\ Molar mass:  240.30 g'mol*
o o TLC: R = 0.35 (petroleum

ether/EtOAc, 2:1 v/v)

The synthesis of 1,3-dibutylpyrimidine-2,4,6(1H,3H,5H)-trione (S6) was conducted to the
general procedure described in the literature for 1,3-disubstituted pyrimidine structures.!*® 1,3-
Butylurea (S7) (5.02 g, 29.1 mmol) was dissolved in 150 mL dry dichloromethane and stirred un-
der an argon atmosphere. Malonyl chloride (4.12 g, 29.1 mmol, 1.0 eq.) was added dropwise
through a dropping funnel and the reaction mixture was subsequently heated at 55 °C for 2 h.
Following the cooling process toward an ambient temperature, the reaction was quenched with
1 N HCI (100 mL). The crude product was extracted with dichlormethane (three times) and the
combined organic phases were dried over MgSO, and filtered. The solvent was removed under
reduced pressured. After purification using column chromatography (petroleum ether/EtOAc,
2:1 v/v), the title compound was isolated as a colorless solid (5.06 g, 21.1 mmol, 72% yield).

1H NMR (500 MHz, CDCls): 6 (ppm) = 4.01-3.92 (m, 4H, -CH,-), 3.70 (s, 2H, -C=OCH2C=0-), 1.75-
1.58 (m, 4H, -CH>-), 1.42-1.32 (m, 4H, ~CH2-), 0.93-0.82 (i, 6H, ~CH3).

13C NMR (500 MHz, CDCls): 6 (ppm) = 163.7 (C=0), 160.3 (C=0), 150.2 (C=0), 43.1 (-CH2-), 29.1.5
(-CH3-), 20.3 (-CH3-), 13.7 (~CHb).

FT-IR (ATR) 7 (cm™) = 1605, 1471, 1220, 543, 321.

HRMS (ESI+) m/z= 281.0534 [M+K]* (calcd) / 281.0528 [M+K]* (found).

1,3-Dibutylurea (S7)

P J\N PN Chemical formula: CgH20N20
H H Molar mass: 172.27 g'mol™
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The synthesis of 1,3-Dibutylurea (S7) was carried out using the procedure provided in the
literature.’” Ethylene carbonate (4.01 g, 45.5 mmol), n-butylamine (6.75 g, 91.5 mmol, 2.0 eq.) and
Cs2C0;3 (0.296 g, 0.91 mmol, 0.02 eq.) were combined, stirred and heated at 100 °C for 2 h. Follow-
ing the cooling process toward an ambient temperature, the colorless precipitate was filtered
and washed three times with 60 mL distilled water. The title compound was isolated after sol-
vent evaporation under reduced pressure as a colorless solid (3.21 g, 18.6 mmol, 41%).

IH NMR (500 MHz, CDCLs): & (ppm) = 4.18 (b, 2H, NH), 3.14 (m, 4H, N-CH,CH,CH,CH), 1.46-1.34
(m, 8H, N-CH2CH2CH2CH3), 0.90 (m, 6H, -CHz).

BC NMR (500 MHz, CDCl): & (ppm) = 1592 (C=0), 39.7 (N-CH.CH,CH.CH:), 319
(N-CH2CH2CH2CHs), 20.3 (N-CH2CH2CH2CH3), 13.5 (-CH3).

FT-IR (ATR) # (cm™) = 3328, 2958, 2858, 1610, 1575, 1224, 582.

MS (EI): m/z = 173.2 (3%) / 172.2 (23%) [M], 58.1 (40%) [C4Huio] , 43.1 (100%) [C3Hy].

5-((2Z4E)-5-(diethylamino)-2-hydroxypenta-2,4-dien-1-ylidene)-1,3-dibutyl-pyrimidine-
2,4,6 (1H,3H,5H)-trione (S8)

Bu
|
\ O N \(o Chemical formula:  CyH33N303
\/N\/\/\:LWN\ Molar mass:  375.51 g'mol™
Bu
(o)

The synthesis of S8 was conducted to the procedure described in the literature.”*® Barb-Bu
(0.978 g, 3.07 mmol) was dissolved in 3 mL THF and stirred at ambient temperature. Diethyla-
mine (0.225 g, 3.06 mmo]l, 1.0 eq.) was added dropwise and the reaction mixture was stirred for
30 min followed by cooling with an ice bath for 30 min. The precipitate was filtered and washed
with cold diethyl ether (three times). The title compound was isolated after solvent evaporation
under reduced pressure as a purple solid (0.877 g, 2.33 mmaol, 87%).

IH NMR (500 MHz, CDCLs): 6 (ppm) = 12.5 (s, 1H, COH), 7.18 (d, J= 12.2 Hz, 1H, -NCH=CH-), 7.05
(s, 1H, ~C=CH-), 6.67 (dd, J = 12.4, 1H, ~C=CHCOH-), 6.01 (t, J = 12.3 Hz, 1H, -NCH=CH=CH-),
3.46 (g, 4H, ~CHoCHs), 3.13 (m, 4H, H-6, <CH,-), 1.70 (s, 6H, ~CHs), 1.45-1.31 (m, 8H, ~CH,-), 1.34
(dt, 6H, —-CH2CH3s), 0.91 (m, 6H, ~CH3sguty).
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13C NMR (500 MHz, CDCls): 6 (ppm) = 164.7 (C=0), 160.6 (C=0), 158.6 (C=C), 154.3 (C=0), 142.1
(C-0OH), 128.5 (C=C), 115.7 (C=C), 108.0 (C=C), 104.9 (C=C), 52.1 (-CH>-), 51.7 (-CH>-), 28.3 (-CH2-),
27.2 (-CH2-), 26.0 (-CHs), 10.7 (-CHz).

FT-IR (ATR) # (cm™) = 2983, 1680, 1560, 1416, 1126, 772, 507.

(E)-4-(Phenyldiazenyl)benzoic acid (S9)

OH Chemical formula:  C;3HyoN20;
©/N\\N Molar mass:  226.24 g-mol™

The synthesis of (£)-4-(Phenyldiazenyl)benzoic acid (S9) was carried out using the proce-
dure provided in the literature.?”® Nitrobenzene (10.0 g, 81.2 mmol) and 4-aminobenzoic acid
(13.41 g, 97.8 mmol, 1.2 eq.) were dissolved in 120 mL acetic acid. The pale-yellow solution was
stirred at ambient temperature for 24 h. The precipitate was filtered and washed with cold wa-
ter (three times) and dried under reduced pressure. The purification of the crude product was
performed by recrystallization (twice) using ethyl acetate. The title compound was isolated af-
ter solvent evaporation under reduced pressure as a colorless solid (13.9 g, 61.4 mmol, 75%).

'H NMR (500 MHz, DMSO-dk): 6 (ppm) = 13.2 (s, brs, 1H, -COOH), 8.15-8.12 (m, 2H, ArH), 7.95-7.88
(m, 4H, ArH) 7.61-7.56 (m, 3H, ArH).

13C NMR (500 MHz, CDCLs): 6 (ppm) = 175.6 (C=0), 152.8, 152.6, 144.1, 129.5, 129.2, 122.3, 121.3.

FT-IR (ATR) © (cm™) = 2809, 2528, 1677, 1429, 1286, 939, 867, 775, 685, 541.

HRMS (ESI+) m/z=269.1396 [M+H]" (calc) / 269.1270 [M+H]* (found).

Pentafluorophenyl (£)-4-(phenyldiazenyl)benzoate (S10)

Chemical formula: C;gHgF5N20;
o F Molar mass: 392.29 g-mol?!
sl
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The synthesis of pentafluorophenyl (£)-4-(phenyldiazenyl)benzoate (S10) was carried out
using the procedure provided in the literature.’®® Under an argon atmosphere, pentafluoro-
phenyl trifluoracetat (14.6 g, 55.2 mmol) dissolved in 50 mL dry THF was added to a solution of
S9(5.00 g, 22.1 mmol, 0.4 eq.) in 50 mL dry THF through a dropping funnel. The reaction mixture
was stirred at ambient temperature for 2.5 h followed by quenching using 80 mL distilled water
and 150 mL dichloromethane. The phases were separated, and the organic layer was dried over
Na,S0.. After solvent evaporation under reduced pressure, the residue was precipitated in hex-
ane. The title compound was isolated after solvent evaporation as a red solid (4.33 g, 11.1 mmol,
51% yield).

'H NMR (500 MHz, CDCls): 6 (ppm) = 8.35 (d, 2H, ArH), 8.05 (d, 2H, ArH), 7.98 (m, 2H, ArH), 7.59-7.53
(m, 3H, ArH).

15F NMR (600 MHz, CDCls): 6 (ppm) = -152.3 (ArF), -157.7 (ArF), -162.2 (ArF).

13C NMR (500 MHz, CDCls): 6 (ppm) = 161.1, 156.2, 151.8, 132.1, 131.6, 134.9, 127.8, 123.3.

FT-IR (ATR) # (cm™) = 1679, 1513, 1291, 1429, 1290, 949, 915, 650, 511.

HRMS (ESI+) m/z = 240.3103 [M+H]* (calc) / 240.3200 [M+H]* (found).

(E)-N-(2-aminoethyl)-4-(phenyldiazenyl)benzamide (S11)

/@)‘\ N NH2 Chemical formula:  CisH;sN4O
H
N Molar mass: 268.32 g-mol™

The synthesis of (£)-N-(2-aminoethyl)-4-(phenyldiazenyl)benzamide (S11) was carried out
using the procedure provided in the literature.®® A solution of S10 (5.02 g, 12.8 mmol) in 100 mL
dry THF was stirred under an argon atmosphere at ambient temperature. Through a dropping
funnel, ethan-1,2-diamin (6.13 g, 101 mmo], 8 eq.) dissolved in 50 mL dry THF was added slowly.
The reaction mixture was stirred for 2.5 h and subsequently quenched with 120 mL dichlor-
methane and 100 mL distilled water. The phases were separated, and the organic layer was
washed with distilled water (3 times) and dried over MgSO4. The solvent was evaporated under
reduced pressure. The title compound was obtained as an orange o0il (2.40 g, 70% yield).

'H NMR (500 MHz, DMSO): & (ppm) = 8.08-8.05 (m, 2H, ArH), 7.97-7.92 (m, 4H, ArH), 7.67-7.59 (m,
3H, ArH), 4.57 (m, 4H, CHy), 3.65 (s, -NH), 3.47 (t, 2H, CH,).
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13C NMR (500 MHz, DMSO): & (ppm) = 170.1 (C=0), 159.7, 157.1, 142.4, 137.9, 134.9, 128.0, 126.6, 47.1

(-CH2-), 46.2 (-CH2-),

FT-IR (ATR) # (cm™) = 3397, 2933, 1629, 1540, 1296, 858, 690.

HRMS (ESI+) m/z = 269.1396 [M+H]* (calc) / 269.1270 [M+H]* (found).

5.2.3 Polymer synthesis

Poly(methyl methacrylate- co-pentafluorophenyl methacrylate) (Pml)

-n

The Pul samples were subjected to a general free-radical polymerization procedure, with

the aim of investigating the outcome of varying the monomer mol% ratio amounts. In order to

compare the analytical data, the homopolymers poly(methyl methacrylate) (PMMA) and

poly(pentafluorophenyl methacrylate) (P1) were synthesized as well.

Table 5.1 Expected monomer ratio of M1, monomer masses and yields of the Pul

series.

Sample Ml(::fli/::)ted 12;1;11 IIJ(I\gII;I[A Pml(:/:)leld
PMMA — — 6.02 98
P1 100 6.01 — 99
Pula 2 0.293 5.71 99
Pulb 4 0.569 5.43 98
Pulc 6 0.831 5.12 97
Pyld 8 1.08 492 97
Pule 10 1.32 4.69 98
Pylf 12 1.53 4.46 99
Pulg 14 174 425 98

Methyl methacrylate and pentafluorophenyl methacrylate were solubilized in 12 mL of an-

hydrous 1,4-dioxane under an argon environment, in accordance with the targeted molar
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percentage ratio as indicated in Table 5.1. 2,2'-Azobis(2-methylpropionitrile) (25.0 mg) was
added, and the reaction mixture was heated at 70 °C and stirred for 6 h. The crude product was
dissolved in 10 mL acetone and purified by precipitation in n-hexane. The procedure was re-
peated three times followed by solvent evaporation under reduced pressure. The title polymer
sample was obtained as a colorless solid in a quantitative yield (>97%).

PMMA:

'H NMR (600 MHz, acetone-ds): § (ppm) = 3.63 (s, -OCH3), 1.4-2.1 (br, -CH,— backbone), 0.75-1.4 (br,
—CHj3; backbone).

P1 (PPFPMA):
'H NMR (600 MHz, acetone-ds): § (ppm) = 2.1-2.7 (br, CH; backbone), 1.3-1.8 (br, CH; backbone).

F NMR (600 MHz, CDCls): 6 (ppm) = -151.41, -153.05, -159.54, -164,52.

13C NMR (500 MHz, CDCL): & (ppm) = 170.3 (C=0), 141.2 (m, ArC), 138.7 (m, C=C), 137.9 (m, C=C), 60.3
(m, ~CHj), 40.2 (m, —CHs, —~CHy), 24.3 (m, ~CH,).

FT-IR (ATR) # (cm™) = 1778, 1518, 1054, 991.
Pml:

'H NMR (500 MHz, acetone-ds): § (ppm) = 3.6-3.7 (s, OCHs), 2.1-2.6 (br, CH, backbone PFPMA), 1.4-
2.1 (br, CH, backbone MMA), 0.8-1.9 (br, CHz).

13C NMR (500 MHz, acetone-d): & (ppm) = 178.8 (C=0), 177.5 (C=0), 54.4 (-C-), 54.1 (-C-), (52.6
(-CH-), 50.5 (-OCH3), 48.1 (-CH,-), 17.3 (CHs),15.6 (~CHa)

ISF NMR (600 MHz, acetone-ds): 6 (ppm) = -151.7, -153.1, -161.2, -164,5.

FT-IR (ATR) # (cm™) = 2954, 1783, 1729, 1521, 1251, 1145, 993.

Poly(N,N-diethylacrylamide-co-pentafluorophenyl acrylate) (Ppla — Pplf) and poly(N-iso-
propylacrylamide- co-pentafluorophenyl acrylate) (Pnla — Pnlf)

co
/% n
oo %
F F o
“NH

F F O=\/ﬂr"1w\/ or)\

F DEA NIPAM

The Ppl/Pyl samples were subjected to a general free-radical polymerization procedure,
with the aim of investigating the outcome of varying the monomer mol% ratio amounts.
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Either N N-diethylacrylamide or N-isopropylacrylamide and pentafluorophenyl acrylate
were solubilized in 20 mL of anhydrous 1,4-dioxane under an argon environment, in accordance
with the targeted molar percentage ratio as indicated in Table Table 5.2. 2,2'-Azobis(2-
methylpropionitrile) (20.0 mg) was added and the reaction mixture was heated at 70 °C and
stirred for 18 h. The crude product was precipitation in n-hexane and dissolved in acetone. The
procedure was repeated three times followed by solvent evaporation under reduced pressure.
The title polymer sample was obtained as a colorless solid in a quantitative yield (>97%).

Table 5.2. Expected monomer ratio of M2, monomer masses and yields of the Ppl and Pyl series.

Sample PFP?;;};«;cted PF;Q:Ii\IOe;(_zhted “1;::1/11::(1; Aplc\)/:'- Yield (%)
> 9) tion (g)

PDEA — — 4.01 99
PDl1_a 2 0.227 5.27 99
PD1_b 4 0.442 5.06 98
PDl_c 6 0.651 4.85 97
PD1_d 8 0.851 4.64 98
PDl1_e 10 1.04 4.45 98
PD1_f{ 12 122 4.27 99

PNIPAM — — 3.99 99
PN1_a 2 0.202 5.30 98
PN1_b 4 0.398 5.10 98
PNl_c 6 0.587 491 97
PN1_d 8 0.770 473 97
PNl_e 10 0.947 4.55 98
PD1_f 12 112 4.38 98

Poly(N,N-diethylacrylamide-co-pentafluorophenyl acrylate) (Ppla — Ppolf) :

1H NMR (500 MHz, acetone): & (ppm) = 3.02-3.71 (br, 4H, -CH>), 2.27-2.89 (br, 2H, —-CH), 1.51-
2.21 (br, 4H, —CH,), 0.98-1.32 (br, s, 6H, ~CHa).

13C NMR (500 MHz, aceton-dk): 6 (ppm) = 173.2 (C=0), 166.1 (C=0), 142.1, 140.1,138.6, 136.9, 136.2,
135.7 (6C, Car), 40.2 (CH2), 40.1 (CH), 39.9 (CHz), 36.1 (CH), 35.4 (CH2 backbone), 35.1 (CH2 back-
bone), 13.1 (CHs).

19F NMR (600 MHz, CDCls): & (ppm) = -162,2 (2F), -156,3 (IF), -152,7 (2F).

FT-IR (ATR) © (cm™) = 3456, 2975, 2925, 1780, 1616, 1519, 1448, 1280, 1035.
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Poly(N-isopropylacrylamide-co-pentafluorophenyl acrylate) (Pnla — Pn1f) :

'H NMR (500 MHz, actone): 6 (ppm) = 7.21 (s, br, 1H, NH), 4.02 (s, -NH-CH), 2.78 (s, 1H, -CH
(PFPA), 2,05-2.51 (br, 2H, —-CH,) , 1.43-1.74 (br, 3H, —CH,, ~CH), 1.19 (br, s, 6H, ~CHba).

13¢ NMR (500 MHz, aceton-dk): & (ppm) = 176 (C=0), 171 (C=0), 42.1 (CH,) 41.9 (CH), 37.9 (CH),
42.0 (CH), 41.1 (CH), 39.1 (CHy), 20.2 (CHa).

19F NMR (600 MHz, aceton-dk): & (ppm) = -158, -161, -166.

FTIR (ATR) © (cm™) = 3278, 2973, 2941, 2973, 1776, 1517, 1461, 995.

Poly(pentafluorophenyl acrylate) (Pra) via RAFT Polymerization

(o)
S S
n \n/ C12Hzs
NC S

o (o]

F F

F F
F

Pentafluorophenyl acrylate (10.2 g, 42.8 mmol), 4-cyano-4-[(dodecyl-sulfanylthiocarbonyl)-
sulfanyl]pentanoic acid (84.0 mg, 0.209 mmol) and 2,2'-Azobis(2-methylpropionitrile) (2.70 mg,
16 pmol) were added to 60 mL anhydrous 1,3-dioxane in a flask.. The mixture was freeze-pump-
thaw three times followed by flask filling with argon. The reaction was heated to 75 °C and
stirred for 19 h. The crude product was precipitation in 7-hexane and dissolved in acetone. The
procedure was repeated three times followed by solvent evaporation under reduced pressure.
The title polymer sample was obtained as a colorless solid (81%).

H NMR (500 MHz, CDCls): 6 (ppm) = 3.11 (br s), 2.49 (br s), 2.10 (br s).

13C NMR (500 MHz, CDCLs): & (ppm) = 170.3 (C=0), 141.4 (m, ArC), 138.7 (m, C=C), 137.5 (m, C=C), 60.3
(m, ~CH3), 40.5 (m, ~CHs, ~CHy), 24.9 (m, —CHb,).

1F NMR (600 MHz, CDCI3): & (ppm) = -162.2, -157.8, -153.4.

FT-IR (ATR) # (cm™) = 1780, 1512, 1091.

poly(N-(2-aminoethyl)- N-ethyl-metharylamide (P3)
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N-ethylethylenediamine (1.50 mL, 14.0 mmol; 10 eq.) was dissolved in MIBK (30 mL; 0.24 mol;
170 eq.). Magnesium sulphate anhydrous (0.910 g; 7.56 mmol; 5.48 eq..) was added and the dis-
persion was heated while stirring for 21 hours to reflux. Poly(PFPMA) (0.349 g; 1.00 eq..) and tri-
ethylamine (2.5mL; 18 mmol: 13 eq..) dissolved in MIBK (10 mL) were added and heated for
additional 48 hours while stirring to reflux. The obtained dispersion was decanted and the
slightly orange solution dialysed in acetone. The solvent was removed via vacuum and the ob-
tained orange solid was dissolved in 2-propanol (15 mL; 0.20 mol; 140 eq..). Demineralised water
(1.5 mL; 83 mmol; 60 eq..) was added and the solution heated to 50 °C while stirring for 21 hours.
The solvents were removed via vacuum. 0.132 g (61%) of a orange solid was obtained.

H NMR (600 MHz, DMSO-d): & (ppm) = 3.3 -4.3 (br, NHy), 2.4-2.9 (br, CH), 0.6-1.5 (br, CHa).
19F NMR (600 MHz, DMSO-ds): & (ppm) = ~169.69, ~170.71, -190.48.

13C NMR (500 MHz, DMSO-dk): & (ppm) = 51.8 (~-CH,-), 50.1 (-CH,-), 48.5 (-CH,-), 47.4 (~CHy-), 35,1
(-CH3), 18.1 (-CH3)

FT-IR (ATR) # (cm™) = 2966, 2930, 1714, 1657, 1456, 1332, 1122, 1005, 977.

5.2.4 Post-polymerization modifications

General procedure of the aminolysis of p(MMA-co -PFPMA, Pul), p(NIPAM- co-PFPA, Pn2)
and p(DEA-co-PFPA, Pp2) with N-ethylethylendiamine

All polymer samples were dissolved in a mixture of THF/acetone (4:1 v/v), respectively, and
treated with an excess of N-ethylethylendiamine (4.0 eq.) and triethylamine (4.0 eq.) as auxil-
iary base. The reaction solution was heated at 45 °C and stirred. The progress of the PFP ester
substitution was monitored by ATR-IR spectroscopy. After achieving full conversion, the crude
product was purified by dialysis in acetone (MWCO = 6000 g mol™) for at least 5 d. The solvent
was evaporated under reduced pressure. The title compound was obtained as a slightly yellow
solid (90-99% yield).

Poly(N-(2-(ethylamino)ethyl)methacrylamide- co-methyl methacrylate) (Pu2)
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Reaction time: 5 d

'H NMR (500 MHz, acetone-ds): 6 (ppm) = 3.66 (s br, -NHCH>), 3.53 (s br, 3H, -OCHs), 3.42 (s br, 2H,
CH,), 2.53-2.85 (m br, 4H, CH), 1.75-2.00 (m br,), 1.56 (s br), 1.08-1.36 (m br), 0.95 (s br), 0.77 (s br).

3C NMR (500 MHz, acetone-ds): 6 (ppm) = 54.5 (-CHz-), 51.6 (-OCHs), 43.7(-CH-), 43.1 (-CH,-),
(40.1 (-NHCH,-), 47.3 (-CH,-), 43.3 (-CH,-), 27.6 (~CHj), 18.5 (~CHs), 16.7 (—-CH)

FT-IR (ATR) 7 (cmm™) = 2956, 1722, 1434, 1236, 1141, 977.

Poly(N-(2-(ethylamino)ethyl)acrylamide- co- N,N-diethylacrylamide) (Pp2)

co
X
0P NN Nq
HN7
Reaction time: 2 d

'H NMR (500 MHz, CDCLs): & (ppm) = 3.05-3.70 (br, 6H, ~CHy), 2.21-3.01 (m br, 10 H), 1.57-1.99 (m br,
4H), 1.36 (br, 3H, CHs) 0.97-1.29 (br, s, 6H, ~CHs).

13C NMR (500 MHz, CDCly): 6 (ppm) = 173.1 (C=0), 172.5 (C=0), 42.2 (CH), 41.4 (CHy), 41.0 (2C, CHy),
36.3 (CH2 backbone), 36.3 (CH; backbone), 36.1 (CH; backbone), 35.3 (CH; backbone), 14.5 (CHs),
12.8 (CHa)

FT-IR (ATR) # (cm™) = 3506, 2977, 2929, 1625, 1436, 1268, 1101.

Poly(N-(2-(ethylamino)ethyl)methacrylamide- co- N-isopropylacrylamide) (Pn2)

n
O0” 'NH

A

Reaction time: 2 d

'H NMR (500 MHz, acetone): 6 (ppm) = 7.39 (s, br, 1H, NH), 4.02-3.97 (s, -NH-CH; 2H, C=ONHCH,),
2.67-2.88 (m br, 4H, -CH,), 2.48-2.09 (br, 2H, —-CH backbone), 1.89-1.34 (br, 4H, -CH; backbone),
1.50-1.03 (s, 9H, ~CH3).

13C NMR (500 MHz, CDCLs): 6 (ppm) = 175 (C=0), 171 (C=0), 48.3 (CH,), 43.1 (CH,), 42.1 (CH), 41.1 (CH),
39.1 (CH,), 36.2 (CH; backbone), 35.3 (CH; backbone), 29.3 (CH), 22.1 (CH3), 14.1 (CH3)

126



EXPERIMENTAL PART 5

FT-IR (ATR) # (cm™) = 3297, 2970, 2932, 1645, 1515, 1452, 1166.

General synthesis procedure of DASA formation with the precursors S2, S4 and S5

All polymer samples of the Py2/Pp2/Px3 series were dissolved in anhydrous THF, respec-
tively, and treated with an excess of the furan precursor S2/S4/S5 (5.0 eq.). The reaction mixture
was stirred under an argon atmosphere at room temperature. The progress of the DASA for-
mation was monitored using UV-vis spectroscopy.

p(MMA-EEDA-DASA) (Py3)

et
n m
fo) o (o) NH
| H Ho OO /
~ N AN F o
(o]
'H NMR (500 MHz, CDCl,): 6 (ppm) = 11.4 (s br, 1H, —~OH), 7.1-5.9 (m, 4H, C=C), 3.77 (s br, -NHCH>),

3.51 (s br, 3H, ~OCHs), 3.02 (s br, 2H, CH,), 2.54-2.81 (m br, 4H, CH>), 1.72-2.00 (m br,), 1.56 (s br), 1.06-
1.46 (m br), 0.94 (s br), 0.77 (s br).

Reaction time:5d

FT-IR (ATR) ¥ (cm™) = 2956, 1726, 1708, 1488, 1456, 1253, 1151, 983, 746.

p(DEA-EEDA-DASA) (Ppg.3)

o N/\o t Bu

|
O _N_ O

o Oy
~_ N AAAA N\Bu

o
Reaction time:5d

'H NMR (500 MHz, DMF): 6 (ppm) = 11.4 (s br, 1H, ~OH), 8.21-6.81 (m, 4H, C=C), 4.51 (s br, 2H, CH2),
3.92 (m br, 2H, CH2), 3.79-3.01 (br, 6H, ~CHj), 2.51-2.20 (m br), 1.92-1.59 (m br), 1.42-0.91 (m br).

FT-IR (ATR) # (cm™) = 3299, 2973, 1712, 1618, 1571, 1488, 1400, 1357, 1004, 981.
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P(DEA-EEDA-DASA) (Ppme3)
fo) N/\O NH |
k \ HO 0 N\(o
~ N A N
o

Reaction time: 5 d

'H NMR (500 MHz, DMF): & (ppm) = 11.3 (s br, 1H, —~OH), 8.20-6.88 (m, 4H, C=C), 4.50 (s br, 2H, CH2),
3.82-3.01 (br, 6H, ~CH3), 2.51-2.20 (m br), 1.91-1.55 (m br), 1.43-0.90 (m br).

FT-IR (ATR) # (cm™) = 3303, 2973, 1716, 1635, 1571, 1458, 1365, 1000, 786.

p(NIPAM-EEDA-DASA) (Py3)

m
07 NH Bu

n
0” "NH [
)\ Ho © N\fo
SN AN NN g,

o
Reaction time:5d

'H NMR (500 MHz, CDCLs): 6(ppm) = 10.9 (s br, 1H, ~OH), 7.11-5.91 (m, 4H, C=C), 4.19(s br, 2H, NHCH.,),
3.99 (s br, 1H, NHCH(CHs),), 3.71 (br, 2H, ~CH,), 2.92-2.52 (m br), 2.10-0.81 (m br).

FTIR (ATR) © (cm™) = 3287, 2964, 1770, 1785, 1656, 1410, 1214, 883, 755.

General post-polymerization procedure of Pp: for the synthesis of Plaz

128



EXPERIMENTAL PART 5

All polymer samples of Ppr were dissolved in THF, respectively, and treated with different
amounts of S11 (4.0 eq.) and EEDA. Triethylamine (2.0 eq.) was added as auxiliary base. The re-
action solution was heated at 45 °C and stirred for a duration of 6 h. An excess of diethylamine
(3 eq.) was added and the reaction was stirred for 24 h. The progress of the PFP ester substitu-
tion was monitored by ATR-IR spectroscopy. After achieving full conversion, the crude product
was purified by dialysis in acetone (MWCO = 1000 g mol™) for 15 d. The solvent was evaporated
under reduced pressure. The title compound was obtained as a slightly yellow solid (90-99%
yield).

'H NMR (500 MHz, acetone-ds): 6 (ppm) = 8.23-7.81 (m br, 6H, ArH9, 7.48 (s br, 3H, ArH), 3.59-2.89
(m br), 2.87-2.21 (m br), 2.21-1.48 (m br), 1.46-0.81 (m br, 9H, CHa).

FT-IR (ATR) # (cm™) = 2971, 2930, 2865, 1718, 1674, 1624, 1494, 1466, 1270, 1066, 978.

General post-polymerization procedure of Plaz, for the synthesis of P24z
co q
0PN~ 07 NH © Bu
k H Ho © N\fo
~ N AAAA N.gu

All polymer samples of the Pla,, series were dissolved in anhydrous THF, respectively, and
treated with an excess of the furan precursor S5 (5.0 eq.). The reaction mixture was stirred under
an argon atmosphere at room temperature for a duration of 5 d. The progress of the DASA for-
mation was monitored using UV-vis spectroscopy. The crude product was purified by dialysis
in dichlormethan (MWCO = 1000 g mol™) for 5 d. The solvent was evaporated under reduced
pressure. The title compound was obtained as a slightly purple solid (85-90% yield).

'H NMR (500 MHz, CDCl): 6 (ppm) = 8.36-7.94 (m br, 6H, ArH), 7.60 (s, br, Cu=CH), 7.49 (s br, 3H,
ArH), 7.15 (s, br, CH=CH), 6.89 (s, br, CH=CH), 6.75 (s, br, CH=CH), 4.48 (s, br, NHCH), 3.80-2.81 (m
br), 2.85-2.10 (m br), 1.98-1.38 (m br), 1.37-0.85 (m br, 9H, CHs).

FT IR (ATR) © (cm™) = 2981, 2935, 1716, 1605, 1513, 1463, 1294, 1161, 1077, 985.
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ADDITIONAL SUPPORTING INFORMATIONS A

A Additional Supporting Informations

A.1 NMR spectra

This section provides a list of 'H NMR spectra that are either not or not fully included in
Chapter 4.
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Figure A.1. Example of conversion monitoring of the Pyl series: 'H NMR spec-
trum (CDCls) of the reaction mixture of Pyld as example for conversion determi-
nation. PFPMA monomer peaks are not observed. The integrals lead to
quantitative conversion, which was measured after 19 h.
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Figure A.2. Example of conversion monitoring of the PN3 series: !H NMR spec-
trum (acetone-ds) of the reaction mixture of Pyld as example for conversion de-
termination. The integrals lead to quantitative conversion after 20 h.
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Figure A.3. Example of conversion monitoring of the PD3 series: 'H NMR spec-
trum (acetone-dg) of the reaction mixture of Pplf as example for conversion de-
termination. The integrals lead to quantitative conversion after 20 h.
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Figure A.4. Selected 'H NMR regions of the Py3 series for DASA content estima-
tion through integrating the peak areas and using Equation (4.3). Samples Pu3a,
Pum3b and Py3c were measured in CDCls. Due to poor solubility, Pi3d and Pu3e
were measured in DMF-d.
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A.2 FT-IR spectra

This section provides a list of FT-IR spectra that are either not or not fully (complete wave-
number range) included in Chapter 4.
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Figure A.5. FT-IR spectrum of poly(methyl methacrylate-co-pentafluorophenyl
methacrylate) (Pmld).
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Figure A.6. FT-IR spectrum of poly(N-(2-(ethylamino)ethyl)-methacrylamide-co-
MMA) (Pu2e).
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Figure A.7. FT-IR spectrum of p(MMA-co-EEDA-co-DASA) (Pu3b).
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Figure A.8. FT-IR spectrum of poly(N-isopropylacrylamid- co-pentafluorophenyl
acrylate) (Pn1d).
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Figure A.9. FT-IR spectrum of poly(N-(2-(ethylamino)ethyl)-methacrylamide-co-
NIPAM) (Pn2d).
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Figure A. 10. FT-IR spectrum of p(NIPAM-co-EEDA-co-DASA) (Pn3c).
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Figure A.11. FT-IR spectrum of poly(/,N-diethylacrylamid- co-pentafluorophenyl
methacrylate) (Pplc).
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Figure A.12. FT-IR spectrum of poly(N-(2-(ethylamino)ethyl)-methacrylamide-
co-DEA) (Pp2d).
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Figure A.13. FT-IR spectrum of p(DEA-co-EEDA-co-DASA) (Ppgu3c)
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A.3 UV-vis linear regression analysis of DASA contents

The calibration series shown in Figure 4.8c was conducted using a stock solution prepared
from 32.6 mg (110.4 pmol) of substance S3 (with a molecular mass of M= 295.3 g mol™) dissolved
in 0.5 L (220.7 pmol L) of chloroform.Table A.1 provides a summary of the absorbance values
and their matching concentrations of S3, as determined by the linear regression fit.

Table A.1 Concentration of sample S3 dissolved in chloro-
form for linear regression fit and the corresponding absorb-

ance.
Concentration cs3 Absorbance 4

(g mL™) (a.u)

11.03 1.324

5.519 0.6772

2.759 0.3370

2.207 0.2669

1.379 0.1752

1.103 0.1387

The DASA contents Xpasa of the Pu3 series were further calculated by using Equation 4.9
with absorbance values of Figure 4.8d and the sample concentrations cpasa (Table A.2), which
were calculated using Equation 4.8. For the calculation of cpys, the molar masses Myma = 100.12
gmol™ and Mpasa = 378.43 g mol™ were used. The UV—vis measurement of each sample occurred
from a solution of 7 mg Py3 dissolved in 1000 mL chloroform, which led to the sample concen-

tration cpus.

Table A.2 Concentration of each Py3 sample series with the corresponding absorbance of the
UV-vis spectra, the calculated cpasa and the resulting mol% Xpasa content.

Sample Cp,3(Rg L) Abso(:b:r)lce 4 consa(Emol 1Y) Xpasa (mol%)
Pu3a 7000 0.1001 0.7678 112
Pm3b 7000 0.2093 1.681 2.60
Pum3c 7000 0.3834 3.137 5.13
Pu3d 7000 0.4759 3.911 6.61
Pu3e 7000 0.5411 4.456 7.80
Pun3f 7000 0.6852 5.660 10.5

viil
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For the calibration series shown in Figure 4.34c, a stock solution of S8 was prepared from
41.0mg dissolved in 500 mL (209 pmolL™Y) of chloroform (with a molecular mass of
M=3915 g mol™). The absorbance values 4 and the corresponding concentrations css are sum-
marized in Table A.3.

Table A.3. Concentration of S8 dissolved in chloroform for linear
regression fit and the corresponding absorbance A.

Concentration css Absorbance 4
(ng mL") (au)
20.92 2.270
10.45 1.270
2.098 0.2678
1.281 0.1703

Table A.4. Concentration of each Py3/Pp3 sample series with the corresponding absorb-
ance of the UV-vis spectra, the calculated cpasa and the resulting mol% Xpasa content.

sample c(mgL?) Absc;:b:x)lce A coasapmol L1 Xpasa (mol%)
Px3a 8.00 0.120 0.82 1.04
Px3b 7.90 0.254 1.96 3.01
Px3c 8.10 0.371 3.05 494
Py3d 8.00 0.511 4.45 7.90
Px3e 8.00 0.675 5.89 11.3
Py3f 9.00 0.805 7.10 12.5
Ppsu3a 8.10 0.104 0.57 0.93
Ppe.3b 8.00 0.210 1.56 2.65
Ppsu3cC 8.00 0.382 3.15 5.82
Ppg.3d 8.10 0.483 4.09 7.93
Ppgu3e 8.00 0.680 464 9.30
Ppg.3f 8.00 0.684 5.97 12.8
Ppme3a 7.90 0.130 0.809 134
Ppme3b 8.00 0271 212 3.71
Pome3cC 8.00 0.391 3.24 5.77
Pome3d 8.10 0.478 4.05 7.34
Pome3e 8.00 0.612 5.29 10.2
Pome3f 8.00 0.684 5.97 11.8

ix
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The DASA contents Xpasa of the series Pppu3/Ppme3 and Pn3 were estimated using Equa-
tion (4.14). The absorbance values were obtained from the related UV-vis measurements, as il-
lustrated for Ppgy3 as an example in Figure 4.34d. These absorbance measurements were
utilized to determine the concentrations cpasa (Table A.4) with Equation 4.8. The molar mass
Mpasa = 477.6 g mol™ was utilized for calculating the copolymers composed of buty-barbituric
acid. For the barbituric acid based Ppme3 series, the molar mass was Mpasa = 394.47 g mol™. For
the copolymer sample concentration cpsy, the following procedure was used: The molecular
masses of Mpea = 127.1 g mol™ or Mipaam = 113.2 g mol* were utilized depending on the main pol-
ymer structure of the corresponding copolymer sample



B Safety

SAFETY B

This section provides comprehensive information on the safety considerations associated

with handling the chemicals used in the experimental work for this thesis.

B.1 Chemicals

The chemicals utilized in the experimental section of this investigation are enumerated

in Table B.1. The GHS danger pictograms, hazard statements, and precautionary state-

ments are in accordance with the classification of substances based on the Global Harmo-

nized System (GHS).204-206

Table B.1. Used chemicals with respective GHS hazard pictograms, hazard statements and pre-

cautionary statements.

GHS hazard Hazard state- Precautionary state-
Substance .
pictogram ments ments
210, 233, 240, 280,
Acetic acid @ 226,314 303+361+353,
305+351+338
225, 319, 336, 210, 233, 240, 241, 242,
Acetone
EUHO066 305+351+338
210, 280, 301+312,
. 225,290, 302, 303+361+353,
Acryloyl chloride
330, 314 304+340+310,
305+351+338
4-Aminobenzoic acid — 412 273, 501
3-Aminopropionate hydrochlo-
ride
Ammonium chloride — — —
Argon <—"> 280 403
210, 235, 273,

2,2'-Azobis(2-methyl-propi-

onitrile)

242,302 + 332,
412, EUH044

304+340+312, 370+378,
403

Caesium carbonate

315, 319, 335

261, 305+351+338

xi
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GHS hazard Hazard state- Precautionary state-
Substance .
pictogram ments ments
264, 280, 305+351+338,
g-Caprolactone 319
337+313
302, 315, 319, 202, 301+312, 302+352,
Chloroform-dl 331,336,351,  304+340+311,
361d, 372 305+351+338, 308+313
4-Cyano-4-[(dodecylsulfanyl-
) 264, 270, 301+312+330,
thiocarbonyl)-sulfanyl]-penta- 302 501
noic acid
1,3-dibutylpyrimidine-
2,4,6(1H,3H,5H)-trione o o B
1,3-Dibutylurea — — —
) 315, 319, 336, 202, 261, 264, 302+352,
Dichloromethane
351 305+351+338, 308+313
210, 233, 240, 241, 242,
243, 261, 264, 270, 271,
224,302, 336, 280, 301+312,
Diethyl ether @@ EUHO19, 303+361+353, 304+340,
EUHO066 312, 330, 370+378,
403+233, 403+235, 405,
501
, - 264, 270, 280, 301+312,
1,3-Dimethylbarbituric acid 302, 318
305+351+338, 501
2,2-Dimethyl-1,3-dioxane-4,6-di-
one
Dimethylsulfoxid-d6 — — —
<Qj>® 225,319, 335,
. 202, 210, 233, 240,
1,4-Dioxane 350, EUHO019,
305+351+338, 308+313
& EUHO066
’<g> “% 225,301,312 + 210, 233, 280, 301+310,
Ethyl isocyanate 332, 315, 317, 303+361+353,
319,334,335  305+351+338
225, 319, 336, 210, 233, 240, 241, 242,
Ethylacetate
EUHO066 305+351+338
260, 264, 270, 301+312,
Ethylene carbonate % 302, 319, 373

xii

305+351+338, 314
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GHS hazard Hazard state- Precautionary state-
Substance .
pictogram ments ments
210, 273, 280,
226, 302 + 332,
_— 303+361+353,
1,2-Ethylenediamine 311, 314, 317,
304+340+310,
E22 % 334, 412
305+351+338
@ 210,273, 280,
226, 301, 312,
303+361+353,
2-Fufuraldehyde 315, 319, 330,
@ 304+340+310,
335, 351, 412
305+351+338
234, 261, 271, 280,
Hydrochloric acid (IN) @@ 290,314,335  303+361+353,
305+351+338
225,302, 319,
Isopropyl alcohol 336 210, 261, 305+351+338
Magnesium sulfate — — —
) 226, 314, 210, 233, 303+361+353,
Malonyl chloride
EUHO014 370+378, 403+235, 501
) @ 225, 302, 330, 210, 280, 303+361+353,
Methacryloylchloride
314, 317, 412 310
P210, P233, P235, P240,
P241, P242, P243, P260,
P264, P270, P271, P280,
225, 301, 302,
P301+P330+P331,
Methanol 305, 311, 331,
@ 370 302+352, 303+361+353,
304+340, 305+351+338,

307+311, 310, 311, 312,
337+313, 361, 363, 370

Methyl 3-(3-ethyl-2,4,6-trioxo-
tetrahydropyrimidin-1(2H)- Presently no categorization based on the GHS.

yl)propanoate

Methyl 3-(3-ethylureido)-pro- L
Presently no categorization based on the GHS.

panoate
260, 264, 280,
301+330+331,

Methyl 6-hydroxyhexanoate @ 314 303+361+353, 304+340,

305+351+338, 310, 321,
363, 405, 501

xiii
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GHS hazard Hazard state- Precautionary state-
Substance .
pictogram ments ments
@ 225,319,332, 202,210,233,
Methyl isobutyl ketone 336, 351, 304+340+312,
EUH066 305+351+338, 308+313
225, 315, 317, 210, 233, 240, 241, 280,
Methyl methacrylate
335 303+361 + 353
. . 264, 270, 280, 301+312,
N, N-Diethylacrylamide 302, 319
305+351+338, 337+313
@@ 210, 280, 303+361+353,
, _ 226, 3124332,
N,N-Dimethylformamide 304+340+312,
319, 360D
305+351+338, 308+313
@ @ 210, 280, 301+312,
. 225,290, 302,
n-Butylamine 303+361+353,
311+331, 314,
304+340+310,
% 335
305+351+338
210, 233, 280,
L 303+361+353,
N-Ethylethylenediamine 225, 314,334
@ 304+340+310,
305+351+338
@@ 225,304, 315,

n-Hexane

336, 361f, 373,
411

202, 210, 273, 301+310,
303+361+353, 331

N-Isopropylacrylamide

OD

302, 318

264, 270, 280, 301+312,
305+351+338, 501

Nitrobenzene

301 + 311 + 331,
351, 360F, 372,
412

202, 273, 280, 301+310,
302+352+312,
304+340+311

Pentafluorophenol

Xiv

Nl

315,319, 335

260, 261, 264, 270, 271,
280, 301+312,
301+330+331, 302+352,
303+361+353, 304+340,
305+351+338, 310, 312,
321, 322, 330, 332+313,
3374313, 362, 363,
403+233, 405, 501
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B

GHS hazard Hazard state- Precautionary state-
Substance .
pictogram ments ments
261, 264, 271, 280,
Pentafluorophenyl acrylate 315, 319, 335
302+352, 305+351+338
261, 264, 280, 302+352,
227,315,319,
Pentafluorophenyl methacrylate @ 335 305+351+338, 321,
332+313, 362
. 210, 233, 240, 241,
Pentafluorophenyl trifluorace- 226, 315, 319,
303+361+353,
tate 335
305+351+338

Perfluorophenyl (£)-4-(phenyl-
diazenyl)benzoate

Presently no categorization based on the GHS.

Petrolether 40-60

225,304, 315,

210, 240, 273, 301+310,
331, 403+235

Poly(methyl methacrylate-co-
pentafluorophenyl meth-acry-
late)

Presently no categorization based on the GHS.

Poly(methyl methacrylate-co-
pentafluorophenyl meth-acry-
late)

Presently no categorization based on the GHS.

Poly(N-(2-(ethylamino)ethyl)-
acrylamide-co- N,N-diethyl-

acrylamide)

Presently no categorization based on the GHS.

Poly(N-(2-(ethylamino)ethyl)-
methacrylamide-co-methyl

methacrylate)

Presently no categorization based on the GHS.

Poly(N-(2-(ethylamino)ethyl)-
methacrylamide-co- N-isopropy-

lacrylamide)

Presently no categorization based on the GHS.

Poly(N-(2-aminoethyl)- N-ethyl-
metharylamide

Presently no categorization based on the GHS.

Poly(N,N-diethylacrylamide- co-
pentafluorophenyl acrylate)

Presently no categorization based on the GHS.

Poly(N-isopropylacrylamide- co-
pentafluorophenyl acrylate)

Presently no categorization based on the GHS.

Poly(pentafluorophenyl acry-
late)

XV
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GHS hazard Hazard state- Precautionary state-
Substance .
pictogram ments ments
Polymethylacrylate — — —
Polymethylmethacrylate — — —
Silica gel — — —
Sodium bicarbonate — — —
Sodium sulfat — — —
234, 280, 301+330+331,
. . 303+361+353,
Sulfuric acid (96%) 290, 314
304+340+310,
305+351+338
@ @ 225,302, 319,
202, 210, 233, 301+312,
Tetrahydrofuran 335, 336, 351,
305+351+338, 308+313
é EUHO019
@ 210, 280, 3014312,
. . 225,302, 312, 303+361+353,
Triethylamine
@ 314, 332 304+340+311,
305+351+338+310
Water — — —

xvi



SAFETY B

B.2 CMR substances

The list of all carcinogenic, mutagenic, and reprotoxic (CMR) compounds utilized in the de-
velopment of this work, along with their respective quantities, can be obtained from Table B.2.

Table B.2. Utilized CMR substances with category (1A or 1B), amount and number of experiments.

CAS-Nr. Substance and Category Procedure and utilized Number of ex-
amount periments
4472-41-7  N,N-Dimethylformamide-d, NMR solvent, 0.7 mL 40
1B
123-91-1 1,4-Dioxane, 1B Solvent for polymerizations, 50
10 mL
98-95-3 Nitrobenzene, 1B (£)-4-(Phenyldi-azenyl)-ben- 2

zoic acid synthesis, 10 g
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