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Abstract
The remarkable antifouling properties of zwitterionic polymers in controlled

environments are often counteracted by their delicate mechanical stability. In
order to improve the mechanical stabilities of zwitterionic hydrogels, the effect
of increased crosslinker densities was thus explored. In a first approach, terpoly-
mers of zwitterionic monomer 3-[N -2(methacryloyloxy)ethyl-N,N -dimethyl]am-
monio propane-1-sulfonate (SPE), hydrophobic monomer butyl methacrylate
(BMA), and photo-crosslinker 2-(4-benzoylphenoxy)ethyl methacrylate (BPEMA)
were synthesized. Thin hydrogel coatings of the copolymers were then produced
and photo-crosslinked. Studies of the swollen hydrogel films showed that not
only the mechanical stability but also, unexpectedly, the antifouling properties
were improved by the presence of hydrophobic BMA units in the terpolymers.

Based on the positive results shown by the amphiphilic terpolymers and
in order to further test the impact that hydrophobicity has on both the anti-
fouling properties of zwitterionic hydrogels and on their mechanical stability, a
new amphiphilic zwitterionic methacrylic monomer, 3-((2-(methacryloyloxy)-
hexyl)dimethylammonio)propane-1-sulfonate (M1), was synthesized in good
yields in a multistep synthesis. Homopolymers of M1 were obtained by free-
radical polymerization. Similarly, terpolymers of M1, zwitterionic monomer
SPE, and photo-crosslinker BPEMA were synthesized by free-radical copoly-
merization and thoroughly characterized, including its solubilities in selected
solvents.

Also, a new family of vinyl amide zwitterionic monomomers, namely 3-
(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)propane-1-sulfonate (M2), 4-(di-
methyl(2-(N -vinylacetamido)ethyl)ammonio)butane-1-sulfonate (M3), and 3-
(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)propyl sulfate (M4), together
with the new photo-crosslinker 4-benzoyl-N -vinylbenzamide (M5) that is well-
suited for copolymerization with vinylamides, are introduced within the scope of
the present work. The monomers are synthesized with good yields developing a
multistep synthesis. Homopolymers of the new vinyl amide zwitterionic mono-
mers are obtained by free-radical polymerization and thoroughly characterized.
From the solubility tests, it is remarkable that the homopolymers produced are
fully soluble in water, evidence of their high hydrophilicity. Copolymerization of
the vinyl amide zwitterionic monomers, M2, M3, and M4 with the vinyl amide
photo-crosslinker M5 proved to require very specific polymerization conditions.
Nevertheless, copolymers were successfully obtained by free-radical copolymer-
ization under appropriate conditions.

Moreover, in an attempt to mitigate the intrinsic hydrophobicity intro-
duced in the copolymers by the photo-crosslinkers, and based on the proven
affinity of quaternized diallylamines to copolymerize with vinyl amides, a new
quaternized diallylamine sulfobetaine photo-crosslinker 3-(diallyl(2-(4-benzoyl-
phenoxy)ethyl)ammonio)propane-1-sulfonate (M6) is synthesized. However,
despite a priori promising copolymerization suitability, copolymerization with
the vinyl amide zwitterionic monomers could not be achieved.
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Zusammenfassung
Die hervorragenden Antifouling-Eigenschaften zwitterionischer Polymere in

kontrollierten Bedingungen werden häufig durch ihre geringe mechanische Sta-
bilität beeinträchtigt. Um die mechanische Eigenschaften zwitterionischer Hy-
drogele zu verbessern, wurde daher der Effekt einer erhöhten Vernetzungsdichte
untersucht. In einem ersten Ansatz wurden Terpolymere aus dem zwitterioni-
schen Monomer 3-[N -2(Methacryloyloxy)ethyl-N,N -dimethyl]ammonio propan-
1-sulfonat (SPE), dem hydrophoben Monomer Butylmethacrylat (BMA) und
dem Photovernetzer 2-(4-Benzoylphenoxy)ethylmethacrylat (BPEMA) synthe-
tisiert. Daraufhin wurden dünne Beschichtungen der Copolymere hergestellt
und photovernetzt. Die Untersuchung der gequollenen Hydrogelfilme zeigte,
dass nicht nur die mechanischen Eigenschaften, sondern überraschenderweise
auch die Antifouling-Eigenschaften der Hydrogele durch den Einbau von hy-
drophoben BMA-Einheiten in die Terpolymere verbessert wurden.

Aufgrund der positiven Ergebnisse der amphiphilen Terpolymere und um
die Auswirkungen der Hydrophobie sowohl auf die Antifouling- als auch auf die
mechanische Eigenschaften der zwitterionischen Hydrogele zu testen, wurde ein
neues amphiphiles zwitterionisches Methacrylat, nämlich 3-((2-(Methacryloyl-
oxy)hexyl)dimethylammonio)propan-1-sulfonat (M1), in guter Ausbeute syn-
thetisiert. Homopolymere von M1 wurden durch radikalische Polymerisation
erhalten. In ähnlicher Weise wurden Terpolymere aus M1, dem zwitterionischen
Monomer SPE und dem Photovernetzer BPEMA durch radikalische Copoly-
merisation synthetisiert und gründlich charakterisiert, einschließlich ihrer Lös-
lichkeiten in ausgewählten Lösungsmitteln.

Außerdem wurde im Rahmen der vorliegenden Arbeit eine neue Familie
von zwitterionischen Vinylamidmonomeren, nämlich 3-(Dimethyl(2-(N -vinyl-
acetamido)ethyl)ammonio)propan-1-sulfonat (M2), 4-(Dimethyl(2-(N -vinylace-
tamido)ethyl)ammonio)butan-1-sulfonat (M3) und 3-(Dimethyl(2-(N -vinylace-
tamido)ethyl)ammonio)propylsulfat (M4), zusammen mit einem geeigneten Vi-
nylamid-Photovernetzer, nämlich 4-Benzoyl-N -vinylbenzamide (M5) entwickelt.
Die Monomere wurden in einer Mehrstufen-Synthese mit guten Ausbeuten syn-
thetisiert. Homopolymere der neuen zwitterionischen Vinylamidmonomere wur-
den durch radikalische Polymerisation erhalten und eingehend charakterisiert.
Die Löslichkeitstests zeigen, dass die hergestellten Homopolymere bemerkens-
werterweise vollständig in reinem Wasser löslich sind, was ihre hohe Hydrophilie
beweist. Die Copolymerisation der zwitterionischen Vinylamidmonomere M2,
M3 und M4 mit dem Vinylamid-Photovernetzer M5 erwies sich als schwierig.
Die Copolymere lassen sich dennoch unter sehr spezifische Bedingungen durch
radikalische Copolymerisation herstellen.

Des Weiteren, um die durch die Photovernetzer in die Copolymere einge-
brachte inhärente Hydrophobie zu mindern und aufgrund ihrer nachgewiese-
nen Affinität zur Copolymerisation mit Vinylamiden, wurde ein neuer quater-
nisierter Diallylaminsulfobetain-Photovernetzer 3-(Diallyl(2-(4-benzoylphenoxy)-
ethyl)ammonio)propan-1-sulfonat (M6) synthetisiert. Trotz a priori vielver-
sprechender Copolymerisationseignung konnte jedoch keine Copolymerisation
mit den zwitterionischen Vinylamidmonomeren erreicht werden.
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Abbreviations and
Variables

λmax maximum absorbance wavelength
ε molar extinction coefficient
Ð dispersity
ET(30) Dimroth-Reichardt empirical polarity parame-

ter
t-BuOH tert-butanol
t-BuOK potassium tert-butoxide
AIBN 2,2’-azobisisobutyronitrile
ATR attenuated total reflection
BMA butyl methacrylate
BPEMA 2-(4-benzoylphenoxy)ethyl methacrylate
CBMA 3-[[2-(methacryloyloxy)ethyl]dimethyl-

ammonio]propionate
CRU constitutional repeat unit
DCM dichloromethane
DMAP 4-dimethylamino-pyridine
DMF dimethyl formamide
DMSO dimethyl sulfoxide
DSC differential scanning calorimetry
EA elemental analysis
FT-IR Fourier transform infrared
GPC gel permeation chromatography
HFIP hexafluoroisopropanol
ISC intersystem crossing
Mn number average molar mass
Mw weight average molar mass
MeCN acetonitrile
MeOH methanol
MMA methyl methacrylate
MPC 2-methacryloyloxyethyl phosphorylcholine
MTBE methyl tert-butyl ether
MWCO nominal molecular weight cutoff
P(BMA) poly(butyl methacrylate)
P(MMA) poly(methyl methacrylate)
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P(SPE) poly(3-[N -2(methacryloyloxy)ethyl-N,N -
dimethyl]ammonio propane-1-sulfonate)

PEG poly(ethylene glycol)
RT room temperature
SPE 3-[N -2(methacryloyloxy)ethyl-N,N -dimethyl]-

ammonio propane-1-sulfonate
SPR surface plasmon spectroscopy
TBT-SPC tributyltin self-polishing copolymer
TBTM tributyltin methacrylate
TFE trifluoroethanol
TGA thermogravimetric analysis
THF tetrahydrofuran
UV-Vis ultraviolet-visible
V-086 2,2’-azobis[2-methyl-N -(2-hydroxyethyl)-

propionamide]
V-50 2,2’-azobis(2-methylpropionamidine)dihydro-

chloride
V-501 4,4’-azobis(4-cyanovaleric acid)
Xn number average degree of polymerization
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Chapter 1

Objectives of the Thesis

Zwitterionic polymers have proven to have remarkable antifouling properties
due to their extreme hydrophilicity [1,2]. Most of them have been derived from
methacrylate monomers, due to their good polymerizability, and the decent
stability of their polymers against hydrolysis [3, 4]. However, the outstanding
performance of such zwitterionic hydrogel films in controlled environments and
lab assays, is counteracted in field tests by their delicate mechanical stability [5].

Enhancing the mechanical stability of the thin hydrogel films was expected
to be achieved by decreasing the swelling of the hydrogel network. Increasing
the hydrophobicity of the hydrogel films can limit their swelling by the forma-
tion of physical crosslinks between the polymer chains. However, a decrease in
the achieved hydration can also have a negative impact on the antifouling prop-
erties of the hydrogel films. With this in mind, in an initial step, terpolymers
of the widely used zwitterionic monomer 3-[N -2(methacryloyloxy)ethyl-N,N -di-
methyl]ammonio propane-1-sulfonate (SPE), hydrophobic monomer butyl meth-
acrylate (BMA), and 2-(4-benzoylphenoxy)ethyl methacrylate (BPEMA) acting
as photo-crosslinker of the thin hydrogel films, were addressed in the scope of
the present work. In order to further test the impact that increased hydropho-
bicity has on both the antifouling properties of zwitterionic hydrogels and the
mechanical stability of the produced hydrogel films, 3-((2-(methacryloyloxy)-
hexyl)dimethylammonio)propane-1-sulfonate (M1), a new amphiphilic zwitter-
ionic methacrylate, which combines zwitterionic and hydrophobic moieties into
one monomer, was envisaged during this work (See Figure 1.1).

O O

N

M1

SO3

Figure 1.1: New amphiphilic zwitterionic methacrylate (M1) to be synthesized
during this work.
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The use of vinyl amides in contrast to the commercially available methacrylic
zwitterionic monomers is expected to have a positive impact on the hydrolytic
stability of the resulting hydrogels, as amide bonds are known to be even more
hydrolytically stable when compared to the ester bonds present in methacrylic
polymers. Furthermore, specific properties of polyvinylamides, such as their hy-
drophilicity and more flexible backbone makes this type of polymers of special
interest for the intended antifouling applications. Therefore, a new family of
zwitterionic monomers with vinyl amide as the polymerizable group, namely 3-
(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)propane-1-sulfonate (M2), 4-(di-
methyl(2-(N -vinylacetamido)ethyl)ammonio)butane-1-sulfonate (M3), and 3-
(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)propyl sulfate (M4), was ex-
plored in the present work (See Figure 1.2). However, because of their dif-
ferent polymerizable units, such monomers are not expected to copolymerize
well with methacrylic monomers such as the photo-crosslinker BPEMA. A new
vinyl amide photo-crosslinker, 4-benzoyl-N -vinylbenzamide (M5), suitable for
the copolymerization with the newly synthesized vinyl amide zwitterionic mon-
omers, was thus envisaged. A schematic representation of the new vinyl amide
monomers and the new photo-crosslinker introduced in the present work is
shown in Figure 1.2.

O N
N O

M4
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O
M2

M5
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Figure 1.2: New vinyl amide zwitterionic monomers (M2, M3, and M4), and
vinyl amide photo-crosslinker (M5) explored.

Another approach to reduce the swelling ratio of a hydrogel network and
thus, improve its mechanical properties, is by increasing the crosslink density
of the network. However, an increase in the crosslink density of hydrogels de-
creases the achieved hydration as the polymer chains are more restricted to
swell, which can have a negative impact on the antifouling properties of said
hydrogel. Moreover, an increasing proportion of the inherently hydrophobic
photo-crosslinkers reduces the overall hydrophilicity of the obtained hydrogels.
In order to mitigate the hydrophobicity introduced when increasing the cross-
link density of zwitterionic hydrogels and thus, to maintain to the best extent
its antifouling properties, a new zwitterionic photo-crosslinker, 3-(diallyl(2-(4-



3

benzoylphenoxy)ethyl)ammonio)propane-1-sulfonate (M6), was envisaged (See
Figure 1.3). This newly devised zwitterionic photo-crosslinker includes a quat-
ernized diallylammonium as its polymerizable unit, rendering it highly resistant
to hydrolysis. Additionally, quaternized diallylammonium monomers are known
to undergo copolymerization with vinyl amides exceptionally well, in what is
known as ideal azeotropic copolymerization [6, 7]. This would allow to con-
trol not only the amount but also the intramolecular distribution of crosslinker
introduced into the polymer chains.

N

O
S

O

OO
O

M6

Figure 1.3: New quaternized diallylamine zwitterionic photo-crosslinker (M6)
targeted.





Chapter 2

Theoretical Background

2.1 Fouling Resistance

2.1.1 Marine Biofouling

Biofouling is understood as the colonization of surfaces by unwanted biomolecules
and organisms, usually having detrimental effects on the functions of that sur-
face [8,9]. This settlement and accumulation of organisms can have large penal-
ties for engineered structures such as heat exchangers, shipping and leisure ves-
sels, and structures used in aquaculture, among others [9, 10].

Marine biofouling has a wide impact, having consequences for everything
from ship maintenance to ecosystem safety [8]. Specifically for marine vessels,
biofouling increases the required shaft power at cruising speeds up to 76 % [9,11].
This penalty in shaft power due to marine biofouling increases fuel consumption
and, furthermore, greenhouse gas emissions, to which the world’s shipping fleets
contribute significantly [12, 13]. Moreover, fouled ships can act as vectors for
invasive species, endangering the safety of local ecosystems [8, 14,15].

Biofouling in marine environments alone involves a vast diversity of fouling
organisms, with reports identifying more than 5000 species on fouled structures
worldwide, including diatoms, barnacles, mussels, and algae [16–19]. However,
this number represents a very small proportion of the known marine species, as
only species that have adapted to tolerate wide environmental fluctuations in
parameters such as temperature, salinity, and water flow can prevail [17,20,21].

The fouling of surfaces starts immediately after a surface enters a marine
environment, with the adsorption of dissolved organic matter, such as proteins,
carbohydrates, and proteoglycans, occurring in under a minute, making the
surface more hospitable for fouling organisms [8, 22, 23]. This modified surface
is colonized by rapidly developing bacteria and diatoms, which form biofilms,
and by other macrofoulers such as algae and barnacles [8, 17, 24]. Although
biofouling is often seen as a successional process, in reality it follows a much more
complex model as many foulers, like motile zoospores of the algae Ulva linza
and cyprids of several species of barnacles, are capable of settling on pristine
surfaces [8, 9, 25,26].
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6 CHAPTER 2. THEORETICAL BACKGROUND

2.1.2 Antifouling
Throughout the centuries, different methods against marine biofouling have
been used [27]. The ancient Phoenicians and Carthaginians presumably used
pitch on their ships, the Greeks and Romans reportedly then employed tar and
lead sheathing [27–29]. Afterwards, copper sheathing received general recog-
nition as the first successful antifouling surface around the 18th century, and
lastly, biocidal-based paints were the most successful antifouling technique in
the 20th century [8, 27].

From the biocidal-based paints, the most successful were tributyltin self-
polishing copolymer (TBT-SPC) paints, which were estimated to have covered
up to 70 % of the world’s fleet by the end of the 20th century [8,17]. Tributyltin
self-polishing copolymer paints were produced by the copolymerization of tribu-
tyltin methacrylate (TBTM) with a hydrophobic methacrylate, usually methyl
methacrylate (MMA) (See Figure 2.1) [30]. The hydrophobicity of the TBTM-
MMA copolymer prevents seawater from penetrating the paint film. However,
the dissolution of water-soluble pigments such as Cu2O and ZnO contained
within the paint matrix allows water to fill the pores created after the dissolu-
tion of these pigments [17,30]. With pH values between 8.0–8.3 the seawater is
alkaline enough to cleave the carboxyl–tributyltin bond, which is hydrolytically
unstable under slightly alkaline conditions. The introduction of hydrophilic free
carboxylate groups in the outer layer of the polymer makes the polymer more
brittle and moving seawater is able to erode it, exposing a less reacted layer of
organotin acrylate polymer (self-polishing effect) [17, 30, 31]. This mechanism
allows the gradual release of tributyltin, maximizing the lifetime of the coating
and thus delaying dry-docking for periods of up to 5 years [17].

OO OO
Sn

m n

Figure 2.1: Chemical formula of a copolymer of MMA and TBTM.

Despite its unprecedented efficacy in antifouling coatings and the important
economic benefits that these coatings brought, tributyltin was found to have
many adverse environmental effects [17, 32, 33]. It has been linked to abnormal
shell growth in oysters and identified as an endocrine disruptor in mollusks,
causing the growth of male genitalia in female mussels [8, 17, 34, 35]. Because
of its negative environmental impact, tributyltin paints were first banned on
vessels <25 m in length, and ultimately, a worldwide ban was issued against
them on January 1st, 2008, by a convention set by the International Maritime
Organization [10,11,16,17,36].

With the international ban issued against TBT-SPC paints, there has been
increased attention towards alternative biocides [37]. These initiatives led to the
development of formulations containing alternatives to tributyltin based on met-
als such as copper and zinc combined with organic “booster” biocides [8,37,38].
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However, these metal-based biocides are scrutinized as well for their toxic side-
effects and buildup in harbors and marinas [8, 37, 39–42]. This has brought
especial interest to the development of environmentally friendly and durable
antifouling coatings. These efforts have directed research both towards func-
tional coatings with low surface energy, such as silicone and fluorocarbon poly-
mers, as well as towards hydrogels, whose antifouling mechanisms are attributed
to their highly hydrated surfaces [43].

More specifically, hydrophilic materials show antifouling potential, as water
molecules bind firmly to the surface of the material, and the high enthalpy of hy-
dration interferes physically and energetically with the absorption of maritime
organisms [44, 45]. Among these hydrophilic materials, poly(ethylene glycol)
(PEG) has been one of the most successful approaches, as it is inherently neu-
trally charged, minimizing its contributions to electrostatic adsorption of pro-
teins, well-hydrated, and has proven to effectively prevent protein adsorption in
biomedical applications [45–49]. However, despite the favorable results of PEG
during short time uses, it is susceptible to oxidation in seawater, which causes a
considerable deterioration of its antifouling properties [45,50]. Therefore, inter-
est in polyzwitterions, a new group of bioinert polymers, has increased over the
last decade as a more robust solution to PEG-derived materials, mainly due to
their stronger hydrophilicity and lower interaction with proteins [44,45,51,52].

2.2 Zwitterionic Polymers
Zwitterions are molecules that carry an equal number of negative and positive
charges linked through covalent bonds; this renders the overall charge of these
molecules zero [53]. Zwitterionic polymers contain the same number of positive
and negative charges within each of their constitutional repeat units, which in
turn makes the overall charge already zero at the local level [3, 54].

This unique characteristic differentiates polyzwitterions from other ionic
polymers such as polyampholytes, polymers that, although they also carry posi-
tive and negative charges, both charges may not be within each of their constitu-
tional repeat units. This normally results in polymers where one charged species
outnumbers the other one, making polyampholytes typically bear an overall net
charge, be it positive or negative [55, 56]. This overall net charge commonly
observed in polyampholytes causes their solution behavior to be similar to that
of polyelectrolytes, which are polymers that contain either exclusively anionic
or exclusively cationic groups within their constitutional repeat units [3, 56].
A schematic representation of these different ionic polymer classes is shown in
Figure 2.2.

Because of their neutral overall net charge, polyzwitterions exhibit properties
of both ionic and nonionic polymers. For instance, the high density of ionic pairs
allows for strong electrostatic interactions, which in consequence renders most
known zwitterionic polymers highly hydrophilic; however, their ion conductivity
is practically nonexistent as no low-molar-mass counterions are present [55,57].

This set of exceptional properties and the ample appearance of low-molar-
mass zwitterions in nature in the form of phospholipids and certain amino acids
at their isoelectric point have attracted great interest towards polyzwitterions in
the last 40 years [3,55,58]. Although polyzwitterions are not naturally occurring,
their similarities to naturally occurring compounds have incited their use in the
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A

B

C

Figure 2.2: Schematic representation of polyzwitterions (A), polyampholytes
(B), and polyanion as example of polyelectrolytes (C).

development of bioinspired materials and fueled the general perception of their
biocompatibility [55, 59, 60]. Among the diverse applications in which the use
of zwitterionic polymers has shown great potential are biocompatibilization,
lubrication, self-assembly, and low-fouling surfaces [58,61–64].

Particularly for their biofouling resistance and high biocompatibility, polyzwit-
terions have demonstrated great performance in both technical and biomedical
applications [65–68]. As previously mentioned, these properties are assumed
to be related to the strong electrostatic interactions that zwitterionic polymers
have with water molecules, forming a stable hydration layer and therefore mak-
ing the binding of proteins and biofoulers less energetically attractive, thus
inhibiting the bond formation between foulants and the surface [51, 65, 69–71].
However, the strong hydration layer formed by zwitterionic polymers is not the
only parameter beneficial for the low-fouling of polyzwitterions; other param-
eters such as the pair of anionic and cationic groups, the anchoring geometry,
and the nature of the backbone, among others, have also been shown to have an
impact on the antifouling properties of zwitterionic polymers [55]. This makes
the design and architecture of polyzwitterions decisive for their performance
as anti-fouling agents [55, 58, 67]. Figure 2.3 shows a nonextensive schematic
representation of possible architectures of zwitterionic polymers.
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A B C D E

Figure 2.3: Selected examples of possible polyzwitterions architectures.

The effect that different architectures of zwitterionic polymers have on their
antifouling properties has been addressed in the literature, especially for archi-
tecture types A, B, and D in Figure 2.3 [66, 67, 72–75]. Although a wide va-
riety of combinations have been done, the combinations of a phosphate group,
a carboxylate group, or a sulfonate group as anionic groups with a quater-
nary ammonium group as a cation (ammoniophosphates, carboxybetaines, and
sulfobetaines, respectively) still predominate in the structure of polyzwitteri-
ons [3,56,70,72]. Extensive research has been conducted with polymers based on
the commercially available methacrylic zwitterionic monomers SPE, 3-[[2-(meth-
acryloyloxy)ethyl]dimethylammonio]propionate (CBMA), and 2-methacryloyl-
oxyethyl phosphorylcholine (MPC) (see Figure 2.4) [3, 64,72,76].

O O

N

SO3

O O

N

O

O

O O

O
P
O

O O

N

SPE CBMA MPC

Figure 2.4: Commercially available zwitterionic monomers SPE, CBMA, and
MPC.

2.3 Free-Radical Polymerization
Free-radical polymerization is a type of chain growth polymerization in which
constitutional repeat units of a monomer are sequentially added to a growing
polymer chain by radical addition reactions to carbon-carbon double bonds to
produce long polymer molecules [77]. One of the main advantages of free-radical
polymerization is that it can be carried out in relatively undemanding condi-
tions, unlike ionic or coordination polymerizations. Free-radical polymerization
exhibits a certain tolerance to trace impurities, and high-molar-mass polymers
can be synthesized without the removal of the stabilizers present in commercial
monomers, in the presence of trace amounts of oxygen, or in solvents that have
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not undergone thorough drying or purification, as free-radical polymerization
can be conducted in aqueous media [78]. These advantages over other polymer-
ization techniques have made free-radical polymerization of special interest to
the industry, and as of 2009, 45 % of the worldwide production of plastic materi-
als and 40 % of the manufactured synthetic rubber were obtained by free-radical
polymerization [79].

Extensive research performed during the first half of the 20th century boosted
the development of free-radical polymerization, and the basic mechanism as it is
understood today was established during the 1940s and 1950s. The free-radical
polymerization mechanism includes three main steps [80–82]:

1) Initiation

i) Decomposition of initiator

R2
kd 2 R

ii) Radical attack on monomer

R + M
ki

RM

2) Propagation

RM + M
kp

RM2
kp

RMn

3) Termination

i) Combination

RMn + RMm
kt1

RMn+m

ii) Disproportionation

RMn + RMm
kt2

RMn + RMm

The initiation step is defined as a process that starts with the generation
of primary radicals from an initiating species (initiator) and ends with their
addition to the carbon-carbon double bond of a monomer in order to produce
initiating radicals [80]. These reactions, however, can produce a set of different
initiating radicals as different reactions such as tail addition, head addition,
H-abstraction, or aromatic substitution often compete with each other. The
outcome of these reactions strongly depends on the structure of both the rad-
ical and the monomer; for this reason, the proper selection of the initiator
according to its suitability for use with a given monomer is crucial to achieving
the desired functionality of the polymer [80,83,84]. Among the most important
initiator classes for free-radical polymerization reactions are peroxy compounds,
azo compounds, and photochemical initiators [78,79].

To produce polymers, the propagation step in free-radical polymerization
requires the successive addition of radicals to carbon-carbon double bonds. The
propagating radicals need to favor as much as possible the addition of carbon-
carbon double bonds over any other reaction that can stop the polymer chain
formation [80]. This is non-trivial for radical polymerizations, as unlike anionic
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polymerizations, radicals have a greater potential for indiscriminate reactivity.
One main distinction is that, contrary to two anions that repel one another,
two radicals destroy one another in either a radical-radical coupling reaction or
a disproportionation reaction, which renders the two chains inert and further
expansion of the polymer is no longer possible [77,85].

Although free-radical polymerization has its intrinsic limitations, homopoly-
mers still have ample space for structural variety. Moreover, backbiting, cy-
clopolymerization, and intermolecular chain transfer reactions result in branches
or rings within the polymer chain [80,86–88].

During the termination step, three processes can be responsible for the cessa-
tion of growth of a polymer chain: the reaction of two propagating radicals with
each other by combination or disproportionation; the reaction of a propagating
radical with a primary radical by similar combination or disproportionation pro-
cesses; or the inhibition of a propagating radical with relatively stable radicals
such as nitroxides or oxygen to produce a dead polymer chain [80,85].

Although these are the three inherent steps in the formation of polymers
by free-radical polymerization, a broad array of additional side reactions that
take place during the polymerization may have an impact on the final proper-
ties of the polymer. Chain transfer to solvents and additives, reactions with
oxygen, and intramolecular atom transfer are common examples of these side
reactions [80, 89–91]. Nevertheless, C-centered radicals are mostly less reactive
towards functional groups than C-centered ions or transition metal complexes,
so that free-radical polymerization is relatively tolerant to the presence of ionic
groups, nucleophiles or electrophiles as water, conditions that are needed for the
synthesis of polyzwitterions.

2.3.1 Free-Radical Copolymerization
Copolymerizations are processes that result in polymer chains containing two
or more different types of monomer units. This is achieved when the starting
materials for the polymerization are mixtures of two or more discrete types of
monomers [78, 92]. Industrially, copolymerization has been of extreme impor-
tance as the properties of the produced copolymers combine those of the parent
homopolymers [92,93]. Furthermore, depending on how the distinct monomers
are incorporated into the copolymer chain, the different sequence distributions
and architectures of the produced copolymers have a determining influence on
their final properties; this gives unprecedented versatility to the properties of
the materials that can be achieved through these processes [78,92,93]. A nonex-
tensive representation of said sequence distributions is shown in Figure 2.5.

In order to better describe the rate and course of propagation in copolymer-
izations, various models have appeared [94–98]. However, in the simplest case
of the copolymerization of two different monomers, each monomer’s propagat-
ing active species (Pi ), react irreversebly with each monomer (Mi) so that four
different propagation steps occur [92,94]:

PA + MA
kAA

PA MA

PA + MB
kAB

PA MB

PB + MA
kBA

PB MA
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A

B

C

D

Figure 2.5: Schematic representation of alternating copolymers (A), statistical
copolymers (B), gradient copolymers (C), and block copolymers (D).

PB + MB
kBB

PB MB

If the influence of the initiation and termination are neglected under the
assumption that the produced polymer chains are long, the relative monomer
consumption is then Equation (2.1) [78,92,94].

d [MA]
d [MB] = kAA [PA] [MA] + kBA [PB] [MA]

kAB [PA] [MB] + kBB [PB] [MB] (2.1)

Assuming that the two propagating species PA and PB achieve a steady state
(kAB [PA] [MB] = kBA [PB] [MA]) allows the elimination of the radical concentra-
tions, resulting in the Mayo-Lewis equation [78,92,94].

d [MA]
d [MB] = [MA]

[MB]


(

kAA
kAB

)
[MA] + [MB](

kBB
kBA

)
[MB] + [MA]

 (2.2)

From Equation (2.2) the monomer reactivity ratios (rA and rB) are defined
as the ratio of homoreaction to cross-reaction rate constants:

rA ≡ kAA
kAB

, rB ≡ kBB
kBA

(2.3)

Further simplifying Equation (2.2).

d [MA]
d [MB] = [MA]

[MB]

(
rA [MA] + [MB]
rB [MB] + [MA]

)
(2.4)

With this model, the copolymer composition for a given monomer feed can
be predicted if the reactivity ratios are determined. Furthermore, the values
of rA and rB can give a quick estimation of the sequence distributions of the
produced copolymers, in particular for the following cases [78,92]:
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(a) For reactivity ratios r = 0 the homopolymerization will not be preferred,
unlike monomer will always be added to the growing end.

(b) For reactivity ratios below unity (r < 1) unlike monomer is preferred, but
homopolymerization can still happen to a lower extent.

(c) Monomer reactivity ratios equal to unity (r = 1) favour both homopoly-
merization and cross-propagation equally.

(d) Reactivity ratios greater than one (r > 1) prefer homopolymerization, but
not exclusively.

Additionally, as both active species compete for monomer at any given time,
the differences of both copolymerization parameters also have to be considered
while classifying copolymerizations [78,92]:

(e) For copolymerizations where rA and rB are both smaller than 1 (rA < 1,
rB < 1), there will always be a tendency for alternation. In the extreme
case where both copolymerization parameters are equal to zero (rA =
rB = 0) cross-propagation always occurs, and an alternating copolymer
will be produced.

(f) For copolymerizations where rA and rB are both greater than 1 (rA > 1,
rB > 1), homopropagation will always be preferred, and the produced
copolymer will have a certain degree of blockiness.

In both previous cases (e) and (f), where rA and rB are both either smaller
or greater than unity (rA < 1, rB < 1 or rA > 1, rB > 1), there will be an
“azeotropic composition” where the copolymer composition will be the same as
the monomer feed composition [78,92].

Lastly, three more special cases are of particular importance for understand-
ing how the relative magnitudes of the reactivity ratios affect the copolymeriza-
tion of two monomers [78]:

(g) Copolymerizations where the product of the copolymerization parameters
is unity (rA·rB = 1) are called ideal because the probabilities of a monomer
adding to either one of the two propagating species are identical, resulting
in a common sequence within the macromolecules that follows “ideal”, i.e.,
Bernouilli statistics, so that random copolymers are formed.

(h) When one of the monomers’ copolymerization parameter is greater than
unity and the other one is smaller than unity (rA < 1, rB > 1 or rA > 1,
rB < 1) the copolymer will always be richer in one monomer than the
other, and these copolymerizations have no “azeotropic composition”.

(i) For copolymerizations where both rA and rB equal unity (rA = rB = 1),
both monomers are consumed at random according to the monomer feed
composition, which makes the relative concentration of the comonomers
to remain stable throughout the polymerization, so that no compositional
drift is observed throughout the copolymerization. Moreover, the product
is a random copolymer.
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Importantly, the relative concentrations of the comonomers during the copoly-
merization remain stable only in the case (i), or at the precise azeotropic com-
position in the case of (e) and (f). Otherwise, a compositional drift over the
ongoing conversion occurs if not special countermeasures are taken, resulting
in a broad, conversion-dependent mixture of the composition of the copolymers
formed.

Since the composition and sequence distribution of copolymers impact the
final physical and chemical properties of the copolymers considerably, it is im-
portant to control them to the best extent possible [93]. Copolymerization
models, although approximative, allow the prediction of the outcome of the
copolymerization. A selection of the previous cases is depicted in Figure 2.6.
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rA = rB = 1.0
rA = rB = 0.5
rA = rB = 0.01

rA = 0.5, rB = 2.0

Figure 2.6: Plot of the instantaneous copolymer composition (FA) vs. monomer
feed composition (fA) for different scenarios.

2.4 Hydrogels
Hydrogels are three-dimensional crosslinked networks of hydrophilic polymers
that are able, often under physiological conditions, to swell and retain a signifi-
cant fraction of water (>20 wt.%) [99–101]. In nature, hydrogels are widespread,
as muscles and cartilages in animal tissues, and xylems and phloems in plants;
this makes them interesting for their use in biomimetic applications, which are
of importance in both scientific and industrial fields [43,99,102,103]. Specifically
because of their high water content, flexibility, and biocompatibility, hydrogels
have been of special interest for more than half a century in the development of
materials with biomedical applications such as wound dressing, drug delivery,
and contact lenses, among many others [43,104–107].
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The categorization of hydrogels can be done by taking into account many of
their different attributes; physical properties, ionic charges, degradability, and
the nature of their crosslinking are some examples. Regarding the nature of
their crosslinking, there are two main classes into which hydrogels can be cat-
egorized: physical and chemical crosslinking. Physical crosslinking comprises
all the physical processes through which crosslinking can be achieved, such as
hydrogen bonding, hydrophobic association, chain aggregation, and crystalliza-
tion, to name a few. Chemical crosslinking refers to crosslinking through a
chemical process, e.g., a chemical covalent bond. The properties of this type of
hydrogel can be of great relevance for certain applications, as chemical bonds
are normally permanent and irreversible [100].

The type and the degree of crosslinking present in a hydrogel are decisive on
the amount of water that a network polymer can adsorb. As the crosslinking
density increases, the polymer chains become more restricted which impacts
their ability to swell and adsorb water [99, 108]. Moreover, these parameters
also play a decisive role in the mechanical properties of the hydrogel and their
stability when immobilized onto a substrate [58,66].

2.4.1 Benzophenone as Photo-crosslinker
Due to its exceptional photochemical characteristics and the commercial avail-
ability of the reagents, benzophenone has become one of the most widely used
photophores in organic chemistry, bioorganic chemistry, and material science
in the last couple of decades [109]. Since nearly half a century ago, when bio-
chemists first became interested in its photochemistry, especially as an agent to
identify the binding sites on target proteins, benzophenone has played a signif-
icant role in a variety of fields, from material science and technology to biology
and pharmacology [109–112].

Because of its ability to effectively absorb ultraviolet light, benzophenone has
been used as a probe to clarify peptide-peptide interactions, as a photoinitiator
in 3D printing applications, and more importantly for the current work, as a
photo-crosslinker for the creation of gel networks and immobilization of polymers
onto surfaces [43,66,110,112–114].

The distinct photochemical characteristic of benzophenone is the formation
of a biradical by the absorption of an ultraviolet photon with a wavelength of
250–365 nm by the benzophenone chromophore; this promotes a nonbonding
electron from the oxygen into the carbonyl π∗ orbital. From this singlet state,
a triplet can be produced via intersystem crossing (ISC), as direct S0 − T1
transition is spin forbidden (See Figure 2.7) [109,115,116].

The formed n−π∗ triplet can be represented as a biradical where, in addition
to the ketyl radical, an aliphatic carbon-centered radical is also yielded (See
Scheme 2.1) [109,113,115]. The lifetime of the formed triplet is highly dependent
both on the substitution pattern of the aryl ring and on the reactivity of the
medium, varying from 5 ns in isopropanol to 300 ns in cyclohexane and to 3 µs in
benzene [109,117]. Furthermore, the fact that this process is known to continue
effectively even when oxygen is present makes benzophenone a reliable and
widely applicable photochemically reactive species [113,118,119].

The most important photochemical reactions that the formed biradical is
capable of are the addition to carbon-carbon double bonds, and more important
to the current work, the abstraction of aliphatic hydrogens, especially if these are
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Figure 2.7: Simplified Jablonski diagram for the benzophenone excited states.

O
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Scheme 2.1: Triplet states of benzophenone with resonance structure.

at the α-position to an electron-donating atom such as oxygen or nitrogen (See I
in Scheme 2.2) [109,110,113]. The radical formed by the H-abstraction can then
react with the remaining carbon-centered radical from the benzophenone moiety
(IIa in Scheme 2.2), or with another radical produced by the H-abstraction in
a different polymer chain (IIb in Scheme 2.2).
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Scheme 2.2: Mechanism of H-abstraction and crosslinking by benzophenone
biradical.





Chapter 3

Amphiphilic Sulfobetaine
Copolymers

3.1 Synthesis and Characterization of Amphiphilic
Sulfobetaine Copolymers

Ternary copolymers of SPE, BMA, and BPEMA, namely poly(SPE90-co-BMA10-
co-BPEMA1) (P(SPE90-BMA10)), poly(SPE70-co-BMA30-co-BPEMA1) (P(SPE70-
BMA30)), and poly(SPE50-co-BMA50-co-BPEMA1) (P(SPE50-BMA50)), were
synthesized by free-radical solution copolymerization in trifluoroethanol (TFE)
using 2,2’-azobisisobutyronitrile (AIBN) as initiator. After dialysis against ultra
pure water using a membrane with nominal molecular weight cutoff (MWCO) of
3500 g mol−1 and further lyophilization for the removal of H2O, pure copolymers
were obtained.

The quantitative determination of the composition of the ternary statistical
copolymers is non-trivial. Due to the broad and poorly resolved signals, the 1H
NMR spectra do not enable a precise compositional analysis. The evaluation of
the data from the elemental analysis (EA) for determining the composition of
the ternary copolymers is complicated by the marked hygroscopy of all samples
and the resulting residual water content. As the H contents of all four compo-
nents SPE, BMA, BPEMA, and H2O are similar, the determined H contents of
the copolymers are not suitable for a meaningful compositional analysis, while
the elements N and S occur only in the SPE units. Therefore, compositions
could only be calculated from the analytical data using the C/N or C/S ratios
(in this way eliminating the effect of the residual water in the samples), assum-
ing that the molar ratios of the hydrophobic monomers BMA/BPEMA in the
copolymers were the same as in the feed. Due to the low content of BPEMA
(1 mol%) in the reaction mixtures and the high yields (> 60%), this approxima-
tion seems justified concerning the contents of the majority components, SPE
and BMA. The possible error for the calculated ratio SPE/BMA in the copoly-
mers would be rather small even if no BPEMA was incorporated. Under the
previous asumptions the composition calculated for the copolymers are sum-
marized in Table 3.1. Still, the precision of the calculated ratios SPE/BMA is
inevitably limited and the values are only reliable ± 10 rel.%.

19
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Table 3.1: Molar composition of amphiphilic copolymers calculated from the
data obtained by elemental analysis

SPE BMA BPEMA
Copolymer [mol%] [mol%] [mol%]

P(SPE90-BMA10) 90 10 1
P(SPE70-BMA30) 70 30 1
P(SPE50-BMA50) 50 50 1

In contrast, elemental analysis does not enable a meaningful estimation of
the low BPEMA contents. Still the 1H NMR spectra of the copolymers clearly
indicate the incorporation of non-negligible amounts of BPEMA. A rough esti-
mation according to the integrals of the characteristic 1H NMR signals of BMA
and of BPEMA support the view of their approximately equivalent incorpora-
tion into the copolymers, i.e., the BPEMA content is the order of 1 mol% with
an estimated error margin of ±50 rel.% (See Figures 3.1, 3.2, and 3.3).
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Figure 3.1: 1H NMR spectrum of copolymer P(SPE90-BMA10) in a saturated
solution of NaCl in D2O.

Alternatively, the content of photoreactive BPEMA units in the copolymers
was quantified by ultraviolet-visible (UV-Vis) spectroscopy. The maximum ab-
sorbance wavelength (λmax) of the methacrylic photo-crosslinker BPEMA was
determined at 292 nm in TFE (See Figure 3.4), which is in accordance to pre-
vious reports in the literature [58]. Additionally, its molar extinction coefficient
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Figure 3.2: 1H NMR spectrum of copolymer P(SPE70-BMA30) in a saturated
solution of NaCl in D2O.
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Figure 3.3: 1H NMR spectrum of copolymer P(SPE50-BMA50) in a saturated
solution of NaCl in D2O.
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(ε) was calculated by measuring the UV-Vis absorption of samples at different
concentrations in TFE. The absorption measurements at different molar con-
centrations were then fitted to a linear regression that intersects at (0, 0), a
value of ε of 20 449 L mol−1 cm−1 with an estimated error margin of ±5 rel.%
was determined by Equation 3.1 (See Figure 3.5).

A = εdC (3.1)
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Figure 3.4: UV-Vis spectra of monomer BPEMA at different concentrations in
TFE.

The absorbances at 292 nm for weighed-in masses of the copolymers in TFE
were determined. Under the assumption that the value of ε does not change after
incorporation into the copolymers, the measured absorptions of the amphiphilic
copolymers were 0.453, 0.509, and 0.436 for copolymers P(SPE90-BMA10),
P(SPE70-BMA30), and P(SPE50-BMA50), respectively (See Figure 3.6).
When compared to the weighed-in mass of the sample, these values represent
a 0.79 mol% of photo-crosslinker BPEMA in copolymer P(SPE90-BMA10),
0.75 mol% in copolymer P(SPE70-BMA30), and 0.73 mol% in copolymer P(SPE50-
BMA50). Given the experimental errors, these results further support a BPEMA
content of 1 mol% in the final copolymers.

As the amphiphilic copolymers have different amounts of hydrophilic sulfobe-
taine moieties in their compositions, their hydrophilicity is expected to decrease
with the hydrophobic content of each copolymer. The thermogravimetric analy-
sis (TGA) of the copolymers show a non-negligible mass loss at temperatures at
which no thermal decomposition of the samples is expected i.e., <150 ◦C. This
mass loss could be attributed to the evaporation of water molecules bound to the
hydrophilic moieties of the amphiphilic copolymers. From the TGA a mass loss
of 8.9, 6.2, and 5.1 % for copolymers P(SPE90-BMA10), P(SPE70-BMA30),
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Figure 3.5: Determination of the extinction coefficient of monomer BPEMA in
TFE.
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Figure 3.6: UV-Vis spectra of the BPEMA-derived absorption maxima of
dilute solutions of amphiphilic copolymers P(SPE90-BMA10), P(SPE70-
BMA30), and P(SPE50-BMA50) in TFE with concentrations of 724, 826,
and 627 mg L−1, respectively.
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and P(SPE50-BMA50), respectively, was observed at temperatures <150 ◦C
(See Figures 3.7, 3.8, and 3.9). These results would represent 1.7, 1.4, and 1.6
molecules of H2O per zwitterionic repeat unit in the copolymers P(SPE90-
BMA10), P(SPE70-BMA30), and P(SPE50-BMA50), respectively, which is
in accordance with the information obtained from the elemental analysis of the
copolymers.
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Figure 3.7: TGA of amphiphilic copolymer P(SPE90-BMA10) under N2 at-
mosphere with a heating rate of 10 K min−1.

In order to estimate the number of crosslinking sites per polymer chain,
molar mass distributions of the amphiphilic copolymers were measured by gel
permeation chromatography (GPC) using hexafluoroisopropanol (HFIP) with
50 mM of sodium trifluoroacetate as eluent and a calibration by narrowly dis-
tributed poly(methyl methacrylate) (P(MMA)) standards (See Figure 3.10).
From the GPC data, values for number average molar mass (Mn), weight aver-
age molar mass (Mw), and dispersity (Ð) of each amphiphilic copolymer were
determined, these are summarized in Table 3.2.

It is important to mention that a decrease in the Mw of the copolymers
is observed as the proportion of hydrophobic monomer BMA increases. This
can be explained by the difference of the polarities of the two monomers and
the reduction of polarity introduced by the hydrophobic monomer during the
copolymerization (See Table 3.2) [93]. Another important observation is the ap-
parent shoulder in the regions above 1×106 g mol−1 (See Figure 3.10). However,
this is most likely an artifact, as the exclusion limit of the chromatography col-
umn is reportedly within this range of molar masses, which renders all molecules
above this limit to elute at the same elution volume and no effective separation
of the polymer chains can be expected.

With the values of Mn and a weighted average molecular weight of the mon-
omers, number average degree of polymerization (Xn) values in the range of



3.1. SYNTHESIS AND CHARACTERIZATION OF AMPHIPHILIC
SULFOBETAINE COPOLYMERS 25

100 200 300 400 500 600 700 800 9000

20

40

60

80

100 −6.2%

−56.7%

−34.6%

Temperature [◦C]

M
as

s
[%

]

Figure 3.8: TGA of amphiphilic copolymer P(SPE70-BMA30) under N2 at-
mosphere with a heating rate of 10 K min−1.
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Figure 3.9: TGA of amphiphilic copolymer P(SPE50-BMA50) under N2 at-
mosphere with a heating rate of 10 K min−1.
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Figure 3.10: Molar mass distributions of amphiphilic copolymers P(SPE90-
BMA10), P(SPE70-BMA30), and P(SPE50-BMA50) according to GPC-
analysis (eluent HFIP with 50 mM of sodium trifluoroacetate, calibration by
narrowly distributed P(MMA) standards).

Table 3.2: Apparent molar masses of amphiphilic copolymers according to GPC
analysis (See Figure 3.10).

Mn Mw Ð
Copolymer [kg/mol] [kg/mol] [−]

P(SPE90-BMA10) 90 420 4.7
P(SPE70-BMA30) 100 320 3.3
P(SPE50-BMA50) 80 240 3.1
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350–400 were calculated. As determined by UV-Vis and other characterization
techniques, the synthesized amphiphilic copolymers contain, within the experi-
mental error, 1 mol% BPEMA. With this information, on average, the number
of potential crosslinking sites per copolymer chain is expected to be in the range
of 3–4. This value is of importance for the formation of hydrogel networks, as
at least >1 crosslinking sites per polymer chain on average are needed in order
to form a stable hydrogel network.

3.2 Properties of Thin Hydrogel Films of Am-
phiphilic Copolymers

Thin hydrogel films were produced by spin coating of the amphiphilic copoly-
mers dissolved in TFE onto silicon and glass substrates modified with a (3-
aminopropyl)dimethylethoxysilane monolayer. The produced thin films were
subsequently photo-crosslinked by UV irradiation for 30 min. A detailed de-
scription of the procedure is found in Section 8.2.9 on page 88 of this thesis.

The stability of the produced hydrogels was tested by measuring the thick-
ness of the thin films by ellipsometry before crosslinking, after crosslinking, and
after washing three times with ultra pure water baths while agitating. The hy-
drogel thin films showed good stability as their thickness showed no substantial
decrease after washing with ultra pure water under agitation (See Figure 3.11).
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Figure 3.11: Stability of immobilized thin hydrogel films of P(SPE-BMA)
amphiphilic copolymers.

The resistance against non-specific protein adsorption of the P(SPE-BMA)
amphiphilic copolymers was evaluated by surface plasmon spectroscopy (SPR)
by cooperation partners at the Ruhr University Bochum, namely the results
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of these evaluations have already been published [65]. In the assessment, the
resistance of the amphiphilic copolymers against non-specific adsorption of two
proteins was evaluated. For these experiments, two model proteins were used:
fibrinogen, which is a slightly negatively charged protein at pH 7.4 (pI 5.5, mo-
lar mass 340 kDa), and lysozyme, which has a distinct positive charge (pI 10.9,
molar mass 14 kDa). In their evaluations, it was found that the adsorption
of fibrinogen to P(SPE50-BMA50) showed a more than 200-fold lower pro-
tein adsorption when compared to the hydrophobic reference poly(butyl meth-
acrylate) (P(BMA)). Whereas protein adsorption on the copolymers P(SPE70-
BMA30), P(SPE90-BMA10), and poly(3-[N -2(methacryloyloxy)ethyl-N,N -
dimethyl]ammonio propane-1-sulfonate) (P(SPE)) was already negligible and
too low to discriminate between them at a level of significance of 5 % (See Fig-
ure 3.12) [65].
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Figure 3.12: Irreversible adsorption of fibrinogen on the P(SPE-BMA) copoly-
mers determined by SPR at a flow rate of 10 µL min−1 in refractive index units
(RIU). Error bars indicate the standard error (n = 3) [65].

The adsorption of lysozyme, however, showed slightly different results. Here
the amphiphilic copolymers showed the highest resistance against the protein
adsorption. The coating with copolymer P(SPE70-BMA30) had no detectable
protein adsorption, while the protein adsorption on copolymers P(SPE90-BMA10)
and P(SPE50-BMA50) was already very small. The hydrophobic reference
P(BMA) showed against the highest contamination, and P(SPE) exhibited a
significantly higher protein adsorption (p< 0.05, post-hoc Tukey test) when
compared to the amphiphilic copolymers (See Figure 3.13) [65].

Additional to the protein adsorption assessments, the settlement and removal
of the green algae U. linza were also evaluated by our cooperation partners at
the Ruhr University Bochum, within the scope of the previously mentioned
publication [65]. The studies showed that all amphiphilic polymers had sig-
nificantly lower settlement (p< 0.05, post-hoc Tukey test) of the green algae
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Figure 3.13: Irreversible adsorption of lysozyme on the P(SPE-BMA) am-
phiphilic copolymers determined by SPR at a flow rate of 10 µL min−1 in re-
fractive index units (RIU). Error bars indicate the standard error (n = 3) [65].

U. linza when compared to both the hydrophobic reference P(BMA) and the
hydrophilic P(SPE) (See Figure 3.14) [65]. Moreover, after application of a tur-
bulent flow, the removal of the spores from the amphiphilic coatings P(SPE90-
BMA10), P(SPE70-BMA30), and P(SPE50-BMA50) was greater than those
of the parent homopolymers P(SPE) and P(BMA), indicating a lower attach-
ment strength of the spores on the amphiphilic surfaces (See Figure 3.14) [65].

Finally, our cooperation partners at the Ruhr University Bochum, tested the
mechanical stability of the samples by challenging the coatings by incubation in
an autoclaved sediment suspension for 2 h, the amount of incorporated sediment
particles was then determined photometrically. The results of the evaluation
showed a decrease in the sediment incorporation as the content of BMA in the
copolymers increased (See Figure 3.15) [65].

In general, within the assessments done by our cooperation partners at the
Ruhr University Bochum, it was found that the presence of hydrophobic BMA
units in the copolymers significantly improved the anti-fouling properties of the
coatings. Furthermore, the incorporation of increasing amounts of BMA also
decreased the sediment uptake.
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Figure 3.14: Density of settled U. linza zoospores on the P(SPE-BMA) copoly-
mers after a 45 min settlement period (grey) and after exposure to a turbulent
water flow exerting a wall shear stress of 52 Pa (blue). Error bars indicate the
standard error (n = 90) [65].
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Figure 3.15: Silt uptake of the P(SPE-BMA) copolymer coatings after 2 h
sediment immersion. Error bars indicate the standard error after six measure-
ments on two replicate slides [65].



Chapter 4

New Amphiphilic
Sulfobetaines

4.1 Synthesis and Characterization of New Am-
phiphilic Sulfobetaine Monomers

As mentioned in Chapter 1, an amphiphilic sulfobetaine monomer was syn-
thesized in order to further test the impact that hydrophilicity has on both
the antifouling properties of zwitterionic hydrogels and their mechanical stabil-
ity. The synthesis of this amphiphilic sulfobetaine monomer was done by the
ring opening of 1,2-epoxyhexane with dimethylamine, followed by the acyla-
tion of the produced alkanolamine with methacryloyl chloride. The resulting
methacrylic amine 1-(dimethylamino)hexan-2-yl methacrylate (I-2) was then
quaternized with 1,3-propane sultone, amphiphilic sulfobetaine methacrylate
M1 was obtained as a precipitate from the reaction mixture as a colorless solid
(See Scheme 4.1).

The chemical structure of M1 was characterized by 1H NMR spectroscopy.
Relevant signals in the 1H NMR-spectrum are the vinylidene protons (signals “j”
and “i”) found at 6.24 and 5.83 ppm, respectively, the lone proton at the chiral
carbon in the α-position from the ester bond (signal “e”) found at 5.53 ppm,
and the 6 protons from the methyl groups at the quaternized amine (signal
“g”) found at 3.17 ppm. A full characterization and description of the peaks are
shown in Figure 4.1.

The structural characterization of M1 was further analyzed by 1H-1H-COSY
NMR. With this characterization method the signals of the methylene protons
on the carbons at the α and β-positions from the methyl group at the end of
the aliphatic side chain (signals “b” and “c”) were better described, as coupling
with the protons at the directly neighbouring carbons was observed (signals
“b/a” and “d/c”). Similar couplings from the methylene protons on the carbons
between the quaternized amine and the sulfonate moiety (signals “k”, “l”, and
“m”) were also utilized to get a more detailed structural characterization of
M1. An interesting feature of the 1H-1H-COSY NMR spectra of M1 is the
coupling of the lone proton at the chiral carbon in the α-position from the ester
bond (signal “e”), as coupling was only observed with one of the two methylene

31
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Scheme 4.1: Synthetic path to amphiphilic sulfobetaine M1.

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

0.
88

1.
33

1.
73

1.
96

2.
27

2.
94

3.
17

3.
50

3.
64

3.
96

4.
79

5.
53

5.
83

6.
24

3.
06

4.
11

2.
07

3.
04

2.
09

2.
08

6.
05

2.
04

1.
03

1.
02

1.
01

1.
00

1.
00

Water

ab&c

d

h

l

m

g

kff'e

i
j

N
O

a

b

c

d
e

f

O

CH3H

H
h

i

j

SO3

g

k

l m

Figure 4.1: 1H NMR spectrum of monomer M1 in D2O.
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protons on the carbon in the α-position from the quaternized amine (signal
“e/f′”). A full 1H-1H-COSY NMR-spectra characterization with descriptive
annotations is shown in Figure 4.2.
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Figure 4.2: 1H-1H-COSY NMR spectrum of M1 in D2O.

By 13C (APT) NMR, a more detailed characterization of M1 was done, as
this characterization method provides information not only on the chemical shift
of the carbons found in the molecule, but also on the amount of hydrogen atoms
bonded to each carbon, showing positive signals for carbons with an odd number
of hydrogen atoms bonded (1 or 3), and negative signals for carbons with an
even amount of hydrogen atoms bonded (0 or 2). With this information, only
the carbons of the methyl groups (signals “A”, “H”, and “G”) and the carbon
at the α-position from the ester bond (signal “E”) were expected to render
positive signals in the 13C (APT) NMR-spectrum, giving further confirmation
of the structural composition of the desired monomer M1. Complete 13C (APT)
NMR-spectrum and characterization are shown in Figure 4.3.

Further confirmation of the previously assigned signals was achieved with
1H-13C-HSQC NMR characterization. It was specially important to confirm
that both methylene protons assigned with signals “f” and “f′” were bonded to
the same carbon (signals “f/F” and “f′/F”). Another feature of the molecule
that was better described with this characterization method was the methylene
protons on the carbons at the α and β-positions from the methyl group at the
end of the aliphatic side chain (signals “b” and “c” in Figure 4.1), as both signals
were overlapping in the 1H NMR-spectrum. However, the 1H-13C-HSQC NMR-
spectrum further confirms that two independent sets of protons are attached
to two different carbons (signals “b/B” and “c/C”). Full 1H-13C-HSQC NMR
characterization is shown in Figure 4.4.

For the full characterization of M1, its thermal properties were investigated



34 CHAPTER 4. NEW AMPHIPHILIC SULFOBETAINES

180 160 140 120 100 80 60 40 20 ppm

13
.0

4
17

.1
8

18
.2

8
21

.7
2

25
.7

8
32

.1
9

47
.1

7
51

.4
2

63
.4

9
65

.9
4

68
.9

8

12
8.

20

13
5.

32

16
8.

17

AMG-062

AH

L

B

C

D
M

G

KF

E

J

I
N

N
O

A

B

C

D
E

F

G O

HJ I

N

SO3

K

L M

Figure 4.3: 13C (APT) NMR spectrum of M1 in D2O.
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by differential scanning calorimetry (DSC) (See Figure 4.5). The thermogram
showed an endothermic peak with onset at 167 ◦C and a normalized enthalpy of
110 J g−1, the peak was reached at 172 ◦C. This endothermic peak is evidence of
a phase transition ocurring within the sample, i.e., melting. The melting point
of the monomer M1 was thus determined at the onset of the endothermic peak
(167 ◦C). However, with the 2nd cycle of the DSC, it was also observed that
degradation of the sample took place, as its thermal properties were significantly
altered after the 1st heating cycle.

Further information obtained from the DSC thermogram was that no pres-
ence of water bound to the amphiphilic monomer M1 was found. For a monomer
containing a zwitterionic moiety, certain degree of hygroscopy would be ex-
pected, however, the observed endothermic peak happens at a considerably
higher temperature than the one expected due to water elimination at around
100 ◦C.
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Figure 4.5: DSC thermogram of amphiphilic methacrylate M1, two cycles 0–
200 ◦C at 5 K min−1.

4.2 Synthesis and Characterization of Homopoly-
mers of Amphiphilic Sulfobetaine

Homopolymers of the amphiphilic sulfobetaine methacrylate M1 were obtained
by solution polymerization in TFE using AIBN as initiator. The polymers
were then purified by dialysis against ultra pure water using a membrane with
MWCO of 3500 g mol−1, and isolated by lyophilization.

The obtained polymer poly(3-((2-(methacryloyloxy)hexyl)dimethylammonio)-
propane-1-sulfonate) (P(M1)) was characterized by 1H NMR spectroscopy in
a saturated solution of NaCl in D2O. An important difference found when com-
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paring the 1H NMR-spectra of amphiphilic monomer M1 (Figure 4.1) and of
its homopolymer P(M1) was the abscence of the signals of the vinylidene pro-
tons characteristic of methacrylate monomers (signals “j” and “i” in Figure 4.1).
Nevertheless, evidence of the aliphatic protons of the polymer backbone product
from the polymerization of M1 (signals “j” and “h” in Figure 4.6) is observed
when analysing the area under the signals between 2.58–0.68 ppm. According
to the most prominent signals (signals “a”, “b,c”, “d”, and “l”) a total of 11
protons is expected to be found within this range of the spectrum, however,
the integral accounts for 16 protons, indicating that the methylene and methyl
protons from the backbone (signals “j” and “h”) are indeed within this range
of the spectrum. Moreover, the general broadening of the signals, characteristic
of high molecular weight molecules, i.e., polymers, is also an indication of the
successful polymerization of M1. A full characterization and description of the
peaks is shown in Figure 4.6.
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Figure 4.6: 1H NMR spectrum of homopolymer P(M1) in a saturated solution
of NaCl in D2O.

The molar mass distributions of the produced homopolymers of the am-
phiphilic sulfobetaine M1 were measured by GPC using HFIP with 50 mM
of sodium trifluoroacetate as eluent and a calibration by narrowly distributed
P(MMA) standards (See Figure 4.7). From the GPC data, values for Mn, Mw,
and Ð were determined, these are summarized in Table 4.1. Values of 150 and
900 kg mol−1 were calculated for Mn and Mw, respectively. However, these val-
ues are most likely underrepresented as the exclusion limit of the column at
around 1 × 106 g mol−1 was reached so all polymer chains above this limit elute
at the same elution volume and no effective separation of the polymer chains
can be expected. This is also evident from Figure 4.7 as the intensity of the
peak in this range of molar masses (1 × 106 g mol−1) does not correspond to
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a normal distribution and hints to an unsuccessful separation of the polymer
chains.
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Figure 4.7: Molar mass distribution of amphiphilic homopolymer P(M1) ac-
cording to GPC-analysis (eluent HFIP with 50 mM of sodium trifluoroacetate,
calibration by narrowly distributed P(MMA) standards).

Table 4.1: Apparent molar masses of amphiphilic homopolymer P(M1) accord-
ing to GPC analysis (See Figure 4.7).

Mn Mw Ð
Copolymer [kg/mol] [kg/mol] [−]

P(M1) 150 900 6.0

By TGA characterization, the upper thermal stability of homopolymer P(M1)
was studied. Additionally, the amount of water bound to the homopolymer
P(M1) was determined. The TGA thermogram shows a loss of mass of 13.9 %
at temperatures up to 150 ◦C (See Figure 4.8). As this mass loss happens
mostly at temperatures below 150 ◦C, it is attributed to the evaporation of
water molecules bound to the zwitterionic moieties of the homopolymers. By
calculation, this mass loss would represent about 2.5 molecules of H2O per
constitutional repeat unit (CRU) of the polymer. Further thermolysis of the
homopolymers is then observed from 250 ◦C and up.

The solubility of homopolymer P(M1) in some standard solvents, together
with the Dimroth-Reichardt empirical polarity parameter (ET(30)), which com-
bines polarity effects and hydrogen-bond donating capabilities of the solvents
[120–122], is listed in Table 4.2.
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Figure 4.8: TGA thermogram of amphiphilic homopolymer P(M1) under N2
atmosphere with a heating rate of 10 K min−1.

As it is characteristic for polysulfobetaines, P(M1) was insoluble in aprotic
solvents, such as dioxane, tetrahydrofuran (THF), chloroform, acetone, dimethyl
formamide (DMF) or dimethyl sulfoxide (DMSO) [3, 123, 124]. Also in accor-
dance to the general trend for polyzwitterions, the solubility of P(M1) was
restricted to protic solvents with high ET(30) values (ET(30)⪆ 55 kcal mol−1)
[124], such as formamide, and the fluorinated alcohols TFE and HFIP (See
Table 4.2).

Although the dissolution of P(M1) in water was partial and only swelling
was observed, similar to common polyzwitterionic behaviour, full dissolution
was achieved upon addition of NaCl (See Table 4.2).
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Table 4.2: Solubility of amphiphilic homopolymer P(M1) in selected solvents.

Solvent ET(30)a P(M1)
[kcal/mol]

dioxane 36.0 –
tetrahydrofuran 37.5 –
ethyl acetate 38.0 –
chloroform 39.1 –
dichloromethane 40.7 –
acetone 42.3 –
dimethyl formamide 43.2 –
dimethyl sulfoxide 45.1 –
acetic acid 51.7b –
ethanol 51.8 –
formic acid 54.3b +
methanol 55.4 –
formamide 55.9 +
trifluoroacetic acid −− ∼
trifluoroethanol 59.8 +
hexafluoroisopropanol 65.3 +
water 63.1 ∼
saturated NaCl −− +
a Unless otherwise stated, obtained from [120]
b Values calculated from Kosower’s Z values,

see references [121,122]
+ = soluble
– = not soluble
∼ = slightly soluble (swollen)
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4.3 Synthesis and Characterization of Copoly-
mers of Amphiphilic Sulfobetaines

In order to further test the impact that enhanced hydrophilicity has on both the
antifouling properties of zwitterionic hydrogels and their mechanical stability,
ternary copolymers of M1, SPE, and BPEMA, namely poly(SPE90-co-M110-co-
BPEMA1) (P(SPE90-M110)), poly(SPE70-co-M130-co-BPEMA1) (P(SPE70-
M130)), and poly(SPE50-co-M150-co-BPEMA1) (P(SPE50-M150)), were syn-
thesized by free-radical solution copolymerization in TFE using AIBN as initia-
tor. After dialysis against a H2O:methanol (MeOH) [1:1] (v:v) solution using
a membrane with MWCO of 3500 g mol−1 and further lyophilization for the
removal of the solvents, pure copolymers were obtained.

Similar to the ternary copolymers of SPE, BMA, and BPEMA discussed in
Chapter 3, the quantitative determination of the composition of the ternary sta-
tistical copolymers is non-trivial. Due to the broad and poorly resolved signals,
the 1H NMR-spectra do not enable a precise compositional analysis. However,
the content of photoreactive BPEMA units in the copolymers was quantified by
UV-Vis spectroscopy, as the absorbance band and absorption coefficient of the
BPEMA chromofore had already been determined. Under the assumption that
the absorption coefficient does not change after incorporation to the copoly-
mers, the absorbances at 292 nm for weighed-in masses of the copolymers in
TFE were determined. The measured absorptions of the amphiphilic copoly-
mers were 0.445, 0.421, and 0.410 for copolymers P(SPE90-M110), P(SPE70-
M130), and P(SPE50-M150), respectively (See Figure 3.6). When compared
to the weighed-in mass of the sample, and under the assumption that the molar
ratios of the zwitterionic monomers SPE/M1 in the copolymers were the same
as in the feed, these values represent a 0.77 mol% of photo-crosslinker BPEMA
in copolymer P(SPE90-M110), 0.74 mol% in copolymer P(SPE70-M130), and
0.70 mol% in copolymer P(SPE50-M150). Given the experimental errors, these
results support a BPEMA content of about 1 mol% in the final copolymers.

Once the amount of photo-crosslinker BPEMA was determined by UV-Vis
spectroscopy, the evaluation of the data from the elemental analysis data en-
abled the calculation of the compositions of the SPE and M1. As the ele-
ments N and S occur only in the zwitterionic units, and the amount of non-
zwitterionic units (BPEMA) had already been determined, systems of linear
equations with two variables were set to calculate the ratios of [SPE:M1] of
the copolymers. Under these assumptions and according to the information ob-
tained from the elemental analysis, an [SPE:M1] ratio of [88:12] was calculated
for copolymer P(SPE90-M110), [69:31] for copolymer P(SPE70-M130), and
[53:47] for copolymer P(SPE50-M150). A rough estimation according to the
integrals of the characteristic 1H NMR signals of the aliphatic protons (signals
“i”, “j”, “k”, and “l”) also support the view of their approximately equivalent
incorporation into the copolymers, as the integrals consistently increased as the
amount of amphiphilic sulfobetaine in the copolymers increased. However, due
to the low resolution of the signals, an error margin of ± 50 rel.% is estimated
(See Figures 4.10, 4.11, and 4.12).

The molar mass distributions of the copolymers were measured by GPC
using HFIP with 50 mM of sodium trifluoroacetate as eluent and a calibration
by narrowly distributed P(MMA) standards (See Figure 4.13). From the GPC
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Figure 4.9: UV-Vis spectra of the BPEMA-derived absorption maxima of di-
lute solutions of amphiphilic copolymers P(SPE90-M110), P(SPE70-M130),
and P(SPE50-M150) in TFE with concentrations of 812, 827, and 882 mg L−1,
respectively.
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Figure 4.11: 1H NMR spectrum of copolymer P(SPE70-M130) in a saturated
solution of NaCl in D2O.
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data, values for Mn, Mw, and Ð of each amphiphilic copolymer were determined,
these are summarized in Table 4.3.
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Figure 4.13: Molar mass distributions of amphiphilic copolymers P(SPE90-
M110), P(SPE70-M130), and P(SPE50-M150) according to GPC-analysis
(eluent HFIP with 50 mM of sodium trifluoroacetate, calibration by narrowly
distributed P(MMA) standards).

From the Mn and Mw values obtained for the different copolymers, it was
noticed that the apparent molar mass of the copolymers was strongly reduced
as the proportion of M1 increased in the composition of the copolymers. It is
possible that these findings could be caused by a decreasing solvent quality of
the eluent due to the difference of polarity between the two comonomers [93],
or by the relatively bulky side chain of monomer M1. Similar to the GPC
measurements of the homopolymer P(M1), the exclusion limit of the column
was reached and an effective separation of the polymer chains was not possible
(See Figure 4.13).

With the values of Mn and a weighted average molecular weight of the mon-
omers, apparent Xn values of 350 were calculated for P(SPE90-M110), and of
70 for both P(SPE70-M130) and P(SPE50-M150). As determined by UV-Vis
and other characterization techniques, the synthesized amphiphilic copolymers
contain, within the experimental error, 1 mol% BPEMA. With this information,
on average, the number of potential crosslinking sites per copolymer chain can
be estimated to be in the range of 3–4 for P(SPE90-M110), however, a much
lower value is calculated for both P(SPE70-M130) and P(SPE50-M150), as
values <1 are calculated. This is of importance for the formation of hydrogel
networks, as at least >1 crosslinking sites per polymer chain, on average, are
needed in order to form a stable hydrogel network. According to this estimation,
the immobilization of thin hydrogel films could be challenging.
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Table 4.3: Apparent molar masses of amphiphilic copolymers P(SPE-M1)
according to GPC analysis (See Figure 4.13).

Mn Mw Ð
Copolymer [kg/mol] [kg/mol] [−]

P(SPE90-M110) 100 300 3.0
P(SPE70-M130) 20 130 5.9
P(SPE50-M150) 20 110 5.1

Analogous to the solubility tests done for homopolymer P(M1) discussed in
the previous Section 4.2, the solubilities of the terpolymers P(SPE90-M110),
P(SPE70-M130), and P(SPE50-M150) in selected solvents are shown in Ta-
ble 4.4.

From the results, interesting effects are observed with the solubilities of ter-
polymers P(SPE90-M110), P(SPE70-M130), and P(SPE50-M150) in protic
solvents with relatively high ET(30) values (approx. 50–55 kcal mol−1) such
as acetic acid and MeOH. Even when the homopolymers of both zwitterionic
monomers P(M1) and P(SPE) are insoluble in these protic solvents [124,125],
terpolymers P(SPE90-M110), P(SPE70-M130), and P(SPE50-M150) show
certain solubility in both acetic acid and MeOH (See Table 4.4).

Comparing the solubilities of the terpolymers P(SPE90-M110), P(SPE70-
M130), and P(SPE50-M150) to the ones of their parent homopolymers P(SPE)
and P(M1) in water also reveals a rather counterintuitive effect on their sol-
ubility. As with an increasing amount of amphiphilic copolymer M1 in the
copolymers, an increase in their solubility in water is observed (See Table 4.4).
This could be explained by the dampening of the intra- and intermolecular elec-
trostatic interactions by the irregularities within the polymer chain introduced
by the different copolymers.
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Table 4.4: Solubility of amphiphilic copolymers P(SPE-M1) in selected sol-
vents.

Polymer

Solvent P(SPE90-M110) P(SPE70-M130) P(SPE50-M150)

dioxane – – –
tetrahydrofuran – – –
ethyl acetate – – –
chloroform – – –
dichloromethane – – –
acetone – – –
dimethyl formamide – – –
dimethyl sulfoxide – – –
acetic acid ∼ ∼ ∼
ethanol – – –
formic acid + + +
methanol ∼ ∼ ∼
formamide + + +
trifluoroacetic acid + ∼ +
trifluoroethanol + + +
hexafluoroisopropanol + + +
water – ∼ +
normal saline (0.9% NaCl) + + +
artificial sea water + + +
saturated NaCl + + +

+ = soluble
– = not soluble
∼ = slightly soluble (swollen)





Chapter 5

New Vinyl Amide
Monomers

5.1 Synthesis and Characterization of New Vinyl
Amide Zwitterionic Monomers

A mentioned in Chapter 1, the introduction of a new family of vinyl amide
zwitterionic monomers was done in order to have a positive impact on the
hydrolytic stability of the resulting polymers when compared to the methacrylic
zwitterionic monomers and polymers. The synthesis of the new vinyl amide
zwitterionic monomers was thought to be done through the N -acylation of 1-
methylpiperazine, followed by the quaternization of the tertiary amine. A vinyl
amide would then be produced by the Hoffmann-elimination of the quaternized
piperazinium ion.

A first attempt to synthesize the desired vinyl amide was done by the quat-
ernization of the intermediary tertiary amine with methyl iodide, however, the
obtained piperazinium iodide resulted insoluble in most solvents appropriate
for the Hoffmann-elimination. The poor solubility of the piperazinium iodide in
suitable solvents hindered this synthetic path towards the vinyl amide.

In order to overcome this solubility issue, a piperazinium tosylate was synthe-
sized instead in an attempt to improve its solubility in organic solvents compared
to the previously synthesized piperazinium iodide. The piperazinium tosylate
was soluble in tert-butanol (t-BuOH) and the Hoffmann-elimination was done
using potassium tert-butoxide (t-BuOK). Through this synthetic path, the vinyl
amide N -(2-(dimethylamino)ethyl)-N -vinylacetamide (I-5) was obtained after
purification via column chromatography (See Scheme 5.1).

Zwitterionic vinyl amides M2, M3, and M4 were synthesized in good yields
by quaternization of the tertiary amine in I-5 with cyclic sulfonates and sulfates
(See Scheme 5.2).

After isolation of the products, the analytical data confirmed the successful
synthesis of monomers M2, M3, and M4. Characteristic features of the new
monomer M2 are the methylene protons at the α-position to the amide group
(signal “e”) at 4.16 ppm, the 1H NMR signals of the methyl and the methylene
protons at the α-position to the quaternized amine (signals “g” and “f&h”)

47
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at 3.22 ppm and 3.55 ppm, respectively, and the methylene protons at the α-
position to the sulfonate moiety characteristic of sulfobetaines (signal “j”) at
3.00 ppm. The fully characterized 1H NMR-spectrum is shown in Figure 5.1.

Similar to monomer M2, the 1H NMR-spectrum of sulfobetaine vinyl amide
M3 presents analogue signals for the aforementioned protons (signals “g”, “f&h”,
“e”, and “k”), although slightly shifted upfield as an effect of the longer aliphatic
chain between the sulfonate group and the quaternized amine. The fully char-
acterized 1H NMR-spectrum is shown in Figure 5.2.
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Figure 5.1: 1H NMR spectrum of M2 in D2O.

Although monomers M2 and M4 share many similar structural characteris-
tics, the main difference between them is the presence of an organosulfate group
in vinyl amide sulfabetaine M4 in contrast to the sulfonate group present in
vinyl amide sulfobetaine M2. This difference makes most of the previously de-
scribed 1H NMR-spectrum signals to remain practically constant between the
two monomers (signals “g”, “f&h”, and “e”). However, the methylene protons at
the α-position to the organosulfate moiety in monomer M4 experience a greater
chemical shift downfield than their counterpart protons in monomer M2. This
shift brings the signal of the α-position to the organosulfate moiety (signal “j”)
in vinyl amide sulfabetaine M4 to 4.17 ppm, in contrast to the ones in M2 ap-
pearing at 3.00 ppm. A full characterization of the 1H NMR-spectrum is shown
in Figure 5.3.

It is also important to notice the evidence of the cis and trans conformations
of the tertiary amide. Particularly for the vinylidene proton (signal “b”), as the
rotation about the central C N bond of amides is hindered, the rotation is
slow enough to be observed in the 1H NMR-spectrum. Moreover, the cis and
trans positions are not magnetically equivalent, resulting in different chemical
shifts in the 1H NMR-spectrum [126,127]. Although this difference in chemical
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Figure 5.2: 1H NMR spectrum of M3 in D2O.
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Figure 5.3: 1H NMR spectrum of M4 in D2O.
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shifts is more readily observed in the vinylidene proton (signal “b”), similar
effects of the different conformations are observed for the methyl protons at the
α-position to the quaternized amine (signal “g”). The previous is true for the
three zwitterionic vinyl amides M2, M3, and M4 (See Figures 5.1, 5.2, and 5.3).
Furthermore, by analyzing the integrals, it is calculated that the percentage of
cis and trans isomers in the monomers is about 5 % and 95 %, respectively.

Further characterization of the chemical structure of vinyl amide sulfobetaine
M2 was achieved by 1H-1H-COSY NMR, specifically, the overlapping signals of
the methylene protons at the α-position to the quaternized amine (See Figure 5.1
signal “f&h”), could be better distinguished, as the coupling to the protons
at the directly neighbouring carbons were identified (signals “e/f” and “h/i”)
(See Figure 5.4). As the overlapping of signals was a common problem in the
1H NMR-spectra of monomers M2, M3, and M4, similar refinement in the
characterization of their chemical structures was done by the analysis of the
1H-1H-COSY NMR-spectra. The full 1H-1H-COSY NMR-spectra of M3 and
M4 are shown in Figures 5.5 and 5.6, respectively.
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Figure 5.4: 1H-1H-COSY NMR spectrum of M2 in D2O.

A more detailed characterization of the chemical structure of monomers M2,
M3, and M4 was done by 13C (APT) NMR. This characterization method was
essential not only to identify the chemical shifts of the different carbon atoms
present in the vinyl amides, but also as a confirmation that the desired mon-
omers were synthesized. Important similarities observed throughout the three
monomers in the 13C (APT) NMR-spectra are the carbon from the carbonyl
group (signal “D”) observed at 173.2 ppm, both carbons of the vinyl group
(signals “B” and “C”) at 132.5 and 97.0 ppm, respectively, and the carbons of
the methyl groups at the α-position to the quaternized amine (signal “G”) at
51.0 ppm. Full 13C (APT) NMR-spectra are shown in Figures 5.7, 5.8, and 5.9.
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Figure 5.5: 1H-1H-COSY NMR spectrum of M3 in D2O.
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Figure 5.9: 13C (APT) NMR spectrum of M4 in D2O.

By 1H-13C-HSQC NMR, it was possible to further confirm the previously
assigned signals. This characterization method made possible the better char-
acterization of the otherwise overlapping signals of the methylene protons at
the α-position to the quaternized amine (signals “f” and “h”), as with the 1H-
13C-HSQC NMR-spectra it was observed that these were two independent sets
of protons bonded to two distinct carbons (signals “f/F” and “h/H”). Similarly,
overlapping signals of the methyl protons at the α-position to the carbonyl
group and the methylene protons at the β-position to the quaternized amine in
monomers M2 and M4 could also be better characterized by signals “a/A” and
“i/I” as two sets of protons bonded to two different carbons (See Figures 5.10
and 5.12). This characterization technique also further improved the characteri-
zation of the chemical structure of monomer M3, as the 13C (APT) NMR-signals
of three carbons were overlapping, i.e., the signal of the methyl carbon at the
α-position to the carbonyl group, and the methylene carbons at the β, and γ-
position to the quaternized amine (signals “A”, “I”, and “J”, respectively). By
1H-13C-HSQC NMR characterization, it was possible to observe the coupling of
these three different carbons to three different sets of protons (signals “a/A”,
“i/I”, and “j/J”), the full 1H-13C-HSQC NMR-spectrum is shown in Figure 5.11.

Thermal properties of monomers M2, M3, and M4 were investigated with
DSC. Important differences are observed between the sulfa- and sulfobetaines,
as vinyl amide sulfobetaines M2 and M3 both show a significant amount of
water molecules bound to the zwitterionic moieties of the monomers. This is
characterized by the endothermic peaks observed in the thermograms of both
sulfobetaines (See Figures 5.13 and 5.14). The main reasons to suspect of the
endothermic peaks to be caused by the elimination of bound water molecules
from the sample rather than from a phase transition of the monomers, are the
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Figure 5.11: 1H-13C-HSQC NMR spectrum of M3 in D2O.
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Figure 5.12: 1H-13C-HSQC NMR spectrum of M4 in D2O.

temperature at which the endothermic peak takes place (around 100 ◦C), and
the absence of further phase transitions in both the cooling ramp of the 1st cycle
and the entirety of the 2nd cycle. These thermograms would then be consistent
to water molecules being removed from the sample during the 1st cycle of the
calorimetry.

Contrary to the observations made on monomers M2 and M3, the thermo-
gram of vinyl amide sulfabetaine M4 did not show an endothermic peak during
the entirety of the calorimetry (see Figure 5.15). This gives insights on the dif-
ferences on hygroscopy that the monomers show, i.e., vinyl amide sulfobetaines
M2 and M3 being more hygroscopic than their sulfabetaine analogue M4.



5.1. SYNTHESIS AND CHARACTERIZATION OF NEW VINYL AMIDE
ZWITTERIONIC MONOMERS 57

−50 0 50 100 150 200 250
−2.5

−2

−1.5

−1

−0.5

0

0.5

Temperature [◦C]

H
ea

t
Fl

ow
[W

/g
]

1st cycle
2nd cycle

Figure 5.13: DSC thermogram of zwitterionic vinyl amide sulfobetaine M2, two
cycles 0–200 ◦C at 5 K min−1.
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Figure 5.14: DSC thermogram of zwitterionic vinyl amide sulfobetaine M3, two
cycles 0–200 ◦C at 5 K min−1.
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Figure 5.15: DSC thermogram of zwitterionic vinyl amide sulfabetaine M4, two
cycles 0–200 ◦C at 5 K min−1.

5.2 Synthesis and Characterization of a New Vinyl
Amide Photo-crosslinker

The synthesis of the new vinyl amide benzophenone photo-crosslinker monomer
was done by the N -acylation of N -vinylformamide with the previously syn-
thesized 4-benzoylbenzoyl chloride (I-6), and subsequent selective hydrolysis
of the formyl group with aqueous NaOH in analogy to a recent procedure for
vinylamides [128]. The vinyl amide photo-crosslinker M5 was purified by crys-
tallization from acetonitrile (MeCN) by dropwise addition of H2O (See Scheme
5.3).

O

OH

O

O

Cl

O

SOCl2

O

Cl

O

+

1) Et3N, DMAP
2) NaOH

HO

NH

O

H
N

O
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Scheme 5.3: Synthetic path to vinyl amide crosslinker M5.

The chemical structure of M5 was characterized by 1H NMR spectroscopy.
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Relevant signals in the 1H NMR-spectrum are the ones of the three distinct vinyl
protons (signals “f”, “g”, and “h”) at 7.20, 4.96, and 4.51 ppm, respectively, and
the characteristic aromatic protons (signals “a” – “e”) at 8.2–7.4 ppm. A full
characterization and description of the observed peaks is shown in Figure 5.16.
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Figure 5.16: 1H NMR spectrum of M5 in (CD3)2CO.

Further characterization of the chemical structure of vinyl amide photo-
crosslinker M5 was achieved by 1H-1H-COSY NMR, where the interactions
between the vinyl protons “f”, “g”, and “h” could be observed suggesting that
the protons are bonded to directly neighbouring carbons (signals “f/h” and
“f/g”). Additionally, a better description of the aromatic protons was possi-
ble, by 1H-1H-COSY NMR-spectra of vinyl amide crosslinker M5 as shown in
Figure 5.17.

The chemical structure of M5 was further characterized with 13C (APT)
NMR. This characterization method was important to gain insights on the
chemical shifts of the different carbon atoms present in the molecule. Important
peaks observed in this spectrum are the carbon at the carbonyl group between
the two aromatic rings (signal “I”), and the carbon from the carbonyl group
of the amide moiety (signal “L”). As there are no hydrogens bonded to these
carbons, this characterization technique was fundamental to the better descrip-
tion of the chemical shifts. The full 13C (APT) NMR-spectrum is shown in
Figure 5.18.

The previously assigned chemical shifts were confirmed by 1H-13C-HSQC
NMR characterization. In particular, the confirmation that both vinyl protons
“g” and “h” were bonded to the same carbon “G” (signals “g/G” and “h/G”)
was of special importance. The signals for the aromatic carbons and protons
were also analyzed to greater detail using this characterization technique. The
full 1H-13C-HSQC NMR-spectrum is shown in Figure 5.19.
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Figure 5.17: 1H-1H-COSY NMR spectrum of M5 in (CD3)2CO.
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Figure 5.19: 1H-13C-HSQC NMR spectrum of M5 in (CD3)2CO.

As monomer M5 has a photoreactive benzophenone moiety, it was possible
to determine its specific ε, which depends on the chemical structure of the
molecule. For this, the UV-Vis spectra of samples at different concentrations
in TFE were measured (See Figure 5.20). With these measurements, a λmax
of 264 nm was determined, value which is in accordance to the Scotts rules
for calculation of λmax of aromatic carbonyl compounds [129]. Furthermore,
by fitting the absorption measurements at different molar concentrations to
a linear regression that intersects at (0, 0), an ε of 20 087 L cm−1 mol−1 with
an estimated error margin of ±5 rel.% was determined by Equation 3.1 (See
Figure 5.21).

The value of ε makes it possible to calculate the concentration of M5 in a
solution of TFE by measuring its absorption at λ = 264 nm. Moreover, assuming
that ε does not change when crosslinker M5 is incorporated in the copolymers,
the amount of M5 in the copolymers can be determined by UV-Vis spectroscopy.

The thermal properties of M5 were investigated by DSC (See Figure 5.22).
The results of the calorimetry showed an endothermic peak with onset at 160 ◦C,
however, a 2nd peak is also observed in the thermogram which suggests a degra-
dation of the sample. This is further confirmed by the exothermic peak close
to 200 ◦C. Although the endothermic peak with onset at 160 ◦C is evidence
of a phase transition ocurring within the sample, i.e., melting, the presence of
more peaks suggest additional processes happening within the sample at the
same time. These additional processes are also further confirmed with the 2nd

heating cycle of the calorimetry, where these are no longer observed.
As expected, M5 shows no evidence of hygroscopy, which is in line with the

reduced polarity of this molecule.
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Figure 5.20: UV-Vis spectra of vinyl amide crosslinker M5 at different concen-
trations in TFE.
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Figure 5.22: DSC thermogram of vinyl amide crosslinker M5, two cycles 0–
200 ◦C at 5 K min−1.

5.3 Synthesis and Characterization of Homopoly-
mers of New Vinyl Amide Zwitterionic Mon-
omers

The free-radical solution homopolymerization of the new vinyl amide zwitter-
ionic monomers proved to be challenging. Suitable conditions for the homopoly-
merization were found only after numerous trials with different azo-initiators,
such as AIBN, 4,4’-azobis(4-cyanovaleric acid) (V-501), 2,2’-azobis[2-methyl-N -
(2-hydroxyethyl)propionamide] (V-086), and 2,2’-azobis(2-methylpropionamidine)-
dihydrochloride (V-50); and different solvents as MeOH, H2O, and mixtures
thereof. Finally, homopolymerization was successful with initiator V-086 in H2O
at weakly basic pH (9–10), and with initiator V-50 in a H2O:MeOH [2:1] (v:v) so-
lution at weakly basic pH (9–10). Homopolymers poly(3-(dimethyl(2-(N -vinyl-
acetamido)ethyl)ammonio)propane-1-sulfonate) (P(M2)), poly(4-(dimethyl(2-
(N -vinylacetamido)ethyl)ammonio)butane-1-sulfonate) (P(M3)), and poly(3-
(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)propyl sulfate) (P(M4)) were
obtained in good yields after dialysis against ultra pure water and lyophilization.

By TGA characterization, upper thermal stabilities were studied, as well
as the amount of water attached to the homopolymers P(M2), P(M3), and
P(M4) was determined. The TGA results of the three homopolymers show
a loss of mass in the range of 11.3–12.7 % at temperatures up to 150 ◦C (See
Figures 5.23, 5.24, and 5.25). As this mass loss happens mostly at temperatures
below 150 ◦C, it is attributed to the evaporation of water molecules bound to
the zwitterionic moieties of the homopolymers. By calculation, this mass loss
would represent about 2 molecules of H2O per CRU of the polymer, more pre-
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cisely, 1.9, 1.8, and 2.1 for P(M2), P(M3), and P(M4), respectively. Further
thermolysis of the homopolymers is then observed starting from 250 ◦C.
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Figure 5.23: TGA thermogram of homopolymer P(M2) under N2 atmosphere
with a heating rate of 10 K min−1.

As homopolymers P(M2), P(M3), and P(M4) are members of a new
family of polyzwitterions, an extensive solubility test was done. The results of
these solubility tests, together with the ET(30) values of the solvents [120–122],
are listed in Table 5.1.

Homopolymers P(M2), P(M3), and P(M4) were insoluble in aprotic sol-
vents, such as dioxane, THF, chloroform, acetone, DMF or DMSO, which is
in agreement with the reported solubilities of many polyzwitterions [3, 123,
124]. Similarly to prior research on polyzwitterions, the homopolymers P(M2),
P(M3), and P(M4) were only soluble in protic solvents with high ET(30) val-
ues (ET(30)⪆ 55 kcal mol−1) [124], such as formic acid, formamide, and TFE.

From the results of the solubility tests it was surprising that, unlike many
zwitterionic polymers, all three homopolymers (P(M2), P(M3), and P(M4))
were readily soluble in water at room temperature (See Table 5.1). This is
evidence of the high hydrophilicity of the produced homopolymers [123, 130,
131]. Upon addition of salt, the homopolymers P(M2), P(M3), and P(M4)
showed characteristic polyzwitterionic behaviour and remained in solution (See
Table 5.1).

Another remarkable finding was that homopolymers P(M2) and P(M4)
were insoluble in HFIP, which is often an excellent choice for the dissolution of
polyzwitterions (See Table 5.1) [3]. However, homopolymer P(M3) was indeed
soluble in HFIP, in agreement to the general trends seen in previous works on
polyzwitterions [3, 124] (See Table 5.1).
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Figure 5.24: TGA thermogram of homopolymer P(M3) under N2 atmosphere
with a heating rate of 10 K min−1.
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Figure 5.25: TGA thermogram of homopolymer P(M4) under N2 atmosphere
with a heating rate of 10 K min−1.
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Table 5.1: Solubility of the vinyl amide homopolymers P(M2), P(M3), and
P(M4) in selected solvents.

Polymer

Solvent ET(30)a P(M2) P(M3) P(M4)
[kcal/mol]

dioxane 36.0 – – –
tetrahydrofuran 37.5 – – –
ethyl acetate 38.0 – – –
chloroform 39.1 – – –
dichloromethane 40.7 – – –
acetone 42.3 – – –
dimethyl formamide 43.2 – – –
dimethyl sulfoxide 45.1 – – –
acetic acid 51.7b + ∼ –
ethanol 51.8 – – –
formic acid 54.3b + + +
methanol 55.4 – – –
formamide 55.9 + + +
trifluoroacetic acid −− + + ∼
trifluoroethanol 59.8 + + +
hexafluoroisopropanol 65.3 – + –
water 63.1 + + +
normal saline (0.9% NaCl) −− + + +
artificial sea water −− + + +
saturated NaCl −− + + +
a Unless otherwise stated, obtained from [120]
b Values calculated from Kosower’s Z values, see references [121,122]

+ = soluble
– = not soluble
∼ = slightly soluble (swollen)
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5.4 Synthesis and Characterization of Copoly-

mers of Vinyl Amide Zwitterionic Monomers
and Vinyl Amide Photo-crosslinker

The copolymerization of vinyl amide zwitterionic monomers M2, M3, M4,
and vinyl amide photo-crosslinker M5, proved to be non-trivial, as the dif-
ference in polarities between the zwitterionic monomers and the vinyl amide
crosslinker brought in difficulties to find not only a suitable solvent in which
to successfully perform the copolymerization but also an initiator that would
perform in the selected solvent. After extensive trials with different solvents,
mixtures of solvents, and initiators, copolymerization of each of the zwitter-
ionic vinyl amides M2, M3, and M4, with the vinyl amide photo-crosslinker
M5 was successful with initiator V-50 in a H2O:MeOH [1:1] (v:v) solution at
weakly basic pH (8–9). Copolymers poly((3-(dimethyl(2-(N -vinylacetamido)-
ethyl)ammonio)propane-1-sulfonate)-co-(4-benzoyl-N -vinylbenzamide)) (P(M2-
co-M5)), poly((4-(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)butane-1-sul-
fonate)-co-(4-benzoyl-N -vinylbenzamide)) (P(M3-co-M5)), and poly((3-(di-
methyl(2-(N -vinylacetamido)ethyl)ammonio)propyl sulfate)-co-(4-benzoyl-N -vinyl-
benzamide)) (P(M4-co-M5)) were obtained after dialysis against ultra pure
water using a membrane with MWCO of 3500 g mol−1 and lyophilization for the
removal of H2O.

Due to the broad and poorly resolved signals, the 1H NMR spectra do not
enable a precise compositional analysis (See Figures 5.26, 5.27, and 5.28). The
evaluation of the data from the elemental analysis for determining the composi-
tion of the copolymers allowed a good estimation of the amount of zwitterionic
moieties in the copolymers, as the element S occurs only in the zwitterionic units.
Therefore, compositions could be calculated from the analytical data using the
C/N and C/S ratios. The information obtained from the elemental analysis
suggests amounts of crosslinker in the copolymers in the order of: 8.3 mol%
for copolymer P(M2-co-M5), 6.7 mol% for copolymer P(M3-co-M5), and
10.6 mol% for copolymer P(M4-co-M5). Still, the precision of the calculated
ratios is inevitably limited and the values are only reliable ± 10 rel.%. A rough
estimation according to the integrals of the characteristic 1H NMR signals of
M5 support the view of their approximately equivalent incorporation into the
copolymers, i.e., the M5 content is the order of 5 mol% with an estimated error
margin of ±50 rel.% (See Figures 5.26, 5.27, and 5.28).

Alternatively, the content of photoreactive M5 units in the copolymers was
quantified by UV-Vis spectroscopy. As previously mentioned, the absorbance
band of the M5 chromofore was determined at λmax=264 nm with an absorp-
tion coefficient ε of 20 087 L mol−1 cm−1 and an estimated error margin of ±5
rel.%. The absorbances at a wavelength of 264 nm for weighed-in masses of
the copolymers in TFE were determined. The measured absorptions of the
amphiphilic copolymers were 0.343, 0.330, and 0.380 for copolymers P(M2-
co-M5), P(M3-co-M5), and P(M4-co-M5), respectively (See Figure 5.29).
Under the assumption that the absorption coefficient does not change after in-
corporation to the copolymers, when compared to the weighed-in mass of the
sample, these values represent a 6.6 mol% of photo-crosslinker M5 in copoly-
mer P(M2-co-M5), 4.0 mol% in copolymer P(M3-co-M5), and 9.9 mol% in
copolymer P(M4-co-M5). Given the experimental errors, these results further
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Figure 5.26: 1H NMR spectrum of copolymer P(M2-co-M5) in a saturated
solution of NaCl in D2O.
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Figure 5.27: 1H NMR spectrum of copolymer P(M3-co-M5) in a saturated
solution of NaCl in D2O.
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Figure 5.28: 1H NMR spectrum of copolymer P(M4-co-M5) in a saturated
solution of NaCl in D2O.

support a BPEMA content of about 7 mol% in the final copolymers.
Molar mass distributions of the amphiphilic copolymers were measured by

GPC using HFIP with 50 mM of sodium trifluoroacetate as eluent and a cal-
ibration by narrowly distributed P(MMA) standards (See Figure 5.30). From
the GPC data, values for Mn, Mw, and Ð of each amphiphilic copolymer were
determined, these are summarized in Table 5.2.

From the results obtained from the GPC analysis, it was evident that the
copolymerization of the vinyl amide zwitterionic monomers (M2, M3, and M4)
with the vinyl amide crosslinker (M5) proved to be challenging as only low molar
mass oligomers with Mn values in the range of 4–7 kg mol−1 were produced,
despite several trials with different solvents and initiators.

Table 5.2: Apparent molar masses of vinyl amide copolymers according to GPC
analysis (See Figure 5.30).

Mn Mw Ð
Copolymer [kg/mol] [kg/mol] [−]

P(M2-co-M5) 6.6 13.1 2.0
P(M3-co-M5) 4.2 8.8 2.1
P(M4-co-M5) 5.4 12.5 2.3

With the values of Mn and a weighted average molecular weight of the mono-
mers, Xn values in the range of 15–25 were calculated. As determined by UV-Vis
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Figure 5.29: UV-Vis spectra of the M5-derived absorption maxima of dilute so-
lutions of vinyl amide copolymers P(M2-co-M5), P(M3-co-M5), and P(M4-
co-M5) in TFE with concentrations of 71, 120, and 56 mg L−1, respectively.
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Figure 5.30: Molar mass distributions of vinyl amide copolymers P(M2-co-
M5), P(M3-co-M5), and P(M4-co-M5) according to GPC-analysis (elu-
ent HFIP with 50 mM of sodium trifluoroacetate, calibration by narrowly dis-
tributed P(MMA) standards).
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and other characterization techniques, the synthesized amphiphilic copolymers
contain, within the experimental error, 7 mol% of vinyl amide photo-crosslinker
M5. With this information, on average, the number of crosslinker moieties per
copolymer chain is expected to be in the range of 0.6–1.8. This value is of im-
portance for the formation of hydrogel networks, as at least >1 crosslinking sites
per polymer chain, on average, are needed in order to form a stable hydrogel
network. That being said, the obtained values of 0.6–1.8 crosslinker moieties per
copolymer chain are relatively low for the desired functionality of the polymers,
as the efficiency of the crosslinks can be significantly reduced by the creation
of loops or the formation of redundant crosslinks. It is for this reason that the
stability of the hydrogels produced with these copolymers might be at risk.

Analogous to the solubility tests done for the parent homopolymers discussed
in the previous Section 5.3, the solubilities of the copolymers P(M2-co-M5),
P(M3-co-M5), and P(M4-co-M5) in selected solvents are shown in Table 5.3.
Compared to the solubilities of their parent homopolymers (P(M2), P(M3),
and P(M4)), the solubilities of the copolymers P(M2-co-M5), P(M3-co-
M5), and P(M4-co-M5) remained fairly similar.

Main differences are the improved solubilities of copolymers P(M2-co-M5)
and P(M4-co-M5) in HFIP, in contrast to their parent homopolymers P(M2)
and P(M4) which rendered insoluble in the fluorinated alcohol (See Table 5.3).

The solubilities of copolymer P(M4-co-M5) in both water and normal
saline solution (0.9% NaCl) were another interesting finding, as only swelling of
the sample and no full dissolution was observed (See Table 5.3). This observa-
tion constrasts with the solubility of its parent homopolymer P(M4) where the
sample was fully soluble in both water and normal saline solution (0.9% NaCl)
(See Table 5.1). A hypothesis of this effect can be that the hydrophobicity added
by the crosslinker M5 was enough to render the produced copolymer insoluble
in these solvents, as copolymer P(M4-co-M5) showed the highest amount of
crosslinker M5 incorporated into the copolymer chains (9.9 mol%).
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Table 5.3: Solubility of the vinyl amide copolymers P(M2-co-M5), P(M3-co-
M5), and P(M4-co-M5) in selected solvents.

Polymer

Solvent P(M2-co-M5) P(M3-co-M5) P(M4-co-M5)

dioxane – – –
tetrahydrofuran – – –
ethyl acetate – – –
chloroform – – –
dichloromethane – – –
acetone – – –
dimethyl formamide – – –
dimethyl sulfoxide – – –
acetic acid + – –
ethanol – – –
formic acid + + +
methanol – – –
formamide + + +
trifluoroacetic acid + + +
trifluoroethanol + + +
hexafluoroisopropanol + + +
water + + ∼
normal saline (0.9% NaCl) + + ∼
artificial sea water + + +
saturated NaCl + + +

+ = soluble
– = not soluble
∼ = slightly soluble (swollen)



Chapter 6

New Quaternized
Diallylamine Sulfobetaine
Photo-crosslinker

6.1 Synthesis and Characterization of Quater-
nized Diallylamine Photo-crosslinker Monomer

A new quaternized diallylamine sulfobetaine photo-crosslinker was synthesized
by the alkylation of diallylamine with synthesized bromide (4-(2-bromoethoxy)-
phenyl)(phenyl)methanone (I-7), followed by the quaternization of the obtained
tertiary amine (4-(2-(diallylamino)ethoxy)phenyl)(phenyl)methanone (I-8) with
1,3-propane sultone. Quaternized diallylamine M6 was recovered as a precipi-
tate of the reaction mixture (See Scheme 6.1).

The chemical structure of M6 was characterized by 1H NMR spectroscopy,
although the amount of signals is numerous, important information on the chem-
ical structure of M6 was obtained from the 1H NMR-spectrum, such as the
presence of the 6 vinyl protons expected from a diallylamine moiety (signals
“i” and “j&j′”) at 6.11 and 5.72 ppm, respectively. Another important char-
acteristic found in the 1H NMR-spectrum was the methylene protons at the
α-position to the sulfonate moiety characteristic of sulfobetaines (signal “m”)
at 2.83 ppm and the 8 methylene protons at the α-position to the quaternized
amine (signals “h”, “a”, and “‘k”) at 4.10, 3.87, and 3.54 ppm, respectively. The
fully characterized 1H NMR-spectrum is shown in Figure 6.1.

Further insights on the chemical structure of M6 were obtained by 1H-1H-
COSY NMR spectroscopy. Especially important to the characterization of the
quaternized diallylamine was the coupling of the vinyl protons “j” and “i” (signal
“i/j”), as well as the coupling of the methylene protons on the zwitterionic side
chain “k”, “l”, and “m” (signals “k’/l” and “m/l”). Additionally, the coupling
of the methylene protons at the α and β-position to the aryloxy group “a” and
“b” (signal “b/a”) was important for further characterization of the quaternized
diallylamine M6. The fully assigned 1H-1H-COSY NMR-spectrum is shown in
Figure 6.2.

In order to better characterize the chemical shifts of the carbons on dially-
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Scheme 6.1: Synthetic path to diallylamine sulfobetaine photo-crosslinker M6.
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Figure 6.1: 1H NMR spectrum of M6 in D2O:(CD3)2CO [1:1].
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lamine M6, 13C (APT) NMR characterization was performed. This character-
ization method was specially useful to indicate the presence of carbons with no
protons bonded to them, as these signals are overlooked by 1H NMR-spectra. Of
particular interest for the characterization of M6 were, the carbonyl group (sig-
nal “P”) at 196.7 ppm, and the quaternary aromatic carbons (signals “N”, “Q”,
and “O”) at 161.3, 137.4, and 130.4 ppm, respectively. Another characteristic
that gave useful insights on the chemical structure of M6 was the methylidene
and the methine carbons having negative and positive values and thus, confirm-
ing the expected amount of protons bonded to them (signals “J” and “I”) at
129.6 and 124.1 ppm, respectively. A fully characterized 13C NMR-spectrum of
diallylamine M6 is shown in Figure 6.3.
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Figure 6.3: 13C (APT) NMR spectrum of M6 in D2O:(CD3)2CO [1:1].

By 1H-13C-HSQC NMR it was possible to better characterize signals that
were otherwise overlapping, specially the ones of the methylene carbons at the
α-position to the quaternized amine “A” and “K”, with 1H-13C-HSQC NMR it
was possible to identify the signals as two different carbons, as two distinct sets
of protons are bonded to each one of them (signals “a/A” and “k/K”). Similarly,
the otherwise overlapping signals of the methylene carbon at the α position to
the aryloxy group and the one of the allylic carbon “B” and “H”, were better
resolved by 1H-13C-HSQC NMR as two distinct sets of protons were bonded to
these carbons. The fully characterized 1H-13C-HSQC NMR-spectrum is shown
in Figure 6.4.

As monomer M6 has a photoreactive benzophenone moiety, its specific ε and
λmax were determined, as these values depend on the chemical structure of the
molecule. For this, the UV-Vis spectra of samples at different concentrations
in TFE were measured (See Figure 6.5). With these measurements a λmax of
284 nm was determined, which is in accordance to the typical absorption pattern
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Figure 6.4: 1H-13C-HSQC NMR spectrum of M6 in D2O:(CD3)2CO [1:1].

of a donor substituted benzophenone [132, 133]. Furthermore, by fitting the
absorption measurements at different molar concentrations to a linear regression
that intersects at (0, 0), an ε of 19 635 L cm−1 mol−1 with an estimated error
margin of ±5 rel.% was determined by Equation 3.1 (See Figure 6.6).
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Figure 6.5: UV-Vis spectra of quaternized diallylamine M6 at different concen-
trations in TFE.
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6.2 Synthesis and Characterization of Copoly-

mers of Diallylamine Sulfobetaine Photo-crosslinker
and Vinyl Amide Sulfobetaines

Although diallylammonium compounds are known to readily polymerize [134,
135], neither a homopolymerization nor a copolymerization with the zwitterionic
vinyl amides was achieved, despite several trials with different initiators and
solvents. This can be due to the steric hinderance produced by the bulky side
groups, which might prevent the polymerization of the quaternized diallylamine.
Similar challenges with the polymerization of diallylammonium compounds with
bulky side groups have been reported in the literature, and successful polymer-
ization was only achieved under very specific conditions, i.e., UV initiation while
cooling with ice, which may point to a low ceiling temperature [136–138].

In order to further test the copolymerization of diallylammonium monomer
M6 with vinyl amides, trials with secondary vinyl amides such as N -vinylformamide
or N -vinylacetamide are recommended.





Chapter 7

Summary and Conclusion

In an effort to explore strategies to more stable hydrogels for low fouling coat-
ings, amphiphilic terpolymers of SPE, BMA, and BPEMA suitable for the
production of thin hydrogel films were succesfully synthesized by free-radical
copolymerization in TFE. The incorporation of hydrophobic comonomer BMA
in the terpolymers showed positive results in the protein adsorption and anti-
fouling assessments. Moreover the mechanical stability of the hydrogels also
benefited from the presence of hydrophobic comonomer BMA in the copoly-
mers.

In order to further test the impact that hydrophobicity has on both the anti-
fouling properties and the mechanical stability of zwitterionic hydrogels, the new
amphiphilic zwitterionic monomer M1 was synthesized in good yields. The new
monomer was thoroughly characterized by a detailed chemical structure analysis
by spectroscopic techniques and calorimetry measurements. High molar mass
homopolymers of the new amphiphilic zwitterionic monomer M1 were obtained
by free-radical polymerization with AIBN in TFE. The homopolymers showed
solubilities similar to the ones characteristic for polysulfobetaines, as it resulted
soluble only in protic solvents with high ET(30) values, and fluorinated alco-
hols such as TFE and HFIP. Terpolymers of the new amphiphilic zwitterionic
monomer M1, stablished methacrylic sulfobetaine SPE, and photo-crosslinker
BPEMA were obtained by free-radical copolymerization. The successful incor-
poration of the comonomers in the final copolymers was determined by UV-
Vis spectroscopy and EA. Among other interesting effects of the incorporation
of amphiphilic sulfobetaine M1 in the terpolymers, it was surprising that the
copolymers showed better solubility in water as the amount of amphiphilic sul-
fobetaine M1 increased. Molar masses of the terpolymers seem to decrease with
increasing contents of M1, this could be caused by a decreasing solvent quality
of the eluent due to the difference of polarity between the comonomers. This
decrease of molar masses impacts the number of potential crosslinking sites per
copolymer chain, which in turn might render the production of stable hydrogel
films challenging.

A new family of zwitterionic monomers, i.e., vinyl amide zwitterionic mon-
omers was introduced within the scope of this work. Vinyl amide zwitterionic
monomers M2, M3, and M4 were synthesized in a multistep synthesis in good
yields and thoroughly characterized by different spectroscopic and calorimet-
ric techniques. The DSC thermogram showed that sulfobetaines M2 and M3
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are more hygroscopic than their sulfabetaine analogue M4. The homopolymers
P(M2), P(M3), and P(M4), unlike many zwitterionic polymers, resulted fully
soluble in water at room temperature, confirming their high hydrophilicity.

A new vinyl amide photo-crosslinker M5 was also introduced within the
scope of the present work. Characterization of the photo-crosslinker was achieved
by different spectroscopic and calorimetric techniques. Although the copoly-
merization of the new vinyl amide photo-crosslinker M5 with the vinyl amide
zwitterionic monomers M2, M3, and M4 proved to be challenging, successful
copolymerization was achieved with initiator V-50 in a H2O:MeOH solution at
weakly basic pH. However, due to the low molar mass of the obtained copoly-
mers, the production of stable hydrogel films might be at stake, as the number
of potential crosslinking sites per copolymer chain might not be sufficient.

Finally, a new quaternized diallylamine sulfobetaine photo-crosslinker M6
is also introduced in the present work. The chemical structure of M6 was
thoroughly characterized by spectroscopic techniques. Additionally, its specific
λmax and ε in TFE were determined by UV-Vis spectroscopy. Despite several
attempts, however, copolymerization with zwitterionic vinyl amides M2, M3,
and M4 was not successful.
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Experimental

8.1 Materials

Table 8.1: Utilized chemicals.

Chemical Formula CAS Purity Supplier

acetic acid C2H4O2 64-19-7 ≥ 99.5% Chemsolute

acetone C3H6O 67-64-1 ≥ 99% VWR

acetone - d6 C3D6O 666-52-4 99.9% Merck

acetonitrile C2H3N 75-05-8 ≥ 99.5% Roth

acetyl chloride C2H3ClO 75-36-5 > 99% Acros Organics

4,4’-azobis(4-
cyanovaleric acid)
(V-501)

C12H16N4O4 2638-94-0 ≥ 98% Wako

2,2’-azobis-
(isobutyronitrile)
(AIBN)

C8H12N4 78-67-1 98% Merck

2,2’-azobis[2-
methyl-N -(2-
hydroxy-
ethyl)propion-
amide] (VA-086)

C12H24N4O4 61551-69-7 ≥ 98% Wako

Continued on next page
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Table 8.1: (Continued) Utilized chemicals.

Chemical Formula CAS Purity Supplier

2,2’-azobis(2-
methylpropion-
amidine)dihydro-
chloride (V-50)

C8H20Cl2N6 2997-92-4 97% Wako

benzene C6H6 71-43-2 ≥ 99.5% Roth

4-benzoylbenzoic
acid C14H10O3 611-95-0 > 99% Acros Organics

1,4-butane sultone C4H8O3S 1633-83-6 > 99% Acros Organics

tert-butanol C4H10O 75-65-0 ≥ 99.5% Sigma-Aldrich

calcium hydride CaH2 7789-78-8 ≥ 95% Merck

chloroform CHCl3 67-66-3 99.5% Th. Geyer

chloroform - d CDCl3 865-49-6 99.8% VWR

deuterium oxide D2O 7789-20-0 99.9% VWR

diallylamine C6H11N 124-02-7 99% Sigma-Aldrich

1,2-dibromoethane C2H4Br2 106-93-4 ≥ 98% Sigma-Aldrich

dichloromethane CH2Cl2 75-09-2 ≥ 99.5% Roth

dichloromethane -
d2 CD2Cl2 1665-00-5 99.8% VWR

dimethylamine
(40 % solution in
H2O)

C2H7N 124-02-7 40% Fluka

4-dimethylamino-
pyridine C7H10N2 1122-58-3 ≥ 98% Fluka

N -N -dimethyl-
formamide C3H7NO 68-12-2 ≥ 99.5% Applichem

dimethyl sulfoxide C2H6OS 67-68-5 ≥ 99.8% Roth

1,4-dioxane C4H8O2 123-91-1 ≥ 99% TCI Chemicals
Continued on next page
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Table 8.1: (Continued) Utilized chemicals.

Chemical Formula CAS Purity Supplier

1,2-epoxyhexane C6H12O 1436-34-6 96% Alfa-Aesar

ethanol C2H6O 64-17-5 ≥ 99.9% Merck

ethyl acetate C4H8O2 141-78-6 99.9% VWR

1,2-ethylene sulfate C2H4O4S 1072-53-3 > 98% TCI Chemicals

formamide CH3NO 75-12-7 ≥ 99.5% Merck

formic acid CH2O2 64-18-6 ≥ 99% Acros Organics

n-hexane C6H14 110-54-3 ≥ 96% Chemsolute

hexafluoro-
isopropanol C3H2F6O 920-66-1 99% Fluorochem

hexafluoro-
isopropanol - d2 C3D2F6O 38701-74-5 99% abcr

4-hydroxy-
benzophenone C13H10O2 1137-42-4 98% abcr

magnesium sulfate MgSO4 7487-88-9 96% Applichem

methanol CH4O 67-56-1 ≥ 98.5% VWR

methanol - d4 CD4O 811-98-3 99.8% VWR

methyl tert-butyl
ether C5H12O 1634-04-4 99% Riedel-de Haën

1-methylpiperazine C5H12N2 109-01-3 99% Acros Organics

methacryloyl
chloride C4H5ClO 920-46-7 97% Alfa-Aesar

methyl
p-toluenesulfonate C8H10O3S 80-48-8 98% Alfa-Aesar

nitrobenzene C6H5NO2 98-95-3 99% Acros Organics

Continued on next page
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Table 8.1: (Continued) Utilized chemicals.

Chemical Formula CAS Purity Supplier

potassium
carbonate K2CO3 584-08-7 ≥ 99% Sigma-Aldrich

potassium
tert-butoxide C4H9KO 865-47-4 ≥ 98% Merck

1,3-propane sultone C3H6O3S 1120-71-4 > 99% TCI Chemicals

1,3-propylene
sulfate C3H6O4S 1073-05-8 > 98% TCI Chemicals

sodium carbonate Na2CO3 497-19-8 ≥ 99.5% Sigma-Aldrich

tetrahydrofuran C4H8O 109-99-9 99.5% Acros Organics

thionyl chloride SOCl2 7719-09-7 > 99% Fluka

triethylamine C6H15N 121-44-8 99% Acros Organics

trifluoroacetic acid C2HF3O2 76-05-1 ≥ 99.9% Roth

2,2,2-trifluoro-
ethanol C2H3F3O 75-89-8 > 99.8% Roth

N -vinyl formamide C3H5NO 13162-05-5 98% Sigma-Aldrich

All chemicals were used as received unless otherwise stated. Solvent t-BuOH
was dried over magnesium sulfate and fractionally distilled. MeCN was dried
over potassium carbonate. Dichloromethane (DCM) was refluxed over calcium
hydride and distilled. AIBN was crystallized from methanol.
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8.2 Methods and Calculations

8.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy
1H and 13C NMR spectra, 1H-1H-Correlation Spectra (COSY), and 1H-13C-
Heteronuclear Multiple Quantum Coherence spectra (HMQC) were recorded
with a Bruker Avance™ 300 spectrometer operating at 300 MHz or with a Bruker
Avance NEO™ 400 spectrometer operating at 400 MHz at ambient temperature
in deuterated solvents. 13C NMR spectra were recorded in Attached Proton Test
(APT) mode. Solvent signals were used as internal shift secondary reference.

8.2.2 Elemental Analysis
Elemental analysis was carried out in Fraunhofer IAP (Golm, Germany) using
a FlashEA® 1112 CHNS/O Elemental Analyser from Thermo Scientific.

8.2.3 Mass Spectrometry
High resolution mass spectra (HR-MS) were recorded with a Thermo Scientific
ESI-Q-TOFmicro (Quadropol - Time of Flight). Electrospray ionization (ESI)
and an appropriate polar solvent were used as a method.

8.2.4 Gel Permeation Chromatography (GPC)
Gel permeation chromatography (GPC) was carried out by Dr. Kathrin Geßner
in Fraunhofer IAP (Golm, Germany) on a WGE Dr. Bures system with an
SEC 3010 pump, a refractive index (RI) detector Dn-2010, and two columns
PL HFIPgel (300 mm × 7.5 mm) from Agilent Technologies using HFIP with
50 mmol L−1 sodium trifluoracetate as eluent at a flow rate of 0.8 mL min−1 at
a temperature of 40 ◦C.

8.2.5 Differential Scanning Calorimetry (DSC)
DSC measurements were performed on a Discovery DSC250 instrument from
TA Instruments under N2 flow (50 mL min−1) in temperatures 0–200 ◦C, two
heating-cooling cycles at 5 K min−1 with 2 min isotherm for temperature stabi-
lization before the start of each cycle.

8.2.6 Thermogravimetric Analysis (TGA)
TGA measurements were carried out by Dr. Kathrin Geßner in Fraunhofer IAP
(Golm, Germany) on a TGA 2 LF/1100/885 from Mettler Toledo under N2 flow
(50 mL min−1) in temperatures 30–900 ◦C at 10 K min−1.

8.2.7 Ultraviolet-visible (UV-vis) spectroscopy
Absorption spectra were recorded by a Perkin Elmer UV/Vis spectrometer
Lambda 35, using quartz sample cells with 1 cm path length.
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8.2.8 Fourier Transform - Infrared (FT-IR) spectroscopy
Fourier transform infrared (FT-IR) spectra were recorded in a N2 purged at-
mosphere using a Thermo Nicolet Nexus FT-IR spectrometer from Thermo
Scientific equipped with an attenuated total reflection (ATR) element.

8.2.9 Spin Coating
Silicon wafers (2.0 cm × 2.0 cm, 0.725 mm thickness, front polished, Silicon Ma-
terials, Kaufering, Germany) and glass substrates (2.5 cm × 2.5 cm, cut from mi-
croscope slides, VWR) were washed and hydrophilized for 6 h in a 2.5 mg mL−1

solution of potassium permanganate in concentrated sulfuric acid. The sub-
strates were washed three times with ultra pure water, followed by washes with
ethanol and toluene lastly. The surface of the substrates was then modified
by silanization to enable grafting of the copolymers, samples were immersed
in 1 vol% solutions of (3-aminopropyl)dimethylethoxysilane in toluene for 12 h.
The samples were washed with toluene and twice with ethanol, and dried under
nitrogen flow.

Solutions of the copolymers in TFE were spin-coated onto the modified sub-
strates with a spin-coater (KL-SCV, Schaefer Technologie GmbH, Langen, Ger-
many). One droplet of a 1.3–1.9 wt.% solution was added on the wafer rotating
at 2500 RPM for 10 s. Concentrations and rotation speeds were adjusted to
produce coatings of 130 ± 10 nm thickness. The coated films were cured under
UV-light in a UVACUBE 100 radiation chamber (Hönle, Gräfelfing, Germany)
using a 100 W iron doped mercury vapor lamp equipped with sheet glass as a
filter (cut-off 310 nm) for 30 min at room temperature (RT) in air. The distance
from the light source to the sample was 20 cm.

After photo-curing, the samples were washed three times with ultra pure
water baths while agitated and dried with a nitrogen stream.

8.2.10 Ellipsometry
The film thickness of the coated substrates was measured in the dry state
by ellipsometry using an apparatus Multiscope from Optrel GbR (Kleinmach-
now, Germany). The ellipsometer was equipped with a HeNe Laser (632.8 nm
wavelength) with an angle of incidence of 70◦. Film thicknesses were calcu-
lated by the software “Elli”, version 5.2 (Optrel GbR, Kleinmachnow, Ger-
many), using a four-layer model with the following parameters: Layer 1: Air
(n = 1.0000, k = 0.0000), layer 2: Organic layer (n = 1.4800, k = 0.0000), layer
3: SiO2 (d = 1.0 nm, n = 1.4580, k = 0.0000), layer 4: Silicon (n = 3.8858,
k = −0.0200).
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8.3 Monomer synthesis
8.3.1 Synthesis of Amphiphilic Sulfobetaines
8.3.1.1 Synthesis of 1-(dimethylamino)hexan-2-ol (I-1)

O
N
H

+
OH

N

Dioxane:H2O
1:1

reflux
I-1

1,2-epoxyhexane (1.00 eq., 5.02 g, 50 mmol) was diluted in distilled dioxane
(17 mL) in a 100 mL 3-neck round-bottom flask. A 40 wt.% solution of dimethyl-
amine in H2O (5.00 eq., 28.18 g, 250 mmol) was added to the reaction mixture.
The reaction vessel was then equipped with a Dimroth reflux condenser and a
thermometer, the third neck was sealed with a rubber septum. The top of the
Dimroth reflux condenser was closed with a plastic plug.

The reaction was brought to 60 ◦C by an oil bath. The temperature was
then slowly increased to 70 ◦C until a slow but steady reflux was achieved (1
drop per 10 s). It is important to have a good control of the temperature as the
dimethylamine solution has a relatively low boiling point (≈40 ◦C). The reaction
continued at 70 ◦C for the following 3.5 h at which point the temperature was
raised to 75 ◦C. The reaction then continued at 75 ◦C for the following 16 h; a
final increase of temperature to 80 ◦C was then made and the reaction continued
at 80 ◦C for the following 5.5 h.

The reaction was stopped by removing the solvents by rotary evaporation
at 60 ◦C and 5 mbar, resulting in a slightly yellow oil. This was dissolved in
DCM and extracted with a 1.5 wt.% solution of sodium carbonate in H2O. The
organic phase was dried with magnesium sulfate, and the solvent was removed
by rotary evaporation. Pure 1-(dimethylamino)hexan-2-ol (I-1) was obtained
as a colorless oil (n20

D = 1.4355) (yield 3.0 g, 41%).
1H NMR(400 MHz, CDCl3, 298 K): δ (ppm) = 3.58 (md, J = 3.4, 4.5 Hz, 1H,

CH OH), 2.30–2.16 (m, 7H,(CH3)2 N and CH2 N), 2.12 (dd, J = 3.1, 12.1 Hz,
1H, CH2 N), 1.54–1.18 (m, 6H, CH2 CH2 CH2 ), 0.87 (t, 3H,CH3 CH2).

13C NMR(101 MHz, CDCl3, 298 K): δ (ppm) = 66.80 (CH OH), 65.63
(CH2 N), 45.45 (CH3 N), 34.65 (CH2 CH OH), 27.80 (CH2 CH2 CH2),
22.83 (CH2 CH3), 14.00 (CH3).
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8.3.1.2 Synthesis of 1-(dimethylamino)hexan-2-yl methacrylate (I-2)

OH

OCl
+

O O

N
N

dry DCM

0°C->RT

I-2I-1

Finely milled sodium carbonate (1.11 g, 10.5 mmol) was added to dry DCM
(6 mL) in a 25 mL round-bottom flask. This was then cooled down to 0 ◦C in an
ice bath. Freshly distilled methacryloyl chloride (1.30 eq., 0.95 g, 9.10 mmol) was
subsequently added. A solution of alkanolamine I-1 (1.00 eq., 1.02 g, 7 mmol)
in DCM (7 mL) was added drop-wise to the reaction mixture. The addition of
I-1 was completed within 10 min.

10 min after the end of additions, the reaction vessel was taken out of the ice
bath and the reaction was allowed to continue at RT for the following 23 h. The
reaction was then stopped by filtering off the solids, which were washed twice
with freshly distilled DCM.

The combined filtrates containing I-2 were subsequently extracted three
times with a dilute solution of sodium carbonate in H2O (20 mL, pH = 12).
The organic phase was then dried with magnesium sulfate and the solvent was
removed by rotary evaporation.

After column chromatography using a mixture of petrol ether and ethyl
acetate (1:1 v/v) as eluent, and removal of the chromatography solvents, pure
I-2 was obtained as a slightly yellow oil (n20

D = 1.4475) (yield 1.03 g, 70%).
1H NMR(400 MHz, CDCl3, 298 K): δ (ppm) = 6.08 (s, 1H, CH2 C cis),

5.53 (s, 1H, CH2 C trans), 5.06 (tt, J = 6.9, 7.8 Hz, 1H, CH O), 2.52 (dd, J =
6.8, 13.0 Hz, 1H, CH2 N), 2.37 (dd, J = 5.0, 13.0 Hz, 1H, CH2 N), 2.26 (s, 6H,
(CH3)2 N), 1.93 (s, 3H, CH3 C ), 1.72–1.49 (m, 2H, CH2 CH O), 1.39–1.20
(m, 4H, CH2 CH2 CH3), 0.88 (t, J = 6.7 Hz, 3H, CH3 CH2).

13C NMR(101 MHz, CDCl3, 298 K): δ (ppm) = 167.11 (C O), 136.65 (C CH2),
125.19 (CH2 C), 72.22 (CH O), 62.68 (CH2 N), 45.97 (CH3 N), 32.45 (CH2 CH O),
27.46 (CH2 CH2 CH2), 22.60 (CH2 CH3), 18.38 (CH3 C ), 13.99 (CH3 CH2).

FT-IR (selected bands, cm−1): 2958 ν( C H), 2861 ν(C H), 1716 ν(C O),
1639 ν(C C), 1456 δ(CH3), 1295 ν(C N), 1164 ν(C O), 937 δ(C C), 813
δ(CH2).

ESI-MS: Calculated: 213.17 g/mol [M]+; found: 214.2 g/mol [M+H]+.
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8.3.1.3 Synthesis of 3-((2-(methacryloyloxy)hexyl)dimethylammonio)-
propane-1-sulfonate (M1)

O O O
S

O O
+ O O

NN

dry MeCN

50°C

M1

SO3

I-2

Amine I-2 (1.00 eq., 6.24 g, 30 mmol) was dissolved in dry MeCN (64 mL) in a
250 mL round-bottom flask. Nitrobenzene (0.08 g, 0.6 mmol) was then added as
polymerization inhibitor.

A solution of 1,3-propane sultone (0.9 eq., 3.30 g, 27 mmol) in dry MeCN was
subsequently added to the reaction mixture. After purging with N2 for 45 min,
the reaction vessel was sealed with a rubber septum and the temperature was
raised to 50 ◦C by an oil bath. The reaction continued at 50 ◦C for the following
120 h, it was then stopped by reducing the temperature to RT.

The produced M1 precipitated from the reaction mixture as a colorless solid.
The precipitate was filtered off and washed three times with dry MeCN. The
obtained solids were placed in an oven at 30 ◦C and 50 mbar over night to remove
traces of the solvent, colourless powder, m.p. 167 ◦C (yield 5.7 g, 65%).

1H NMR(400 MHz, D2O, 298 K): δ (ppm) = 6.24 (s, 1H, CH2 C cis), 5.83
(s, 1H, CH2 C trans), 5.52 (td, J = 7.2, 6.2 Hz, 1H, CH O), 3.96 (dd, J =
9.0, 14.7 Hz, 1H, CH2 N+), 3.62 (d, J = 14.6 Hz, 1H, CH2 N+), 3.58–3.43 (m,
2H, CH2 N+), 3.17 (s, 6H, (CH3)2 N+), 2.94 (t, J = 7.3 Hz, 2H, CH2 SO –

3 ),
2.27 (tdd, J = 6.8, 13.6, 23.6 Hz, 2H, CH2 CH2 SO –

3 ), 1.96 (s, 3H, CH3 C ),
1.84–1.67 (m, 2H, CH2 CH O), 1.43–1.25 (m, 4H, CH2 CH2 CH3), 0.88 (t,
J = 6.9 Hz, 3H,CH3 CH2).

13C NMR(101 MHz, D2O, 298 K): δ (ppm) = 168.17 (C O), 135.32 (C CH2),
128.20 (CH2 C), 68.98 (CH O), 65.94 (CH2 N+), 63.49 (CH2 N+), 51.42
(CH3 N+), 47.17 (CH2 SO –

3 ), 32.19 (CH2 CH O), 25.78 (CH2 CH2 CH),
21.72 (CH2 CH3), 18.28 (CH2 CH2 SO –

3 ), 17.18 (CH3 C ), 13.04 (CH3 CH2).
FT-IR (selected bands, cm−1): 2958 ν( C H), 2872 ν(C H), 1708 ν(C O),

1634 ν(C C), 1458 δ(CH3), 1317 ν(S O), 1296 ν(C N), 1161 ν(C O), 1037
ν(S O), 932 δ(C C), 816 δ(CH2).

Elemental analysis (C15H29NO5S Mr = 335.46): Calculated: C = 53.71 %,
H = 8.71 %, N = 4.18 %, S = 9.56 %; found: C = 53.54 %, H = 8.82 %, N =
4.19 %, S = 9.18 %.

ESI-MS: Calculated: 335.18 g/mol [M]+; found: 336.0 g/mol [M+H]+.
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8.3.2 Synthesis of Vinyl Amide Sulfo- and Sulfabetaines
8.3.2.1 Synthesis of 4-acetyl-1-methylpiperazine (I-3)

HN N
Cl

O
N N

O
+

dry CH2Cl2
Na2CO3

0°C

-NaHCO3

-NaCl I-3

Finely milled sodium carbonate (79.49 g, 750 mmol) was added to dry DCM
(330 mL) in a 1 L round-bottom flask. This was then cooled down to 0 ◦C in
an ice bath. Acetyl chloride (1.30 eq., 51.02 g, 650 mmol) was then added and
the solution was purged with N2. The reaction vessel was then equipped with
a 250 mL pressure-equalizing dropping funnel followed by a drying tube, and a
solution of 1-methylpiperazine (1.00 eq., 50.15 g, 500 mmol) in DCM (340 mL)
was subsequently added drop-wise to the reaction mixture. The addition of the
1-methylpiperazine was completed within 50 min. The reaction temperature
was kept at 0 ◦C throughout the addition of 1-methylpiperazine and up to 1 h
after the end of additions, at which point the reaction temperature was allowed
to rise to 4 ◦C.

2 h after the end of additions, the reaction vessel was taken out of the ice
bath and the reaction was allowed to continue at RT. After 3 h of the reaction
being at RT, an extra portion of acetyl chloride (0.14 eq., 5.5 g, 70 mmol) was
added. After 30 min, the reaction was stopped by filtering off the solids and
washing them twice with freshly distilled DCM.

The filtrate containing 4-acetyl-1-methylpiperazine (I-3) was reduced to
400 mL by rotary evaporation and subsequently extracted three times with a
concentrated solution of sodium carbonate in H2O (20 mL).

The organic phase was dried with magnesium sulfate and the solvent was
removed by rotary evaporation under reduced pressure. Pure 1-(4-methyl-
piperazin-1-yl)-ethan-1-one was isolated as a yellow oil (n20

D = 1.4880) (yield
69.2 g, 97%).

1H NMR(400 MHz, CD2Cl2, 298 K): δ (ppm) = 3.52 (t, J = 5.1 Hz, 2H,
CH2 NCO), 3.40 (t, J = 5.1 Hz, 2H, CH2 NCO), 2.33 (t, J = 5.1 Hz, 2H,
CH2 N ), 2.28 (t, J = 5.1 Hz, 2H, CH2 N ), 2.23 (s, 3H, CH3 N ), 2.00

(s, 3H,CH3 CO).
13C NMR(101 MHz, D2O, 298 K): δ (ppm) = 172.39 (CO N), 53.56 (CH2 N),

53.23 (CH2 N), 45.67 (CH2 NCO), 44.22 (CH3 N), 41.07 (CH2 NCO), 20.23
(CH3 CO).
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8.3.2.2 Synthesis of 4-acetyl-1,1-dimethylpiperazin-1-ium tosylate (I-4)

N N
O

+ S
O

OO

N N
O

S
O

OO

dry MeCN

RT->75°C

I-3 I-4

Amine I-3 (1.00 eq., 32.57 g, 230 mmol) was dissolved in dry MeCN (66 mL) in
a 500 mL round-bottom flask. A solution of methyl p-toluenesulfonate (1.50 eq.,
64.32 g, 345 mmol) in MeCN (128 mL) was added to the reaction mixture. The
reaction vessel was then sealed with a rubber septum and purged with N2 for
20 min at RT. After purging, the temperature was raised to 75 ◦C by an oil bath.
The reaction continued at 75 ◦C for the following 2.5 h.

Pure 4-acetyl-1,1-dimethylpiperazin-1-ium tosylate (I-4) was isolated by re-
moving 100 mL of the solvent by rotary evaporation. The remaining solution
was then poured in a 1 L Erlenmeyer flask. Methyl tert-butyl ether (MTBE)
was added drop-wise under agitation until the solution was not translucent. The
Erlenmeyer flask containing the I-4 in solution was then brought to the boiling
point by a hot plate, MTBE was continued to be added drop-wise until right
before the solution turned cloudy at boiling point. At this moment the Erlen-
meyer flask was removed from the heat source and allowed to cool to RT. Once
the solution reached RT, it was further cooled down to 0 ◦C by an ice bath.
The product precipitated rapidly and the obtained colorless crystals were then
washed with a mixture of MeCN and MTBE (1 : 1 v/v) at 4 ◦C (yield 60.3 g,
80%).

1H NMR(300 MHz, D2O, 298 K): δ (ppm) = 7.69 (d, J = 8.2 Hz, 2H,
CH phenyl), 7.37 (d, J = 7.9 Hz, 2H, CH phenyl), 3.82–3.96 (m, 4H,

CH2 N+), 3.51 (t, J = 5.3 Hz, 2H, CH2 N CO), 3.44 (t, J = 5.3 Hz, 2H,
CH2 N CO), 3.22 (s, 6H, (CH3)2 N+), 2.39 (s, 3H, CH3 aryl), 2.15 (s, 3H,
CH3 CO).

13C NMR(101 MHz, D2O, 298 K): δ (ppm) = 172.74 (CO N), 142.46 (C SO –
3 ),

139.44 (C CH3), 129.44 (CH C CH3), 125.33 (CH C SO –
3 ), 60.70 (CH2 N+),

51.26 ((CH3)2 N+), 40.26 and 35.64 (CH2 N CO), 20.44 (CH3 C ), 20.11
(CH3 CO).
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8.3.2.3 Synthesis of N -(2-(dimethylamino)ethyl)-N -vinylacetamide
(I-5)

N N
O

S
O

OO
O N

N

I-5

tBuOH
KOt-Bu
93°C

- K tos
I-4

The ammonium salt I-4 (1.00 eq., 14.78 g, 45 mmol) was dissolved in dry t-
BuOH (200 mL) in a 500 mL 3-neck round-bottom flask. Nitrobenzene (0.30 g,
2.5 mmol) was then added to the reaction mixture as polymerization inhibitor,
and the reaction flask was equipped with a Dimroth reflux condenser equipped
with a drying tube.

After purging with N2 for 30 min, the reaction mixture was placed in an oil
bath at 93 ◦C. A solution of t-BuOK (1.50 eq., 7.57 g, 67.5 mmol) in t-BuOH
(200 mL) was then added drop-wise. The addition of the t-BuOK solution was
completed within 16 min.

The reaction was stopped 15 min after the end of additions by filtering off
the produced solids and washing them thrice with dry t-BuOH. The solvent
was then removed by rotary evaporation under reduced pressure. The resulting
brown paste was dissolved in benzene and the remaining solids were filtered off.
Benzene was then removed by freeze-drying, leaving an orange oil.

I-5 was isolated by column chromatography using a mixture of DCM and
MeOH (3 : 1 v/v) as eluent. The solvents were removed by rotary evaporation
under reduced pressure to obtain an orange oil (n20

D = 1.4675) (yield 4.6 g, 65%).
1H NMR(400 MHz, CD3OD, 298 K): δ (ppm) = 7.36 (dd, J = 9.5, 16.3 Hz,

0.2H, CH CH2 cis), 6.93 (dd, J = 9.2, 15.4 Hz, 0.8H, CH CH2 trans),
4.65 (dd, J = 15.3, 1.1 Hz, 1H, CH2 CH cis), 4.48 (dd, J = 9.2, 1.1 Hz, 1H,
CH2 CH trans), 3.83 (t, J = 7.4 Hz, 1.6H, CH2 N CO), 3.75 (t, J = 7.7 Hz,
0.4H, CH2 N CO), 2.55 (t, J = 7.8 Hz, 0.4H, CH2 N ), 2.50 (t, J = 7.4 Hz,
1.6H, CH2 N ), 2.34 (s, 6H, (CH3)2 N ), 2.27 (s, 0.6H, CH3 CO), 2.23 (s,
2.4H, CH3 CO).

13C NMR(101 MHz, CD3OD, 298 K): δ (ppm) = 172.07 (CO N), 134.49 and
131.80 (CH CH2), 95.28 and 94.87 (CH2 CH ), 56.67 and 56.00 (CH2 N CO),
45.80 and 45.64 ((CH3)2 N ), 43.81 and 40.02 (CH2 N ), 21.95 (CH3 CO).

FT-IR (selected bands, cm−1): 2974 ν( C H), 2901 ν(C H), 1670 ν(C O),
1620 ν(C C), 1456 δ( CH2), 1383 δ( CH3), 1342 ν(C N, 1234 ν(C N), 1180
ν(C N), 1036 δ(C C), 843 δ(CH2), 780 δ(CH3).

ESI-MS: Calculated: 156.13 g/mol [M]+; found: 157.1 g/mol [M+H]+.
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8.3.2.4 Synthesis of 3-(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)-
propane-1-sulfonate (M2)

O N
N + O

S
O O

O N
N S

O

O

O

dry MeCN
50°C

M2I-5

Amidoamine I-5 (1.00 eq., 3.91 g, 25 mmol) was dissolved in dry MeCN (39 mL)
in a 100 mL round-bottom flask. Nitrobenzene (0.08 g, 0.65 mmol) was added as
polymerization inhibitor and the reaction mixture was purged with N2. A solu-
tion of 1,3-propane sultone (0.90 eq., 2.75 g, 22.5 mmol) in dry MeCN (28 mL)
was then added to the reaction mixture and the reaction vessel was sealed with
a rubber septum and purged with N2 for additional 15 min.

The reaction temperature was then brought to 50 ◦C by an oil bath, and the
reaction was continued at this temperature. After 23 h, an extra addition of 1,3-
propane sultone (0.15 eq., 0.3 g, 2.5 mmol) in dry MeCN (3 mL) was done. The
reaction was continued for the following 20 h, making a total reaction time of
43 h. Pure M2 was obtained as a colorless powder precipitate from the reaction.
The precipitate was filtered off and washed three times with dry MeCN, and
placed in an oven at 30 ◦C and ≤50 mbar over night to remove traces of the
solvent (yield 5.7 g, 90%).

1H NMR(400 MHz, D2O, 298 K): δ (ppm) = 7.22 (dd, J = 9.7, 16.1 Hz,
0.05H, CH N), 6.93 (dd, J = 9.2, 15.6 Hz, 0.95H, CH N), 4.75 (dd, J =
1.1, 15.6 Hz, 1H, CH2 CH cis), 4.69 (dd, J = 2.1, 9.2 Hz, 1H, CH2 CH trans),
4.16 (t, J = 7.3 Hz, 2H, CH2 N CO), 3.68–3.47 (m, 4H, CH2 N+ CH2), 3.28
(s, 0.3H, (CH3)2 N+), 3.22 (s, 5.7H, (CH3)2 N+), 3.00 (t, J = 7.2 Hz, 2H,
CH2 SO –

3 ), 2.36–2.20 (m, 5H, CH3 CO and CH2 CH2 SO –
3 ).

13C NMR(101 MHz, D2O, 298 K): δ (ppm) = 173.22 (CO N ), 132.56
(CH CH2), 96.99 (CH2 CH ), 62.65 ( CH2 N+), 59.14 ( CH2 N+), 50.92
((CH3)2 N+), 47.16 (CH2 SO –

3 ), 35.24 (CH2 N CO), 21.21 (CH3 CO), 18.21
(CH2 CH2 SO –

3 ).
FT-IR (selected bands, cm−1): 3030 ν( C H), 2926 ν(C H), 1664 ν(C O),

1622 ν(C C), 1387 δ(CH3), 1360 ν(S O), 1200 ν(C N), 1036 ν(S O), 920
δ(CH2), 860 δ(CH2), 723 δ(CH3).

Elemental analysis (C11H22N2SO4 Mr = 278.37): Calculated: C = 47.46 %,
H = 7.97 %, N = 10.06 %, S = 11.52 %; found: C = 41.66 %, H = 8.13 %,
N = 9.05 %, S = 10.58 %.

ESI-MS: Calculated: 278.13 g/mol [M]+; found: 301.1 g/mol [M+Na]+.
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8.3.2.5 Synthesis of 4-(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)-
butane-1-sulfonate (M3)

O N
N +

O N
N

dry MeCN
50°C

M3

O
S

O O

S
O

O
O

I-5

Amidoamine I-5 (1.00 eq., 3.12 g, 20 mmol) was dissolved in dry MeCN (31.5 mL)
in a 100 mL round-bottom flask. Nitrobenzene (0.05 g, 0.4 mmol) was added as
polymerization inhibitor and the reaction mixture was purged with N2. A solu-
tion of Butane sultone (0.90 eq., 2.5 g, 18 mmol) in dry MeCN (24 mL) was then
added to the reaction mixture and the reaction vessel was sealed with a rubber
septum and purged with N2 for additional 15 min.

The reaction temperature was then brought to 50 ◦C by an oil bath, and
the reaction was continued at this temperature. After 24 h, an extra addition of
Butane sultone (0.19 eq., 0.5 g, 3.7 mmol) in dry MeCN (3.5 mL) was done. The
reaction was continued for the following 18 h, making a total reaction time of
43 h. Pure M3 was obtained as a colorless powder precipitate from the reaction.
The precipitate was filtered off and washed three times with dry MeCN. It was
placed in an oven at 30 ◦C and 50 mbar over night to remove traces of the solvent
(yield 2.5 g, 50%).

1H NMR(400 MHz, D2O, 298 K): δ (ppm) = 7.22 (dd, J = 9.6, 16.3 Hz,
0.05H, CH N), 6.93 (dd, J = 9.2, 15.4 Hz, 0.95H, CH N), 4.74 (dd, J =
1.9, 15.5 Hz, 1H, CH2 CH cis), 4.68 (dd, J = 2.0, 9.1 Hz, 1H, CH2 CH trans),
4.15 (t, J = 7.3 Hz, 2H, CH2 N CO), 3.65–3.38 (m, 4H, CH2 N+ CH2), 3.24
(s, 0.3H, (CH3)2 N+), 3.18 (s, 5.7H, (CH3)2 N+), 3.00 (t, J = 7.6 Hz, 2H,
CH2 SO –

3 ), 2.31 (s, 0.15H, CH3 CO), 2.28 (s, 2.85H, CH3 CO), 1.98 (m, J =
5.3 Hz, 2H, CH2 CH2 N+), 1.83 (m, J = 7.5 Hz, 2H, CH2 CH2 SO –

3 ).
13C NMR(101 MHz, D2O, 298 K): δ (ppm) = 173.21 (CO N ), 132.57

(CH CH2), 96.99 (CH2 CH ), 63.86 ( CH2 N+), 59.11 ( CH2 N+), 50.86
((CH3)2 N+), 49.93 (CH2 SO –

3 ), 35.27 (CH2 N CO), 21.20 (CH3 CO ),
21.04 (CH2 CH2 SO –

3 ), 20.91 (CH2 CH2 N+).
FT-IR (selected bands, cm−1): 3498, 3027 ν( C H), 1656 ν(C O), 1611

ν(C C), 1387 δ(CH3), 1341 ν(S O), 1234 ν(C N), 1180 ν(C N), 1033 δ(C C),
920 δ(CH2), 878 δ(CH2), 800 δ(CH2), 798 δ(CH3).

Elemental analysis (C12H24N2O4S Mr = 292.39): Calculated: C = 49.29 %,
H = 8.27 %, N = 9.58 %, S = 10.96 %; found: C = 43.60 %, H = 8.83 %,
N = 8.98 %, S = 9.59 %.

ESI-MS: Calculated: 292.15 g/mol [M]+; found: 315.1 g/mol [M+Na]+.
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8.3.2.6 Synthesis of 3-(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)-
propyl sulfate (M4)

O N
N +

O N
N O

dry MeCN
50°C

M4

O O
S

O O

S
O

O
O

I-5

Amidoamine I-5 (1.00 eq., 3.12 g, 20 mmol) was dissolved in dry MeCN (31.5 mL)
in a 100 mL round-bottom flask. Nitrobenzene (0.05 g, 0.4 mmol) was added as
polymerization inhibitor and the reaction mixture was purged with N2. A so-
lution of 1,3-propylene sulfate (0.90 eq., 2.5 g, 18 mmol) in dry MeCN (24 mL)
was then added to the reaction mixture and the reaction vessel was sealed with
a rubber septum and purged with N2 for additional 15 min.

The reaction temperature was then brought to 50 ◦C by an oil bath, and
the reaction was continued at this temperature. After 24 h, an extra addition
of 1,3-propylene sulfate (0.13 eq., 0.35 g, 2.5 mmol) in dry MeCN (3.5 mL) was
done. The reaction was continued for the following 18 h, making a total reaction
time of 42 h. Pure M4 was obtained as a colorless powder precipitate from the
reaction. The precipitate was filtered off and washed three times with dry
MeCN. It was placed in an oven at 30 ◦C and 50 mbar over night to remove
traces of the solvent (yield 5.4 g, 96%).

1H NMR(400 MHz, D2O, 298 K): δ (ppm) = 7.22 (dd, J = 9.6, 16.2 Hz,
0.05H, CH N), 6.94 (dd, J = 9.2, 15.5 Hz, 0.95H, CH N), 4.74 (dd, J =
1.9, 9.2 Hz, 1H, CH2 CH cis), 4.69 (dd, J = 1.9, 9.2 Hz, 1H, CH2 CH trans),
4.29–4.05 (m, 4H, CH2 N CO and CH2 O), 3.68–3.43 (m, 4H, CH2 N+ CH2),
3.28 (s, 0.3H, (CH3)2 N+), 3.22 (s, 5.7H, (CH3)2 N+), 2.36–2.18 (m, 5H,
CH3 CO and CH2 CH2 OSO –

3 ).
13C NMR(101 MHz, D2O, 298 K): δ (ppm) = 173.27 (CO N ), 132.59

(CH CH2), 97.02 (CH2 CH ), 65.25 ( CH2 O), 61.52 ( CH2 N+), 59.08
( CH2 N+), 51.05 ((CH3)2 N+), 35.32 (CH2 N CO), 22.40 (CH2 CH2 O),
21.24 (CH3 CO).

FT-IR (selected bands, cm−1): 3029 ν( C H), 1662 ν(C O), 1621 ν(C C),
1384 δ(CH3), 1322 ν(S O), 1247 ν(C N), 1209 ν(C N), 1165 ν(C O), 1026
δ(C C), 923 δ(CH2), 860 δ(CH2), 813 δ(CH2), 774 δ(CH2), 747 δ(CH3).

Elemental analysis (C11H22N2O5S Mr = 294.37): Calculated: C = 44.88 %,
H = 7.53 %, N = 9.52 %, S = 10.89 %; found: C = 44.26 %, H = 7.72 %,
N = 9.89 %, S = 10.70 %.

ESI-MS: Calculated: 294.12 g/mol [M]+; found: 295.12 g/mol [M+H]+.
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8.3.3 Synthesis of Vinyl Amide Crosslinker
8.3.3.1 Synthesis of 4-benzoylbenzoyl chloride (I-6)

O

O

OH

O

O

Cl

+ S
ClO

Cl

dry DCM

reflux

I-6

4-Benzylbenzoic acid (1.00 eq., 10.18 g, 45 mmol) was added to dry DCM (100 mL)
in a 250 mL 3-neck round-bottom flask. Thionyl chloride (9.30 eq., 49.98 g,
418.5 mmol) was added to the reaction mixture, and the 3-neck round-bottom
flask was equipped with a Dimroth reflux condenser followed by a gas bubbler.
The reaction mixture was subsequently purged with N2 for 35 min.

The reaction was then brought to reflux by an oil bath at 55 ◦C. After 17.5 h,
the reaction was stopped by cooling to RT. The solvent and excess thionyl
chloride were removed by rotary evaporation. Residual thionyl chloride was
further removed by azeotropic distillation with toluene. Pure I-6 was obtained
quantitatively as a white powder (yield 11 g, 100%).

1H NMR(400 MHz, CDCl3, 298 K): δ (ppm) = 8.24 (d, J = 8.4 Hz, 2H,
CH C COCl), 7.89 (d, J = 8.3 Hz, 2H, CH C CO), 7.81 (d, J = 7.3 Hz,
2H, CH C CO), 7.65 (dd, J = 7.4, 7.4 Hz, 1H, CH CH CH), 7.52 (dd, J =
7.6, 7.6 Hz, 2H, CH CH C).

13C NMR(101 MHz, CDCl3, 298 K): δ (ppm) = 195.38 (CO), 167.95 (COCl),
143.34 (C CO), 136.43 (C CO), 135.83 (C COCl), 133.38 (CH CH CH),
131.21 (CH C COCl), 130.14 (CH C CO), 130.06 (CH C CO), 128.64 (CH CH C).
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8.3.3.2 Synthesis of 4-benzoyl-N-vinylbenzamide (M5)

+ O

NH

O

dry THF

0°C

1) Et3N, DMAP
2) NaOH

M5I-6

HO

NH

O
Cl

O

N -vinyl formamide (1.00 eq., 1.08 g, 15 mmol), triethylamine (1.20 eq., 1.84 g,
18 mmol) and 4-dimethylamino-pyridine (DMAP) (5 mol%, 0.09 g, 0.75 mmol)
were dissolved in THF (60 mL) in a 250 mL 3-neck round-bottom flask equipped
with a thermometer and a 50 mL pressure-equalizing dropping funnel followed
by a gas bubbler. This was then cooled down to 0 ◦C in an ice bath and purged
with N2 for 40 min.

A solution of acyl chloride I-6 (1.15 eq., 4.22 g, 17.25 mmol) in THF (30 mL)
was then added drop-wise within 22 min, controlling that the temperature was
always maintained below 5 ◦C. The reaction was then allowed to reach RT
during the following 19 h.

Subsequently, the mixture was cooled down to 5 ◦C. A solution of 5 M NaOH
(9 mL) was added drop-wise within 1 h, controlling that the temperature was
always maintained below 5 ◦C. The reaction was stopped 2 h after the addition
of NaOH and the reaction mixture was repeatedly washed against distilled DCM.
The organic phase was then recovered, dried over MgSO4, and the solvents
removed by rotary evaporation under reduced pressure. The crude product was
dissolved in MeCN, pure M5 was obtained as colorless crystals by adding H2O
to the solution in MeCN, colourless powder, m.p. 160 ◦C (yield 0.8 g, 23%).

1H NMR(400 MHz, acetone-d6, 298 K): δ (ppm) = 9.81 (br, 1H, NH), 8.10
(d, J = 8.2 Hz, 2H, CH C CO N), 7.86 (d, J = 8.2 Hz, 2H, CH C CO), 7.80
(d, J = 7.4 Hz, 2H, CH C CO), 7.69 (dd, J = 7.4, 7.4 Hz, 1H, CH CH CH),
7.57 (dd, J = 7.6, 7.6 Hz, 2H, CH CH C), 7.20 (ddd, J = 9.5, 9.5, 16.0 Hz,
1H, CH CH2), 4.94 (d, J = 16.0 Hz, 1H, CH2 CH trans), 4.50 (d, J = 9.0 Hz,
1H, CH2 CH cis).

13C NMR(101 MHz, acetone-d6, 298 K): δ (ppm) = 195.15 (C O), 163.38
( NH C O), 140.31 (C CO), 137.19 (C CO), 137.03 (C CO N), 132.80
(CH CH CH), 129.79 (CH C CO), 129.67 (CH C CO), 129.61 (N CH CH2),
128.52 (CH CH C), 127.51 (CH C CO), 95.75 (CH2 CH).

FT-IR (selected bands, cm−1): 3345 ν(N H), 3062 ν( C H), 1654 ν(C O),
1633 ν(C O), 1595 ν(C C), 1275 ν(C N), 974 δ(C C).

Elemental analysis (C16H13NO2 Mr = 251.29): Calculated: C = 76.48 %,
H = 5.21 %, N = 5.57 %, S = 0.00 %; found: C = 75.78 %, H = 5.26 %, N =
5.71 %, S = 0.00 %.

ESI-MS: Calculated: 251.09 g/mol [M]+; found: 252.1 g/mol [M+H]+.
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8.3.4 Synthesis of Zwitterionic Crosslinkers
8.3.4.1 Synthesis of (4-(2-bromoethoxy)phenyl)(phenyl)methanone

(I-7)

O

OH
+ Br

Br

O

O
Br

dry Acetone
K2CO3

75°C

-KHCO3

-KBr I-7

4-Hydroxybenzophenone (1.00 eq., 6.94 g, 35 mmol) was dissolved in dry acetone
(150 mL) in a 250 mL round-bottom flask, finely milled potassium carbonate
(10.37 g, 75 mmol) was then added to the reaction mixture, followed by 1,2-
dibromoethane (3.00 eq., 19.78 g, 105 mmol).

The reaction mixture was purged with N2 for 10 min and sealed with a rubber
septum. This was subsequently brought to 75 ◦C by an oil bath. The reaction
continued at 75 ◦C for the following 91.5 h and then stopped by cooling the
reaction mixture to 0 ◦C by an ice bath. The solids were then filtered off while
cold, and the filtrate was removed by rotary evaporation.

After removing the acetone, the product was dissolved in freshly distilled
DCM (100 mL) and extracted with a half concentrated aqueous solution of
sodium carbonate (15 mL) several times in order to remove unreacted 4-hydroxy-
benzophenone. The organic phase was recovered and dried with magnesium
sulfate. After filtering off the magnesium sulfate, n-hexane (100 mL) was added
to the organic phase.

Pure I-7 was crystallized by removing a portion of the DCM by rotary
evaporation. Once the solution was not translucent anymore, this was let to
cool to room temperature and subsequently brought to 4 ◦C in a refrigerator.
The crystals of I-7 were then filtered off and washed with n-hexane. This process
was repeated four times by adding small amounts of DCM to the filtrate and
collecting the resulting crystals (yield 3.5 g, 33%).

1H NMR(400 MHz, CD2Cl2, 298 K): δ (ppm) = 7.81 (dd, J = 2.1, 6.8 Hz, 2H,
CH C CO), 7.74 (m, J = 2.3 Hz, 2H, CH C CO), 7.59 (m, J = 2.2 Hz, 1H,
CH CH CH), 7.49 (m, J = 3.7 Hz, 2H, CH CH C), 6.99 (dd, J = 2.1, 6.8 Hz,
2H, CH C O ), 4.39 (t, J = 6.0 Hz, 2H, O CH2), 3.71 (t, J = 6.0 Hz, 2H,
CH2 Br).

13C NMR(101 MHz, CD2Cl2, 298 K): δ (ppm) = 195.01 (C O), 161.68
(C O ), 138.18 (C CO), 132.43 (CH C CO), 131.91 (CH CH CH), 130.77
(C CO), 129.62 (CH C CO), 128.18 (CH CH C), 114.11 (CH C O), 68.05
(CH2 CH2), 29.18 (CH2 Br).
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8.3.4.2 Synthesis of (4-(2-(diallylamino)ethoxy)phenyl)(phenyl)methanone
(I-8)

O

O
Br

+

O

O
N

dry MeCN
K2CO3

75°C

-KHCO3

-KBr I-8I-7

HN

Finely milled potassium carbonate (6.91 g, 50 mmol) was added to dry MeCN
(25 mL) in a 50 mL round-bottom flask. Bromide I-7 (1.00 eq., 3.05 g, 10 mmol)
and diallylamine (3.00 eq., 2.93 g, 30 mmol) were then added to the reaction
mixture. After purging with N2 for 20 min, the reaction mixture was sealed
with a rubber septum and brought to 75 ◦C by an oil bath.

The reaction continued at 75 ◦C for 27 h, at which point it was stopped by
cooling to RT. The solids were then filtered off and washed with dry MeCN
repeatedly. The solvent was subsequently removed from the filtrate by rotary
evaporation under reduced pressure. Pure I-8 was isolated as a yellowish oil
(n20

D = 1.5805), the remaining diallylamine was successfully removed by rotary
evaporation at 50 ◦C and 50 mbar (yield 3.13 g, 97%).

1H NMR(400 MHz, acetone-d6, 298 K): δ (ppm) = 7.82–7.76 (m, 2H, CH C CO),
7.76–7.71 (m, 2H, CH C CO), 7.65–7.59 (m, 1H, CH CH CH), 7.56–7.50
(m, 2H, CH CH C), 7.10–7.04 (m, 2H, CH C O ), 5.88 (tdd, J = 6.3, 10.3,
17.2 Hz, 2H, CH CH2), 5.23 (ddd, J = 3.6, 1.6, 17.2 Hz, 2H, CH2 CH cis),
5.12 (tdd, J = 1.1, 2.3, 10.2 Hz, 2H, CH2 CH trans), 4.20 (t, J = 6.1 Hz, 2H,
CH2 O), 3.22 (ddd, J = 1.3, 1.3, 6.3 Hz, 4H, CH2 CH CH2), 2.91 (t, J =
6.1 Hz, 2H, CH2 N).

13C NMR(101 MHz, acetone-d6, 298 K): δ (ppm) = 194.28 (C O), 162.69
(C O ), 138.47 (C CO), 136.27 (CH CH2), 132.19 (CH C CO), 131.78
(CH CH CH), 130.01 (C CO), 129.36 (CH C CO), 128.25 (CH CH C),
116.55 (CH2 CH), 114.17 (CH C O), 66.93 (CH2 CH2), 57.26 (CH2 CH CH2),
51.72 (CH2 N).
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8.3.4.3 Synthesis of 3-(diallyl(2-(4-benzoylphenoxy)ethyl)ammonio)-
propane-1-sulfonate (M6)

+ O
S

O O

N

O
S

O

OO
O

MeCN

60°C

M6I-8

N

O

O

Diallylamine I-8 (1.00 eq, 2.90 g, 9 mmol) and nitrobenzene (0.06 g, 0.47 mmol)
as polymerization inhibitor were dissolved in dry MeCN (10 mL) in a 50 mL
round-bottom flask. A solution of 1,3-propane sultone (1.00 eq, 1.15 g, 10 mmol)
in dry MeCN (10 mL) was then added to the reaction mixture.

After purging with N2 for 35 min, the reaction mixture was sealed with a
rubber septum and brought to 60 ◦C by an oil bath. The reaction continued at
60 ◦C for 72 h. Pure M6 was obtained as a precipitate from the reaction. The
precipitate was filtered off, washed three times with cold dry MeCN, and placed
in an oven at 30 ◦C and 50 mbar over night to remove traces of the solvent (yield
2.1 g, 54%).

1H NMR(400 MHz, acetone-d6, 298 K): δ (ppm) = 7.71 (d, J = 8.7 Hz,
2H, CH C CO), 7.65–7.54 (m, 3H, CH C CO and CH CH CH), 7.51–7.42
(m, 2H, CH CH C), 7.11 (d, J = 8.7 Hz, 2H, CH C O ), 6.10 (tdd, J =
7.3, 9.5, 16.6 Hz, 2H, CH CH2), 5.82–5.66 (m, 4H, CH2 CH), 4.70–4.57 (br,
2H, CH2 O), 4.09 (d, J = 7.1 Hz, 4H, CH2 CH CH2), 3.94–3.81 (m, 2H,
CH2 CH2 O ), 3.63–3.47 (m, J = 4.2 Hz, 2H, CH2 N+), 2.83 (t, J = 6.9 Hz,
2H, CH2 SO –

3 ), 2.37–2.21 (m, J = 7.5 Hz, 2H, CH2 CH2 SO –
3 ).

13C NMR(101 MHz, acetone-d6, 298 K): δ (ppm) = 196.69 (C O), 161.34
(C O ), 137.41 (C CO), 132.81 (CH CH CH), 132.63 (CH C CO), 130.42
(C CO), 129.63 (CH C CO), 129.18 (CH2 CH), 128.58 (CH CH C), 124.06
(CH CH2), 114.52 (CH C O), 61.84 (CH2 O), 61.73 (CH2 CH CH2), 57.73
(CH2 CH2 O), 56.98 (CH2 N+), 47.29 (CH2 SO –

3 ), 17.94 (CH2 CH2 SO –
3 ).

FT-IR (selected bands, cm−1): 3016 ν( C H), 1643 ν(C O), 1596 ν(C C),
1323 ν(S O), 1245 ν(C N), 1211 ν(C O), 1184 ν(C N), 1145 ν(C O), 1033
ν(S O), 1002 δ(CH2), 863 δ(CH2), 790 δ(CH2), 740 δ(CH2).

Elemental analysis (C24H29NO5S Mr = 443.56): Calculated: C = 64.99 %,
H = 6.59 %, N = 3.16 %, S = 7.23 %; found: C = 64.83 %, H = 6.72 %, N =
3.45 %, S = 7.14 %.

ESI-MS: Calculated: 443.18 g/mol [M]+; found: 444.1 g/mol [M+H]+.
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8.4 Polymer Synthesis

8.4.1 Synthesis of Homopolymers

8.4.1.1 Synthesis of poly(3-((2-(methacryloyloxy)hexyl)dimethylammonio)-
propane-1-sulfonate) (P(M1))

Amphiphilic zwitterion M1 (508.16 mg, 1.5 mmol) and initiator AIBN (1.0 mg,
0.01 mmol, 0.6 mol%) were dissolved in TFE (3 mL).

After deoxygenation by purging with nitrogen for 30 min, the reaction mix-
ture was polymerized at 63 ◦C for 22 h. After conversion check, a solution of
AIBN in TFE (1 mg/mL, 0.4 mL) was added to the reaction mixture, the reac-
tion continued at 63 ◦C for the following 75 h.

The product was dialyzed against ultra pure water for 4 d using a membrane
type ZelluTrans (Roth, Germany) with a MWCO of 3500 g mol−1. The ho-
mopolymer was isolated by lyophilization as colorless hygroscopic solids (yield
200 mg, 40%).

Isolated polymers were characterized by 1H NMR, EA, GPC, and FT-IR.

8.4.1.2 Synthesis of poly(3-(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)-
propane-1-sulfonate) (P(M2))

Zwitterionic vinyl amide M2 (513.0 mg, 1.8 mmol) was dissolved in ultra pure
water (0.33 mL) in a 5 mL round-bottom flask. A solution of initiator V-50
in H2O (36.21 mg/mL) (0.673 mL, 2 mol%) followed by pyridine (0.75 mL) and
MeOH (1.25 mL) was then added to the reaction mixture (pH = 9).

After deoxygenation by purging with nitrogen for 30 min, polymerization
started at 60 ◦C for 22 h.

The product was dialyzed against ultra pure water for 4 d using a membrane
type ZelluTrans (Roth, Germany) with a MWCO of 3500 g mol−1. The ho-
mopolymer was isolated by lyophilization as a colorless hygroscopic solid (yield
300 mg, 60%).

Isolated polymers were characterized by 1H NMR, EA, and FT-IR.

8.4.1.3 Synthesis of poly(4-(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)-
butane-1-sulfonate) (P(M3))

Zwitterionic vinyl amide M3 (503.4 mg, 1.7 mmol) was dissolved in ultra pure
water (1.0 mL) in a 5 mL round-bottom flask. A solution of initiator V-50 in H2O
(25.38 mg/mL) (0.365 mL, 2 mol%) followed by pyridine (0.54 mL) and MeOH
(0.5 mL) was then added to the reaction mixture (pH = 8).

After deoxygenation by purging with nitrogen for 20 min, polymerization
started at 60 ◦C for 20 h.

The product was diluted with TFE and dialyzed against ultra pure water
for 4 d using a membrane type ZelluTrans (Roth, Germany) with a MWCO of
3500 g mol−1. The homopolymer was isolated by lyophilization as a colorless
hygroscopic solid (yield 70 mg, 14%).

Isolated polymers were characterized by 1H NMR, EA, and FT-IR.
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8.4.1.4 Synthesis of poly(3-(dimethyl(2-(N -vinylacetamido)ethyl)ammonio)-
propyl sulfate) (P(M4))

Zwitterionic vinyl amide M4 (504.8 mg, 1.7 mmol) was dissolved in ultra pure
water (1.0 mL) in a 5 mL round-bottom flask. A solution of initiator V-50 in H2O
(25.38 mg/mL) (0.363 mL, 2 mol%) followed by pyridine (0.42 mL) and MeOH
(0.5 mL) was then added to the reaction mixture (pH = 8).

After deoxygenation by purging with nitrogen for 20 min, polymerization
started at 60 ◦C for 20 h.

The product was diluted with TFE and dialyzed against ultra pure water
for 4 d using a membrane type ZelluTrans (Roth, Germany) with a MWCO of
3500 g mol−1. The homopolymer was isolated by lyophilization as a colorless
hygroscopic solid (yield 200 mg, 40%).

Isolated polymers were characterized by 1H NMR, EA, and FT-IR.

8.4.2 Synthesis of SPE-BMA-BPEMA Copolymers
The predefined amounts of zwitterionic SPE, hydrophobic BMA, photo-crosslinker
BPEMA, and initiator AIBN, 0.5 mol% were dissolved in TFE. After deoxygena-
tion by purging with nitrogen for 30 min, the reaction mixtures were polymer-
ized at 63 ◦C for 20 h. The products were dialyzed against ultra pure water
for 4 d using a membrane type ZelluTrans (Roth, Germany) with a MWCO
of 3500 g mol−1. The copolymers were isolated by lyophilization as colorless
hygroscopic solids.

Isolated polymers were characterized by 1H NMR, TGA, EA, DSC, GPC,
UV-Vis spectroscopy, and FT-IR.

8.4.2.1 Synthesis of poly(SPE90-co-BMA10-co-BPEMA1)
(P(SPE90-BMA10))

Amounts engaged of SPE (5.028 g, 18 mmol), BMA (285 mg, 2 mmol), BPEMA
(62.3 mg, 0.2 mmol), AIBN (16.6 mg, 0.1 mmol, 0.5 mol%), TFE (21.5 g). Yield
3.39 g (63%).

FT-IR (selected bands in cm−1): 2979, 2902 ν(CH3, CH2), 1722 ν(C O),
1402 δ(CH3), 1047 νs(SO –

3 ).
Elemental analysis: Calculated C = 48.69 %, H = 7.63 %, N = 4.69 %, S

= 10.73 %; ratio C/N = 10.4; ratio C/S = 4.54 (for dry copolymer assuming
no compositional drift). Found: C = 42.62 %, H = 7.58 %, N = 3.96 %, S
= 9.40 %; ratio C/N = 10.8; ratio C/S = 4.53 (for dry copolymer assuming no
compositional drift). Under the assumption that the molar ratio of hydrophobic
monomers BMA/BPEMA of 10:1 in the feed is preserved in the copolymers, a
composition of 88 mol% of SPE, 10.9 mol% of BMA, and 1.1 mol% of BPEMA
is calculated, with a water content of 1.6 H2O molecules per SPE repeat unit.

8.4.2.2 Synthesis of poly(SPE70-co-BMA30-co-BPEMA1)
(P(SPE70-BMA30))

Amounts engaged of SPE (3.909 g, 14 mmol), BMA (850 mg, 6 mmol), BPEMA
(62.6 mg, 0.2 mmol), AIBN (16.5 mg, 0.1 mmol, 0.5 mol%), TFE (19.45 g). Yield
3.56 g (74%).
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FT-IR (selected bands in cm−1): 2979, 2902 ν(CH3, CH2), 1722 ν(C O),
1402 δ(CH3), 1039 νs(SO –

3 ).
Elemental analysis: Calculated C = 51.24 %, H = 7.92 %, N = 4.07 %, S

= 9.29 %; ratio C/N = 12.6; ratio C/S = 5.52 (for dry copolymer assuming
no compositional drift). Found: C = 45.81 %, H = 7.85 %, N = 3.49 %, S
= 8.22 %; ratio C/N = 13.1; ratio C/S = 5.53 (for dry copolymer assuming no
compositional drift). Under the assumption that the molar ratio of hydrophobic
monomers BMA/BPEMA of 30:1 in the feed is preserved in the copolymers, a
composition of 72 mol% of SPE, 27.1 mol% of BMA, and 0.9 mol% of BPEMA
is calculated, with a water content of 1.4 H2O molecules per SPE repeat unit.

8.4.2.3 Synthesis of poly(SPE50-co-BMA50-co-BPEMA1)
(P(SPE50-BMA50))

Amounts engaged of SPE (2.794 g, 10 mmol), BMA (1.424 g, 10 mmol), BPEMA
(62.3 mg, 0.2 mmol), AIBN (16.3 mg, 0.1 mmol, 0.5 mol%), TFE (17.24 g). Yield
3.61 g (84%).

FT-IR (selected bands in cm−1): 2979, 2904 ν(CH3, CH2), 1722 ν(C O),
1400 δ(CH3), 1039 νs(SO –

3 ).
Elemental analysis: Calculated C = 54.44 %, H = 8.28 %, N = 3.28 %, S =

7.49 %; ratio C/N = 16.6; ratio C/S = 7.27 (for dry copolymer assuming no
compositional drift). Found: C = 50.23 %, H = 8.19 %, N = 2.81 %, S = 6.59 %;
ratio C/N = 17.9; ratio C/S = 7.62. Under the assumption that the molar
ratio of hydrophobic monomers BMA/BPEMA of 50:1 in the feed is preserved
in the copolymers, a composition of 53 mol% of SPE, 46.1 mol% of BMA, and
0.9 mol% of BPEMA is calculated, with a water content of 1.2 H2O molecules
per SPE repeat unit.

8.4.3 Synthesis of SPE-M1-BPEMA Copolymers
The predefined amounts of zwitterionic SPE, amphiphilic zwitterion M1, photo-
crosslinker BPEMA, and initiator AIBN, 1 mol% were dissolved in TFE. Af-
ter deoxygenation by purging with nitrogen for 30 min, the reaction mixtures
were polymerized at 65 ◦C for 20 h. The products were dialyzed against a solu-
tion (MeOH:H2O) [1:1] (v:v) for 4 d using a membrane type ZelluTrans (Roth,
Germany) with a MWCO of 3500 g mol−1. The copolymers were isolated by
lyophilization as colorless hygroscopic solids.

Isolated polymers were characterized by 1H NMR, EA, GPC, UV-Vis spec-
troscopy, and FT-IR.

8.4.3.1 Synthesis of poly(SPE90-co-M110-co-BPEMA1)
(P(SPE90-M110))

Amounts engaged of SPE (2.543 g, 9 mmol), M1 (343.62 mg, 1 mmol), BPEMA
(31.0 mg, 0.1 mmol), AIBN (8.3 mg, 0.1 mmol, 1 mol%), TFE (5.49 mL). Yield
1.33 g (46%).

FT-IR (selected bands in cm−1): 2960, 1722 ν(C O), 1477 δ(CH3), 1168
ν(C O), 1037 νs(SO –

3 ).
Elemental analysis: Calculated C = 48.34 %, H = 7.64 %, N = 4.87 %, S

= 11.12 %; ratio C/N = 9.93; ratio C/S = 4.35 (for dry copolymer assuming
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no compositional drift). Found: C = 43.50 %, H = 7.75 %, N = 4.31 %, S =
9.97 %; ratio C/N = 10.09; ratio C/S = 4.36 (for dry copolymer assuming no
compositional drift). Under the assumption that the molar ratio of hydrophobic
monomers M1/BPEMA of 10:1 in the feed is preserved in the copolymers, a
composition of 87.5 mol% of SPE, 11.7 mol% of BMA, and 0.8 mol% of BPEMA
is calculated, with a water content of 1.4 H2O molecules per zwitterionic repeat
unit.

8.4.3.2 Synthesis of poly(SPE70-co-M130-co-BPEMA1)
(P(SPE70-M130))

Amounts engaged of SPE (1.961 g, 7 mmol), M1 (1.009 g, 3 mmol), BPEMA
(31.0 mg, 0.1 mmol), AIBN (8.3 mg, 0.1 mmol, 1 mol%), TFE (5.83 mL). Yield
0.730 g (25%).

FT-IR (selected bands in cm−1): 2964, 1720 ν(C O), 1479 δ(CH3), 1169
ν(C O), 1036 νs(SO –

3 ).
Elemental analysis: Calculated C = 49.74 %, H = 7.89 %, N = 4.68 %, S

= 10.71 %; ratio C/N = 10.62; ratio C/S = 4.65 (for dry copolymer assuming
no compositional drift). Found: C = 44.49 %, H = 7.92 %, N = 4.96 %, S
= 9.57 %; ratio C/N = 8.97; ratio C/S = 4.65 (for dry copolymer assuming no
compositional drift). Under the assumption that the molar ratio of hydrophobic
monomers M1/BPEMA of 30:1 in the feed is preserved in the copolymers, a
composition of 68.2 mol% of SPE, 31.0 mol% of BMA, and 0.8 mol% of BPEMA
is calculated, with a water content of 1.4 H2O molecules per zwitterionic repeat
unit.

8.4.3.3 Synthesis of poly(SPE50-co-M150-co-BPEMA1)
(P(SPE50-M150))

Amounts engaged of SPE (1.405 g, 5 mmol), M1 (1.679 g, 5 mmol), BPEMA
(31.0 mg, 0.1 mmol), AIBN (8.3 mg, 0.1 mmol, 1 mol%), TFE (6.16 mL). Yield
0.430 g (15%).

FT-IR (selected bands in cm−1): 2962, 1720 ν(C O), 1477 δ(CH3), 1168
ν(C O), 1036 νs(SO –

3 ).
Elemental analysis: Calculated C = 51.04 %, H = 8.12 %, N = 4.51 %, S

= 10.32 %; ratio C/N = 11.31; ratio C/S = 4.95 (for dry copolymer assuming
no compositional drift). Found: C = 41.43 %, H = 7.42 %, N = 4.47 %, S
= 8.49 %; ratio C/N = 9.27; ratio C/S = 4.88 (for dry copolymer assuming no
compositional drift). Under the assumption that the molar ratio of hydrophobic
monomers M1/BPEMA of 50:1 in the feed is preserved in the copolymers, a
composition of 52.8 mol% of SPE, 46.4 mol% of BMA, and 0.8 mol% of BPEMA
is calculated, with a water content of 1.5 H2O molecules per zwitterionic repeat
unit.

8.4.4 Synthesis of Vinyl Amide Copolymers
8.4.4.1 Synthesis of P(M2-co-M5)

Zwitterionic vinyl amide M2 (1.67 g, 6 mmol) was dissolved in ultra pure water
(3.06 mL) in a 10 mL round-bottom flask. A solution of vinyl amide crosslinker
M5 in a mixture of (MeOH:H2O) [9:2] (v:v) (21.08 mg/mL) (3.4 mL) was then
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added. A solution of initiator V-50 in H2O (144.23 mg/mL) (0.237 mL, 2 mol%)
followed by pyridine (0.9 mL) and extra MeOH (1.0 mL) was then added to the
reaction mixture (pH = 8).

After deoxygenation by purging with nitrogen for 20 min, polymerization
started at 60 ◦C for 22 h. After conversion check, additional initiator V-50
(52.56 mg, 0.2 mmol, 3 mol%) was added and the polymerization continued at
60 ◦C for 24 h.

The product was dialyzed against ultra pure water for 4 d using a membrane
type ZelluTrans (Roth, Germany) with a MWCO of 3500 g mol−1. The copoly-
mer was isolated by lyophilization as a colorless hygroscopic solid (yield 880 mg,
50%).

Isolated polymers were characterized by 1H NMR, EA, GPC, UV-Vis spec-
troscopy, and FT-IR.

8.4.4.2 Synthesis of P(M3-co-M5)

Zwitterionic vinyl amide M3 (1.68 g, 5.7 mmol) was dissolved in ultra pure water
(3.08 mL) in a 10 mL round-bottom flask. A solution of vinyl amide crosslinker
M5 in a mixture of (MeOH:H2O) [9:2] (v:v) (21.08 mg/mL) (3.4 mL) was then
added. A solution of initiator V-50 in H2O (144.23 mg/mL) (0.225 mL, 2 mol%)
followed by pyridine (0.9 mL) and extra MeOH (1.5 mL) was then added to the
reaction mixture (pH = 8).

After deoxygenation by purging with nitrogen for 20 min, polymerization
started at 60 ◦C for 22 h. After conversion check, additional initiator V-50
(52.56 mg, 0.2 mmol, 3 mol%) was added and the polymerization continued at
60 ◦C for 24 h.

The reaction solvents were removed by rotary evaporation and the product
was dissolved in TFE. The polymer was then precipitated by dropwise addition
of the solution in TFE into MeOH. After collecting the precipitate by centrifu-
gation, the product was dissolved in TFE and dialyzed against ultra pure water
for 4 d using a membrane type ZelluTrans (Roth, Germany) with a MWCO
of 3500 g mol−1. The copolymer was isolated by lyophilization as a colorless
hygroscopic solid (yield 250 mg, 14%).

Isolated polymers were characterized by 1H NMR, EA, GPC, UV-Vis spec-
troscopy, and FT-IR.

8.4.4.3 Synthesis of P(M4-co-M5)

Zwitterionic vinyl amide M4 (1.69 g, 5.8 mmol) was dissolved in ultra pure water
(3.08 mL) in a 10 mL round-bottom flask. A solution of vinyl amide crosslinker
M5 in a mixture of (MeOH:H2O) [9:2] (v:v) (21.08 mg/mL) (3.43 mL) was then
added. A solution of initiator V-50 in H2O (144.23 mg/mL) (0.227 mL, 2 mol%)
followed by pyridine (0.9 mL) and extra MeOH (0.5 mL) was then added to the
reaction mixture (pH = 8).

After deoxygenation by purging with nitrogen for 20 min, polymerization
started at 60 ◦C for 22 h. After conversion check, additional initiator V-50
(52.56 mg, 0.2 mmol, 3 mol%) was added and the polymerization continued at
60 ◦C for 24 h.

The reaction solvents were removed by rotary evaporation and the product
was dissolved in TFE. The polymer was then precipitated by dropwise addition
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of the solution in TFE into MeOH. After collecting the precipitate by centrifu-
gation, the product was dissolved in TFE and dialyzed against ultra pure water
for 4 d using a membrane type ZelluTrans (Roth, Germany) with a MWCO
of 3500 g mol−1. The copolymer was isolated by lyophilization as a colorless
hygroscopic solid (yield 800 mg, 45%).

Isolated polymers were characterized by 1H NMR, EA, GPC, UV-Vis spec-
troscopy, and FT-IR.
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Figure A.1: 1H NMR spectrum of intermediate I-1 in CDCl3.
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A.2 1H-1H-COSY NMR-Spectra
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A.3 13C NMR-Spectra
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Figure A.26: 13C (APT) NMR spectrum of intermediate I-7 in CD2Cl2.
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Figure A.27: 13C (APT) NMR spectrum of intermediate I-8 in (CD3)2CO.
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A.4 ATR-FTIR-Spectra
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Figure A.28: FT-IR spectrum of intermediate I-2.
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Figure A.29: FT-IR spectrum of amphiphilic monomer M1.
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Figure A.30: FT-IR spectrum of vinyl amide I-5.
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Figure A.31: FT-IR spectrum of monomer M2.
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Figure A.32: FT-IR spectrum of monomer M3.
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Figure A.33: FT-IR spectrum of monomer M4.
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Figure A.34: FT-IR spectrum of photo-crosslinker M5.
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Figure A.35: FT-IR spectrum of quaternized diallylamine photo-crosslinker
monomer M6.
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Figure A.36: FT-IR spectrum of copolymer P(SPE90-BMA10).
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Figure A.37: FT-IR spectrum of copolymer P(SPE70-BMA30).
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Figure A.38: FT-IR spectrum of copolymer P(SPE50-BMA50).
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Figure A.39: FT-IR spectrum of homopolymer P(M1).
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Figure A.40: FT-IR spectrum of copolymer P(SPE90-M110).
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Figure A.41: FT-IR spectrum of copolymer P(SPE70-M130).
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Figure A.42: FT-IR spectrum of copolymer P(SPE50-M150).
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Figure A.43: FT-IR spectrum of homopolymer P(M2).
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Figure A.44: FT-IR spectrum of homopolymer P(M3).
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Figure A.45: FT-IR spectrum of homopolymer P(M4).
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Figure A.46: FT-IR spectrum of copolymer P(M2-co-M5).
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Figure A.47: FT-IR spectrum of copolymer P(M3-co-M5).
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Figure A.48: FT-IR spectrum of copolymer P(M4-co-M5).
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