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1. Introduction




Sulfur belongs to the group of chalkogenes and sulfur-containing compounds are almost
omnipresent. Both, inorganic materials (e.g. FeS, HgS and ZnS) and living organisms (e.g.
plants and humans) can have a high fraction of sulfur. Approximately 2.5 g sulfur/kg is
present in the human tissue, bound as amino acids, vitamins and (co)enzymes. Here the
sulfur-moieties are available in various oxidation states and are used for different purposes,
such as metal-complexation.[1] In the human body a balanced oxidation-reduction reaction
is crucial (homeostasis) that relies on the redox-chemistry of sulfur compounds. Depending
on the site in the human body, this equilibrium is altered, leading for example to a reductive
potential in the intracellular environment, the cytosol. In extracellular environments, the
redox-potential is more oxidative than in the cytosol, and the equilibrium between reduced
and oxidized species is shifted towards the latter. Here, the oxidation of thiol-groups leads to
disulfides that are significantly stable under extracellular conditions and aids to maintain e.g
the structural integrity of folded proteins. The 3D-conformation of proteins is a crucial factor
for their activity. Therefore, the effectiveness of proteins, for example of the immune
system, depends on the redox-chemical properties of sulfur-moieties.[2] An abnormal
equilibration shift of oxidants and antioxidants can refer to pathological conditions that
could indicate cancer, cardiovascular diseases, diabetes and many others.[3] Furthermore,
fundamental research in recent years indicated that sulfur-functional sites in proteins can
act a scavengers for reactive oxidizing species, protecting the active sites of proteins towards

both endogenous and exogenous oxidants.[4]

The functionalization of materials with biologically-relevant sulfur groups hence gained
interest for biomedical applications. As an example, thiol-functionalized hyaluronic acid
(Glycosil®) and thiol-functionalized collagen (Gelin-S®) are commercially available materials.
These are crosslinked via thiols and used for mimicking the extracellular matrix to cultivate
cells.[5, 6] Besides this, the direct interactions of the sulfur-residues of the materials with
biochemical processes were investigated. Polymers, bearing the same functionalities as
present in biological systems, can interact with the naturally occurring structures and exhibit
a desired function. For example, redox-sensitive polymers functionalized with thiols-,
disulfides or thioethers, are able to respond to e.g. the reductive cytosol or oxidative
inflammation sites and were used for drug delivery applications.[7, 8] Thiol- and disulfide-

containing polymers can also interact with biologic structures that lead to the adhesion of




the material at specific sites, such as the eye or the intestine. These adhesions were used for
a local administration of drugs.[9] Not only sulfur-modified polymers, but also their reactivity
towards sulfur-functionalities were exploited for biomaterial applications. Here the
conjugation of thiol- and disulfide containing proteins with reactive synthetic polymers were
performed that allowed the beneficial combination of therapeutic effects with reduced

immunogenicity and prolonged circulation times.[10]

Polymers for biomedical applications require numerous properties such as biocompatibility,
accurate synthesis in significant quantities and a defined structure. Biological polymers, such
as peptides and proteins, are highly defined structures with respect to their conformation
and their molar mass, but can lack in their biocompatibility due to immunogenic responses.
Other naturally derived biopolymers, such as hyaluronic acid and alginates, can exhibit
biocompatibility, but exhibit both a source dependent batch-to-batch variation and a broad
molar mass distribution. This means that the polymer has not a definite molar mass, but
fractions of polymers with different chain lengths and different molar masses. Synthetic
polymers can exhibit a compromise. Different polymers were already tested in the past to be
biocompatible, but still exhibit a molar-mass distribution. Minimizing this drawback was
accomplished by using polymers with a narrow molar-mass distribution. As the most
prominent material, poly(ethylene glycol) established as a hydrophilic biocompatible
polymer that is already used for various applications. Commercial availability and highly
defined structure of this polymer makes it useful for various applications. Unfortunately,
only the termini of PEG are prone to synthetic modifications and this polymer is hence

restricted in the quantity of functional groups.

To further expand the sulfur-based chemistry to hydrophilic synthetic polymeric
biomaterials, a multifunctional PEG analog would be promising. The alternative polymer has
to exhibit more reactive sites for modifications, but also the benefits of PEG. In recent years,
poly(glycidol)s gained interest as PEG-analog, bearing additional hydroxymethylene and
other side-chains at each repeating unit. Poly(glycidol)s established as a multifunctional PEG
alternative having similar cyto- and hemocompatible properties. Combining biologically

based sulfur-chemistries with structurally more versatile synthetic poly(glycidol)s would




allow expanding the scope of established sulfur-functional polymers for further biomedical

application purposes.

Aim of this thesis was therefore to explore poly(glycidol)s as sulfur-containing polymers as
tool for biomedical applications. Here, the focus was the control over synthesis, i.e. molar-
mass distribution, of poly(glycidol)s, of the thioether-analog poly(thioglycidol)s for oxidative-
responsive applications and the cysteine-functionalization of poly(glycidol)s for chemical
orthogonal coupling of peptides for multivalent interaction studies.

For this, first in chapter 3.1 the controlled polymerization of glycidol-derivatives with respect
to a statistical copolymerization of acetal-protected glycidol and allyl-functional glycidyl
ether is attempted. Control over molar mass and molar-mass distribution are two key
aspects determining the scope of this material for further functionalization and applications.
A controlled copolymerization allows the determination of the polymer composition, and
orthogonal reactivities of the side-chains determine the quantity of subsequent
functionalization.

Furthermore in chapter 3.2 it is aimed to synthesize thioether-derivatives of poly(glycidol),
i.e. poly(thioglycidol)s, that would reveal oxidation-sensitive multi-hydroxy functional
polymers. It is assumed that the multi-hydroxy functionalization allows post-polymerization
modification, concurrently rendering the polymers sensitive towards oxidation due to the
thioether-functional backbone.

In chapter 3.3 cysteine-functionalization of poly(glycidol)s was aimed via a newly
synthesized low molar-mass building block. With this, thiol-ene click chemistry was
attempted, as this opens an easy and fast route for derivatization. Together with allyl-
functional poly(glycidol)s, a controlled degree of functionalization of the polymer can be
obtained. This newly developed cysteine-modification of polymers allows for both
combination of redox-sensitivity with electrostatic interaction and for orthogonal coupling
via Native Chemical Ligation.

Before entering the experimental part, the following chapter introduces relevant

background information and the literature overview.




2. Background







2.1. The role of sulfur in biology
2.1.1. Cysteine and methionine

Among the 20 proteinogenic amino acids exactly two bear sulfur functionalities, i.e. cysteine
and methionine. Here cysteine bears a thiol group, whereas methionine has a thioether

group (Scheme 1).
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Scheme 1: (A) Cysteine with the cysteine-dimer cystine and (B) methionine.

For cysteine, the most prominent function of the thiols is the formation of disulfide-bonds in
peptides and proteins. For this, in protein biosynthesis, thiols of the cysteine-residues are
oxidized to the corresponding disulfides, folding the peptide chain into its 3D-structure. One
path is the oxidation mediated via glutathione-disulfide, with glutathione being a tripeptide
consisting of glutamic acid, cysteine and glycin (Scheme 2). Besides glutathione/glutathione-
disulfide the cysteine/cystine (Scheme 1) system itself is common as low molar-mass redox-
couple. Although macromolecular redox systems, such as e.g. thioredoxin, are also present,
their content is low compared to the GSH/GSSG couple. Literature states that depending on
the cells the ratio is ca. GSH/GSSG:thioredoxin = 100-1000:1.[11]
SH

Scheme 2: Glutathione, an active agent participating in many intracellular redox-

processes.

Thiols can be oxidized forming disulfides, by other disulfides, changing the oxidation state
from —ll to =, or —I to 0. Here literature is partially inconsistent, as the electronegativity

differences between C and S is only marginal (C: 2.50-2.52; S: 2.44-2.58)[12] and the bond




hence non-polar. For the oxidation of the example thiol-containing peptide-chain PSH and

glutathione GSH the equilibrium

_ [PSSP][GSH]?
55 7 [PSH][GSSG]

is given, as for the reduction of oxidized protein PSSP two molecules of glutathione are
consumed. As the two thiols of the protein-to-fold are intramolecular, both concentrations
are to the power of one. Literature values for intracellular GSH concentrations are given by
1-10 mM and only 1 % accounts for the oxidized form GSSG.[11] With these values only a
small portion of the protein is oxidized intracellularly and only cysteines in close proximity, in
the primary structure, are converted to the corresponding disulfides. Depending on the
micro-environment, the potentials vary e.g. in mitochondria with GSH/GSSG: -300 mV;
cytoplasma: -260 — -230 mV and endoplasmatic reticulum: -150 mV (Figure 1). In contrast to
the reductive intracellular environment, extracellular plasma was determined to have a
potential of -140 mV for the GSH/GSSG equilibrium.[13] These potential values already
indicate that extracellularly the most probable species from the thiol/disulfide-couple is the
disulfide. As mentioned before this is crucial for the protein folding and hence their stability

in the extracellular environment.

Plasma
o,
GSH/GSSG Endosome GSH/GSSG
— 260 to — 230 mV (proliferating) Lysosome 140 mV
—220 to — 190 mV (growth arrest) 5
—170 to — 150 mV (apoptosis) '
Cys/CySS
-160 mV

Thioredoxin-1 Mitochondria

Endoplasmic —280 mV GSH/GSSG
Reticulum —300 mV
GSH/GSSG

Nucleus Thioredoxin-2

-150 mV Thioredoxin-1 -360 to — 340 mV
- 300 mV

Figure 1: Intra- and extracellular redox potentials obtained from various literature
sources, summarized by Briilisauer et al. Modified from [13], with permission from

Elsevier.




Extracellularly, parts with a very high content of disulfide-bridged (glyco)proteins are mucus
layers. Mucous membranes are omnipresent and cover the inner surface of hollow organs
such as the gastrointestinal tract or the respiratory system, but also on outer surfaces such
as the conjunctiva of the eyelids.[14-16] Structurally, first the connective tissue than the
upper lying epithelial layer und finally the mucus layer build the basic form of these mucous
membranes. Single epithelial layers are found in the stomach and the intestine, whereas the
multilayered epithelial layers can be found e.g. in the vagina and the esophagus. Epithelial
layers contain numerous goblet cells, for example the healthy conjunctiva contains
approximately 1.5 million cells with a cell density of up to 10 cells per mm?. These cells are
responsible for the secretion of the mucus. This is a viscous gel-like substrate containing
mainly water and glycoproteins but also salts and lipids. It helps to e.g. protect the
underlying tissue, but are also able to adsorb and secrete substances.[14] The glycoproteins
itself (mucine) are highly O-linked glycosylated proteins with e.g. 984 amino acids (human
intestinal MUC2) in its primary sequence and are present in the mucus with 0.5-5 %.
Regarding glycosylation, it is assumed that in the case of human intestinal MUC2 78 % of the
threonines are glycosylated, with 11 % of overall amino acids content to be threonine.
Studies indicated a high content of disulfide-bridges, having 34 disulfides per molecule of
mucin, derived from the goblet cells of rats,[16] and 9 % of the amino acids are cysteins for

the above mentioned human MUC2.[17]

Beside thiols and disulfides, the thioether-functional proteinogenic amino acid methionine
plays an important role in redox-activities. This thioether residue gained more and more
interest both in biologic basic research but also biomedical applications. Whereas nowadays
the essential roles of cysteine in proteins is for structural stabilization or antioxidant
defense, methionine was generally known for its hydrophobic character in proteins and
initiation of protein biosynthesis.[18] In the last decades, numerous redox-activities of the
thioether-moiety of methionine were evaluated. Results show that this amino-acid plays also
a crucial role for protein protection as antioxidant and for the structural integrity. For the
oxidation of the thioether moieties stronger oxidative agents are necessary than for thiols.
Mechanistically, for methionine, the reversible oxidation and reduction can be obtained with

reactive oxygen species and methionine sulfoxide reductase (MSR), respectively. The




detailed discussion of ROS would exceed this introduction and only a short summary is

shown to indicate the importance of these species in conjunction with sulfur-moieties.

ROS draw attention over the last decades and the term itself covers numerous short-living
species as e.g. superoxide or hydroxyl radicals.[19] Together with nitric oxide, numerous
functions are related to these highly active species including signaling pathways, ROS-
mediated response of oxidative stress, caused by the ROS itself, activation of transcription
factors but also aging. ROS are produced e.g. in mitochondria as a side-product of oxidative
energy metabolism.[20] A balanced formation and scavenging of ROS is essential as
numerous processes, such as defence mechanisms by phagocytic cells, proliferation
regulation and general signaling, rely on it. Once formed and exhibited their function, ROS
has to be scavenged, as e.g. intracellularly over produced ROS can cause numerous
drawbacks such as the denaturation of proteins. These denaturations and other ROS-caused

drawbacks are often discussed in the context of aging and diseases (see chapter 2.1.2).[4]

In the last decades, more publications arise giving the thioether-functionality of methionine
a protective role in protein activity maintenance as “molecular bodyguards”.[4] The formed
oxidative stress, caused by ROS, oxidizes the thioether and leads to methionine sulfoxide
(Figure 2). After the oxidation a cascade of reduction processes follows and oxidized
methionine (MetO) is reduced by MSR, regaining the unoxidized methionine. Reduction of
(MetO) is caused by the thiol-oxidation of methionine sulfoxide reductase (MSR), followed
by the reduction of the oxidized MSR by the thiol-oxidation of thioredoxin that is finally
reduced by NADPH.[21] An oxidation of the sulfur to the corresponding sulfoxide increases
the dipole moment that can cause the deformation of proteins.[4] With this mechanism the
thioether of methionine scavenges the ROS, leading to a potential structural conformation
change but concurrently protecting active sites of the protein from being irreversibly

denaturated by ROS.
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Figure 2: Redox-couples involved in the reduction of methionine sulfoxide-containing
proteins. A cascade involving methionine sulfoxide reductase (MSR), thioredoxin (Trx) and
thioredoxin reductase (TxrR) leads finally to the use of NADPH for compensating ROS

initiated oxidation of a protein. Adapted from [21].

2.1.2. Pathologic aspects

Intra- and extracellular redox-chemistries involve thiols, disulfides, thioethers and sulfoxides
and are a complex interplay between all species, covering a tremendous amount of
biochemical processes. These systems control numerous pathways that are interconnected
with each other. Disturbance of these redox-processes is therefore in many discussion

regarding pathologic effects.

As mentioned in chapter 2.1 ROS species play an important role in signaling for breathing,
red blood cell production, cell adhesion, apoptosis and cell proliferation and can e.g. induce
digestion of proteins by oxidation.[20] Besides this, many other functions are regulated,
induced and hindered by ROS. This omnipresence of ROS demands well controlled
production and scavenging of the ROS, as the high reactivity and overproduction can lead to
severe effects such as denaturation of proteins, inflammations and others. A crucial
mechanism for this scavenging is based on the GSH/GSSG redox couple. Regarding different
cell states the most negative reductive potential of cells is during proliferation (Figure 3 A).
Here it is a rather qualitative description of the cell cycle as the determination of specific
values is demanding and depends on cell types and pH-values that can alter in different

compartments. Collecting data from literature, Schafer and Buettner state that the whole
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cycles happens roughly in an interval of E,c =-250 mV — 190 mV (half-cell potential Ey.).[22]
Upon reaching a specific value of the potential (indicated as Ey. in Figure 3), differentiation is
induced (Figure 3 C) that is switched off (Figure 3 D) reaching redox-potential values that
induce apoptosis (Figure 3 E). Too oxidative potentials lead to necrosis (Figure 3 F), as the
apoptotic pathways cannot be exhibited anymore.

2

A C

proliferation differentiation apoptosis necrosis

Switch status

off — B D E F

A 4

- E,. (mV) +

Figure 3: GSH/GSSG potential of cells during the different states. Modified from [22],

2001, with permission from Elsevier.

It is noteworthy that oxidative stimuli do not necessarily change the states of the cell and
the cause-and-effect relation is not always obvious. As one factor, oxidative stimuli (ROS) are
responsible for the induction of proliferation, although the cells are here in the most
reductive phase of the whole cell cycle.[20, 22] This has led to the observation that many
ROS triggered processes were induced, leading to an uncontrolled proliferation of cells and a
pro-oxidative shift of the plasma. This led to an enhanced redox-couple production of the
cell that finally results in a more reductive extracellular microenvironment in tumor tissues.
Investigation of the redox-state of tissues showed that tumor tissue can contain a 4-fold
higher concentration of GSH compared to healthy tissue. The increased reductive
environment was observed for both intra- and extracellular regions. These data suggest that
an oxidative trigger is responsible for an imbalanced cellular response giving somehow
contradictory results. [13, 20, 22, 23] This further shows that the complex interplay of

oxidants and reductants is very sensitive towards stimuli and an imbalance can cause severe
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effects. In contrast to reductive malignant tissues, inflammation sites were shown to be

oxidative caused by an oxidative stress involving ROS. [24-27]

2.2. Mechanistic insight into sulfur redox-chemistry

2.2.1. Oxidation of thiol and thioethers

Mechanistically, thiol-disulfide exchange, i.e. oxidation of thiols with disulfides, is assumed
to happen via a Sy2 reaction mechanism with the thiolate as active species and the charge
delocalized during the transition state (Scheme 3).[28] Calculations further indicate that the

charge is transferred without any accumulation at the substitution center.[29]
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Scheme 3: Thiol-disulfide exchange is assumed proceeding via a Sy2 mechanism with the

thiolate being the active species initiating the exchange.

Experimentally, the determination of the thiol-disulfide exchange rates is rather complicate
to investigate as the content of thiolate-species depends on the pH and quenching methods
potentially falsify the results. Rothwarf and Scheraga published a detailed study of the rates
of the reduction of GSH with DTT examined at different pH values and different
temperature. These results further indicated the rather complex determination of rate
constants, but eventually the pH-independent rate constants for the glutathione-
dithiothreitol equilibrium were shown to be 3.1-8.0-10*> min® M™ (25-37°C, pH 7.0-
8.7).[30] This rather fast reaction leads to an equilibration of the system, assuming to have
homo- and mixed disulfides. The quantity of the species is based on the stability of the single
disulfides and thiols and hence also depends on the reaction partner. DTT forms a six-
membered ring upon oxidation, leading to a high thermodynamic stability. DTT is hence a
useful agent for the reduction of other disulfides to the corresponding thiol under
thermodynamic aspects. In general, upon oxidation of monothiols, dimerization occurs

resulting in a loss of entropy. Hence the reduction of disulfides with DTT is preferential for
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disulfides being cleaved to single molecules as enthalpic and entropic energies do not
compete. Reduction potential of DTT is therefore also influenced by the reaction partner.
Intramolecular reduction of disulfides by DTT, e.g. by polymers and proteins, has a
hypothetically less pronounced entropic driving force as the cleavage of dimers. For
equilibration constants, published prior to the studies of Rothwarf and Scheraga, data were
between 200 M — 13,000 M (pH 7-8.7, 25 °C-30 °C) for the given equilibrium (in analogy to

above mentioned equilibration)

[DTT?*][GSH]?
Kobs —
eq [DTTT¢4][GSSG]

Using different concentrations of GSH and DTT and altered starting conditions for the
reaction, Rothwarf and Scheraga ruled out experimental errors and obtained values of
Keo,;’s = 194 — 237 M for their studies of the equilibrium at pH 8.0 and 25°C. DTT is
indicated to be a good reduction agent for glutathione. Deviation of their results with other
literature was assigned to the investigated systems itself, but also on the method used by
altered methods e.g quenching and analysis.[30] Whereas the direct determination of the
species can be accomplished e.g. by HPLC, a derivatization and quantification of the thiols is
restricted to alkaline media making the thiolate active for quenching reactions. For the
reduction of disulfides and the scrambling of disulfides with thiolate anion, it is generally
assumed that the exchange is commonly fast and reduction potential of DTT is heavily
determined by the counterpart of exchange due to entropic reasons and pKa values of the

thiols.

Additionally being oxidized by disulfides, thiols are also prone to oxidation by oxygen. Thiols
are commonly stored under inert atmosphere to prevent their oxidation by O,, probably
catalyzed by impurities. Oxidation of pure thiols in the absence of impurities is also possible
but with lower rates. O, was described in the beginning of investigation in the 1950 for
biologic motifs to readily oxidize thiols (“self-oxidation”), but hints are given that this was
caused by metal ions and oxidation is under neutral metal ion-free conditions a rather slow
process.[31] Bagiyan et al. studied the self-oxidation in presence of Cu, Mn, Fe, Ni and Co
ions at different oxidation states and compared these results to the oxidation in the absence

of the ions. They showed that although oxidation of thiols occurs with oxygen under alkaline
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conditions without addition of metal ions, a remarkable increase in oxidation rates can be
observed by simply changing the purity of the reaction media. Metal impurities in the borate
buffer were responsible for the oxidation, commonly neglected as they were in the range of
5-107 — 3-10°® g-ion L™. For acidic (pH 4-5) and alkaline media (pH 9) the self-oxidation was
observable. Artificially adding the above mentioned metal ions showed different rates for
the oxidation depending on the metal ion. Chelating substrates such as EDTA and cyanide-
ions suppressed the oxidation in neutral or basic media, whereas in acidic media the
presence of metal ions does not show a significant influence on the oxidation with oxygen.
Additionally to the influence of catalytically active metal ions, the oxidation of thiols to the
corresponding disulfides can be accompanied by an overoxidation leading to sulfonic acids
(Scheme 4) e.g. by O, in polar solvents under basic conditions. At 23.5 °C after 24 h 97 % of
butanethiol were oxidized to the corresponding sulfonic acid by using hexamethyl-
phosphoramide and KOH.[32] Unfortunately, in this case an analysis of the metal ion content
was not performed and hence a possible inconvenient combination of polar media and

metal ions must be taken into account.

?l 0O
I
R—S—OH S —S—
R” > 0OH R ﬁ OH
O
Sulfenic acid Sulfinic acid Sulfonic acid

Scheme 4: Different oxo-acids of sulfur with increasing oxidation from sulfenic acid to

sulfonic acid.

As the self-oxidation of thiols by O, is a rather uncontrolled process, the storage of thiols
under inert atmosphere is essential. For an artificially induced oxidation, and hence
dimerization, commonly H,0,, or H,0, producing agents (e.g horseradish peroxidase and
alloxan) are used.[33-35] Under basic conditions the thiolate-anion nucleophilically attacks
one of the oxygen atoms in hydrogen peroxide. An additional complexation of the leaving
group (OH’) of hydrogen peroxide concurrently leads to an enhanced rate of oxidation as the
leaving group is more likely removed.[36] Substitution of the OH group forms sulfenic acid

that is readily attacked by a second thiolate anion. This formed acid readily reacts with a
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thiolate anion and builds the corresponding disulfide (Scheme 5), whereas with an excess of

hydrogen peroxide an overoxidation to sulfonic acid and other sulfoxides might occur.[37]

r—s” + p o R—S—OH —z—> s

Scheme 5: Oxidation of thiols by hydrogen peroxide.

A corresponding reduction of the obtained disulfides is commonly accomplished using other

thiols (DTT), phosphines (TCEP) or reductive agents such as NaBH;.

The mechanism for thioether oxidation is based on the nucleophilic attack of the free
electron pairs of sulfur to e.g. hydrogen peroxide (Scheme 6).[38] In contrast to the
oxidation of thiols to disulfides, the oxidation of thioethers also proceeds in neutral and
acidic media. Here the first oxidation is faster than the subsequent oxidation making the

isolation of sulfoxides easy.[38]
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Scheme 6: (A) Oxidation of thioethers with hydrogen peroxide to the corresponding
sulfoxide and (B) to the corresponding sulfones afterwards. The oxidation to sulfones is

generally slower than the first oxidation to sulfoxides.

2.2.2. Detection and quantification of thiols

Detection and quantification of thiols is mainly based on the same thiol-disulfide exchange.
Here, aromatic disulfides are used having a high driving force to oxidize thiols to the
corresponding disulfide. For the equilibrium shown in Scheme 7 a low pKa of the disulfide
(assuming to be the quantification reagent) facilitates the exchange and a release of R,-

SH.[39]
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Scheme 7: Thiol-disulfide equilibrium with the disulfide species being the substrate for

the quantification of the thiol species R;-SH.

Ellman showed in the 1960s the use of a disulfide readily exchanging with thiols due to
electron withdrawing substituents. 5,5'-dithiobis-(2-nitrobenzoic acid) reacting with the
thiols to be quantified is still a versatile method nowadays for UV-Vis spectroscopy based
determination of thiols by derivatization. Here the nitro- and carboxyl-substituted dimerized
thiophenol is used, having a reduced electron density at the sulfur-atom due to an aromatic
conjugation and the electron withdrawing effects. The disulfide-bond of Ellmans reagent is
hence readily attacked by thiolate anions forming the mixed disulfide (Scheme 7 R,-S-S-R;
with R; = 2-nitro-5-thiobenzoic acid). An aromatic compound detectable by UV-Vis
spectroscopy is released and its absorbance measured at A = 412 nm yielding the content of
thiols in the solution, after calibration with a known thiol-compound. As the exchange is
caused by the thiolate species, pH values lower than 7, depending on the thiol, are required
for the quantification. Drawbacks, such as limited sensitivity, are approached by alternatives

also detectable by UV-Vis spectroscopy with higher extinction coefficients.[40-42]

Although also restricted to higher pH-values, alternatives to the thiol-disulfide exchange
based quantification are applied. Thiols being deprotonated under neutral to alkaline
conditions are strong (soft, with respect to the HSAB concept) nucleophiles and addition to
fluorophores can be used for the quantification. It has to be noted that Ellmans reagent
releases a UV-Vis detectable moiety, whereas the direct attachment of fluorophores stains
the thiol itself. Unfortunately, fluorophore attachment usually lacks in selectivity as
electrophilic groups, e.g. isothiocyanates, at the fluorophore are also prone to the attack of
nucleophiles such as amines. More selective Michael-acceptors, such as maleimides in
conjunction with a fluorophore, react fast with the thiolate-anion and are applied for a
quantification of thiol-compounds. Here, depending on the conditions, a reverse Michael-

addition and thiol exchanges were reported for maleimides or a,-unsaturated ketones (e.g.
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observed at the open form of furazolidone).[43, 44] A permanent selective dye changing the
fluorescent properties specifically by the reaction with thiols was described in 1984.[45] 4-
(Aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F) was synthesized and showed
enhanced reactivities towards thiols, compared to its alternative that also detected amines
(SBD-F) (Scheme 8). The reaction with thiol model compounds was completed to 90 % after
5 min at 50 °C at a pH of 8 and showed no reaction with amines under these conditions
making it selective for thiol quantification.[45, 46] Furthermore, in contrast to SBD-F, the

reaction conditions were quite mild allowing this method being applicable for biologic

motifs.
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Scheme 8: Fluorescent benzoxadiazole dyes used for the quantification of thiols.

Quantification of thiols are widely applied and performed extrinsically by fluorophores using
UV-Vis spectroscopy. Although methods such as NMR, IR and Raman spectroscopy are able
to detect the thiols as intrinsic moieties, these methods are commonly not applied for
guantification purposes. In IR-spectroscopy the stretching vibration of R-S-H is observed at
v=2551 cm™ for cysteine in H,0 and the presence of thiols can be investigated. The large
mass of the sulfur atom leads to a shift of the stretching band to a region commonly less
crowded with other IR signals, beneficial for the detection of thiols.[47] Unfortunately, the
signal strength is weak in IR spectroscopy, making low contents of thiols hard to detect.
Changes in the dipole moment during vibration are the basic principle of IR spectroscopy and
a more pronounced change in the dipole moment during vibration yields a higher absorption
coefficient and hence a higher signal intensity. As environmental changes such as
coordination or solvent effects alter the intensity, an alteration in the band intensity is not
solely concentration but also environment-dependent. For Raman spectroscopy the change
in polarizability is significant and for thiols higher signal intensities can be observed.

Although this method is beneficial for the detection of thiols, this method is not quantitative.
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A same trend can be observed for disulfides, being detected only as a weak signal in IR-
spectroscopy but yield stronger signals in Raman spectroscopy.

'H-Nuclear magnetic resonance spectroscopy allows the detection and quantification of
thiols yielding a signal at high fields with 6 = 1.3-2.5 ppm depending on the substituents and
neighboring groups. Protic deuterated solvent, such as D,0O, can cause a deuteration of the
thiol by a fast H-D exchange. The deuterated thiol-group cannot be detected by 'H-NMR
spectroscopy. With this, only non-protic solvens such as CDCl; are usefull for the thiol
quantification via *H-NMR. Here, quantification is possible, however applications are quite
restricted and commonly not useful for biologic systems with thiols as they either require
aqueous environments or demand polar-protic solvents for dissolving the substrates. >>S-
NMR spectroscopy is possible due to the 3/2 spin nucleus, but the natural abundance is low
(0.75 %) and signals are commonly broad. Although quantification is possible, the relative
abundance might cause large errors that make this method inappropriate for a standard

guantification of thiols.

2.3. Anionic ring-opening polymerization

The application of polymers in biological systems requires the control of molar masses to
gain e.g. reproducibility and tailoring the system. Depending on the polymer, different
techniques are used to control the DP and molar-mass distributions. For synthetic polymers,
in contrast to biologic polymers such as proteins, usually a molar mass distribution is
obtained that can be characterized by the dispersity . This is defined as the ratio between

mass-average molar mass M,, and number-average molar mass M,..[48]

Number-average molar mass M, = 2 mM;
Xin
M?
Weight-average molar mass M, = i M,
Xin M;
My,
Dispersit p=—
p y M,
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Here n polymer molecules with mass M are summed up and divided by all polymer
molecules. Therefore M, is the arithmetic mean. For the weight-averaged molar mass the
contribution of high molar-mass molecules is larger than of low molar-mass molecules. In
the case of a specific molar mass, such as for proteins, M,,= M, and hence P =1. For
polymers, synthesized by a polymerization without transfer or termination reactions, usually
values close to 1 can be obtained. Techniques for the controlled polymerization of polymers
depend on the nature of the monomer. Polymerizations of unsaturated monomers, e.g.
(meth)acrylates via radicals mechanisms, can be controlled with transition metals (Atom-
Transfer-Radical Polymerization ATRP) or organic agents (Reversible Addition-Fragmentation
chain Transfer (RAFT), Nitroxide-Mediated Polymerization (NMP)). This control is a focus of
polymer synthesis research to expand the polymer variety with respect to monomers,
architecture and functionalities.

Another technique for synthesizing polymers with a narrow molar-mass distribution relies on
the ring-opening polymerization of strained rings. Ring-strain of three- and four-membered
heterocycles, such as epoxides and episulfides, allows an easy opening of the ring via
nucleophiles. Monomers bearing strained heterocycles are therefore prone to be
polymerized, initiated with nucleophiles, e.g. alkoxides. For instance, ring-strain enthalphy of
epoxides of H = 114 kJ mol™ [49] allows the thermodynamically favored opening, forming an
alkoxide that can open further epoxides resulting in a sequential opening and addition of

epoxide-containing monomers (Scheme 9).

O
o AR
® A /—/O —> N A O TA
AN T T -

Scheme 9: Ring-opening polymerization of ethylene oxide with a nucleophile and its

corresponding counter-ion A®.

This ionic polymerization is a chain growth polymerization having an active chain end and, in
case of no termination or transfer reaction, this terminal alkoxide will add more and more
monomers until no monomer is left. This living anionic ring-opening polymerization leads to
narrow molar-mass distributions in the case that all chains are started at the same time. As

all active ends are equally reactive, and no termination occurs, the ratio of monomer-to-
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initiator determines how many monomers can be added to each initiator and hence the ratio

[M]:[I] determines the DP.

Initiation starts with the first nucleophilic attack of the initiator at the monomer that is
assumed to be fast, relative to the polymerization itself. With this, and the assumption that
no termination and transfer reactions occurs, the concentration of the initiator [I'] equals the

concentration of the active chain ends [P].

Time-dependent decrease of the monomer concentration [M] is therefore determined by
the concentration of the monomer itself [M] and the active chain end [P] with the rate

constant kp.

_ _ d[M
P +M > PM N —%= k,[M][P~]

Assuming that the concentration of the active end, equaling the initial concentration of the
initiator, is constant it can be combined with the polymerization rate yielding the

observable, apparent, rate constant kpp.

_d[M]

k,[P~] =k =]
plP"] It

app = const = Kapp[M]

With this, the time-dependent change of [M] can be written and integrated.
[M] t
d[M] _ 1
W = —kappdt - — Wd[M] = kapp J- dt
[Mo] t=0

Solving the integral gives, with [ 1/x = In(x) and In(x) — In(y) = In(x/y),

—(In([M,]) —In(My)) = —In M) =k, t
t 0 [MO] app

With this equation, plotting —In [04e] against t leads with the slope to the apparent rate
[Mo]
0

constant kapp. Furthermore does this data processing indicate side-reactions and deviations

from the living polymerization, as a non-linear relation would be observable.
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The structurally most simple epoxide monomer available for this anionic ROP is ethylene
oxide (EO) forming poly(ethylene glycol)/poly(ethylene oxide) after polymerization. Although
structurally equal, for molar masses M > 20000 g mol™ the term poly(ethylene oxide) is used,
whereas the term poly(ethylene glycol) is used for molar masses M < 20000 g mol™. The
resulting oligomers or polymers have P close to 1, and are used in a variety of fields, e.g.
biomedical formulations, calibration standards or as solvent. A chemical modification of
PEG/PEO happens controlled at the termini as no other functionalities are available, making
this modification highly selective, but restricted. Several publications are available purely

dealing with the chemistry of peptide and protein PEGylation.[50]

2.4. Polyglycidols
2.4.1. Polymerization

Structural variations of ethylene oxide using mono-substituted epoxide rings were
investigated over the last decades and give a more detailed view on possibilities, problems
and varying kinetics. Recently published reviews of Carlotti et al.[51] and Frey et al.[52]
summarize the synthetic efforts done and mechanistic issue overcome over the last decades
to control polymerization of epoxide- and glycidol-derivatives (Scheme 10). In general, for
both epoxide- and glycidol-derived polymers, the structural varieties and influencing factors
on polymerizations show that there is no standard protocol that can be used for the ring-
opening polymerizations. The interplay of complexation, nature of the active species, side-
reactions and polymerizability of the monomer have to be balanced for each newly

synthesized or commercially available monomer.
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Scheme 10: Ethylene oxide (left), epoxide (middle) and glycidyl-ether (right) units used for

anionic ring-opening polymerizations.

Glycidol allows the tailor-made modification of glycidol-based polymers already at the
monomer-stage through hydroxy-chemistry. The focus will therefore be given on the

literature overview of glycidol-derivatives containing and -derived polymers.
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Attempts to directly polymerize glycidol lead to branched polyglycidol as the hydroxy-group

of glycidol undergoes an acid—base reaction with the active chain ends (Scheme 11).
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Scheme 11: Acid-base reaction of the active chain end and the hydroxy group of glycidol

during polymerization.

A detailed investigation of the glycidol-polymerization with various bases at room
temperature was given by Sandler and Berg[53] in 1966. Amine bases, hydroxides and
alkoxides and calcium chloride were stirred at room temperature for 1-3 d with conversion
determined to be 38-88 %. The authors assumed to have synthesized linear poly(glycidol)
that was corrected later on by Vandenberg et al.[54] Decades later the group of Frey
published the synthesis of hyperbranched polyglycidols being able to control the molecular
weight, branching and dispersity. Using a triol as initiator activated to only 10 % and slowly
adding glycidols allows the synthesis of hyperbranched poly(glycerol)s with DP = 15-83 and
dispersities below D =1.5. Additionally, a control of the reaction parameters allows to
diminish and avoid cyclization reactions known for glycidol polymerization.[55, 56]

In parallel to the branched poly(glycidol)s the synthesis of linear poly(glycidol)s was also
investigated since the discovery of polymerizing glycidol. The first synthesis of linear
poly(glycidol)s was described in 1968 by Tsuruta et al. by polymerizing trimethylsilyl glycidyl
ether (TMSGE) with organometallic compound as dibutyl-magnesium, partially hydrolyzed
triethyl aluminium or partially hydrolyzed diethyl zinc.[57] The obtained poly(trimethyl silyl
glycidyl ether) was hydrolyzed either with hydrochloric acid in water or methanol yielding
the first described “pure” linear poly(glycidol). As the stability of the TMS group under basic
conditions was insufficient a more base-stable protective group for the hydroxy-group of
glycidol was developed. Acetal-derivatization of the hydroxy-group of glycidol was described
by Fitton et al. giving a highly stable protective group under basic condition.[58] Using a p-
toluene sulfonic acid catalyzed hydroxylation of ethyl vinyl ether with glycidol yielded ethoxy
ethyl glycidyl ether (EEGE), still a common monomer nowadays for poly(glycidol)

synthesis.[59-65] The first attempt to polymerize EEGE and obtain linear poly(EEGE) was
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performed in 1994 in the group of Spassky with CsOH, an aluminium-salcen complex or
potassium intercalated into a graphite structure, as initiator.[66] Only CsOH gave polymeric
products with DP = 200 and M, = 32,000 - 34,000 g mol™. Unfortunately, dispersities were
not satisfying ranging from D = 1.38-1.89 depending on the conditions. After the successful
synthesis of poly(EEGE) the acidic hydrolysis was performed either with formic or
hydrochloric acid. The disadvantage of formic acid was the formic ester formation of the
obtained OH-side chains. A saponification step had to be performed afterwards to obtain
pure poly(glycidol). Using HCl in THF for acetal-hydrolysis directly gave the desired
poly(glycidol) although a chain degradation of DP =234 to DP =174 was describe with a
concurrent broadening of the dispersity from P = 1.4 to = 1.6. According to Dworak et al.
the broad dispersity of poly(EEGE) was a result of the synthesis in a heterogeneous system
due to the insolubility of CsOH under such conditions. Hence, polymerizing EEGE with
potassium tert-butoxide (KOtBu), soluble in dry THF, as oxyanionic initiator at 60 °C yielded
poly(EEGE) with molar masses M, = 2550-13390 g mol™ and ® = 1.18-1.20. Quenching the
oxyanionic species was achieved using p-chloromethyl styrene. Acetal-protected styrene-
terminated poly(EEGE) and OH-functional styrene-terminated poly(glycidol) were
subsequently radically copolymerized with styrene vyielding poly(EEGE)- or poly(glycidol)-
grafted poly(styrene).[67] Lack of dispersity- and molar mass-control caused by a
heterogeneous polymerization by Taton et al.[66] with Cs"™ as counter ion was circumvented
by Dworak et al. later on. PEG with molar masses M, > 1000 g mol™ was converted with
CsOH to the corresponding Cs-alkoxide as a benzene-soluble initiator.[65] For this, CsOH was
dissolved in water and reacted with PEG having DP = 45-227. Refluxing with benzene and
subsequently azeotropically removing water and benzene yielded the bifunctional Cs-
alkoxide that initiated the polymerization of EEGE with 27-68 repeating units at each
terminus at 60 °C. Resulted triblock-copolymers were crosslinked via the poly(glycidol) side-
chains with glutaraldehyde and it was demonstrated that swelling occurs mainly due to
sorption of the water or methanol at the PEG sites. Swelling studies of glutaraldehyde
crosslinked poly(glycidol) and glutaraldehyde crosslinked poly(vinyl alcohol) indicates a
higher hydrophilicity of poly(glycidol) ascribed to the hydrophilic backbone. After controlled
polymerization protocols were published, a detailed investigation of further glycidyl-

monomers was published in 2007 by the group of Mdller.[62] Here EEGE, allyl glycidyl ether
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(AGE) and tert-butyl glycidyl ether (tBGE) monomers were (co)polymerized at 120 °C in
diglyme with potassium 3-phenylpropanolate and the kinetics of the polymerization
investigated. Molar masses of M, = 2400-3800 g mol™ were obtained with 21-40 repeating
units, depending on the monomer. First-order kinetic plots and a linear In(Mo/M)—
conversion relationship indicate the living character of all monomer polymerizations.
Dispersities are given to be D =1.09-1.27. Subsequent deprotection leads to the selective
removal of different protective groups vyielding e.g. poly(allyl glycidyl ether-co-glycidol).
Although narrow molar-mass distributions could be obtained with M, up to 3800 g mol™,
side-reactions might occur with AGE[68] and especially at higher temperatures and higher
molar masses also with EEGE.[61] It was shown that with polymerizing EEGE, AGE and tBGE
at the mentioned conditions the polymerization rates decrease in the order EEGE > AGE >
tBGE. Interestingly, with a polymerization at 40 °C in bulk with Cs/triethyleneglycol
monomethylether as initiator the copolymerization rate of EEGE and AGE indicate a slightly

higher rate for AGE then EEGE as was published recently.[69]

Besides the limited control of molar mass and dispersity occurring in heterogeneous
polymerizations,[66] known side-reactions also occur in homogeneous media. Side-reactions
are also well known in anionic ring-opening polymerizations for propylene oxide and rely on
H-abstraction by the active chain end. Deprotonation of the CHs-group at propylene oxide
produces allyl-alkoxides able to initiate the polymerization as was already investigated
decades ago.[70] This kind of side-reaction was also observed within EEGE polymerization
(Scheme 12). Studies were performed with potassium 3-phenylpropanolate in THF at 60 °C

and in diglyme at 120 °C as well as with Li/phosphazene base at 20 °C.[61]
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Scheme 12: H-abstraction at EEGE initiated by the active chain end of poly(EEGE).

Low-molecular weight fractions are obtained if the formed allyl-oxyanion is able to initiate a

new polymer chain. This terminal allyl alcohol starts to polymerize EEGE upon formation and
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can be observed in SEC as a tailing in the elugramm. The side-reaction of H*-abstraction due
to the basicity of the active species is said to reduce the overall molar-mass and increase
dispersity . Hans et al.[61] state that polymerization performed at 60 °C (with K™ as counter
ion) is the highest temperature that should be used to minimize this side-reaction. Here, the
formed allyl-functional monomer is able to initiate the EEGE polymerization and, depending
on the reaction conditions, up to 44 % of the end groups were determined to be initiated by
this unsaturated monomer. It was concluded that upon aiming higher degrees of
polymerization a reduction of the basicity of the active chain end and keeping the
nucleophilicity of the alkoxide constant is necessary. This theory can be confirmed by the
investigation of EEGE polymerization with Li*/phosphazene base. The reaction was shown to
already happen at room temperature, simultaneously increasing the content of allylic end
groups. With this method only DP =200 can be obtained as the upper limit giving
M, = 30.000 g mol™.

Beside the deprotonation reaction in vicinity to the epoxide ring, this H-abstraction can also
occur at the epoxide-ring itself. This type of side-reaction is determined by the H'-
abstraction of the monomer by the active species. [52, 61] The formation of a carbanion
results in a ring-opening of the epoxide and the obtained enolate equilibrates with the
corresponding carbanionic carbonyl compound (Scheme 13).
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Scheme 13: Mechanism assumed for the formation of the enolate species by former H+-

abstraction.

This carbanion is also able to initiate a new polymerization. In contrast to the former side-
reaction the carbonyl- group is also prone to nucleophilic attacks by oxyanions already
existent in the reaction mixture. Upon addition of an active chain to the carbonyl-terminated
polymer, a coupling of two polymer chains occurs, leading to a doubling of the molar mass,

observable as an additional high-molecular weight fraction in SEC.
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Limitations by these side-reactions were recently overcome by activating the monomer and
increasing its electrophilicity. With this monomer activation, the basicity of the active
species stays constant. This was possible changing the initiator system from alkali-alkoxide
initiated anionic ring-opening polymerization to a monomer-activated anionic
polymerization with triisobutylaluminium and tetraoctylammonium bromide as initiator.[71]
Another approach of reducing the side-reactions was performed directly using the alcohol as
initiator and a phosphazene base (without the use of Li* as in the paper of Hans et al[61])
giving degrees of polymerizations for poly(EEGE) and poly(AGE) up to DP=80 with dispersities
of 1.08-1.15.[72]

A way to reduce the side-reaction with alkali-alkoxide mediated polymerization in the lower
molar-mass region is the simple reduction of the temperature as was stated above.
Regarding this, inconsistent approaches to polymerize EEGE, EO and AGE are published.
Polymerization temperature ranges are from RT to 120 °C and solvents such as diglyme, THF,
DMSO and dioxane or bulk conditions are used. Additionally, although dispersities of
published polymers are shown to be narrow, work-up is only sometimes performed.
Depending on the publication, washing[62] or precipitation[68] is performed and no values
are given for the crude polymer. As the solubility properties might depend on the polymer
length[73], work-up might alter the results for high- or low molar mass fractions, falsifying
the values obtained by analytics. Information on the raw-polymer is not always given,
making the choice of good reaction conditions hard to find. Recently, a statistical and block-
copolymerization of EEGE and AGE was published at 40 °C with cesium as counterion[69] in
analogy to the statistical and block-copolymerization of EO with AGE.[68] The degrees of
polymerization of poly(EEGE-co-AGE) were up to 25 repeating units and no hint was given on

the side-reactions for with longer polymer chains under these conditions.

2.4.2. Functionalization

Nowadays, the polyether polyol poly(glycidol) is found in a variety of research disciplines,
whereas the focus varies a lot. A more polymer-chemical focus relies on the introduction of
functional groups by polymer-analog modification strategies or the synthesis and
polymerization of new monomers. Wurm et al. described the synthesis of a monomer with

vicinal hydroxy-groups protected with an acetal-group. Polymerization of ethylene oxide was
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performed first with Cs* as counterion and subsequently the synthesized isopropylidene
glyceryl glycidyl ether (IGG) was polymerized with the Cs-initiator at 80-90 °C yielding
poly(EO-block-IGG) block-copolymers. Homopolymeric poly(glyceryl glycerol) (poly(GG)) or
copolymeric poly(EO-block-GG) with molar masses of M, =1100-7800 g moltand B = 1.05-
1.18 were obtained after acidic hydrolysis with HCl. The introduction of amine-functionalities
into poly(ethylene oxide)/poly(glycidol) was presented in the group of Frey. The synthesis of
two new monomers, i.e. dibenzylamino glycidol (DBAG)[74] and N,N-diallylglycidyl
amine[75], was described allowing an incorporation of 2-24 % amino-functionalities into the
polymer. Although the functionality is introduced by a functional monomer, a polymer-
analog deprotection has to be performed. Synthesizing dibenzylamino glycidol requires the
reaction of dibenzylamine with epichlorhydrin with a subsequent ring-closure of the
obtained N,N-dibenzyl-3-chloro-2-hydroxypropylamine under basic conditions.
Copolymerization of EO and DBAG was monitored using a modified "H-NMR protocol with a
delay of 30s between the measurements. Although the polymerization of EO is slightly
faster, a random copolymer is obtained as both monomers are available until the very end of
polymerization. This effect was temperature-independent as was investigated between 25
and 70 °C. Removal of the protective group was obtained under Pd-catalyzed
hydrogenolysis. In 2012 the group of Frey claimed to have improved the efficacy of the
amine-functionalization using N,N-diallyl glycidyl amine as comonomer. Here, the monomer
is obtained via a one-step procedure in contrast to aforementioned two steps. After
copolymerization, isomerization of the N,N-diallyl-groups leads to enamines that are cleaved
under acidic conditions via hydroxylation of the double bond and final cleavage of the
obtained hemiaminal, yielding the amine-functional poly(ethylene oxide). Generally the
yields are higher and shorter reaction times required. The copolymerization was showing the
same trend as was found before for the N,N-dibenzylglycidyl amine vyielding random-
copolymers with a slightly higher polymerization of EO observed by online H-NMR

monitoring.[75]

Another approach of functionalization of homopolymeric poly(glycidol)s is performed by
polymer-analog reactions. A nice library of polymer-analog derivatized poly(glycidol)s was
given in 2009 mainly using Williamson ether synthesis and esterification reactions to obtain

multiple functional groups at the poly(glycidol)s side-chain.[76] Deprotonation of the
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hydroxy-groups with sodium hydride gives alkoxides being readily reactive towards alkyl
halides in THF. Solely with this ether synthesis carboxy-, alkynyl-, epoxide- and allyl-
functional poly(glycidol)s were available with yields usually higher than 80 % and efficiencies
higher than 60 % indicating an enormous versatility of poly(glycidol)s regarding their

functionalization.[76]

Copolymerizations of different monomers were performed to introduce functionalities that
allow a more precise polymer-analog functionalization. Monomers used for the synthesis of
linear poly(glycidol)s comprise e.g. trimethyl silyl glycidyl ether, tert-butyl glycidyl ether, allyl
glycidyl ether and ethoxy ethyl glycidyl ether. Although all are commercially available the
latter is commonly described to be self-synthesized due to the high prize of approximately
1000 US-$/100 g (Synthonix).[52, 65, 77-79] Allyl glycidyl ether was copolymerized with
ethylene oxide yielding allyl-functional poly(ethylene oxide) derivatives. Cysteamine-addition
via thiol-ene chemistry was already described in 1996 by the group of Koyama. These amine-
functional poly(ethylene oxide) derivatives form complexes with fatty acids.[80] Later , the
compaction of DNA was shown by the same group.[81] Polymer-analog amine-
functionalization of poly(ethylene oxide) described by Koyama was reinvestigated by
Obermeier et al. in 2011.[68] Copolymerization of EO and allyl glycidyl ether was
investigated in more detail than done before by Koyama. Random poly(ethylene oxide-stat-
allyl glycidyl ether) copolymers were obtained that showed monomodal and narrowly
distributed molar-mass distributions. Additionally, both monomers were equally introduced
into the polymer. A thermal initiated thiol-ene reaction was performed with various thiols,
e.g. cysteamine, thioglycolic acid and glutathione. With this copolymer a large variety of

functionalized copolymers are accessible, if a thiol-derivative is used as a substrate.

Orthogonal polymer-analog introduction of amine-functionalities was also shown by Meyer
et al..[82] Here, epichlorhydrin was copolymerized with EEGE using triisobutylaluminium and
tetraoctylammonium bromide as initiator. After acidic hydrolysis of the acetal-protective
group a chlorine substituted poly(glycidol) was obtained. This polymer was modified with an
azide and subsequently reduced with triphenylphosphine to yield poly(glycidol-stat-glycidyl
amine). The amine-functionalities introduced by Koyama and Meyer differ, as the distance of

the amine-functionality to the backbone is altered that might hinder reactions with steric
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demanding substrates (Scheme 14). Hydrophilic PEO and PG backbone are functionalized
with amines being protonated in aqueous environment and therefore further increase
hydrophilicity. Whereas the side-chains of Koyamas polymer insert hydrophobic parts, it is
assumed that the polymers with the direct attachment of the amine do not show significant

hydrophobic parts.

Koyama et al, 1996 Meyer et al, 2011
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Scheme 14: Amine-functional polyethers synthesized by Koyama et al. and Meyer et

al.[80, 82]

Direct thiol functionalization of poly(glycidol)s, via the thiol-ene route of Koyama, is not
possible as thiols are consumed during the thiol-ene reaction. Direct polymerization of thiol-
functional glycidol is also not possible as thiols are approximately 7 orders of magnitude
more acidic than alcohols, leading to the protonation of the active species. For this,
esterification reaction of the hydroxy-group of poly(glycidol) was published by Li et al.[76] as
well as Groll et al.[83] leading to thiol-functional poly(glycidol)s. Here either thiol-functional
3-thiopropionic acid or the disulfide-linked 3,3’-dithiopropionic acid were used and esterified
with HfCl;-2THF or DCC/DMAP, respectively. Subsequent cleavage of the disulfides with DTT
or TCEP as reducing agent gave thiol-functional poly(glycidol). Hydrolytic instability of the
ester-containing redox-sensitive poly(glycidol) was circumvented by the group of Tovar,
synthesizing ester-free thiol-functional poly(glycidol).[77] For this, poly(ethylene oxide-stat-
ethoxy ethyl glycidyl ether) was synthesized having molar-masses of M, =2760 g mol™ -
4700 g mol™ and dispersities of P =1.42 — 1.88. A KOtBu initiated polymerization was
performed in a mixture of dry DMSO and THF (resulting from the initiator solution) at 60 °C.
The authors assigned the broad dispersity to the use of DMSO as solvent, causing chain-

transfer reactions. Acidic cleavage of the acetal protective group gave hydroxymethylene
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substituted poly(ethylene oxide). The tosylation of the hydroxy-groups was performed with
1.5eq. of tosyl chloride with respect to the hydroxy-groups vyielding a quantitative
conversion to the corresponding tosylates. Only at higher degrees of approximately 60 %
hydroxy-groups the conversion drops to about 87 % caused by steric hindrance. Under basic
condition the polymer-tosylates were converted to the corresponding polymer-trityl
thioethers that could be deprotected using TFA yielding poly(ethylene oxide-stat-glycidyl
thiol). Hydrogels with these polymers and PEG-diacrylates showed no toxic effect towards

human fibroblasts.[77]

2.4.3. Cytocompatibility

In 2006 a detailed study of the cytocompatibility of linear and branched poly(glycidol)s was
published.[71] The authors performed coagulation-, red cell aggregation-, complement- and
platelet activation, and cytotoxicity test with linear and branched poly(glycidol) and animal
studies with branched poly(glycidol). No negative effect on coagulation and red cell
aggregation could be observed and no effect of polymers towards platelets was visible. For
complement activation only after prolonged incubation (2 h) an effect was visible but was in
the same extent as the phosphate buffered saline control. MTT assays performed with L929
mouse fibroblasts and human umbilical vein endothelial cells showed results for
hyperbranched- and linear poly(glycidol) comparable to PEG. The authors stated that there is
a good biocompatibility of the polymer and the compatibility is comparable to PEG. Studies
by Kainthan et al. confirm the compatibility.[84] The beneficial combination of
polymerization, modification and cytocompatibility makes poly(glycidol)s an interesting
polymer system for biomedical applications. Published studies make use of poly(glycidol)s in
heterogeneous- and homogeneous system, as branched or linear homopolymers,

copolymers or 3D-networks forming hydrogels.

2.5. Polythioethers

The thioanionic polymerizations require the prior synthesis of the corresponding episulfides.
As early as in the 1950s a simple transformation of ethylene oxides to the corresponding
episulfides was described by using thiocyanates.[85, 86] Here the proposed mechanism

relies on the opening of the epoxide by thiocyanates (Scheme 15).
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Scheme 15: Mechanism of the ring-transformation of epoxides to episulfides with

thiocyanate.

The ambident thiocyanate attacks the epoxide preferably at the lowest steric hindered site,
if no electronic effects alter the electrophilic properties of the epoxide ring-atoms. As the
sulfur-group of the thiocyanate is more nucleophilic than the nitrogen-atom, a vicinal
thiocyanate-alkoxide is obtained. Electron deficiency at the thiocyanate-C leads to the
nucleophilic attack of the alkoxide to the thiocyanate forming the five-membered
oxathiolanimine-ring. Ring-opening by thiolate release forms an isocyanate-thiolate that
eliminates the isocyanate under episulfide-formation. According to Sander, the final opening
of the oxathiolanimine and release of the episulfides is slow compared to the initial epoxide-
opening and oxathiolanimine formation.[87] Although formed episulfides have a lower ring-
strain enthalpy (Hepisuifide = 83 kI mol™ [49]) in contrast to epoxides (Hepoxide = 114 kJ mol™
[49]) they are less stable and the first syntheses of ethylene sulfide were often accompanied
by a spontaneous polymerization even at low temperatures, controllable by additives.[86]
Poly(ethylene sulfide) was finally used as a commercial polymer (Thiolon by Thiokol Chemical
Co.) due to its inherent insolubility and high crystallinity.[88] The simple synthesis of the
episulfide-monomers allowed the simple variation of episulfide-monomers. As an example
allyl-functional thioglycidol and propylene sulfide were used as comonomers and
polymerized with partially hydrolyzed Et,Zn as initiator, giving unsaturated poly(thioethers)

that were finally vulcanized (Scheme 16).[89]
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Scheme 16: Allyl thioglycidyl ether and propylene sulfide.
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It should be noted that the focus of this introduction is based on the ethylene-sulfide
backbone polymers, as e.g aromatic backbone polysulfides (e.g. Ryton as high performance

plastic) are out of the scope.

In general, at the beginning of the investigation of episulfide polymerizations (1950s
onwards), academics were deeply focusing on the investigation and understanding of
initiation, propagation and the resulting physical aspects using different initiating systems. In
1972 Lautenschlaeger published a review about the polymerizations already investigated
including stereoregulatorial aspects. Already at this time anionic (with e.g. alkyllithium and -
sodium, Na*-, K™, Ca®"-, Ba®"-, Cd**-thiolates...), cationic (diisobutyl aluminium, BFs/Et,0,
Et,Zn/H,0, ...) initiators and amines (primary, secondary, tertiary and poly(ethylene imine))
were used to polymerize various episulfides, but commonly using propylene sulfide 6.[90]
Comparisons with earlier polymerizations showed that by simply changing from epoxides to
episulfides physical aspects, kinetics, stabilities and even stereochemical aspects alter,
caused by the polymerization itself. Vandenberg investigated the polymerization of epoxides
and episulfides i.e. (E)-2,3-dimethylthiirane (trans-2-butene episulfide) and (2)-2,3-
dimethylthiirane (cis-2-butene episulfide) with coordinative and cationic catalysts. Upon
polymerization of (2)-2,3-dimethylthiirane both, the coordinative (Et,Mg-NHs, Et3Al-H,0-
acetylacetone) and cationic catalysts (BFs, iBusAl-H,0) gave crystalline racemic isotactic
polymers. On the other hand, for the polymerization of (2)-2,3-dimethylepoxide the
coordination catalysts gave also crystalline isotactic polymers, whereas the cationic catalyst
gave amorphous syndiotactic poly((2)-2,3-dimethylepoxide). For the corresponding
polymerization of (E)-2,3-dimethylthiirane with cationic catalysts, elevated temperatures,
compared to (E)-2,3-dimethylepoxide, were necessary. Here the resulting poly(thioether)-
based polymer was mainly amorphous, whereas the polyether-based polymer was highly
crystalline. This effect was explained by enabling a longer distance bond with the sulfur-
atom than with oxygen for the attacking monomer on the active cationic end. The new
formed thioether-bond tolerates a larger distance and the steric demand between the active

cationic end and the monomer is decreased.[91]
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Scheme 17: Tetramethyl ammonium dithiobenzoate (left) used by Bonnans-Plaisance for

the polymerization of functional episulfides, e.g. thioglycidol (right).

Although the initiators changed sparely over the first decades of episulfide polymerization
research, several new classes of initiators were established. Ammonium salts of
dithiocarboxylates (Scheme 17) were described by Bonnans-Plaisance offering a new anionic
initiator capable for the anionic ring-opening polymerization.[92] In one of the first
descriptions of these initiators, the direct polymerization of 2-(hydroxymethyl)thiirane
(thioglycidol, Scheme 17) was described without using a protective group that is in contrast
necessary for the polymerization of thiol-functional episulfide as a transfer reaction
occurs.[93] Although a good control over the molar-mass was obtained having values of
M, = 7100 - 44200 g mol™, the dispersities were quite high having values of £ =1.24-
1.77.192] The group of Bonnans-Plaisance was able to synthesize various polysulfides finally
bearing homofunctional alkyl[92]-, hydroxy[94]-, ester[95]-, carboxy[95] and
heterofunctional CHs-/OH-[96] side-chains. The robustness of the thioanionic polymerization
against functionalities and especially protic substrates was later confirmed using a
monomer-in-water emulsion polymerization to successfully synthesize Pluronic adsorbed
poly(propylene sulfide) particles.[97] Another approach for episulfide polymerization was
given by the group of Inoue, showing that the sequential polymerization of episulfides and
epoxides was possible using an external stimulus. The group used a Zn-porphyrin initiator
that reversibly binds the active thiolate, polymerizes episulfides and is inert against alcohols.
Propylene oxide can be block-copolymerized with poly(propylene sulfide) as macroinitiator,
still attached to the Zn-porphyrin complex, starting the oxyanionic polymerization upon
irradiation of the porphyrin-Zn/propylene oxide solution with A >420 nm. With this
polymerization it was possible to synthesize poly(propylene sulfide)-block-poly(propylene
oxide) polymers with e.g M, =3400g mol”and P =1.06.[98, 99] The group of Nishikubo
used the high reactivity of thioesters to establish an acyl-group transfer polymerization of

episulfides (Scheme 18).
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Scheme 18: Polymerization of 3-phenoxypropylene sulfide with thioesters in the presence

of tetrabutyl ammonium bromide (TBAB).

For this e.g. phenyl-thioesters are used as initiator and tetrabutylammonium bromide as
catalyst. 3-phenoxypropylene sulfide (phenyl thioglycidyl ether) was polymerized yielding a
polymer with M, = 11.800 g mol™ and P = 1.22. Furthermore they proved the polymerization
to proceed in a living manner showing a straight linear relationship between molar-mass and

conversion.[100]

Although several techniques are available the most “simple” polymerization uses thiols and
1,8-diazabicyclo[5.4.0lundec-7-ene (DBU), as a non-nucleophilic base, rendering the
nucleophilic thiolate. In contrast to aforementioned alkaline-metal thiolates, here the acid-
base reaction equilibrates, although the basicity of DBU is very high and the acidity of thiol is

also more pronounced compared to alcohols (Scheme 19).
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Scheme 19: DBU/thiol initiator with various thiols used by Nicol et al.[101]
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Scheme 20: PEG-thiols are generated by PEG-thioacetates in situ using sodium methylate.
This approach is used by Napoli et al. for the subsequent polymerization of propylene

sulfide yielding amphiphilic block-copolymers.[102]

First attempts to synthesize poly(propylene sulfide) in THF with the thiol/DBU system
showed that the reaction proceeds very well, but is slow compared to the polymerization in
DMF. The group of Bonnans-Plaisance investigated the versatility of the polymerization
protocol for functional thiol-initiators, such as mono- and difunctional, hydroxy-bearing and
ester-bearing thiols.[101] The same technique was used to synthesize star-shaped

poly(propylene sulfide)s with a heterocyclic core.[103]

An alternative route to generate thiolates in situ was shown by Napoli et al. using
thioacetate macroinitiators that were treated with sodium methylate (Scheme 20).[102]
Cleavage of the thioacetate results in the thiolate-macroinitiator and methyl acetate as side-
product. As esters are inert towards episulfide polymerization, as was already shown by
Bonnans-Plaisance, this side-product did not disturb the polymerization.[104] The formed
PEG-thiolate initiates the polymerization of propylene sulfide and, depending on the
protocol, amphiphilic Pluronic-analogs were synthesized with poly(propylene sulfide) as
hydrophobic block. As these amphiphilic block-copolymers showed lyotropic behavior a
follow-up study was performed, published in 2002. Lamellar phases were observed
depending on the concentration and symmetry of the PEG-PPS-PEG polymers and a
temperature dependent sol-gel transition was observed by polarized optical microscopy and
guantified by rheology. At 20 wt % of EGy-PS,5-EGg in water lamellar structure were
observed using freeze-fracture TEM that changes its structure to vesicles at 1 % suspension

of the same polymer.[105]
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2.6. Sulfur-functional polymers for biomedical applications
2.6.1. Applications for reductive environments

The reductive potential of the cytosol prompted researchers to develop particles protecting
a payload in an oxidative environment (extracellular) that is released upon reduction
(intracellular). This reduction sensitivity is mainly obtained by the incorporation of disulfide-
links that can stabilize the particles and get destabilized by reductive cleavage of the
disulfides. Depending on the drug itself it is worth evaluating the hydrophilicity of the drug
and use different approaches for loading and delivery. With increasing interest in the
delivery of hydrophilic drugs, such as proteins and DNA, a hydrophilic environment is
required to prevent denaturation. Well established micelles offer good opportunities for the
delivery of hydrophobic drugs due to their hydrophobic inner core but miss the use as drug
delivery vehicles for hydrophilic drugs. Networks made of hydrophilic polymers (hydrogels)
swell in water and gained interest as potential drug delivery systems for these hydrophilic
drugs. Triggering the controlled release of their payload was accomplished by synthesizing

disulfide-crosslinked particles that degrade upon reduction, preferentially intracellularly.

Inverse miniemulsion is a common technique to synthesize nanogels. Two immiscible liquids
forming a continuous phase of one liquid bearing droplets of the other liquid, with significant
stability of the small droplets inside, are termed emulsions. Reducing the size of the small
droplets to the range of d=100-400 nm, these emulsions are generally termed
miniemulsion.[106, 107] Stabilization of these miniemulsions can be obtained using
mixtures of agents with one immiscible in the continuous phase but miscible with the
dispersed phase and the other one vice versa.[106] Preparation of the dispersed phase by
ultrasonication induces high stress that leads to a continuous reduction and homogenization
in droplet size upon reaching the equilibration of droplet fusion and droplet fission.[107]
Steric hindrance by the agents and reduced material flux in the dispersed phase between the

droplets stabilizes the system towards coalescence and Ostwald ripening, respectively.

Water-in-oil (w/0) systems are termed inverse miniemulsion and were used to synthesize
hydrogels in the nanometer range. Oh et al. used PEG-derivatives for the synthesis of

biocompatible nanogels in 2006.[108] ATRP in inverse miniemulsion was performed using
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oligo(ethylene glycol) methacrylate with 7 and 23 EO units per monomer together with a
water-soluble initiator (PEG5000-Bromide) and a copper(ll)bromide made water-soluble by
complexation with [(2-pyridyl)methyllamine. Cyclohexane was used as continuous phase
with Span 80 for stabilization of the droplets. As crosslinker 1.5 mol% of a disulfide-
functional dimethacrylate with 10 EO units between methacrylate and disulfide-functionality
formed nanogels having a diameters of 260 nm, as was determined by DLS and could be
reduced by BusP in THF to yield the single polymers that could be characterized by SEC to
have M, =74,000g mol® with dispersities of M,/M,=1.5. Neither cytocompatibility

experiments nor desintegration under cytosolic conditions studies were given.[108]

Branched synthetic poly(glycidol)s were also used for the formation of reduction-sensitive
nanogels as was shown by Steinhilber et al.[109] The monomers were glycerol and glycerol
trisglycidyl ether whereas bis-3-thioglycerol disulfide or hydroxyethyldisulfide-bis-
glycidylether was used as crosslinkers. As surfactant poly(ethylene-co-butylene)-block-
poly(ethylene oxide) was used with cyclohexane as continuous phase and DMSO as polar
phase. Initial studies showed that the choice of the correct composition between hydrophilic
(glycerol) and more hydrophobic monomers was crucial for the solubility of the particles
after inverse miniemulsion. The parameters of the inverse miniemulsion influenced the
diameter of the particles. With increasing DMSO concentrations, diameters up to 340£41 nm
were obtained, whereas the use of glycerol reduced the particle sizes down to 2315 nm as
was determined by DLS. Degradation studies were performed with FITC-labeled particles
(d =56%11 nm) subjected to 5 mM DTT solutions in PBS at 37 °C. SEC-analysis showed that
after 120 h no residual nanogels could be detected and polymers had molar masses <5 kDa,
suitable for renal clearance. Cellular uptake with the smallest synthesized nanogels was
investigated using rhodamine B labeled nanogels and A549 lung cancer cells. In contrast to
low molar-mass rhodamine B-labeled glycerol, the particles were readily taken up reaching a
plateau after 4 h. The authors investigated the cytotoxicity with human hematopoetic U-937
cells but only at high concentrations (5 mg/mL) reduced metabolic activity was observable.
Successful endosomal release of the particles by late-endosomal staining was finally

obtained with a commercial assay.[109]
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Both approaches used the in situ polymerization/crosslinking to synthesize reduction-
sensitive nanogels. It has to be noted that after successful degradation and drug delivery the
single polymers shall be removed from the cell to be either renally cleared or biochemically
processed. It is therefore important to gain control over the degradation products. Promising
nanogel approaches with defined degradation products were approached by Groll et al.
Here, thiol-functional polymers are synthesized prior to the nanogel process and crosslinked
via oxidative during the inverse miniemulsion process. High degrees of functionalization of
polyglycidols and its modification strategies, shown by Li and Chau,[76] made linear
poly(glycidols) prone to be used for nanogel synthesis by this polymeric precursor-approach.
Thiol-functionalization of poly(glycidol) was shown by Singh et al. making the polymers
sensitive towards oxidation under formation of disulfide-crosslinked nanogels.[83] All-
hydroxy functional poly(glycidol) with DP=60 was functionalized with 3,3’-dithiodipropionic
acid via DCC/DMAP mediated esterification. Subsequent reduction of the disulfide-bridges
gave poly(glycidol) with 16 % thiol-functionalities as was determined by 'H-NMR
spectroscopy. Oxidation with H,0, during inverse miniemulsion lead to nanogels with
diameters d = 100-350 nm in the swollen state determined by cryo-SEM. The cytotoxicity
was investigated using L929 mouse fibroblast and almost no cytotoxicity was detected
within 72 h. Two follow-up studies from 2013 used the mild oxidation with alloxane[110] and
horseradish-peroxidase (HRP) [111] obtaining macroscopic hydrogels and nanogels with a
diameter of d =200-350 nm. With the mild crosslinking procedure with HRP the vitality of
L929 cells was not affected during the encapsulation process as was shown by a Live/Dead®
staining after 18 h. The formation of nanogels crosslinked via HRP-oxidation with the
concurrent incorporation of -galactosidase (-Gal) was successful. Subsequent reduction of
the nanogels with glutathione and activity testing of the 3-Gal showed that up to 43 % of the
intended B-Gal was incorporated and up to 85 % still active. This study showed that the
cytocompatibility of linear poly(glycidol)s and this crosslinking techniques bears a high

potential for 3D-cell culture systems and drug delivery applications.

Naturally derived polymers such as hyaluronic acid were also used for the precursor-
approach to obtain nanogels as Lee et al. described in 2007.[112] Here, delivering GFP-
encoding siRNA into HCT-116 cells was accomplished using thiolated HA and it was shown

that the CD44-receptor is responsible for the uptake. Hyaluronic acid was modified with
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thiols by activating the carboxylic acid with EDC and HOBt. The activated ester was reacted
with cystamine dihydrochloride, yielding thiol-functional HA after reduction with DTT (42 %
thiolation). This hyaluronic acid-derivative was subjected to the inverse miniemulsion
process using PBS as the aqueous phase and hexane as oil phase. Interestingly, no additional
oxidant was necessary to obtain disulfide-crosslinked HA. Span 65, Span 80 and Tween 80
were used as surfactants and HA nanogels with a diameter of 198128 nm were obtained for
a mixture of 1:1=Span 80:Tween 80 as was determined by DLS. Other mixtures led to
nanogels with diameters between 200 and 500 nm. Loading efficiencies were about 50 % for
siRNA that encoded the GFP-protein. Concentration-dependent reduction of the loaded
particles with GSH showed a steady increase in degradation rate upon GSH increase from
0.1 mM to 10 mM, yielding a full siRNA release within 60 min for 10 mMM GSH media.
Investigation of rhodamin-loaded nanogels with CD44-overexpressed cell (HCT-116) and
CD44-deficient cells (NIH-3T3) showed labeled nanogels only inside of HCT-116 cells. This
indicated an endocytotic pathway via the CD44 receptor. As cytotoxicity test revealed no
toxic effects of the particles, gene silencing experiments with GFP overexpressed HCT-116
cells were conducted and compared with PEI. Especially in experiments containing 10 % FBS
a more efficient gene silencing was observable having a GFP expression reduction for
siRNA/PEI of 37.842.3 % and for siRNA/HA nanogels of 62.116.1 %. It should be noted that
the HA-based nanogels itself act as targeting moiety for CD44-receptor mediated

uptake.[112]

2.6.2. Applications for oxidative environments

The inherent switch in hydrophilicity of thioethers upon oxidation is a promising feature in
drug delivery applications. One of the first attempts to translate the poly(thioether)s into
biological applications was described in 2003. Here EG;7-PS,5-EGg was coated on a gold
surface, chemisorbing due to its thioether backbone. The resistance of the adlayers towards
protein adhesion was tested with whole blood serum with up to 55 mg ml™ protein content.
Subsequent washing with PBS led to a almost complete removal of the protein from the
surface. The same polymer was used for micropatterning of a gold surface. Preseeding of the
gold surface with rat fibroblasts showed that the tested cells do not migrate into the coated
areas.[113] A photocatalytic lithography was performed using chemisorbed poly(propylene)-

block-poly(ethylene glycol), coated on a gold surface.
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Figure 4: Synthesis of poly(propylene sulfide) nanoparticles with entangled Pluronic
(emulsifier) at the surface. Reprinted with permission from literature [8]. Copyright 2005

American Chemical Society.

An appropriate mask with a porphyrin- based photocatalyst was able to oxidize the thioether
upon contact. Non-oxidized block-copolymers retained on the surface, whereas the oxidized
polymers could be removed by washing.[114] Hubbel et al. described in 2004 the
preparation of oxidation-sensitive vesicles in a proof-of-principle study. They showed that
EG16-PSs0-EGy6 triblock copolymers can be used to form polymersomes that disintegrate
upon oxidation. An initially formed bilayer was stable over months and could be destroyed
forming unimolecular micelles upon oxidation of the thioether bridges forming hydrophilic

sulfones and sulfoxides without cleavage of the triblock-copolymers.[115]

A four-arm thioacetate-initiator was used to prepare poly(propylene sulfide) nanoparticles
with an entangled Pluronic surface (see Figure 4).[8] Investigation of Pluronic leakage was
studied over several months, but no indication was given that “anchored” Pluronic of the
shell detaches from the poly(propylene sulfide) particles. With the Pluronic:PPS ratio the size
of the particles can be determined in a range of d = 27 - 225 nm. No cytotoxic effects were
observed for human foreskin fibroblasts and a complete oxidation and disintegration could

be obtained within hours or days, depending on the H,0, concentration.
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derivatized with pyridine-disulfides for further surface-functionalizatuion. Reprinted with

permission from literature [116]. Copyright 2010 American Chemical Society.

Particle functionalization was either performed inside of the hydrophobic core with thiolate-
reactive iodoacetamide fluoresceine, or at the outer shell of the particle via Pluronic that is
used as a surfactant. Pluronic derivatization with glucose-oxidase was performed and led to
the responsivity of the particles to the environmental glucose-level. Hydrogen peroxide is
produced when the glucose-oxidase was exposed to glucose leading ultimately to the
oxidation of the particle. Interestingly, the initial particle formation was not significantly
influenced by the modified Pluronic, yielding particles with a diameter of d =90 nm that
were subsequently oxidized.[117] As it is assumed that the particle formation can be
dependent on the functional-groups of Pluronic a more general approach to surface-
functionalizations was aimed. An alternative Pluronic-modification was published by van der
Vlies using the same emulsion polymerization technique with the four-arm initiator already
published. The entangled synthesized carboxy-functional Pluronic parts were modified after
particle formation using carbodiimide chemistry for the introduction of a pyridyl-disulfide
(Figure 5). Disulfide-bound pyridine is afterwards prone to thiol-disulfide exchange offering
an interesting approach to a variety of thiol reactive species and thiols that are attempted to

be used to modify the nanoparticles.[116]

Pharmaceutical applications of polymeric biomaterials for the mucous membrane benefit
from the thiol-disulfide exchange possibilities that lead to an adherence of the material with
the mucous (mucoadhesion). This allows the direct contact leading to a locally restricted
delivery, long term persistence of the substrate and an increased drug concentration
gradient.[118] At the very beginning hydrophilic polymers exhibiting numerous hydrogen
bonds were used as mucoadhesives. Here poly(acrylic acid) (carbomers), chitosans, alginates
and cellulose-derivatives were used, as they can form hydrogen bonds but are also able to

electrostatically interact with the mucous layer. An interpenetration of the mucus layer with
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the substrate is obtained and prevents the removal of the substrate upon mechanical stress
such as movements e.g. by the mouth if applied to the oral cavity. Further strengthening of
the mucoadhesion was gained by Bernkop-Schniirch in 1999.[119] The authors hypothesized
that the high cysteine and therefore high disulfide-content of the mucuslayer will be
benefical for the covalent attachment of thiol-functional polymers. Upon contacting the
disulfide-rich mucus the thiomers would readily start thiol/disulfide—exchange reactions
formally oxidizing the thiols of the polymer to the corresponding disulfides (Figure 6). The
authors used the common mucoadhesive polycarbophil (divinyl glycol crossslinked
poly(acrylic acid)) and activated the carboxyl-functionalities with EDC. Cysteine was used and
coupled with the activated polycarbophil to form a stable amide bond and obtain thiol-
functional polymers. Taking into account the potential oxidation of the thiols, the authors
added EDTA to bind transition metals in the first dialysis step. Between 0.5 umol and 142.2
umol thiols per gram polymer were determined by Ellmans assay showing a successful
modification of the polymers with variable thiol content. Swelling studies indicate a higher
swelling behavior of higher cysteine-functionalized polymers that were shown to readily
oxidize and increase its viscosity above a pH of 5. Keeping the pH at 5 leads to stable
polymers for at least 8 hours without notifiable degree of oxidation.[119] These pH-finding
were also influencing the total work of adhesion, showing an improved adhesion of the thiol-
modified polymers to porcine intestinal mucosa at lower pH-values. An increased
attachment of the thiolated polymers (thiomers) to the mucosa at pH 6.8 compared to the
attachment at pH 3 indicate the thiolate as active exchange species for the thiol-disulfide
exchange reaction of the construct with the mucus layer.[119] For the thiol-modification
itself the total work of adhesion was doubled using a conjugate of polymer:cysteine = 8:1

compared to the pure polymer at pH 6.8.

Comparing the adhesion of thiolated polymers were investigated covering polyanions (e.g.
poly(acrylic acid), divinyl glycol crosslinked poly(acrylic acid) and alginate), polycations (e.g.
chitosan) and non-ionic polymers (e.g. hydroxyethyl- and hydroxypropylcellulose). All data
revealed that thiolated polymers exhibited a higher adhesion to the porcine small intestinal
mucosa in comparison to their un-modified references.[120] Here the polymers prepared at
lower pH-values showed an improved adhesion towards the mucosa. This was explained by

the readily exchanging thiols and disulfides.
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Figure 6: Mucoadhesion of thiol-functional polymers with the mucousa. A thiol-disulfide-
exchange/oxidation results in the interpenetrating and fixation of the thiomers in the
mucousa.[15]

Although in contrast to above mentioned results, regarding the oxidation at pH > 5, the
preparation of polymers in acidic media at pH 3 (dialysis) and its drying leads to polymers
with no disulfide-formation or thiol-disulfide exchange. The authors stated that the mucous
layer is at a pH of 5-7 and upon interpenetration of the polymer into the mucus, thiol-

disulfide exchange starts, adhering the polymers with the mucus.

2.6.3. Conjugation applications

Although the conjugation of peptides with polymers does not necessarily target redox-sites
its applications in biomaterial research is also widespread. As sulfur-based chemistries
evolved within the last years improving the efficacy and control of these conjugations the

concepts are also presented.

PEGylation of proteins denotes the attachment of PEG chains to the proteins and was
described in the late 1970s by the group of Frank F. Davis. At that time non-human derived

proteins often led to immunogenicity and, with exceptions, could not be administered to
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patients. Proof-of-concept studies with the PEGylation of bovine serum albumin and bovine
liver catalase led to the first articles dealing with the reduced immunogenicity through
synthetic polymer modifications.[121-123] mPEG1900 was reacted with cyanuric chloride
rendering the mPEG-chain reactive towards amines. As hydrolysis of the activated PEG-
substrate in aqueous solution was an issue a 5-fold excess of activated PEG with respect to
available amines was used. Blood circulating time experiments with 12|_|abeled substrates

125

were used indicating an increased circulating time for mPEG1900-"""I-BSA compared to

1251_BSA in albumin-immunized rabbits.[122] Nowadays, the most abundant polymer used
for the conjugation of proteins and peptides is still PEG. Over the last decades the emerging
field of PEGylation led to the FDA-approval of numerous conjugates that were reviewed in
2011 by Alconcel et al.[124] Covering the surface of the protein and increasing the size of the
conjugate leads to the reduced immunogenicity and the conjugates are not actively removed
by the immune system. Furthermore a prolonged circulation time can be obtained as the
conjugates are artificially enlarged and renal clearance reduced. For this clearance it is stated
that below 5 kDa the substances are completely removed whereas the upper limit for renal
clearance is at 50 kDa.[125] Although stated in literature for molar masses, it has to be noted
that the hydrodynamic size of artificial and synthetic polymers is substance-dependent and
these molar masses are only rough estimations and have to be evaluated for each system.
Substances and pharmaceutics with molar masses, or better hydrodynamic sizes, within the
above mentioned range can be artificially modified e.g. with PEG to expand circulation time
in the blood.

Synthetic strategies for the PEGylation vary, depending on numerous factors such as
resulting activity, available groups, purification procedure etc.. Derivatization of proteins via
their lysine amine side-chains can be accomplished using activated PEG-chains such as above
mentioned cyanuric chlorides, succinimidyl carbonates, para-nitrophenyl carbonate,
succinate N-hydroxysusccinimide and other activated electrophiles.[50] Although the
application of amine-coupling is well established and applied in commercial products it lacks
in site-selectivity potentially leading to an active-site derivatization and hence reducing the
applicability of the derivatization. Therefore different strategies were attempted using other
functional groups along the primary structure of the protein to gain higher selectivity for

PEGylation and a better control of quantity and site. A sulfur-targeting PEGylation of
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proteins is a promising alternative to amine-targeting approaches as the sites are more
specific and groups such as maleimides are highly reactive towards thiols, yielding an
improved site- and chemoselectivity. In general, the cysteine sites can either be along the
amino acids sequence or at its terminus. Furthermore they can be bridged and “used” as
disulfides stabilizing the structure. The number of naturally occurring proteins with free
thiols is restricted. Hence artifically introduced cysteines allow the selective incorporation of
the cysteine at a desired accessible site, but it has to be ruled out that negative effects, such
as activity reduction or denaturation, occur. With both approaches, naturally occurring free-
cysteine-functional proteins and recombinantly modified, proteins were PEGylated. It could
be shown for e.g alproteinase inhibitor (a1Pl) a protein applied for the treatment of
hereditary emphysema,[10] recombinantly derived human granulocyte colony stimulating
factor (rhGCSF) for treatment of neutropenia, [126, 127], glucagon-like peptide 1 for blood
sugar level control, [128] and Interferon IFN-0:2[129]. To gain even more specificity an
intriguing approach for PEGylation was published by Brocchini using the insertion of a three-
carbon long bridge into the protein disulfides. Disulfide bridges are a regularly appearing
structural motif and are an even more specific group for protein conjugation than amines. It
was long assumed that the structural integrity of disulfide-bridges rules out the
functionalization via this motif. In 2006 Shaunak et al. published the bis-alkylation of the

reduced disulfide with an a-,B-unsaturated B'-sulfone-PEG derivative (Scheme 21).
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Scheme 21: a-,B-unsaturated B'-sulfone-PEG used for the three-carbon bridged structural

fixation of proteins derived from former native disulfide-bridges.

Solvent accessible disulfides were assumed to be cleaved by reductive agent though other
non-accessible disulfides are sufficient to maintain the structure of the protein. The
disulfides are cleaved by a reductive agent such as TCEP, followed by a nucleophilic attack of
the thiolate species at the enone (Michael-acceptor). Upon elimination of the sulfinic acid
the Michael —acceptor is regained being accessible for the second attack of another thiolate

(Scheme 22). As the authors stated, this system is beneficial as the sequential addition
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occurs making the reaction dependent on each other. “Common” difunctionalized acceptors,
such as bis-vinylsulfones, exhibit a larger space between the reactive Michael-acceptors,
react independent on each other and lack in control in crosslinking of the original disulfide-

participating sulfur-atoms.
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Scheme 22: PEGylation of disulfide-bridges using o,B-unsaturated-p’-mono-sulfone

functionalized PEG. Reprinted from [130] with permission from Elsevier

With this method Interferon-02 (INF-0i2) was PEGylated yielding mono- and di- PEGylated
INF-o2 with similar activities as commercially available PEGylated IFN-a2 underlying the
validity of this PEGylation strategy. This method offers a promising alternative based on the
sulfur-modification strategies, although it is assumed to lack in large-scale application due to

the seven step synthetic strategy starting from 4-acetyl benzoic acid.[130]

All PEGylation strategies discussed rely on the sulfur-functionalities in the proteins along the
primary amino acid sequence. A recent emerging chemoselective terminal functionalization
approach was originally attempted to couple different protein parts for the synthesis of
whole proteins. The group of Kent published the linking of a C-terminal thioester peptide
with an N-terminal cysteine in 1994 and showed that Native Chemical Ligation is a valid
method for the synthesis of proteins.[131] Chemoselective reaction between the
synthesized thioester (IL-8 (1-33)aCOS-benzyl) and a cysteine (IL-8(34-72)) first yields a

thioester linked Interleukin-8 (Scheme 23).
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Scheme 23: Synthesis of Interleukin-8 using a thioester modified peptide (IL-8(1-33)) and

an N-terminal cysteine-peptide.[131]

A stable amide bond is formed upon nucleophilic attacks of the amine adjacent to the
thioester (S—N shift)). Both parts contained cysteine-residues that could not be observed to
participate in the reaction and only the N-terminal cysteine leads to the conjugation, finally
forming IL-8. Successful folding of the formed peptide under disulfide-formation was
confirmed by X-ray crystal structure and showed the clean reaction obtaining an active
Cys**-side-chain.[131] Here the sulfur-moiety is regained after successful NCL making the

thiol group assisting the reaction, yielding a high chemoselectivity, but not being consumed.

In the past years NCL was shown to be a highly selective method for coupling various
peptides and synthesize proteins. Limited sequence length of amino acids (e.g. by solid-
phase peptide synthesis) can be expanded by coupling synthetic peptide blocks via NCL or
synthetically and biologically derived peptides (expressed protein ligation). C-terminal
thioester peptides substituted with aromatic or aliphatic thiols as leaving group can be used
to perform a kinetically controlled NCL combining various peptide sequences at both
termini.[132] Addition of aromatic thiols such as 4-mercaptophenylacetic acid (MPAA) is
commonly used to catalyze the NCL starting from a quite stable synthesized aliphatic
thioester.[133] These are the preferential synthesized compound as aromatic thiophenol-
esters are less stable in aqueous solution. Alternatives to the “standard” thioesters are a
focus of research balancing the stability of the active ester and its hydrolysis. Blanco-Canosa
introduced the N-acyl-benzimidazolinone (Nbz)-peptides for Fmoc-SPPS-based synthesis of
proteins. Here the Nbz-peptide rapidly reacts with thiols (MPAA) in agueous solution yielding
the NCL-active thioester (Scheme 24).[134]
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Scheme 24: Nbz-activated peptides undergo Nbz-MPAA exchange forming thioesters, able

to perform NCL experiments.

Bis(2-sulfanylethyl)amine functionalized C-termini were used to generated the thioester in
situ. Here the disulfide-containing 1,2,5-dithiazepane amide is reduced with TCEP and two
thiols in proximity to the amide are generated (Figure 7). N—S-shift is obtained by the
“excess” of thiols, compared to the amine, and a thioester results, able to perform NCL,

catalyzed with MPAA.
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Figure 7: Oxidized bis(2-sulfanylethyl)amine-functional peptide performs NCL upon the
presence of a N-terminal cysteine peptide and MPAA as reduction agent. Adapted with

permission from [135]. Copyright 2010 American Chemical Society.
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Coupling thioester-peptides with cysteine-functional polymers allows the specific
conjugation of these components without side-reactions and multiple conjugation as it is
generally observed for above mentioned methods via active esters, maleimides or o-,-
unsaturated B'-sulfone-PEGs. Thioester-functional PEG was synthesized by Marsac et al.
allowing a terminal-PEGylation of Rab6 without permanently modifying other protein-sites.
Activity retention of PEG-Rab6 conjugate was shown in the performed prenylation
experiments.[136] Thioester side-chain functional poly(N-hydroxypropyl methacrylamide)
derivatives were coupled with peptides, as was shown by Ruttekolk et al in 2008. A
commercially obtained p-nitrophenyl ester functional polymer (poly-(HMPA-co-
methacrylate-GG-p-nitrophenyl ester) was activated with benzyl mercaptan and
subsequently reacted with the pro-apoptotic N-terminal cysteine-modified AVPIAQK-
peptide. The AVPIAQK-peptides—functional HMPA polymer promotes the peptide-activity,
assigned to a protective behavior of the polymer regarding the peptide-proteolysis.[137]
Cysteine-functionalization of synthetic polymers was shown in 2005 using poly(propylene
amine) dendrimers. Trityl-protected cysteine was converted to the succinimide-ester, being
reactive towards the terminal amine-groups. Poly(propylene amine) dendrimers equipped
with cysteine-residues were reactive towards MPAL-thioester (mercaptopropionic acid-
leucin)-peptides as was confirmed by ESI-MS.[138] NCL solely with synthetic polymers was
shown in 2009 by Hu et al. using thioester-terminal 4-arm PEG and cysteine-terminal 4-arm
PEG forming hydrogels upon mixing. After 6 min a hydrogel formed using a 20 % (w/v)
polymer solution (in total) at pH =8.3 and 37 °C. Adhesion of human mesenchymal stem
cells was obtained by RGD-modification of the hydrogel. Blank NCL-crosslinked hydrogels did
not show adhesion of hMSCs upon absence of the adhesive peptide.[139] Heteropolymeric
thermoresponsive hydrogels were synthesized by Boere et al. using HA-, or PEG-thioesters
that crosslink with a PEG-PNIPAAmM copolymer (Scheme 25). Physical pregelation, caused by
the LCST of the NIPAAm, was followed by NCL crosslinking strengthening the gel. Cysteine-
terminal CGPRGQOGVMGFO-peptide, that was described being beneficial for differentiation,
proliferation and adhesion, was successfully ligated to the polymer as could be confirmed by

'H-NMR and SEC.[140]

50



frf

CN 0]
PNC deprotected H N
O
O
NH,
SH SH

Y
O

Scheme 25: Cysteine-functionalized thermoresponsive PEG-derivative used for the

hydrogel-formation with PEG- and HA-thioesters. Adapted with permission from [140].

Copyright 2014 American Chemical Society.
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3. Results and discussion

53



54



3.1. Synthesis of polyglycidols

In this chapter the copolymerization of already established polyglycidols with allyl glycidyl
ether (AGE) was performed. The statistical introduction of AGE allows the polymer-analog
modification of the polymers via the double bond together with a control over
polymerization. Parameters such as solvent effects, the counter ion and the monomer feed
rate were investigated for both homo- and copolymers regarding the kinetics, molar mass

and dispersity.

Parts of this chapter were already submitted for publication, but are neither yet accepted,

nor published.
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3.1.1. Polymerization in Eppendorf caps.

All polymerizations are necessarily performed under inert atmosphere with the absence of
water or other compounds with an acidic proton that can be abstracted by the active
oxyanionic species. All hardware used for the polymerization (glass ware, Eppendorf caps)
was heated prior being used and flushed with Ar or N,. Eppendorf caps were equipped with
a stirring bar, heated to 85 °C and subsequently inserted into the glovebox chamber,
immediately starting an evacuation protocol. This includes evacuation for 5 min, purging
with N, (2x) and finally evacuation for 30 min and finally purging with N,. A stock solution of
the initiator, the monomer and the solvent was prepared. After preparation, Eppendorf caps
were each equipped with 50 pL of the stock solution, enough for *H NMR and SEC
measurements. For analysis, the reaction in the Eppendorf cap was quenched with 650 uL of
1 % ethanol in deuterated chloroform (1% EtOH/CDCIs). This solution was directly analyzed
by 'H-NMR spectroscopy to determine the conversion. Afterwards, the volatile components
of the NMR tube were removed and the residual polymer dissolved in the SEC-eluent (DMF
with 1 g L™ LiBr).

The kinetic investigation of the polymerization was performed in Eppendorf caps equipped
with stirring bars. Commonly, anionic ring-opening polymerizations (aROP) of oxiranes are
performed in glassware that was dried under heating und reduced pressure conditions. Both
methods have their advantages and disadvantages. The glassware can be dried at higher
temperatures as the melting point of glass is much higher than that of poly(propylene) out of
which Eppendorf caps are made. As a drawback for the reactions in glassware, a septum is
used that is punctured several times with a needle to introduce solvents, monomers or to
remove samples of the ongoing reaction. Viscosity of the solution is especially for bulk
polymerizations an issue and an aliquot cannot be removed properly by using a syringe. This
drawback of aliquotation can be circumvented using Eppendorf caps, as each data point is
obtained by quenching one cap. Nonetheless, it should be noted that the volume of the
Eppendorf-cap experiments are rather small. With this, no direct information transfer to
larger scales can be drawn, as mass and heat transport in the small caps are assumed to be
more efficient.

Kinetic experiments were investigated in Eppendorf caps as both polymerizations with

solvent and in bulk were attempted. Here, every cap is used as a single reactor. No published
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procedure is known that describes the polymerization of EEGE and AGE in Eppendorf caps,
and air- and water-tightness of the caps were critical points for the reaction. First, the
suitability of this method was tested. According to the literature, at T < 60 °C with DP < 100
no side-reactions were observed that results in allylic end-group formation. This side-
reaction occurs at high temperatures and high molar masses, i.e. a high [M]:[I] ratio.[61]
Therefore, a temperature of 45 °C and a DP of 50 were choosen for the evaluation of the
Eppendorf caps as reaction vessels.

As described in the introduction, the living ring-opening polymerization of EEGE and AGE
exhibits first-order kinetics without transfer or termination reactions. For all experiments
performed, the suitability was hence checked by monitoring the linear growth of the molar
mass with conversion.

THF from the initiator solution (1M KOtBu in THF) was the only solvent present in the
experiment. A linear relation between molar-mass and conversion was obtained at 45°C
within one day (Figure 8). Molar-masses were determined by SEC in DMF with 1 g L™ LiBr
and a flow rate of 1 mL min™ with PEG as calibration standard. Each data point reflects the
guenching of an Eppendorf cap with CDCl5/EtOH solution (EtOH 1%). The conversions were
directly analyzed by 'H-NMR spectroscopy and subsequently M, and D were determined by

SEC measurements using a Rl detector.
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Figure 8: Molar-mass—time plot for the polymerization of EEGE with KOtBu in THF at 45 °C

in Eppendorf caps and linear fitting (red line) of the data points (first two data points

excluded).
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Workup of the reaction solutions were not performed as smaller or higher fractions of the
polymer might be removed. Determination of M, and P via a universal calibration was not
performed as residual amounts of monomer, solvent and potassium ethoxide, formed upon
qguenching, are still present. The calibration of the SEC system was performed using PEG with
M > 600 g mol™ as standard. Molar masses below the lower limit of the calibration hence do
not necessarily have to be correct. Additionally, system signals and injection signal at the low
molar-mass region merge with the polymer signal leading to an inaccurate determination of
the polymer curve and hence the molar mass. The non-linear relation between M, and
conversion, observed at a conversion of less than 10 % (Figure 8), was assigned to these
analytical inaccuracies. From 13.5 % till 100 % conversion, a linear increase of the molar
mass with the conversion is observed indicating the living character of the reaction. These
data show that Eppendorf caps equipped with stirring bars are appropriate reactions vessels
for the living-anionic ring opening polymerization studies of glycidols under the chosen

conditions.

3.1.2. Polymerization with KOtBu in THF
3.1.2.1. DP influence of EEGE polymerization

The polymerization of EEGE was performed with potassium tert-butoxide as initiator with
THF as the solvent. At the beginning every 10 min, then every 30 min and finally every
60 min an Eppendorf cap was quenched with CDCl3/EtOH (1 % EtOH). The conversion was
determined using 'H-NMR spectroscopy. At & = 4.70 ppm the signal of the acetal-H of the
monomer was detected that slightly shifts upfield to & =4.63 ppm in the polymer (Figure 9).
As the overall integral equals all monomer and polymerized units the integral was set to 100.
The average integral of the three oxirane-ring protons at 6 = 3.08, 2.74 and 2.56 ppm was
used to determine the residual content of the monomer and calculate the conversion. For
the example *H-NMR spectrum after 50 min in Figure 9 the conversion is

X = 100 — (13.08ppm+12.74-3ppm+12.56ppm) = 44%.

The conversions of all quenched Eppendorf caps were determined and plotted against time
(Figure 10). Up to 30 min a non-linear increase of the conversion with time was observed.
Afterwards a linear slope between 30 and 100 minutes was detected, followed by a

continuous decrease of the slope.
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Figure 9: "H-NMR spectrum of poly(EEGE) with DP = 20 in CDCl; at 44 % conversion.
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Figure 10: Conversion-time plot of EEGE polymerization with DP =20 and KOtBu as
initiator at 45 °C in THF.
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Figure 11: Molar-mass and dipersity—conversion plot of EEGE polymerization initiated with
KOtBu in THF at 45°C. Molar mass (M) increases linearly (linear fit: red line) with
conversion typical for a living polymerization. Dispersity (M) slightly decreases with

increasing conversion.

Number-average molar masses M, as well as dispersities P were determined by SEC and
plotted against the conversion (Figure 11). A linear increase of M, with conversion was
observed for conversions higher 25 %. As the linearity of the reaction would be disturbed by
e.g. water or other protic impurities with proceeding conversion, a living character of the
polymerization is assumed by the relationship of molar-mass and conversion. Figure 11 also
shows the evolution of the dispersity © determined for poly(EEGE) with DP = 20. In general,
values of D < 1.2 were arbitrarily chosen to define polymers as narrowly distributed. The
dispersities of the synthesized poly(EEGE) with DP = 20 at the various stages of conversion
are always below D = 1.2. Therefor a narrow molar-mass distributed polymer was obtained.
Figure 12 shows the SEC-elugram in DMF of the final polymer having a monomodal

distribution with M,, = 1840 g mol™ and P = 1.17.
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Figure 12: SEC trace of the final poly(EEGE) obtained with KOtBu as initiator at 45 °C and
DP=20 in THF. A final M,,=1840 g mol™® and D = 1.17 was obtained.

The living ring-opening polymerization is a reaction of first-order in the monomer. In chapter

2.3 the following equation was derived.

M
—In (M_()) = kappt

Regarding this equation, plotting —In(My/Mg) against t leads to a linear relation with the
slope kapp that is the apparent rate constant of the reaction. This first-order kinetics plot is
shown in Figure 13. At the beginning of the polymerization an induction period with a steady
non-linear increase of the apparent rate constant was detected. After 3600 s (60 min, 44 %
conversion) a linear increase indicates that the reaction is of first-order in this time slot up to
9000 s (150 min, 94 % conversion). The apparent rate constant k,,, was also determined and
a value of kapp = 4.23-10™ s™ was obtained for the linear relation.

To determine the rate of propagation k, kapp has to be divided by the initial concentration of

the initiator [l].

k—@

o1
With a concentration of [I] =0.249 M and kapp = 4.23-10" s™ the rate of propagation is
k =1.70-10 L mol™ s for EEGE with DP = 20 initiated with KOtBu at 45 °C.

61



20- \ .
1 kpp=4.2310 S

1.5 2

0 5000 ' 10000 ' 15000

t[s]
Figure 13: First-order kinetics plot of the polymerization of EEGE with DP = 20 initiated
with KOtBu in THF at 45 °C. A linear relation was determined between 3600 and 9000 s

(60-150 min). The apparent rate constant was obtained by a linear fit (red line) and the

slope is inserted with k,p, = 4.23 10 5™,

The conversion—time plot observed for the same reaction parameters with an aimed DP =50
can be seen in Figure 14. After 40 min a linear increase of the conversion with time can be
observed. After 100 min a continuous decrease in the slope can be observed. In contrast to
the reaction with DP =20 after 300 min, the reaction with DP =50 was incompleted after
370 min with a conversion of 99 %.

Figure 15 shows a linear increase of M, with conversion, indicating a chain polymerization of
EEGE without transfer or termination reactions also for DP = 50. Of course due to the aimed
higher DP in this case, the absolute values of M,, are higher as compared to the values shown
in Figure 11. Here a M, = 3200 g mol™ was determined in contrast to M, = 1840 g mol™ for

DP = 20. It should be noted that the M,, determined for DP = 50 was at 99 % conversion.
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Figure 14: Conversion-time plot of EEGE polymerization with DP=50 and KOtBu as initiator

at 45 °Cin THF.
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Figure 15: Molar-mass— and dispersity—conversion plot of EEGE polymerization with DP=50
initiated with KOtBu at 45 °C in THF. Linear relationship (linear fit: red line) between
number-average molar mass () and conversion is indicated which is typical for a living
polymerization. Dispersity (M) is decreasing with the conversion. The initial increase is

assigned to the inaccuracy of SEC analysis.
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The evolution of the molar-mass and £ with conversion is shown in Figure 15. D is finally
below 1.2 as it is expected for a living polymerization and reaches a value of P = 1.17. Initial
variation of B up to 28 % conversion is assigned to the inaccuracy of SEC measurements as
the polymer signal cannot completely be separated from residual monomer or solvent
signals. After 28 % conversion  decreases to ® = 1.17 and does not significantly change over
time. The SEC elugramm in Figure 16 also shows a monomodal molar-mass distribution of
poly(EEGE) with DP = 50 and M, = 3200 g mol™ at a conversion of 99 %. For this elugram a
small high molar-mass fraction is observed. In contrast to described protocols with e.g.
120 °C in diglyme and potassium as counterion,[61] this higher molar-mass fraction is less
present due to lower polymerization temperatures. As the fraction in literature can be
observed as a clear separated signal in the elugramm, here only an almost negligible
shoulder is observed. Comparing the results with the DP = 20 experiment, ® = 1.17 for both
experiments, indicates that there is no obvious change in control over polymerization. In
both EEGE polymerizations, with 20 and 50 repeating units, control over molar-mass,
dispersity and modality is good. Although D =1.17 is at the upper limit of the definition of

narrow molar-mass distribution the distribution is still judged as narrow.
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Figure 16: SEC trace of the final poly(EEGE) obtained with KOtBu as initiator at 45 °C and
DP = 50 in THF. For this poly(EEGE) a M, of 3200 g mol™ and P = 1.17 were obtained.
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The first-order kinetics plot of the polymerization (Figure 17) with DP=50 also indicates an
induction period at the beginning of the polymerization. After 3000s (50 min, 28 %
conversion) a linear increase is detected. At 18600 s (310 min, 98 % conversion) the data
point slightly deviates from the linear relation and was not used for the determination of the
slope with kapp = 2.61-10" s™. With an initiator concentration of [I] = 0.120 M, a propagation
rate constant of k = 2.18-10” L mol™ s™* was obtained.

Studies by Schmidt et al., using X-Ray, IR- and Raman measurements, showed that crystalline
KOtBu exhibits a tetrameric cubic structure that is preserved after dissolution in THF.[141]
Chisholm et al. confirmed these results and stated that the interaction of K" with THF is more
weakly than with the alkoxide that leads to the maintenance of the cubic structure in
solution.[142] The induction period of both polymerizations with DP=20 and DP=50 can be
explained by this observation. Initially, at low degrees of polymerization, the K'—alkoxide
structure are oligomeric and with growing polymer chain length the steric demand increases.
This increase leads finally to a disruption of the structure. With time this leads to single K'-
polymer alkoxide species that are then assumed to exhibit a reaction of first-order, visible as
the linear region in the first-order kinetics plots. With a DP=20 this linear region starts at a
conversion of 44 % (DP=9) and for a DP=50 at 28 % (DP=14). It has to be noted that both
starting points of the linear fitting were evaluated solely on the obtained data. A more
detailed investigation would be necessary to define the DP at which solely single K'—polymer
alkoxide species are present and confirm this hypothesis. These investigations would exceed

the scope of this thesis.
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Figure 17: First-order kinetics plot of the polymerization of EEGE with DP =50 initiated
with KOtBu in THF at 45 °C. The apparent rate constant was obtained by a linear fit (red

line) and the slope is inserted with k,,, = 2.61 10 s™.

3.1.2.2. DP influence of AGE polymerization

Conversion of AGE polymerization was also determined by 'H-NMR spectroscopy. As the
AGE monomer shows different signals in *H-NMR, the quantification by integration of the
signal had to be modified. It is assumed that the overall content of allyl groups is
independent on the degree of polymerization. Hence, the signal at & =5.95-5.75 ppm in
CDCls, assigned to the allyl-proton CH,=CH-CH,-R, was used as reference and set to 100 (see
Figure 18) for the percentage of conversion. The average value of all three epoxide-ring
protons at d=3.20, 2.72 and 2.60 ppm was used to determine the residual amount of
monomers. After 50 min an example *H-NMR spectrum of poly(AGE) was recorded and is
shown in Figure 18. Regarding this spectrum, the conversion is determined to be 74.9 %. This
procedure was performed for all quenched Eppendorf cap contents and the results used for

the determination of the conversion.
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AGE was polymerized with KOtBu at 45 °C in Eppendorf caps with DP = 20. The conversion—
time plot is shown in Figure 19. The conversion increases very fast at the beginning and is
slowing down after approximately 75 min. The linear region starts right at the beginning of
the reaction and lasts till 60 min. In contrast to EEGE polymerization (see 3.1.2.1) full
conversion is reached after 200 min. This indicates a faster polymerization of AGE in contrast

to EEGE.
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Figure 18: 'H-NMR spectrum of poly(AGE) in CDCl; showing typical allyl signals at & = 5.90-
5.50 ppm and epoxide-ring signals at 6 = 3.20, 2.72 and 2.60 ppm.

100 . = - - -
n
7 .
9 n
o 60
c
o
o
2 40
8 "
204 =
[ ]
0 T T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
t [min]

Figure 19: Conversion-time plot of AGE polymerization with DP = 20 and KOtBu as initiator

at 45 °Cin THF.
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Figure 20: Molar-mass and dispersity—conversion plot for AGE polymerization with DP=20
initiated with KOtBu at 45 °C in THF. Linear relationship between molar-mass (ll) and
conversion (linear fit: red line) is indicated which is typical for a living polymerization.

Dispersity () shows inconsistencies during the course of reaction.

M,- and D-dependencies on the conversion are given in Figure 20. The linear relation of M,
with conversion also indicates the living character of the reaction. Although the living
character is indicated, the dispersity of the reaction product is too high. A dispersity of
D =1.26 (with M, = 1912 g mol™) was obtained for the final product. These values are higher
than 1.2 and the resulting poly(AGE) should not be determined as narrowly distributed. The
SEC traces were recorded and allowed a further look into detail of the evolution of the
dispersity. Figure 21 shows the elugrams of poly(AGE) after 40 min and 270 min
polymerization time at 45 °C with KOtBu as initiator in THF with an aimed DP of 20. At higher
conversion (100 % after 270 min) a shoulder can be observed at higher molar-masses.
Although this shoulder is more pronounced in the final polymer than after 40 min (51.4 %
conversion), the dispersity only slightly increases from D = 1.24 to 1.26. In combination with
Figure 20, dispersity is similar in course of the whole reaction. This leads to the assumption

that a side-reaction occurs at the beginning of the reaction, but is not significantly changing
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with time. In general, a change from colorless monomers to yellowish/brownish polymers
occurs upon addition of the monomer to the initiator solution. Regarding the polymer,
poly(AGE) was more intense in a yellow/brownish color than poly(EEGE). Additionall, in the
case of AGE polymerization it was observed that this colour change is faster and more
intense.

The first-order kinetics plot of the polymerization of AGE with DP=20 initiated with KOtBu at
45 °C also shows a non-linear increase at the beginning of the polymerization (Figure 22).
After 1800 s (30 min, 35 % conversion) a linear increase was observed with a slope of
Kapp = 5.31-10% s™. After 3600 s (60 min, 75 % conversion) the slope decreases again. The
initial non-linear increase was also assigned to the presence of tetrameric clusters of the
initiator in the solution. With a conversion of 35 %, this corresponds to a chain length of DP =
7. From the linear increase the propagation rate constant was determined with an initiator
concentration of [I] =0.305 M. For the polymerization of AGE under the given conditions, a
rate of propagation of k=1.74-10> L mol® s* was obtained. Although these results are
similar for the polymerization of EEGE with DP = 20 (k=1.70-10% L mol™ s) it has to be
noted that the determination of k was performed only once and no standard deviation can

be given.
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Figure 21: SEC elugram of poly(AGE) after 40 min and 270 min polymerization initiated
with KOtBu at 45 °C in THF with inserted dispersities.
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Figure 22: First-order kinetics plot of the polymerization of AGE with DP=20 initiated with
KOtBu at 45 °C. A small induction period at the beginning of the reaction is observed with
a subsequent linear slope. The apparent rate constant ka,,,,=5.31-10'4 s (determined by a

linear fitting (red line)) is inserted.

The polymerization of AGE was also investigated for DP = 50 initiated with KOtBu in THF at
45 °C. The full conversion—time plot is shown in Figure 23 and can be compared to the
conversion—time plot of poly(AGE) with DP =20 (Figure 19). This shows that the
polymerization of AGE with DP = 20 is completed after 270 min, whereas polymerization for
a DP of 50 takes longer with 330 min for 98 % conversion.

The M,— and dispersity—conversion plot is shown in Figure 24. A more detailed look into the
course of polymerization, regarding M, evolution, reveals that the polymerization itself
indicates a living character, whereas the dispersity of the molar-mass distribution increases
from B =1.28 (30 %) to D = 1.36 (98 %) with conversion (Figure 24). This increase in D is not
observed with DP = 20 and suggests a pronounced side-reaction that is not directly visible by

the evolution of M,,.
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Figure 23: Conversion—-time plot of AGE polymerization with DP=50 and KOtBu as initiator

at 45 °C in THF. After 330 min a conversion of 98 % was obtained.
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Figure 24: M,- and dispersity—conversion plot of AGE polymerization with DP=50 initiated
with KOtBu at 45 °C in THF. Linear relationship (linear fit: red line) between M,, (H) and
conversion is indicated which is typical for a living polymerization. Dispersity (H) is

increasing with the conversion and also shows strong variations during the polymerization.
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Figure 25: SEC trace of poly(AGE) polymerized with KOtBu in THF at 45 °C with DP=50.

Dispersities are inserted for the corresponding SEC trace. An evolving bimodality with

higher reaction times was detected with a concurrent increase in dispersity.

The evolution of SEC traces is shown in Figure 25. After 30 min polymerization at 45 °C the
SEC trace is already broad and dispersity of the polymer is determined to be P = 1.28 with a
number-average molar mass of M, = 1614 g mol™. Further polymerization shifts the SEC
traces to higher molar masses with M,=1961¢g mol™ (P=1.29) after 50 min and
M, = 3744 g mol™ (P = 1.38) after 330 min. The curve of the elugram indicates an evolution
of an additional species with approximately the double molar mass. At the beginning (30
min) a broad curve and P = 1.29 is given. The initial broad curve gets more and more defined
and bimodality evolves. Together with Figure 24 the appearance of the second polymer
species correlates with the increase of the dispersity reaching a final  of 1.36. It has to be
noted that the relationship of M, and conversion is still linear, indicating a living character of
the polymerization.

Plotting -In(M/My) against time (Figure 26) was used to investigate the first-order kinetics of
the reaction. At the beginning a small continuous increase of the slope appears up to a time
point of approximately 1800 s (30 min). This was also assigned to the disintegration of the
initiator tetramers at the beginning of polymerization as was described in chapter 3.1.2.1 for

the polymerization of EEGE with KOtBu in THF. After this small induction period, a linear
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increase from 1800 s (30 min, 29 % conversion) to 5400 s (90 min, 80 % conversion) was
detected. With a conversion of 29 % this corresponds to a DP=15. This linear relation was
used to determine k,p,. Here an apparent rate constant of k., = 3.51-10 s was obtained.
The initiator concentration was [I]=0.146 M and a propagation rate constant of
k =2.40-10° L mol™ s* was calculated. A similar propagation rate for the polymerization of
EEGE with DP =50 initiated KOtBu in THF at 45 °C was obtained (k = 2.18:10 L mol™® s). The
slightly faster polymerization for AGE in contrast to EEGE was observed for both DP = 20 and
DP =50. The final decrease of reaction rate is assigned to the reduced content of residual

monomer in the solution slowing down the conversion rate.
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Figure 26: First-order kinetics plot of AGE polymerization with DP=50 and KOtBu as
initiator at 45 °C in THF. The linear fit (red line) between 1800 and 5400 s was used to

determine kapp, having a value of k,p, = 3.51-10 5™,
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3.1.2.3. EEGE and AGE copolymerization

The conversion—time plot (Figure 27) of the copolymerization of EEGE and AGE with
EEGE:AGE=45:5, initiated with KOtBu at 45 °C in THF, was obtained by using ‘H-NMR
spectroscopy as was described in the previous chapters. Here a strong increase in conversion
with time can be observed at the beginning and the continuous decrease in the conversion
slope after approximately 120 min. A conversion of 82 % after 60 min was declared as an
outlier as it obviously does not correlate with the clearly visible relationship of conversion

with time in Figure 27.

100 —

90 :
1 .

80 =

70 - .

60

50

40

Conversion [%]

30 _ n
20 — ]
10 —
0+ —r+ T T+ T T T T T T "+ T T 1
0 50 100 150 200 250 300 350 400

t [min]

Figure 27: Conversion—-time plot of EEGE:AGE=45:5 copolymerization at 45 °C initiated with

KOtBu in THF. The red highlighted data point was declared as an outlier.
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Figure 28: Molar-mass and dispersity—conversion plot of the copolymerization of EEGE and

AGE with EEGE:AGE=45:5 initiated with KOtBu in THF at 45 °C. Linear relationship between

molar-mass () and conversion is indicated with a linear fit (red line). Dispersity (H)

increases with conversion and decreases upon reaching a conversion of 95 %.

The linear relationship between M, (determined by SEC in DMF with 1.0 gL LiBr) and
conversion indicated a copolymerization without termination and side-reactions (Figure 28).
After 95 % conversion (determined by 'H NMR) the molar mass seems to increase no
further. This can be explained by analytical issues. 5% of the reaction mixture equal
approximately 2.5 repeating units with an overall DP =50. A theoretical maximum molar-
mass increase of additional 2.5 repeating units at the end would add 360 g mol™
(2.5 - I\/IEEGE=144gmoI'1). AGE was used with 10 % in the comonomer-mixture and the
residual AGE content is 0.25 units. It is assumed that it can be neglected for further
calculations. M =360 g mol™ is used with the M,—conversion relationship in Figure 28. The
slope of the M,—conversion relationship was determined to be 27 g (mol - %), Theoretically,
these 360 g mol™ correspond to a conversion of 13 %. This error can be assigned to the
calibration of the SEC with poly(ethylene glycol) (PEG). As PEG is assumed to differently coil
in DMF/LiBr compared to poly(EEGE-co-AGE), different hydrodynamic radii result for the
same molar mass. Therefore molar masses determined by SEC are different from theoretical

values. Additionally, copolymers might have polymeric structures other than random coils
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further increasing the error. The factor between “SEC-conversion” and “NMR-conversion”

was determined to be:
13 %
2.5 %

If this correction factor is used for recalculating the increase in molar mass that should be

= 5.2

visible in SEC a value of

3601 6g

5.2 . mol mol

is obtained. This order of molar mass increase is quite hard to be interpreted in SEC as the
accuracy of this method is limited.

D of the polymer was also determined by SEC as it is shown in Figure 28. The small increase
of the dispersity from the beginning (P = 1.17) to a conversion of 90 % (D = 1.21) can be
assigned to the presence of AGE. This monomer exhibits side-reactions at the beginning of
the polymerization that might lead to a slight increase in © with time as was shown before
(chapter 3.1.2.2). For conversions higher 95 %, D decreases again. This is also assigned to a
mixture of inaccuracy and copolymer behavior in the mobile SEC phase. The final polymer
hadaM,=3205¢g mol™®and ® = 1.21.

A first-order kinetics plot was used to investigate aforementioned induction period and to
determine the apparent rate constant (Figure 29). It should be noted that the overall rate
constant was determined covering the total monomer consumption and it was not
distinguished between AGE and EEGE monomer. The monomeric- and polymeric signals of
the acetal-H group of EEGE in 'H-NMR spectroscopy overlap and cannot clearly be separated
for integration. Especially for the allyl-group signals of AGE in 'H-NMR spectroscopy a
separation is impossible. Furthermore, propagation rate constants determined for the
homopolymerization of EEGE and AGE before indicate a similar rate that is confirmed by
literature.[69] The induction period, ascribed to the tetrameric structure of the initiator in
THF, was detected up to 1500 s (25 min, 13 % conversion). This corresponds to a DP of 7
although it has to be noted that the transition of the induction period to the linear region
cannot be fully resolved. The apparent rate constant was determined to be
kapp=3.01-10’4 s, With an initiator concentration of [I] =0.122 M an overall propagation

rate of k = 2.47-10°> L mol ™ s was obtained.
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Figure 29: First-order kinetics plot for the copolymerization of EEGE and AGE with
EEGE:AGE=45:5 with KOtBu in THF at 45 °C. The slope (linear fit: red line) was used to

determine k,,, having a value of 3.01-10* s™.

3.1.3. Polymerization with Cs* as counter ion in THF

The counter ion of IROPs plays an important role as the nature of the active species can vary,
depending on the parameters. In the polymerization conditions that were investigated,
potassium alkoxides and cesium alkoxides are either present as polarized covalently binding
pair, contact ion pair, solvent separated ion pair or free ions mainly determining the
reactivity of the active species.

KOtBu was obtained as a THF solution (1 M) by Sigma-Aldrich. In contrast to that, the cesium
initiator solution was prepared before investigation of the polymerization. Phenoxyethanol,
benzylic alcohol, mPEG500 and triethylene glycol monomethyl ether were investigated as

initiator.
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Three factors were considered to be important and advantageous for the polymerization.
1. The initiator solubility in THF.
2. Initiator signals shall not overlap with polymer signals in *H-NMR spectroscopy. This
is required to determine M, with the initiator as internal reference.
3. It should be short/small and not influence the properties of the resulting

polyglycidols.

3.1.3.1. Initiator selection

Phenoxyethanol was tested as the initiator. The aromatic signal of the phenyl ring usually
appears in "H-NMR spectra around 7 ppm. As there are no signals to be expected for the
polyglycidols, neither poly(AGE) nor poly(EEGE), a M, determination via ‘H-NMR
spectroscopy should be possible. The slight excess of alcohol (1.05 eq wrt CsOH) was stirred
with CsOH in benzene for 45 min at 60 °C under dry and inert atmosphere (argon).
Afterwards all volatile components (benzene, water) were removed under reduced pressure
(10 mbar) at 90 °C overnight. Inside the glovebox, THF as solvent was added to the initiator.
Already at this time point it was visible that the solubility of Cs-phenoxyethanolate was
limited. Nonetheless the polymerization was performed. The turbid solution was mixed with
the monomer and 50 plL aliquots put into Eppendorf caps.

Cs-phenoxyethanolat as initiator was used at 45 °C in THF to polymerize EEGE. Plotting the
conversion of the EEGE monomer (determined by 'H-NMR) against time indicates a
polymerization that is not completed after 2880 min (91 % conversion, Figure 30). This is
assumed to be caused by the limited solubility of the initiator in the solvent and a closer
bonding between the Cs* and the alkoxide in comparison to the K" with the alkoxide. As a
more close packing between the ions hinders the nucleophilic opening of the epoxide-ring,

the reaction rate is reduced.
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Figure 30: Conversion-time plot for the polymerization of EEGE with Cs-

phenoxyethanolate in THF at 45 °C.
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Figure 31: SEC trace of poly(EEGE) after 2880 min and 91 % conversion of EEGE with Cs-
phenoxyethanolate at 45 °C in THF. The polymer had M, = 2500 g mol™ and P = 1.13.
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The molar mass was determined to be M, =2500 g mol™ as can be seen in Figure 31.
Expected molar masses of 3000-3500 g mol™ for poly(EEGE) with DP=50 in DMF (with 1g/L
LiBr) were not reached confirming the incomplete conversion already determined by 'H
NMR. It should be noted that a monomodal molar-mass distribution was obtained with a
dispersity of & =1.13.

The first-order kinetics plot of the polymerization of EEGE with DP = 50 initiated with Cs-
phenoxyethanolat in THF at 45 °C was investigated (Figure 32). After 1200 s (20 min) 3 % of
the monomer was converted and a linear increase in the first-order kinetics plot was
observed. Here two apparent rate constants were determined by linear fits as two regions in
the first-order kinetics plot showed a linear increase. The first linear fit was found between
1200 s and 3600 s. With an apparent rate constant of 1.31-10” s, and under the assumption
that all initiator is active, a propagation rate of k; = 1.27-10” L mol™ s was obtained. From
5400 s (90 min, 14 % conversion) to 10800 s (180 min, 30 % conversion) a second linear
increase starts with kjpp = 3.83-107 s and therefore k, =3.72-10* L mol™ s™. A reason for
these two linear increases requires further investigation, but could be assigned to the
solubility issues observed at the preparation of the initiator. Both rates of propagation are
approximately one order of magnitude lower than the polymerizations initiated with KOtBu.
Although a good dispersity was obtained for the final polymer, the limited solubility restricts

the use of Cs-phenoxyethanolate as initiator.
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Figure 32: First-order kinetics plot of the polymerization of EEGE with Cs-
phenoxyethanolate in THF at 45 °C with inserted apparent rate constants for two linear

regions. Both slopes were determined by a linear fit (red line) of the data points.

Changing the alcohol from phenoxyethanol to benzylic alcohol showed the same solubility
issues. Slightly turbid solutions were obtained after trying to solubilize the Cs-benzylalkoxide
in THF. The solubility of the initiator is strongly influenced by the chemical composition of
the alcohol. It was assumed that an increase of the chain length of the alcohol would
improve the solubility of the corresponding Cs-alkoxide in THF. As PEG readily dissolves in
THF, a Cs-PEG alkoxide should be a promising candidate to diminish the issues of initiator
solubility. Evaluating the limit between solubility and chain length, mPEG500 was used in a
first try. The PEG chain has to be as short as possible to reduced the influence of the
terminal PEG-chain on the physical properties of the resulting poly(glycidol)s.

The Cs*/mPEG500-alkoxide initiator was prepared by the same protocol as the former Cs-
alkoxides. Upon addition of THF in the glovebox the initiator readily dissolved and was used
for the polymerization of EEGE and AGE. Additionally, to the inherent solubility of the PEG
chain in THF, the coordination of the Cs* with the PEG-ether is assumed to cause the

solubility of the Cs*/mPEG500-alkoxide in THF. This is based on the consideration that

81



insoluble cesium salts, e.g. in THF, can readily be dissolved by using crown-ethers as
additives that form a complexe with the Cs* cation.[143]

Conversion—time plots for the polymerizations of EEGE and AGE with DP =50 with the
Cs’/mPEG500-alkoxide as initiator in THF at 45 °C were created. Regarding the conversion—
time plot, the polymerization with KOtBu is completed earlier than polymerizations initiated
with Cs’/mPEG500-alkoxide. Using KOtBu as initiator, after 370 min a conversion of 99 %
was found (chapter 3.1.2.1). For a Cs'/mPEG500-alkoxide initiated polymerization, after
1440 min a conversion of 92 % was obtained for the polymerization of EEGE (Figure 33). A
similar observation was found for the polymerization of AGE. Initiated with KOtBu and a
DP of 50, after 330 min a conversion of 98 % was obtained (chapter 3.1.2.2). If the initiation
of the AGE polymerization with DP = 50 was performed with Cs’/mPEG500-alkoxide, after
2880 min a conversion of 88 % was obtained (Figure 34). To further investigate these
differences, a detailed analysis of the propagation rates is given below.

For the polymerization of EEGE the molar mass evolution shows a linear relationship in the
range of 16 — 74 % as it is indicated by a linear fit of these data (Figure 35). The data point
obtained for a conversion of 9 % (M, = 764 g mol™) slightly deviated from this linear trend.
For the data points at 80 % conversion (277 min) and 92 % (1440 min) higher M, are
expected regarding the linear trend. After 24 h poly(EEGE) had a molar mass of
M, = 2696 g mol™ (92 % conversion) and a dispersity of B = 1.10.

For the polymerization of AGE with DP = 50 and Cs'/mPEG500-alkoxide as initiator in THF at
45 °C a linear increase of M, with conversion was observed in a range of 9 - 28 % (Figure 36).
At lower conversions a linear trend can also be observed, slightly shifted to lower M, values.
This can be assigned, especially for the data points at 1 and 4 %, to the inaccuracy of the SEC
as these values have M, of 578 and 619 g mol'l, respectively. These values are at the lower
calibration limit of the SEC and the SEC elugrams show a partial overlap with residual
monomer signals. After 24 h a conversion of 79 % was determined and a M, of 1575 g mol™
together with a dispersity of © = 1.13 was obtained for poly(AGE). Here also a higher M, was
expected as this data point deviates from the linear trend obtained for the data points

between 9 - 28 %.
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Figure 33: Conversion—time plot for EEGE polymerization with DP=50 and Cs*/mPEG500-
alkoxide as initiator at 45 °C in THF.
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Figure 34: Conversion—time plot for AGE polymerization with DP=50 and Cs’/mPEG500-
alkoxide as initiator at 45 °C in THF.
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Figure 35: Molar-mass and dispersity—conversion plot of the EEGE polymerization with
DP=50 and Cs*/mPEG500-alkoxide as initiator at 45 °C in THF. Linear fitting (red line) of the
molar mass (H) is valid for the conversion range of 16-74 %. Dispersity () has higher

values at the beginning and gets constant with increasing conversion.
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Figure 36: Molar-mass and dispersity—conversion plot of the AGE polymerization with
DP =50 and Cs'/mPEG500-alkoxide as initiator at 45 °C in THF. A linear fitting of M,, (H)

with conversion can be obtained between 9 and 28 % (red line). Dispersity (M) is constant

for conversions higher than 10 %.
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Figure 37: SEC trace of poly(EEGE) with DP=50 obtained by polymerizing EEGE with

Cs'/mPEG500-alkoxide as initiator in THF at 45 °C. The polymer had M, = 2696 g mol™ and

b = 1.10 after 24 h polymerization (92 % conversion).
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Figure 38: SEC trace of poly(AGE) with DP=50 obtained by polymerizing AGE with

Cs'/mPEG500-alkoxide as initiator in THF at 45 °C. The polymer had M, = 1575 g mol™ and

b = 1.13 after 24 h polymerization (79 % conversion).
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With respect to the molar-mass distributions, SEC analyses indicate a well control over both
polymerizations (Figure 37 and Figure 38). SEC elugrams after 24 h show monomodal
distributions with ®=1.10 for poly(EEGE) and £ =1.13 for poly(AGE) with 92 % and 79 %
conversion, respectively. For both polymerizations dispersities are constant over the whole
course of reaction and do not significantly increase or decrease (Figure 35 and Figure 36).

First-order kinetics plot of the polymerization of EEGE with Cs’/mPEG500-alkoxide in THF at
45 °C shows a good accordance with the first-order kinetics from 0-7620s (0- 127 min, O -
62 % conversion) (Figure 39). Here with an apparent rate constant of k,pp, = 1.25:10% s, a

rate of propagation of k= 1.16-:10% L mol® s™

was obtained. Interestingly, after 7620s
(157 min, conversions higher 62 %) a decrease in the slope was detected. A reason for this
decrease could be assigned to a steric hindrance of the active chain end and reduced
monomer content. The Cs* cation is assumed to be complexed with the synthesized
polyether backbone and/or the ether backbone of the initiator. The negatively charged
active chain end is attached to the complexed Cs" cation. With a growing polymer chain it
can be assumed that the steric demand of the active center increases, concurrently reducing
the overall rate of polymerization. Additionally, the reduced monomer content reduces the
rate of propagation at the final stage of polymerization. It is assumed that a combination of
both effects causes this reduction. No induction period is observed for the polymerization of
EEGE with Cs’/mPEG500-alkoxide in THF at 45 °C. Polymerization starts immediately with a
first-order kinetics in the monomer in contrast to polymerizations initiated with KOtBu.

First-order kinetics plot of the polymerization of AGE with Cs*/mPEG500-alkoxide in THF at
45 °C was performed (Figure 40). The first-order kinetics at the initial stage of polymerization
was found. For a time period of 0 - 9000 s (0 - 150 min, 0 - 28 %) a linear fitting of the data
points could be performed. With a slope of kap=3.73-10° s and [I]=0.135M a
propagation rate of 2.76-10 L mol™ s™* was determined. In general, the rate of propagation
is approximately one order of magnitude lower than that for the polymerization of EEGE
with Cs*/mPEG500-alkoxide (Figure 39). For the data point at 86400 s (1440 min) a deviation
from this linear behavior was observed. As no data points were recorded for the time of
9000 -86400 s (28 - 79 % conversion), the exact time point of k,,, decrease could not be
evaluated. Here again, the decrease of the rate of propagation can be assigned to a sterically

demanding active center and a reduced content of the monomer at high conversions.
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Figure 39: First-order kinetics plot of the polymerization of EEGE with Cs’/mPEG500-

alkoxide in THF at 45 °C. For this polymerization k,p, = 1.25-10* s was determined by a

linear fit (red line).
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Figure 40: First-order kinetics plot of the polymerization of AGE with Cs’/mPEG500-
alkoxide in THF at 45 °C. For this polymerization k,p, = 3.73-10° s was determined by a

linear fit (red line).
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As mentioned above, literature describes the polymerization of EEGE and AGE with Cs* as
counter ion in bulk at 40 °C with DP =20-30.[69] The authors used triethyleneglycol
monomethyl ether (TEGME) as alcohol for the initiator synthesis. It was evaluated if the
prepared initiator is soluble in THF to compare the obtained results with literature.

In a first try, EEGE and AGE were polymerized by the Cs'/TEGME-alkoxide initiator in THF.
After preparation of the cesium salt, the initiator was dissolved in THF. The slightly turbid
yellowish/brownish solution showed a better solubility of the initiator in THF than the Cs-
phenoxyethanolate initiator but worse compared to the Cs'/mPEG500-alkoxide. The
conversion—time plot of the EEGE and AGE polymerizations are shown in Figure 41. The
direct comparison between the polymerization of EEGE and AGE shows remarkable
differences with time. Whereas EEGE hardly polymerizes to completion and reaches only
96 % maximum after 70 h, AGE polymerization runs to completion within 100 min. A first-
order kinetics plot was performed to directly compare the rates of propagation (Figure 42).
After linear fitting of the data points (Figure 42) AGE polymerizes with an apparent rate
constant Kappace = 1.31-10° s in contrast to EEGE having Kapp,eece = 1.31:10" s, For these
apparent rate constants, the propagation rates of kage =8.68:10°Lmol's? and
Keege = 1.10-10° L mol™ s were obtained. These observations show a faster polymerization
of AGE in contrast to EEGE. This is in contrast to the results obtained for the polymerization
initiated with Cs*/mPEG500-alkoxide in THF. It has to be noted that the synthesis of the
initiator Cs*/TEGME-alkoxide was performed separately for each experiment. To rule out the
error of different initiator stock solutions, the experiments were repeated using one stock

solution for all experiments. The results are shown in the next chapter.
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Figure 41: Conversion-time plot of the polymerization of EEGE and AGE with DP=50
initiated with Cs*/TEGME-alkoxide at 45 °C in THF.
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Figure 42: k,,, determination of EEGE and AGE polymerization with DP=50 initiated with
Cs'/TEGME-alkoxide at 45 °C in THF. The obtained values for k,,, are inserted with
Kapp,ace = 1.3-10° 5™ and Kkapp eece = 1.3-10™ s, The slopes were obtained by a linear fit (red

line).
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3.1.4. Polymerization with Cs*/TEGME-alkoxide in THF

The polymerization of EEGE, AGE and the copolymerization of both monomers with
EEGE:AGE=45:5 using Cs'/TEGME-alkoxide in THF at 45 °C was repeated. In contrast to the
experiments in chapter 3.1.3.1, one prepared stock solution of the initiator was used. This
was performed ruling out an incomparable initiator formation for the following
polymerization experiments. Cesium hydroxide hydrate was placed in a flame dried flask,
suspended in benzene and TEGME was added. After 45 min at 60 °C all volatile compounds
were removed under vacuum at 90 °C overnight. The composition of the initiator was
Cs":TEGME-alkoxide = 0.95:1. THF was added in the glovebox to the initiator and it was
dissolved as good as possible giving a concentration of the initiator of ccs/regme = 1.53 M. A
slight turbidity remained. 131 pL of this initiator solution was used to prepare the stock
solution of the initiator and the corresponding monomers. The turbid initiator solution was
used and three solutions with EEGE:Cs":TEGME-alkoxide = 50:0.95:1, AGE:Cs":TEGME-
alkoxide = 50:0.95:1 and EEGE:AGE:Cs":TEGME-alkoxide = 45:5:0.95:1 were prepared. In
Table 1 the polymerization parameters are shown. The concentrations of the monomer [M]
and the initiator [I] vary, as the volume of the monomer varies due to different molar masses
of the monomer. The volume of the solvent (THF) origins from the initiator solution. For
investigation, 50 pL aliquots were placed into Eppendorf caps equipped with stirring bars

and placed into a preheated oven at 45 °C.

Table 1: Parameters for the polymerizations of EEGE, AGE and EEGE:AGE=45:5 with DP =50
using Cs'/TEGME-alkoxide as initiator in THF at 45 °C.

M \' Nvonomer THF  Nipitiator [M] [
[mL] [mmol] [uL] [mmol]l [mmolmL?] [mmolmL™]
EEGE 1.462 10 131 0.2 6.28 0.126
AGE 1.176 10 131 0.2 7.65 0.153
EEGE:AGE (45:5) 1.316:0.118  9:1 131 0.2 6.40 0.128
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Figure 43 and Figure 44 show the conversion—time plot and the first-order kinetics plot,
respectively. The conversion—time plot shows an increase in conversion with time as was
expected. None of the reactions are completed within 450 min, having conversions of 67 %,
54 % and 69 % for EEGE, AGE and EEGE:AGE=45:5, respectively. The molar masses of the
polymers were M, =2985 g mol™ (EEGE), M, = 2786 g mol* (AGE) and M, =3553 g mol*
(EEGE:AGE=45:5). The first-order kinetics plot was used to determine the apparent rate
constant kap, (Figure 44). For this, the linear fitting was performed for all three
polymerizations in a time range of 1800s (30 min) and 5700s (95 min). The monomer
conversions for all polymerizations were similar having 23 - 49 % (EEGE), 13 - 33 % (AGE) and
19 - 45 % (EEGE:AGE =45:5). It is assumed that the initiator concentration [I] equals the
concentration of the active chain ends and is constant with time. From this data, EEGE
polymerizes the fastest with keege = 8.49-10™ L mol™ s™. AGE polymerizes the slowest having
knce = 4.31-10" Lmol™ s, If the overall monomer consumption of the copolymerization is
used for the determination of the rate constant a value of kcopoly = 7.50-10% L mol™ st is

obtained and is clearly between kggge and kage.

Although the same initiator solution was used for all polymerizations a difference in
polymerization rates was observed. Although stated in literature, it should not be assumed
that a statistical copolymer results under these polymerization conditions.[62, 69] These
results indicate that either the intrinsic reactivity of AGE compared to EEGE is lower or that
the presence of EEGE influences the propagation rate. One explanation of the latter
hypothesis would be a complexation of the acetal-group with the Cs* cation that alters the

reactivity of the active species.

Table 2: Results for the polymerizations of EEGE, AGE and EEGE:AGE=45:5 with DP =50
using Cs'/TEGME-alkoxide as initiator in THF at 45 °C.

M M, ) Kapp k
[g mol™ [s] [Lmol*s™

(Conversion)

EEGE 2985 (67%) 1.15 1.07-10%  8.49-10*
AGE 2786 (54%) 1.14 0.66-10%  4.31.10*
EEGE:AGE (45:5) 3553 (69%) 1.14 0.95-10*  7.50-10™
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Figure 43: Conversion-time plot for EEGE, AGE and EEGE:AGE=45:5 (co)polymerization at
45 °C in THF initiated with Cs*/TEGME-alkoxide.
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Figure 44: k determination of EEGE, AGE and EEGE:AGE=45:5 (co)polymerization at 45 °C in
THF initiated with Cs*/TEGME-alkoxide. Linear fitting of the data revealed apparent rate

constants of keege = 1.07-107 5™, Kcopolymer = 0.96-107 s and kage = 0.66-107s™.
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The data obtained for the polymerizations of EEGE and AGE show that the polymerizations
with Cs* as counter ion, compared to K as counter ion, have lower propagation rates.
Although the solubilities of Cs-alkoxide initiators were improved using THF-soluble
oligoethylene glycol alkoxides, all propagation rates were lower than for the polymerizations
with KOtBu in THF at 45°C. Interestingly, no induction period was found for the
polymerizations with Cs* as counter ion, in contrast to all polymerizations with K as counter
ion. Furthermore, more narrow dispersities were obtained for the polymerizations in THF

using Cs-alkoxides as initiators, compared to KOtBu.

3.1.5. Polymerization with KOtBu in bulk

The commercially available KOtBu solution is 1 M in THF that was evaporated in the
glovebox for experiments in bulk. For this a glass vial was used and the corresponding
volume (153 pL) of the initiator injected. After evaporation, a white crystalline solid was
obtained and it was assumed that no degradation of the initiator occured during the THF
removal. After monomer addition (see Table 3) it was shaken at RT in the glovebox until no
initiator was visible anymore. 50 ulL aliquots were placed in Eppendorf caps equipped with a

stirring bar and placed into a preheated oven.

Table 3: Parameters for EEGE, AGE and EEGE:AGE=45:5 (co)polymerizations with DP = 50

initiated with KOtBu as initiator in bulk at 45 °C.

Monomer Volume Quantity [M]:[I] [M] n
[mL] [mmol] [mmol mL?] [mmol mL]
EEGE 1.118 7.65 50 6.84 0.137
AGE 0.900 7.65 50 8.50 0.170
EEGE:AGE (45:5) 1.006:0.090 7.65 50 6.98 0.140

Figure 45 shows the time-dependent conversion of EEGE polymerized with KOtBu in bulk at
45 °C. After 3 h the conversion reached 76 % and after 24 h 95 % of the monomer was
polymerized. No unexpected behavior of the conversion can be observed indicating a
successful polymerization option of EEGE in bulk with KOtBu. The number-average molar

masses and dispersities obtained for 2 % and 6 % conversion are not used for the discussion,
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as both determined M, are below the calibration level of the SEC (Figure 46). The first
reliable data point obtained by SEC analytics in DMF (1gL™ LiBr) was recorded at a
conversion of 23 % having a determined M, of 1800gmo|’1 and a Pofl.11. M,— and
dispersity—conversion plot is given in Figure 46. Between 23 % and 95 % a linear increase of
M, was recorded with M, = 1800 —4800g mol™ A slight increase in dispersity can be
observed for the EEGE polymerization with KOtBu in bulk indicating a side-reaction. After
24 h, M,, was determined to be M,, =4800 g mol™ with = 1.22. Up to a conversion of 62 %

the dispersity was increasing and between 62 % and 95 % constant.

Table 4: Results of EEGE, AGE and EEGE:AGE=45:5 (co)polymerization with DP = 50 with
KOtBu as initiator in bulk at 45 °C.

Monomer M, b Kapp k

[g mol™ [sY] [Lmol*s™

(Conversion)

EEGE 4800 (95 %) 1.22 1.51-10™* 1.10-10°
AGE 5416 (99 %) 1.57 2.79-10" 1.64-10°
EEGE:AGE (45:5) 4925 (94 %) 1.24 1.46-10™ 1.04-10°
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Figure 45: Conversion-time plot for the polymerization of EEGE with DP=50 and KOtBu as
initiator in bulk at 45 °C.
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Figure 46: M,- and dispersity—conversion plot of EEGE polymerization with DP=50 and
KOtBu as initiator in bulk at 45 °C. Molar mass (H) linearly increases with conversion. The
data points at 2 and 6 % conversion were not used for linear fitting (red line). Dispersity

(M) continuously increases with conversion in a non-linear fashion.

The evolution of the dispersity was investigated by comparison of the SEC elugrams after
40 min and 24 h polymerization time (Figure 47). A shoulder appears at the ongoing
polymerization yielding higher molar-masses and higher dispersities. After 40 min the
shoulder was not detected. This can be explained by combining conclusions derived in
literature and the analytics. Stolarzewicz described in 1986 the abstraction of a proton at the
methylene-group at phenyl glycidyl ether.[144] As stated above, Hans et al. observed the
same side-reaction for EEGE. An enolate anion forms, yielding subsequently a terminal
ketone-group (see Scheme 13). As the enolate is able to initiate a polymerization, a new
polymer is derived with a carbonyl-terminus. The coupling of an active chain end and the
ketone results in the dimerization of the polymer with the double molar mass. The presence
of the main fraction and the dimerized polymer results in a broadening of the molar-mass
distribution and an increase in dispersity. Kwon et al. recently assumed that this reaction
occurs at the early stage of polymerization.[72] Although the dimer should already be visible
after 40 min, only one species was detected by SEC analysis. After 24 h a second species was

detectable (Figure 47).
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Figure 47: SEC elugrams of poly(EEGE) with DP=50 after 40 min and 24 h polymerization
initiated with KOtBu in bulk at 45 °C. At 24 h polymerization time a bimodal distribution

was obtained that is not detectable after 40 min.

It was assumed that the molar mass distribution of second polymer-species, initiated by the
enolate, is overlapped by the main fraction in the SEC elugram after 40 min and can be
separated at higher molar masses by SEC. A more detail investigation is given in chapter

3.1.8.

The polymerization of AGE shows similar results and in Figure 48 and Figure 49 are the
conversion—time plot and M,— and dispersity—conversion plots shown. After 180 min 92 % of
the AGE was polymerized and after 24 h the polymerization was completed to an extent of
99 %. A linear increase in M, with conversion was obtained with a final M,, of 5416 g mol™.
Dispersity also increases with conversion and a D of 1.57 was obtained for the polymer after

24 h (99 % conversion) (Figure 49).
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Figure 48: Conversion-time plot for the polymerization of AGE with DP=50 initiated with

KOtBu in bulk at 45 °C.
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Figure 49: M,— and dispersity—conversion plot of AGE polymerization with DP=50 initiated

with KOtBu in bulk at 45 °C. Molar mass (H) linearly increases (linear fit: red line) with

conversion. Dispersity () also increases with conversion.
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Figure 50: SEC elugram of poly(AGE) (red) and poly(EEGE) (black) with DP=50.
Polymerization was initiated with KOtBu and conducted in bulk at 45 °C. The polymer
species detected at higher molar masses was assigned to dimerized polymer chains for

both polymers. Bimodality is more pronounced for poly(AGE) compared to poly(EEGE).

The detailed analysis of the SEC elugram indicates a side-reaction and shows a bimodal
distribution (Figure 50). The second polymer species has twice the molar mass than the main
fraction of the signal. A higher dispersity (Page = 1.57 and Bgeee = 1.22) of the poly(AGE) with
a more pronounced bimodality indicate that the side-reaction is more likely occurring with
AGE as monomer than with EEGE. For clarity both elugrams were plotted in Figure 50. If this
is caused by a higher acidity of the AGE epoxide-ring or the altered environment of the

active species by the monomer is unknown and requires further investigation.

For the copolymerization of EEGE and AGE in bulk at 45 °C a mixture of EEGE:AGE=45:5 was
used, the conversion determined by *H-NMR spectroscopy and plotted against time (Figure
51). It has to be noted that the overall monomer consumption was determined, as it was
already shown that both monomers have similar propagation rates and statistical
copolymers can be obtained for EEGE and AGE.[62, 69]. Here again, the values of M,
determined by SEC were below the calibration level for conversions below 20 % and are not
shown and used for discussion (Figure 52). After 24 h a conversion of 94 % is reached being
almost equal to the conversion obtained for EEGE homopolymerization. A linear increase of
M, with conversion was detected with a final M, of 4925 g mol™. Dispersity also increases

with conversion and has a final value of = 1.24.
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Figure 51: Conversion-time plot for the copolymerization of EEGE and AGE with

EEGE:AGE=45:5 initiated with KOtBu in bulk at 45 °C.
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Figure 52: M- and dispersity—conversion plot of EEGE:AGE=45:5 copolymerization with
DP=50 initiated with KOtBu in bulk at 45 °C. A linear increase of M, () with conversion
(linear fit: red line) is obtained with a final M, of 4925 g mol™. Dispersity (M) initially
decreases up to a conversion of 35 % and afterwards steadily increases to a final value of

D =1.24.
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A more detailed look into the rate constants for the homo- and copolymerizations was
performed using the first-order kinetics plot (Figure 53). The apparent rate constants for the
monomers were determined to be kappeece=1.51" 10* s'l, Kapp,AGE = 2.79-10%s? and
Kapp,copolymer = 1.46 - 10* s, Regarding the concentrations of the initiator and hence the
active species, without termination reactions, propagation rate constants of
keeae = 1.10:10° L mol™ s™, kage = 1.64-10° L mol™ s™ and keopolymer = 1.04-10° L mol™* s™ were
obtained. The difference obtained for the homopolymerization of EEGE and the
copolymerization of EEGE and AGE can be assigned to the inaccuracy of the measurements.
Statistical analysis of the results and the determination of the accuracy cannot be performed
as the experiments were performed only once. Hence no standard deviation can be
calculated. Similar to the results obtained for the polymerizations of EEGE and AGE with
KOtBu in THF at 45 °C (chapter 3.1.2), AGE polymerizes slightly faster than EEGE. The ability
of ethers, acetals- and other oxy-species to complex metals is known and special ethers,
crown-ethers, are used in organic chemistry to modify the reactivity of e.g. K-alkoxides.[145,
146] For the differences in the propagation rate two reasons can be considered. Either the
intrinsical reactivity of the epoxide-rings of AGE is higher, leadig to a faster polymerization,
or the complexation of K* by the EEGE acetals alters the reactivity of the active species.
Analysis of the chemical environment of the active species would be necessary to investigate

these hypotheses but would exceed the scope of this thesis.
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Figure 53: First-order kinetics plot for the bulk polymerization of EEGE, AGE and
EEGE:AGE=45:5 initiated with KOtBu in bulk at 45 °C. Apparent rate constants k are
inserted with kage = 2.79-10™ s, kgege = 1.51-10™ s and kcopolymer = 1.46-107 s,

3.1.6. Polymerization with Cs*/TEGME-alkoxide in bulk

The polymerization of EEGE, AGE and EEGE:AGE=45:5 was performed with Cs-
triethyleneglycol monomethyl ether alkoxide in bulk at 45 °C. For comparison, the same
guantities of monomer and initiator as for the polymerization with KOtBu in bulk were

chosen (see chapter 3.1.5).

Table 5: Bulk polymerization parameters of EEGE, AGE and EEGE:AGE=45:5
(co)polymerization initiated with Cs*/TEGME-alkoxide at 45 °C.

Monomer \' NMonomer [M]:[1] [M] [
[mL] [mmol] [mmol mL?]  [mmol mL?]
EEGE 1.118 7.65 50 6.84 0.137
AGE 0.900 7.65 50 8.50 0.170
EEGE:AGE (45:5) 1.006:0.090 6.885:0.765 50 6.98 0.140
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First the polymerization with EEGE is discussed. After 175 min 74 % of the monomer was
polymerized. After 24 h the polymerization was not completed as only 93 % of the monomer
was converted (Figure 54). A linear relationship of M,, with conversion was obtained up to a
conversion of 74 % (Figure 55), whereas the M, obtained for the final conversion of 93 %
(M, = 3658 g mol™) slightly deviates from the linear fitting. The dispersity of the polymer is
constant for conversions higher than 34 %, having a final value of H=1.13 (Figure 55).
Although at a conversion of 19 % a value of ©=1.17 was obtained, it is assumed that the
accuracy of SEC analytics was inappropriate, as the Rl-signal of the polymer was slightly
overlapping with the monomer signals. The SEC elugram (Figure 56) shows a monomodal
distribution with only a slight shoulder to higher molar masses. This shoulder was already
assigned to the side-reaction described in chapters 2.4 and 3.1.5. The initial formation of
ketone-terminal polymers causes a ketone—alkoxide coupling of two polymer chains yielding
polymer fractions with twice the molar mass of the main polymer. A decrease of this
dimerization is in accordance with the reduced polymerization rate with Cs* as counter ion.
A tighter bonding of the alkoxide with the Cs” — relative to K" — reduces both the nucleophilic
and the basic properties reducing the side-reactions and subsequent dimerization. For the
determination of the propagation rate constant -In(M/M;) was plotted against time showing
a linear dependency with kapp eece = 1.65-10" s (Figure 57). With this a propagation rate

constant of kerge = 1.20-10° L mol™ s was calculated.
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Figure 54: Conversion-time plot for the bulk polymerization of EEGE with Cs'/TEGME-
alkoxide at 45 °C.
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Figure 55: M,— and dispersity—conversion plot for EEGE polymerization initiated with
Cs'/TEGME-alkoxide at 45 °C in bulk. Molar mass (H) linearly increases with conversion

from 19-74 % (linear fit: red line), whereas dispersity () decreases between 19 and 34 %

to avalue of b=1.13.
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Figure 56: SEC elugram for poly(EEGE) synthesized by polymerization of EEGE with DP=50
initiated with Cs*/TEGME-alkoxide in bulk at 45 °C.
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Figure 57: First-order kinetics plot for EEGE polymerization initiated with Cs'/TEGME-
alkoxide in bulk at 45 °C. The apparent rate constant k.., derived from the slope, is

inserted having a value of 1.65:10™ s™. The slope was determined by a linear fit (red line).
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The bulk polymerization of AGE with Cs*/TEGME-alkoxide leads to a conversion of only 27 %
after 175 min (Figure 58) and only 67 % conversion of AGE after 24 h. For molar-mass
progress a linear increase is observed up to a conversion of 27 % (Figure 59). The next data
point obtained for a conversion of 67 % deviates from the linear relation. Unfortunately, the
progress was not observable over the whole polymerization due to the reduced rate of
polymerization. The dispersities were significantly lower, compared to the polymerization
with KOtBu (b = 1.57), having a value of B =1.19 at 67 %. As an increase in dispersity was
sometimes observed, this value does not have to be the final dispersity of the polymer.
Regarding this, the dispersity at 67 % (P = 1.19) was compared to the dispersity of KOtBu
polymerization at 65 % (P = 1.44) and still indicates a better control over dispersity using Cs"
as counterion. The SEC elugram recorded of the polymer after 24 h shows a shoulder at

higher molar masses that was assigned to the dimerization reaction of two polymers (Figure

60).
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Figure 58: Conversion-time plot of the bulk polymerization of AGE with DP = 50 initiated
with Cs*/TEGME-alkoxide at 45 °C.
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Figure 59: M,- and dispersity—conversion plot for AGE polymerization initiated with
Cs'/TEGME-alkoxide at 45 °C in bulk. Molar mass (H) increases in a linear fashion between
9-27 % conversion as indicated with a linear fitting of these data points (red line).

Dispersity (M) steadily increases with conversion to a final value of = 1.19.
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Figure 60: SEC elugram for poly(AGE). The polymerization was initiated with Cs'/TEGME-
alkoxide in bulk at 45 °C. The polymer has M, = 2337 g mol™ and P = 1.19 after 24 h with a

conversion of 67 %.
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The rate of propagation was calculated using the first-order kinetics plot (Figure 61). The
data points used for the determination were between 2400 s (40 min, 9 % conversion) and
5400s (90 min, 19 % conversion). With an apparent rate constant of kapp =0.39-10% s' a
propagation rate constant of k = 0.23-10° L mol™ s™ was obtained for the polymerization of
AGE with Cs*/TEGME-alkoxide in bulk at 45 °C, being approximately 5-times slower than the

polymerization of EEGE under the same conditions.
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Figure 61: First-order kinetics plot for the polymerization of AGE with DP=50 initiated with
Cs'/TEGME-alkoxide in bulk at 45 °C. Under these conditions an apparent rate constant of

kapp = 0.39-10"* s™ was determined by a linear fit (red line).

107



The bulk copolymerization of EEGE:AGE=45:5 initiated with Cs*/TEGME-alkoxide shows that
the conversion reaches 87 % after 24 h (see Figure 62), similar to the homopolymerization of
EEGE (93 %). A linear increase of M, was observed for a conversion of 23 - 53 % with a slight
deviation for lower conversion that can be ascribed to the accuracy of SEC measurements
(Figure 63). At a higher conversion (87 %) a shift to lower M, was found as well. The
dispersity was determined to be D =1.16 after 24 h, having an overall small increase with
conversion (Figure 63). SEC elugram shows that the curve is monomodal with a shoulder at
higher molar masses giving a slightly asymmetrical curve (Figure 64). As described before
this can be assigned to the initial formation of ketone-terminal polymers coupling with

active chain ends yielding a polymer-dimer.
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Figure 62: Conversion—-time plot of the bulk copolymerization of EEGE:AGE=45:5 initiated
with Cs*/TEGME-alkoxide at 45 °C.
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Figure 63: M,— and dispersity—conversion plot for EEGE:AGE=45:5 copolymerization with

DP=50 initiated with Cs*/TEGME-alkoxide at 45 °C in bulk. Molar mass () shows a linear

relation with conversion between 23 and 53 % as indicated by a linear fitting (red line).

Data points at lower and higher conversions slightly deviate. Dispersity (M) increases with

conversion.
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Figure 64: SEC elugram of poly(EEGE-co-AGE) with EEGE:AGE=45:5 obtained by the

copolymerization of EEGE and AGE initiated with Cs*/TEGME-alkoxide in bulk at 45 °C.
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Using the first-order kinetics plot, the apparent rate constant and hence the propagation
rate can be determined (Figure 65). As the polymerization is of first order from the
beginning, a linear fit of the data points from 0-5400 s (0 - 90 min, 6 - 41 %) was performed.
It has to be noted, that a conversion of 6 % at t = 0 min was obtained. This can be ascribed to
a polymerization already occurring at RT. For the preparation of the sample, first the
monomer is added to the initiator. After this, it takes 2-3 min to completely dissolve the
initiator in the monomer. Additionally, sample preparation requires approximately 10 min
that is enough time to already partially polymerize the monomer. The volume to be heated
in the oven (50 pL) is assumed to be instantly warmed to 45 °C so that the first data point
can also be used for the determination of the apparent rate constant. With this a linear
relation was observed with a slope of k,,, = 0.88 10™*s™. With this apparent rate constant an
overall propagation rate of Kcopolymer = 0.63-10° L mol™* s was obtained.

In Table 6 the propagation rate constants of the homopolymerization of EEGE and AGE and
the overall propagation rate constant of the copolymerization of EEGE and AGE with
EEGE:AGE=45:5 are summarized. The polymerizations were conducted in bulk initiated with
Cs"/TEGME-alkoxide at 45 °C. EEGE polymerizes the fastest with propagation a rate constant
of  Keege = 1.20-10°3 L mol™ s'l, whereas AGE polymerizes the slowest with
kace =0.23-10° L mol™ s™. The overall propagation rate constant of the copolymerization is
clearly inbetween the propagation rate constants for the homopolymerization with

Keopolymer = 0.63-10° L mol ™ s™.
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Figure 65: First-order kinetics plot for EEGE:AGE=45:5 copolymerization initiated with

Cs*/TEGME-alkoxide in bulk at 45 °C. The rate constant k was derived from the slope with

0.88:10*s™.

Table 6: Results of the bulk experiments of EEGE, AGE and EEGE:AGE=45:5

(co)polymerization initiated with Cs*/TEGME-alkoxide at 45 °C.

Monomer M, 1)) Kapp k
[g mol™ [s] [Lmolts™

(Conversion)

EEGE 3658 (93%) 1.13 1.65-10*  1.20-10°
AGE 2337(67%) 1.19 0.39:10*  0.23-10°
EEGE:AGE (45:5) 3411 (87%) 1.16 0.88-10%  0.63-10°
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3.1.7. Discussion of the rate constants
In Table 7 all propagation rate constants used for the discussion of the polymerizations are

summarized.

Table 7: Propagation rate constants of polymerizations in bulk and THF at 45 °C with

DP = 50 initiated with KOtBu or Cs*/TEGME-alkoxide.

Initiator Monomer k (bulk) k (THF)
[10°Lmol*s?] [10% L mol™s?

, EEGE 1.20 0.85
w
s 3
DX EEGE:AGE=45:5 0.63 0.75
ko=
DN
S AGE 0.23 0.43
EEGE 1.10 2.18
3
g EEGE:AGE=45:5 1.04 2.47
"1
AGE 1.64 2.50

In general, it was observed that the propagation rate constants of the monomers and the
mixtures therefor vary with the type of initiator. Polymerizations initiated with KOtBu are
similar or faster than the polymerizations initiated with Cs*/TEGME-alkoxide. Regarding the
choice of the initiator it was observed that the propagation rate constant differences are
larger for the monomers by using Cs*/TEGME-alkoxide than KOtBu. Here, the polymerization
of EEGE with Cs'/TEGME-alkoxide in bulk has a propagation rate constant of
kcs,bulk EEGE = 1.20-10°3 L mol™ s whereas the polymerization of AGE in bulk has a value of
Kcs bulk, AGE = 0.23-10° L mol s*. On the one hand, this might be caused by an inherent lower
reactivity of the AGE monomer under the given conditions. On the other hand, the acetal-
group of EEGE could complex the Cs* cations altering the reactivity of the active species
towards all monomers present. Therefore, this would also increase the propagation rate
constant of AGE in the presence of EEGE in bulk experiments. As only the overall
propagation rate constant of the copolymerization was determined, no evaluation of these
hypotheses can be performed by the copolymerization experiments. Interestingly, an inverse

effect is observed for the monomers by using KOtBu as initiator in bulk. Here, the

112



propagation rate constant is higher for the AGE monomer than for EEGE. The overall
propagation rate constant of the copolymerization is lower than the value obtained for the
EEGE homopolymerization. Regarding the EEGE homo- and EEGE/AGE-copolymerization it
has to be noted, that these values are similar and more experiments are necessary to
evaluate if this difference is caused by experimental errors or by an actual propagation rate

difference.

For polymerizations in the presence of THF the same trend of monomer and initiator can be
observed. In general, all polymerizations have higher propagation rate constants by using
KOtBu as initiator. Using Cs'/TEGME-alkoxide as initiator the polymerization of EEGE has
higher propagation rate constants than were determined for the polymerization of AGE. Vice
versa, using KOtBu as initiator leads to an increase of the propagation rate constants by
changing from EEGE to AGE. Especially in the case of KOtBu, this trend has to be further
proven to evaluate the experimental errors.

The propagation rate constants of the investigated experiments are shown in Figure 66 with
respect to the monomer. For the experiments in the presence of THF and KOtBu as initiator
the propagation rate constant is similar for the polymerization of AGE and the comonomer
mixture EEGE:AGE=45:5. By using solely EEGE as monomer the propagation rate decreases.
For the polymerizations in bulk and KOtBu as initiator, all propagation rate constants are
lower than were obtained in the presence of THF. Here the presence of EEGE influences the
propagation rate constant and k drops from KgotsubulkAcE = 1.64-102 Lmol*s? to
Kioteu bulk copolymer = 1.04:10% Lmol™ s and kxoreu puikeese = 1.10-10° Lmol™ s™. It has to be
noted that the overall monomer consumption was used for the determination of k. With a
ratio of EEGE:AGE = 45:5, EEGE is the main fraction of the monomer in the initial mixture.
The observed data indicate that the influence of EEGE on the propagation rate constants is
more pronounced in the absence of THF.

Polymerizations initiated with Cs'/TEGME-alkoxide in the presence of THF also show an
influence of EEGE on the propagation rate constant. In contrast to the polymerizations
initiated with KOtBu, an increase of k can be observed with this presence of EEGE. The
hypothesis that the complexation of Cs* with the acetal group is responsible for this increase
requires further investigation. Regarding this, it has to be noted that the differences of the

propagation rates are less pronounced for experiments performed in the presence of THF.
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The differences of k are for the bulk homopolymerizations of EEGE and AGE
Akkotsu, bulk = 0.54:10%L mol*s? and AKcsTEGME bulk = 0.97:10% L mol*s™? in contrast to the
experiments with the presence of THF  AkkotsuTHr = 0.32:103Lmol*s? and
AKcsteGMETHF = 0.42:10°3 L mol™ s, These results need to be further investigated to evaluate

the experimental error of the determined propagation rate constants.
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Figure 66: Dependencies of the propagation rate constants on the

monomer and initiator in polymerizations at 45 °C.
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3.1.8. Discussion of the dispersities
In Table 8 the dispersities of the polymers after 24 h polymerization with the corresponding

polymerization parameters are summarized.

Table 8: Dispersities of the polymers after 24 h polymerization at 45 °C with DP =50
initiated with KOtBu or Cs*/TEGME-alkoxide.

Initiator Monomer b (bulk) D (THF)
\ EEGE 1.13 1.15
w
s 3
2 g EEGE:AGE=45:5 1.16 1.14
- =
) =
+(h [+
o AGE 1.19 1.14
EEGE 1.22 1.17
@
5 EEGE:AGE=45:5 1.24 1.21
4
AGE 1.57 1.36
1.60
1 A
1.55
1 m  KOtBu, THF
1.50 1 A  KOtBu, bulk
145_- =  CsTEGME, THF
gc T A CsTEGME, bulk
=z 1.40
= | m
2> 1.357
& ]
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Figure 67: Dependency of the dispersity on the monomer with Cs*/TEGME-alkoxide and
KOtBu as initiator at 45 °C.
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For both monomers the polymerizations and copolymerizations initiated with Cs*/TEGME-
alkoxide in bulk are well controlled and the dispersities are narrow and below b = 1.2 with
Deece = 1.13, Deopolymer = 1.16 and Dage = 1.19 (see Table 8 and Figure 67). In contrast to that,
the polymerizations in bulk with KOtBu as initiator are accompanied by a loss of control, as
the dispersity increases for AGE from Dacecs=1.19 to Pagex=1.57 and for EEGE
Deececs = 1.13 to Deeeei = 1.22. For polymerizations in THF, dispersities with Cs’/TEGME-
alkoxide as initiator are also smaller having values of Dgegecstie=1.15 and
Dace,cs,THF = Dcopolymer,cs,tHE = 1.14. In contrast to that, the dispersities of the final polymers
initiated with KOtBu in THF are DeegextHr = 1.17, Dcopolymerk,tHE = 1.21 and Dagekre = 1.36. In
general, the dispersities are smaller in the presence of THF instead of performing the
reaction in bulk. For Cs*/TEGME-alkoxide in bulk D¢ puk = 1.13-1.19 and for polymerizations
in THF D¢s e = 1.14-1.15 were obtained. For the initiation with KOtBu, the effect of THF as
solvent on the dispersity is even more pronounced having values for the bulk-
polymerizations Dy puik = 1.22-1.57 and in THF Dy e = 1.17-1.36. The binding of the Cs' cation
with the active species, i.e. alkoxide, reduces its reactivity as it is visible from the kinetic data
(see chapter 3.1.7). As both the nucleophilicity and basicity are reduced, the side-reaction of
deprotonation and terminal-ketone formation occurs to a lower extent. This results in both
lower dispersities for the final polymers and lower propagation rate constants for the
polymerization. The fast polymerizations initiated with KOtBu are usually accompanied with
a high probability of the side-reaction. Bimodality evolves for these polymerizations giving
dispersities with up to # = 1.57. The higher the polymerization rate, the higher is commonly
the dispersity. Furthermore the dispersities depend on the aimed number of repeating units
as was investigated in chapter 3.1.2.1 and 3.1.2.2. For AGE polymerizations the dispersities
increase from Dpgeg0=1.26 (DP=20) to Dageso=1.36 (DP=50) and only for EEGE
polymerizations they were constant with Peege 20 = Peeceso = 1.17. The influence of the initial

[M]o:[1] ratio is investigated and discussed in the following chapter.
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3.1.9. Control of side-reaction by slow monomer addition

Kwon et al. recently stated that the occurrence of side-reactions is mainly occuring at the
beginning of the polymerization.[72] As was already investigated at the beginning,
polyglycidols with lower [M]o:[I] ratios show — especially for poly(AGE) — lower dispersities. It
is therefore assumed that the initial ratio [M]o:[I] has a significant influence on the quantity
of side-reactions and hence quality of the final polymer. Hans et al. also showed that the
number of side-reactions increases with higher [M]q:[l] ratios.[61] It does not have to be a
consequence of late-polymerization-stage side-reactions but can be caused by the excessive
presence of epoxide-rings related to active chain ends at the polymerization start. As the
side-reaction is in general occuring to a lower extent than the epoxide-ring opening, the
probability of the side-reaction should be diminishable by keeping the ratio [M]o:[I] as low as
possible. As an example, if the probability of H-abstraction is e.g. 3 %, a ratio of [M]o:[I] = 100
would lead to 3 monomer units being deprotonated. These initiate a polymerization and
could couple with other active chain ends. Upon reduction of the ratio, the probability of H-
abstraction would be lower than unity making a side-reaction for a monomer more and
more improbable. For this, a first try to reduce the side-reactions and decrease the dispersity
was performed. 100 pL of the initiator 1 M KOtBu in THF was used and stirred in a sealed
flask at 45 °C. At the beginning of the reaction, 10 drops of AGE (Viota = 600 UL, equaling 51
repeating units in the final polymer) were added. Subsequently it was stirred for 30 min and
every 10 min 10 drops were added (3x). Afterwards, every 30 min 10 drops were added. The
final 100 pL were injected at once. After 24 h *H-NMR spectroscopy and SEC analytics were
performed. The same procedure was done with EEGE using a total volume of Vita = 730 pL
due to the higher molar mass needed to obtain DP =50, but having 30 min gaps right from

the beginning. The final 100 pL were also added at once.

By 'H-NMR a conversion of Xace = 91 % and Xxeeee =94 % were determined corresponding to a
DP =46 and DP = 47. SEC was used to check the final molar mass and dispersities. M, = 1900
g mol™® and M,=3700 g mol® were obtained for poly(AGE) and poly(EEGE). The SEC
elugrams are depicted in Figure 68 and do not show a pronounced peak at the higher molar
mass region, i.e. twice the molar mass. Especially in the case of AGE polymerization a

reduction of the side-reaction was obtained. As was shown in chapter 3.1.2.2 a dispersity of
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D = 1.36 was obtained, if the monomer was added at once. Here, D = 1.14 was determined
by SEC by adding the monomer in a step-wise fashion (Figure 69). The change of a broad
molar-mass distributed poly(AGE) to a narrow molar-mass distributed poly(AGE) could be
obtained by reducing the monomer feed. For EEGE polymerization only a reduction from
D =1.17 to ® =1.13 was possible (Figure 70). A reason for the significant difference in molar
mass for poly(AGE) cannot be explained by the incomplete reaction, as the conversion of the
slow addition reaction was 91%. A slight increase of M,, in poly(EEGE) using the slow addition
was observed. The H-abstraction of monomers results in the decrease in monomers

available for the polymerization leading to a decrease in molar-mass.
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Figure 68: SEC trace of poly(EEGE) and poly(AGE) with DP=50 obtained by a slow

monomer addition to a initiator solution of KOtBu in THF at 45 °C. The obtained

dispersities are inserted for the corresponding polymer.
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Figure 69: SEC elugrams of poly(AGE) with DP=50. The polymers were synthesized by the
addition of the monomer at 45 °C to the initiator KOtBu at once (red) and by a step-wise

addition (black). The obtained dispersities are inserted for the corresponding polymer.
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Figure 70: SEC elugrams for poly(EEGE) with DP=50 obtained by addition of the monomer
to a solution of KOtBu in THF at 45 °C. The monomer was added at once (red line) and in a

step-wise manner (black). Dispersities are inserted for the corresponding polymer.
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Further investigation of the slow monomer addition was attempted using a syringe pump to
gain more control over the volume flux of the monomer. As the initiator, commercially
available KOtBu (1 M in THF) was used at 45 °C. After complete addition of the monomer the
reaction was proceeded for additional 20-24 h. Experiments were conducted at different
feed rates between V=50 - 5000 pL h™ with both AGE and EEGE monomers. Briefly, in the
glovebox a solution of 100 L initiator was placed into the flask and the flask sealed with a
rubber septum. The syringe was filled with the monomer and punctured through the
septum. Afterwards, the syringe—flask combination was assembled in the syringe-pump and
the flask placed into an oilbath. For AGE-experiments 570 pL ([M]o:[1]=50:1) and for EEGE-
experiments 731 uL ([M]o:[I]=50:1) monomer were added by the syringe pump. After
complete addition of the monomer, the flasks were either stirred in a preheated oil bath at
45 °C or inside of an incubator equipped with a multi-stirring plate to run samples in a
parallel manner. The samples were directly analyzed by 'H-NMR spectroscopy and SEC
measurements. All experiments were performed in triplicate to determine the standard
deviation of the final M, and ®. 'H-NMR spectroscopy experiments were checked for
conversion but in no cases residual monomer could be observed.

Poly(AGE) was analyzed using SEC with DMF (+1 g L™ LiBr) as eluent and PEG as calibration
standard. All elugrams were evaluated in the same run time region (16-22 min, run time 30
min) to gain comparability. To get a better insight into molar-mass changes by the dimer,
weight-average molar mass was evaluated as high-molar mass fractions strongly influence

M. For poly(AGE), M,, and D are shown in Table 9 and Figure 71. M,, was determined to be

between 4404 — 6091 g mol™ (V = 50 — 2000 ulL hY). *H-NMR analyses gave DP of 47 — 56
using the terminal tert-butyl group as internal reference. This is in good accordance with the
theoretical DP of 50 as different coiling of poly(AGE) in DMF could cause a variation in
hydrodynamic radii. Starting from 50 uLh™ feed rate a steady increase in M, can be
observed. This can be explained by an increasing content of the high molar-mass fraction,
influencing the weight-average molar mass. This high-molar mass fraction is caused by the
dimerization reaction between a ketone-terminal polymer with an active chain end. These
results indicate that a reduction of the feed rate can reduce the side-reactions occurring at

the initial phase of the polymerization.
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Table 9: Dispersity and M,, values for poly(AGE) obtained by different monomer feed rates

with KOtBu as initiator at 45 °C.

Feed rate b M,
[uL h] [g mol™]
5000 1.30+£0.01 6091+212

2000 1.21+0.02 49461695
1000 1.20£0.02 5057+481
500 1.20+0.03 5052+389
400 1.20+£0.01 48894328
250 1.19+0.01 48871205

50 1.16+0.01 44041143
1.40 — 71  r -~ 1t~ 1~ 1~ T - T 1 " T 1
% - 6000
1.35
S 1.30 % } A [5000
s 5
<= ﬁ r =
2 1.25- o
7 | - 4000
2 ‘l i =
g 1.20 4 I l -
|47 1
I\ ®  Weight-average molar mass - 3000
1154 A Dispersity (SEC) i
1.10 r— ~ 1+~ 1 - 1t - 1 - 1 - 1 1 ™ 17 2000

—
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Feed rate [uL h'']

Figure 71: Dispersity (ll)- and M, (ll)-feed rate plot for the synthesis of poly(AGE)
initiated with KOtBu at 45 °C. All experiments were performed in triplicate and the

obtained standard deviation shown as error bars.
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At the lower feed rates, an evolution of the dispersity from 1.16+0.01 (50 pLh™) to
1.20+0.01 (500 pLh™) was observed. Between 500 plh™ and 2000 pLh™ no significant
dispersity alteration was observed, but it increases again from 1.21+0.02 (2000 pLh™) to
1.30£0.01 (5000 pL h'l) for higher feed rates. Qualitatively, SEC elugrams further confirm the
indicated coupling. The fraction of the dimer decreases with decreasing feed rate, leading to

a more narrow molar-mass distribution (Figure 72).
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Figure 72: Elugrams obtained for poly(AGE) synthesized with KOtBu as initiator at 45 °C in THF depending on the monomer feed rate.
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Figure 73: Elugrams obtained for poly(EEGE) synthesized with KOtBu as initiator at 45 °C in THF depending on the monomer feed rate.
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For poly(EEGE) experiments a DP of 50 was also chosen to compare the results of both
polymers. In general, it could be observed that dispersities are lower than dispersities of
poly(AGE) (Table 10 and Figure 74). Dispersities were determined to be between 1.11+0.01
and 1.1610.01 with feed rates of 100 ul h™* and 5000 pL h, respectively. The fraction of the
dimer is less pronounced than in AGE polymerizations but visible as an asymmetry of the SEC
curves for the highest feed rates (see Figure 73). Comparing the feed rates of AGE and EEGE
polymerizations, Figure 71 and Figure 74, indicates a reduction in dispersity below
500 pL h™* for both AGE and EEGE polymerizations. It is assumed that polymerization kinetics
is responsible for this drop in dispersity for the lowest feed rates. If polymerization is too
slow compared to the addition of the monomer, an inappropriate ratio of [M]:[I] is present.
This leads to the aforementioned higher probability of deprotonation and hence
dimerization reactions. Therefore, it is necessary to balance the monomer feed rate with the

polymerization rate to get an overall reduction of [M]. Compared to the results of the AGE

polymerization, M,, increase of poly(EEGE) with increasing V is less pronounced already

indicated by a smaller difference of b.

Table 10: Dispersity and M,, values for poly(EEGE) obtained by different monomer addition

rates with KOtBu as initiator at 45 °C.

Flow rate b M.,
[uLh™] [g mol™]

5000 1.16+£0.01 5045+406
2000 1.15+0.01 4858+284
1000 1.144£0.01 5053166
500 1.14+0.02 4907+238
400 1.13£0.01 4699+237
250 1.13+0.01 4877+45
100 1.11+0.01 4671130
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Figure 74: Dispersity (ll)- and M,,(l)-feed rate plot for the synthesis of poly(EEGE)

initiated with KOtBu at 45 °C. All experiments were performed in triplicate and the

obtained standard deviation shown as error bars.

To confirm the above mentioned hypothesis, the first-order kinetics plot for AGE and EEGE
polymerization was determined for an initial [M]o:[l] ratio of 50:1. In these experiments all
monomer was present from the beginning (“infinite feed rate”). Conversion was determined
by 'H-NMR spectroscopy and -In(My/Mo) plotted against time (Figure 75). The apparent rate
constants were determined and the propagation rate constants calculated. With these, AGE
polymerizes faster than EEGE, having propagation rate constants of
kage = 2.41-10° L mol*s? and Keege = 2.20-10° L mol™ s* under the given conditions. In
contrast to that, the polymerization of AGE was stated to be slower than EEGE in diglyme at
120 °C by Erberich et al.[62] This can be assigned to the modified polymerization conditions.
Both polymerizations show induction periods as was already discussed in chapter 3.1.2. The
propagation rate constants were calculated using the concentration of the active species in
solution. For the experiments with the slow monomer addition the quantity of the active

species can be assumed to be constant, but the concentration alters with time. With this, no
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calculation can be performed to determine the optimized feed rate that is probably related

to the propagation speed.

Regarding the feed rate and intended DP of 50, the initial volume of the monomer has also
to be considered for feed rate adjustment. As an example for AGE, with a total volume of
570 pL monomer and a feed rate of 500 pL h™, after 66 min all monomer was injected. In
contrast to that with the same feed rate for EEGE polymerization (total volume 731 uL) full
monomer addition is obtained not before 88 min. Therefore, as more volume of EEGE is
needed for the same intended DP and polymerization is slightly slower, feed-rate influences
for low dispersity poly(glycidyl ether)s are assumed to differ from monomer to monomer,

depending on kinetics and monomer volume.
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Figure 75: First-order kinetics plot for AGE and EEGE polymerization initiated with KOtBu
at 45 °C. Apparent rate constants were determined by a linear fitting (red lines). The

corresponding apparent rate constants are inserted with k,,, = 3.52:10” s (AGE) and

kapp = 2.64-10 s™* (EEGE).
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3.2. Synthesis of polythioglycidols

In this chapter controlled oxyanionic ring-opening polymerizations of polyglycidols were
translated a thioanionic ring-opening polymerization. For this the glycidyl-monomers were
converted to the corresponding episulfides (IUPAC: thiirane) and polymerized by an anionic
mechanism. Focusing on EEGE and AGE monomers, polymerization protocols were used as
described in literature and slightly modified reducing side-reactions during polymerization
processes. A deprotection of poly(ethoxy ethyl thioglycidyl ether) was established.
Amphiphilic poly(thioglycidol)-block-poly(ethylene glycol) lead to the formation of

aggregates in aqueous solution.

Parts of the results were already published in

M. Kuhlmann, S. Singh, J. Groll, Controlled Ring-Opening Polymerization of Substituted
Episulfides for Side-Chain Functional Polysulfide-Based Amphiphiles, Macromolecular Rapid

Communications, 33 (2012) 1482-1486.
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3.2.1. Synthesis of the monomer

According to the published procedure by Spassky et al. episulfides were synthesized by
stirring the epoxide with dispersed or dissolved thiocyanates.[85, 86] Allyl glycidyl ether is
commercially available and ethoxy ethyl glycidyl ether was synthesized as described in the
previous chapter. Stirring the epoxide with dispersed potassium thiocyanate in isopropanol

for 7 days gives the ring-transformed episulfides.
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Figure 76: "H-NMR spectrum of allyl thioglycidyl ether (ATGE) in CDCls.

After purification by distillation the *H-NMR spectrum of synthesized allyl thioglycidyl ether
(ATGE) is shown in Figure 76. Here the signals of H® and H? split due to the racemic nature of
the monomer. The asymmetric substituted C® results in a different chemical shift of H® and
H® with A8 = 0.26 ppm. Retention of the correct integration ratio between heterocycle H?
and H® /(H*+HP) = 3 and the signals of the allyl-group H® and H' with /(H®+H") = 3 clearly show
the complete ring-transformation. In analogy to this, ethoxy ethyl thioglycidyl ether was
prepared. In Figure 77 the purified ethoxy ethyl thioglycidyl ether is shown with the signals
of the episulfide at &=3.05 - 3.17 (H®) ppm, 2.52 - 2.60 (H%) ppm and & = 2.23 - 2.34 (H?)
ppm. The acetal-H" can be detected at &=4.68 - 4.77 ppm and the corresponding CHs-
signals with a doublet at = 1.15 - 1.28 ppm (H®) and a triplet at § = 1.02 - 1.15 ppm (H8).
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Figure 77: "H-NMR spectrum of ethoxy ethyl thioglycidyl ether (EETGE) in DMSO-d6.

3.2.2. Homo- and copolymerization of ATGE and EETGE with thiolates

Although there is a broad spectrum of initiators mentioned in literature for episulfide
polymerization, thiolates seem to be the most promising species due to published narrow
molar-mass distributions, a variety of commercially available thiols, and the presence of the
active species already in the initiator. Unfortunately, hints are given that possible disulfide-
impurities broaden the molar-mass distribution of the resulting polymer. The polymerization
of the episulfides ethoxy ethyl thioglycidyl ether and allyl thioglycidyl ether was investigated
after distillation of the thiols, especially focusing on the best initiator, regarding their use as

internal NMR reference.
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Scheme 26: Initiation and polymerization of episulfides with thiolates. Quenching of the

thiolate as active species was achieved using benzyl chloride.

3.2.2.1. Thiophenol as initiator

Thiophenol was used as an aromatic thiolate-initiator. The advantages of thiophenol-
initiated polymerizations were already described in literature using propylene sulfide as
monomer and DBU as base in DMF at RT.[147] The initiation with thiophenol and
termination with PEG-bromide, in the cited literature, leads to amphiphilic blockcopolymers
with an aromatic end-group used for M,-determination by 'H-NMR spectroscopy. Literature
states the degradation of the thioether backbone using benzyl bromides, hence it was
focused on the less reactive benzyl chlorides.[101] After quenching, non-terminated
thiolates undergo a fast dimerization under oxidative conditions. Bimodal SEC-curves
therefore indicate an incomplete quenching, as residual thiolates are readily oxidized by O,

and dimerize.

The polymerization of allyl thioglycidyl ether was performed with thiophenol/DBU in DMF at
RT and the active species was quenched with benzyl chloride. The *H-NMR spectrum (Figure
78) shows the aromatic signal of the initiator (thiophenol) and the termination agent (benzyl
chloride) at §=7.11-7.46 ppm. At §=5.72- 6.0 ppm the 'H-signals of the allyl-group H"
appears as a multiplet, whereas at § = 5.05 - 5.35 ppm the signals of the H' were identified
(for assignment see Figure 78). The former sharp episulfide ring-signals get blurred and were
identified as the backbone signals H® and H at §=2.95 - 3.09 ppm and §=2.71-2.95 ppm
indicating a polymerization. At 6 = 3.87 - 4.04 ppm H® was identified. At § = 3.80 - 3.87 ppm a
singlet was recorded and assigned to the terminator signal Hin benzylic position, confirmed

by literature giving similar values for such a position.[148]
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Figure 78: 'H-NMR of poly(ATGE) in DMSO-d6 with thiophenol as initiator and benzyl

chloride as terminating agent.

The signal at 6 =3.13-3.25 ppm can be ascribed to the HY signal of the backbone, i.e. the
first repeating unit at the initiator site. Although at both termini an aromatic ring is present,
the direct chemical environment differs. This can be explained by the following
argumentation. The backbone-signals H and H® have all the same chemical shift, whereas
the first and last repeating units are influenced by the initiator and the terminator. At the
initiator site, the H* signal is downfield shifted, due to the aromatic ring. At the terminator-
site the H’ signal is even more affected by the aromatic ring, leading to a more pronounced
downfield-shift. The side-chain signals of H' between the ether and the poly(thioether)
backbone was ascribed to the signals appearing at 6 = 3.44 - 3.69 ppm. It is assumed that the
allyl group is not affected by the polymerization. Both, initiation and termination agent
signals were used to determine the DP. Besides the determination of the DP, it allows the
evaluation of the quenching reaction. The Hi signal of the initiator was used to evaluate the
termination reaction. An incomplete termination reaction with benzyl chloride could be

detected by a difference of the determined DP. For the polymerization of allyl thioglycidyl
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ether with thiophenol/DBU as initiator and benzyl chloride as quencher the aromatic region
was first used as reference. A DP = 15 was aimed using a ratio of allyl thioglycidyl
ether:thiophenol = [M]:[I] = 15:1. With a fixed integral of / = 10 of the aromatic region a
DP =13 was obtained. Using the terminal Hj-signal at 8 =3.84 ppm and an integral of 2 a
DP =15 is obtained. The H¥ signal at 0=3.13 — 3.25 ppm was also set to 2, yielding a
DP =17. As the overall integral of the aromatic region has the highest number of H-atoms of
the reference signals, the inaccuracy of this signal is the lowest, indicating the complete
termination with benzyl chloride. Unfortunately, a potentially occurring insufficient
guenching reaction reduces the integral and therefore falsifies the signal intensity. The only
signal independent on the quenching reaction is the signal H" at §=3.13 - 3.25 ppm.
Although the inaccuracy of this signal is higher than of the aromatic region, the intensity is

not influenced by an insufficient termination reaction.

SEC-analysis (THF, 1.0 mL min™, poly(styrene)-standard) of the polymer poly(allyl thioglycidyl
ether) (poly(ATGE)) showed a monomodal distribution with M,, = 2000 g mol™ corresponding
to DP =15 and D = 1.1 (see Figure 79). The polymer was synthesized with an initial feed of
[M]:[I] = 15:1. Therefore it can be assumed that the polymerization process can be

controlled with respect to molar-mass and DP indicating a living polymerization.
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Figure 79: SEC-elugram of poly(ATGE) with DP=15 synthesized with DBU/thiophenol as
initiator. A dispersity of = 1.10 and number-average molar mass of M, = 2000 g mol™* was

obtained.

3.2.2.2. Butanethiol as initiator

Aliphatic thiols were also investigated as initiator for the polymerization and their use as
reference in *H-NMR spectroscopy. The initiation of the polymerization of episulfides was
performed with butanethiol and DBU as base. In contrast to the initiation of episulfide-
polymerization with thiophenol, the aliphatic signals are expected to be separated from the
signals of the terminating agent in 'H-NMR spectra. Analyzing the polymerization with
thiophenol showed that no polymeric *H-NMR signals appear in this region. Therefor the use
of butanethiol-signals as internal reference might enhance the determination of DP and M,
For this, the same procedure was performed as was described for the initiation with
thiophenol/DBU (chapter 3.2.2.1), but butanethiol/DBU was used instead. Ratios of
[M]:[I] = 18:1 and 54:1 were used.

'H-NMR spectroscopy of poly(ATGE) with [M]:[I] = 18:1 was performed in DMSO-d6 (Figure
80). The initiator signals appear as a triplet at d = 0.79 - 0.95 ppm for the terminal CHz-group

H? a sextet at & = 1.28 - 1.43 ppm for H® and a quintet at & = 1.43 - 1.61 ppm for H°.
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Figure 80 "H-NMR spectrum of poly(ATGE) initiated with butanethiol/DBU and terminated
with benzyl chloride. The degree of polymerization (DP) determined by NMR was 30,

although a ratio of [M]:[1]=18 was used for the synthesis.

The triplet expected for He overlaps with the backbone signals H'. Using the initiator as
reference an average DP = 30 was obtained. With the aromatic signals of the benzyl-ring as
reference a DP =39 is obtained. This inconsistency can be ascribed to an incomplete
termination reaction after quenching with benzyl chloride. An integral of / = 5 is expected,
but a value of / = 3.8 was obtained, indicating an incomplete termination reaction. With the
benzyl-group as reference and an integral of /=5 the DP is hence overestimated. The
polymerization was repeated using a feed of [M]:[l] = 54:1 with butanethiol/DBU as initiator.
The 'H-NMR spectrum was recorded and the initiator used as reference for the
determination of DP (Figure 81). Here, a DP of 52 was obtained with the use of the terminal
CHs-group (H?) as reference. This is in good agreement with the theoretical value. With the
use of the CH,-signal H* of the terminating agent a DP =57 was calculated, indicating an

insufficient termination with benzyl chloride under the used conditions.

136



0.075:
0.070:
0.065:
0.060:
0.055:
0.050:
0.045:
0.040:

0.035-

Normalized Intensity

0.030+

0.025+

0.020+

0.015-

0.010-
0.005+ J|
o LAl .
.6

7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

167.3 1.8105.9 1.6 2.21.7 3.0
— u -

Figure 81: 'H-NMR spectrum of poly(ATGE) ([M]:[1]=54) initiated with butanethiol/DBU

and terminated with benzyl chloride.

The SEC-elugrams were determined using THF as mobile phase and poly(styrene) as
calibration-standard. The polymer synthesized with [M]:[I]] =18:1 had a number-average
molar-mass of M, = 4800 g mol™ (Figure 82). Poly(ATGE) obtained with [M]:[l] = 54:1 has a
M, of 7700 g mol™* (Figure 83). With a molar-mass of the monomer of M =130.20g mol™ the
corresponding DPs were determined. For the measurements DPsgc 13 = 37 and DPsgcsq = 59
were obtained. These values indicate two interesting facts. On the one hand does it show
that the quantity of the monomer for the first feed (DP = 18) was too high, as it was already
indicated by 'H-NMR spectroscopy. On the other hand does it indicate (confirmed by the
[M]:[1] = 54:1 experiment and thiophenol-initiated polymerization) that the used SEC system
(solvent: THF; 1.0 mL min™, poly(styrene) as calibration-standard) is quite good for the
polymers, indicating a similar hydrodynamic radius—molar-mass relationship of
poly(styrene) and poly(allyl thioglycidyl ether) in THF. A shoulder at twice the molar mass of
the main polymer signal was detected in both SEC elugrams, indicating a dimerization by
oxidation. The obtained dispersities were © =1.1 and D =1.22 for the polymers with and

initial ratio of [M]:[I] = 18:1 and [M]:[I] = 54:1, respectively.
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Figure 82: SEC-elugram for poly(ATGE) with DP = 18 initiated with butanethiol/DBU and
terminated with benzyl chloride. Besides the main polymer fraction a second higher

molar-mass polymer fraction was detected at M > 10,000 g mol™.
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Figure 83: SEC-elugram for poly(ATGE) with DP = 54 initiated with butanethiol/DBU and
quenched with benzyl chloride. A tailing of the molar mass distribution as well as a small

shoulder at higher molar mass fractions were detected.
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Expanding the polymerization of allyl-functional to acetal-functional episulfides, the
polymerization of EETGE was performed with butanethiol/DBU with a ratio of [M]:[I] = 31:1.
The *H-NMR spectrum (Figure 84) was recorded in CDCls. At & = 2.47 - 2.61 ppm (H%), 1.49 -
1.64 ppm (H®) and 0.84 - 0.98 (H®) ppm the signals of the initiator were identified. Using the
integral of the initiator at 6=0.84 - 0.98 ppm (terminal CHs-group) a DP =31 was
determined. SEC-analytic (Figure 85) gives a M,=6200 g mol™ equaling a DP=38. A
monomodal molar-mass distribution was recorded with a small tailing to lower molar-
masses, but no indication of dimerization was observed.

The molar-mass determined by SEC-analysis and by *H-NMR spectroscopy indicates a slight
deviation of the determined DP for both methods. As no side-reactions are observable in SEC
elugrams, it is assumed that the ratio of the polymer- to initiator-signals in *H-NMR-

spectroscopy determines the correct ratio.
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Figure 84: 'H-NMR spectrum of poly(EETGE) with DP=31 in CDCl;. Polymerization was
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initiated with butanethiol/DBU and quenched with benzyl chloride.
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Figure 85: SEC-elugram of poly(EETGE) with DP = 30 initiated with butanethiol/DBU and

quenched with benzyl chloride. A small tailing of the curve was detected.

The block-copolymerization of ATGE and EETGE was investigated as well. The 'H-NMR
spectrum of poly(ethoxy ethyl thioglycidyl ether)-block-poly(allyl thioglycidyl ether) is shown
in Figure 86. A DPgeree = 15 and DPatge = 15 were attempted. Using the terminal CHsz-group of
butanethiol as internal reference a DPgerge = 13 and DParge = 16 were determined. For this,
the typical allyl signals of ATGE at &=5.85ppm (HP) and acetal signals of EETGE at
d=4.6 ppm (Hh) were used. The obtained DPs determined by H NMR-spectroscopy are in
good accordance with the initial ratios [EETGE]:[I] = [ATGE]:[I] = 15:1.
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Figure 86: 'H-NMR spectrum in CDCl; of poly(EETGE)-block-poly(ATGE) with
EETGE:ATGE=15:15 initiated with butanethiol/DBU and quenched with benzyl chloride.

The SEC-elugram of the block-copolymer shows a pronounced bimodality (Figure 87). It is
assumed that upon addition of the second monomer oxygen is introduced into the flask,
leading to the oxidation of the thiolate species and hence dimerization of the
poly(thioether). With a molar-mass of M(EETGE) = 162.25 g mol™ and
M(ATGE) = 130.20 g mol™ a molar-mass of the block-copolymer of M =4387 g mol™ is
calculated. The two main peaks were determined at approximately M = 4800 g mol™* and
M = 9500 g mol™. Here the main fraction of the sample was assigned to the dimer. The
appearance of the pronounced dimer peak also explains the dispersity with a value of

D=1.24.
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Figure 87: SEC-elugram of poly(EETGE)-block-(ATGE) initiated with butanethiol/DBU and
quenched with benzyl chloride. The main fraction of the sample was assigned to the

dimerized polymer, whereas the lower fraction was assigned to the attempted polymer.

3.2.2.3. Mercaptoethanol as initiator

The group of Bonnans-Plaisance showed that the presence of hydroxy-groups does not
disturb the polymerization of episulfides due to the low acidity of alcohols (pKa=16)
compared to thiols (pKa = 9).[94, 101] The polymerization of ATGE and EETGE was hence
performed with mercaptoethanol/DBU as initiator. As the ‘H-spectra of the resulting
polymers do not differ from previous discussed signals, they are not shown here. Using ATGE
as monomer ([M]:[I] = 18:1), the 'H-NMR spectrum gives a DP = 18, if the initiator is used as
reference. The SEC of the resulting polymer showed that the polymerization proceeds
without oxidation and hence without dimerization reactions of the polymer. The
M, of 2300 g mol™, determined by SEC analysis, gives a DP = 18 with a dispersity of © = 1.10.
This further shows that the SEC system is well suited for poly(ATGE)s as was already

indicated above.
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Figure 88: SEC-elugram of poly(ATGE) with DP = 18. The polymer was synthesized with
mercaptoethanol/DBU as initiator and benzylchloride as quencher. For the polymer

M, = 2300 g mol™ with P = 1.10 was determined.

ATGE polymerization was repeated using a ratio of [M]:[I] =66:1 and benzyl chloride as
terminating agent. With this, the influence of the DP on dispersity was investigated. *H-NMR
spectroscopy was used to determine the DP with the initiator mercaptoethanol as reference.
Although a DP of 66 was attempted, 'H-NMR spectroscopy gives a DP of 48. The SEC-
elugram (Figure 89) shows a trimodality with M, = 7200 g mol™* and P = 1.48, corresponding
to a DP of 49. Although the polymerizations were performed similar, a dimerization of the
polymer was obtained, compared to the polymerization with a lower DP (Figure 88). A third
polymer species was detected at M > 20000 g mol™, but the reason for this higher fraction is

not clear.
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Figure 89: SEC-elugram of poly(EETGE), DP = 66, initiated with mercaptoethanol/DBU and
terminated with benzyl chloride. The main fraction of the polymer is accompanied by a
high molar mass fraction with twice the molar mass. This is assigned to the dimerized
polymer. At molar masses M > 20 000 g mol™ a third polymer species was detected. The

overall number-average molar mass was M, = 7200 g mol™ with a dispersity of D = 1.48.

In general, bimodality is assumed to be caused by an insufficient termination reaction of the
active chain ends with benzyl chloride. To enhance the termination reaction, acrylates were
also tested due to their high reactivity towards thiolates. Additionally, poly(ethoxy ethyl
thioglycidyl ether)-block-poly(ethylene glycol) block-copolymers can be obtained using
acrylate functional poly(ethylene glycol)s as quenching agent. Using methyl acrylate as a
model substance, the quenching of polymerization was investigated. The polymerization of
poly(ethoxy ethyl thioglycidyl ether) with [M]:[l] =54:1 was quenched with an excess of
methyl acrylate. The *H-NMR spectrum of the obtained poly(ethoxy ethyl thioglycidyl ether)
reveals a DP of 46 with the initiator mercaptoethanol as internal reference. The SEC-elugram
(Figure 90) shows a bimodal distribution with M, = 8200 g mol™* and D =1.07. Although
bimodality was observed, the dispersity is quite narrow. The oxidative dimerization reaction
of two polymer chains is assumed to cause the second polymer species at twice the molar

mass of the main polymer fraction.
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Figure 90: SEC-elugram of poly(EETGE) with DP = 54 initiated with mercaptoethanol/DBU
and terminated with methyl acrylate. A second polymer species was detected at M >
15000 g mol™ assigned to dimerized poly(EETGE). The sample has a M, of 8200 g mol™ with
a dispersity of B = 1.07.

The block-copolymer of ethoxy ethyl thioglycidyl ether and allyl thioglycidyl ether was highly
bimodal with butanethiol/DBU as initiator as was shown in chapter 3.2.2.2.
Mercaptoethanol/DBU was also investigated as initiator for the block-copolymerization of
the two monomers. Here a polymer with [ATGE]:[I] =33:1 and [EETGE]:[I] =32:1 was
synthesized. As oxygen was assumed to be introduced upon the addition of the second
monomer, the degassing protocol was slightly modified. The initial mercaptoethanol/DMF
solution was degassed, by purging N, through the solution. Afterwards three freeze-pump-
thaw cycles were performed. The DBU/DMF solution was equally treated. The solutions
were mixed under N,-atmosphere, frozen and evacuated. ATGE was added to the frozen
solution and it was further evacuated. Afterwards, it was warmed up to 0 °C and stirred for
30 min, mixing the initiator and the monomer and start the polymerization. For adding the
second monomer, the solution was frozen, and a degassed EETGE/DMF solution added. It
was further evacuated. The initially frozen layers mixed upon warming, combining the

already prepared poly(allyl thioglycidyl ether) with the newly introduced EETGE monomer.
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Finally, a degassed benzyl chloride/DMF solution was added to quench the polymerization.
Analysis with SEC shows a bimodal distribution with M, =9000g mol® and /=1.21.
Although repetitive evacuation and degassing were performed, the SEC elugram showed a
bimodal curve (Figure 91). It could be observed that the efforts of degassing decreased the
content of dimers compared to the polymerization procedure performed with butanethiol

(Figure 87 in chapter 3.2.2.2).
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Figure 91: SEC elugram of poly(ATGE)-block-poly(EETGE) with ATGE:EETGE=33:32 initiated
with mercaptoethanol/DBU and quenched with benzyl chloride. A bimodal elugram was
observed assigned to the dimerization of the synthesized polymer. The polymer has a

M, of 9000 g mol™ and a dispersity P of 1.21.

3.2.2.4. Dithiothreitol as bifunctional initiator

The bifunctional dithiothreitol (DTT) was used to initiate the episulfide polymerization,
rendering two vicinal hydroxy-groups exactly in the middle of the final polymer. It is
assumed that disulfides introduced by the initiator are inert towards the thiol-disulfide
exchange reaction as they exhibit a high enthalpic stability. Hence, all dimers observed in the

final polymer were formed during polymerization and not by impurities of the initiator.
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DTT/DMF-, EETGE/DMF-solutions and DMF (EETGE:DTT = [M]:[l] = 62:1) were degassed prior
to the addition of the DBU/DMF solution. After addition of DBU/DMF it was evacuated for
10 min and finally warmed up to RT. After quenching the polymerization with benzyl
chloride, the molar-mass distribution was investigated by SEC analysis (Figure 92). The
number-average molar-mass M,, was 10400 g mol™. Regarding the aimed overall DP = 62 a
molar-mass of M =10396 g mol™ was expected. The theoretical value and the obtained
value match well, indicating a successful synthesis of poly(ethoxy ethyl thioglycidyl ether)
with two OH-functionalities in the center. Unfortunately, the dimer-signal and a small
fraction of a third species can be observed, yielding a dispersity value of © = 1.12. As already
described, the dimer occurred probably due to the formation of disulfides at the
polymerization or the final termination. Due to the preliminary experiments with
mercaptoethanol and literature published by Bonnans-Plaisance[94], it is assumed that the

polymerization is solely initiated by the thiol groups.
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Figure 92: SEC elugram of poly(EETGE) with DP = 62 initiated with DTT/DBU. The active
species was quenched benzyl chloride. A second polymer species at M = 20000 Da was

assigned to the dimerized polymers.
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All investigated thiols were able to polymerize the monomers in the presence of DBU.
Depending on the initiator, butanethiol was judged to be the most promising initiator,
regarding "H-NMR analysis, as no overlapping of the initiator- with the polymer-signals
occurs. Additionally, the efficacy of the termination with benzyl chloride can be determined
as no signals of the initiator overlap with the aromatic signals of the quenching agent.
Experiments with thiophenol also show that thiophenol/DBU can be used as initiator for the
polymerization of episulfides. Under exclusion of oxygen a living ring-opening polymerization
can be assumed with the [M]:[l] ratio determining the final DP. In the presence of oxygen the
active species is oxidized, leading to the dimerization of the polymers. Due to the thiol-
disulfide exchange reaction, oxidized chains are not completely inactivated and the polymers
can further propagate. The inactivated disulfide-species can exchange with the active chain

end of other polymers, regaining the activity of the chain.

3.2.2.5. Polymerization with phenol/DBU

As was shown in the previous chapter, a terminal aromatic compound can be used to
determine the number-average molar-mass M, by 'H-NMR spectroscopy. An advantage of
phenol, in contrast to thiophenol, would be a more robust handling with respect to oxidation
and introduction of disulfides by the initiator. Additionally, the unpleasant odor could be
diminished. For the polymerization, the different reactivity of the phenolate anion (alkoxide
species), compared to the thiolate, has to be investigated. As the fast initiation is commonly
required for narrow molar-mass distributions, especially SEC-analytics should indicate the
suitability of the initiator. The polymerization was performed with the same protocol as with
the thiolate-initiated polymerization with [M]:[I] = 15:1.

The 'H-NMR spectrum was recorded in order to use the initiator as reference for the
determination of DP and M,. Under the assumption that benzyl chloride and phenol were
guantitatively introduced at the termini, the aromatic signals were used as reference with
I = 10. A DP of 68 was obtained from the *H-NMR spectrum. The high viscosity of the product

already indicated a higher DP than expected and determined by 'H-NMR spectroscopy.
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Figure 93: 'H-NMR of poly(allyl thioglycidyl ether) initiated with phenol/DBU. A ratio of

[M]:[1]=15 was used for the polymerization. The spectrum indicates a DP of 65.

The polymerization was performed using different [M]:[l] ratios and the polymerizations are
summarized in Table 11. For the reaction with DP =15, DP = 30 and DP = 60 number-average
molar masses of M, = 37000 g mol™* (Figure 94), M,= 35000 g mol™* and M, = 52000 g mol™
were obtained. Dispersities were high with values of P =1.50-1.56. Evaluation if a slow
formation of the initiator is the reason for the broad molar-mass distribution and the high
M,, a longer preparation of the initiator was performed. Here the system phenol/DBU was
stirred at RT for 2 h. The polymerization was performed at O °C. Here, a number-average
molar-mass of M, = 72000 g mol™*and P = 1.56 was obtained. These values are too high in
molar-mass and in dispersity, indicating that only a small portion of the initiator is active.
Recalculation of the percentage of active species was performed for all experiments,
assuming an accurate determination of the molar-mass by SEC and no termination reactions.
As an example, the polymerization using [M]:[I] = 30 (Mneory = 3966 g mol™) yielded a molar-
mass of M, = 35000 g mol?, corresponding to a DP = 269. Assuming a living polymerization,

after a successful initiation, only 11 % of the initial phenol/DBU was actively starting a
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polymerization (Table 11). The initiation with phenol does not seem to be promising for
synthesizing narrow-distributed poly(thioether)s, as neither the [M]:[l] ratio reflects the final

DP, nor dispersities can be defined as narrow.
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Figure 94: SEC-elugram of poly(ATGE) with [M]:[I]=15 initiated with phenol/DBU. A
number-average molar mass of M, =37000 g mol® with a dispersity of D = 1.50 was

obtained.

Table 11: Overview of polymerizations of allyl thioglycidyl ether with phenol/DBU.

Number M, theo M, cpc D Polymerization parameters Active
g mol™] g mol™] initiator
(calculated)
MAK?2 2000 37000 1.50 2h, RT 5%
MAK4 4000 35000 1.56 2 h,RT 11 %
MAK3 8000 52000 1.51 2 h,RT 15 %
MAKS 2000 72000 1.56 Initiator: 2 h phenol/DBU, RT 3%

Polymerization: 2 h, 0 °C, then RT
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3.2.2.6. Estimation of the disulfide-formation

Raman spectroscopy can be used to determine the presence of disulfide bonds in the
products. As Raman spectroscopy is not quantitative, the quantification of the disulfide
content is not possible. At v =509 cm™ disulfides can be observed, whereas at v =617 cm™
episulfides give a characteristic signal. In Figure 95 the Raman spectra of various polymers
are depicted. As can be seen in some cases episulfides signals can still be observed. This can
be ascribed to the high viscosity of some polymeric samples that do not run to completion
and hence still contain episulfides. In no polymer analyzed via Raman spectroscopy a hint for
disulfide formation can be found. The polymers used for Raman spectroscopy are listed in

Table 12 with the following definition:

# Table 12
(Entry)

10
11
12

ua b WN R
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—— #1 Poly(ATGE), DP=15, Thiophenol
0.20 — —— #2 Poly(ATGE), DP=15, Thiophenol
] — #3 Poly(ATGE), DP=18, Butanethiol
#4 Poly(ATGE), DP=54, Butanethiol
#5 Poly(ATGE), DP=18, Mercaptoethanol
015 617 cm’

0109

0.05

Normalized Raman intensity [a.u.]

0.00 . , . , . , . , . , . ,
700 650 600 550 500 450 400

Raman shift [cm ']

Figure 95: Raman-spectra of poly(allyl thioglycidyl ether)s polymerized with different
thiols/DBU.

As most of the SEC curves show bimodality, the results from the Raman spectroscopy are not
in accordance with the observations and theoretical considerations. This can either be
explained by the low signal strength of disulfides or the overall content of disulfides in the
polymeric samples. It is assumed that it is a combination of both effects. The signal intensity
of a polymer is determined by all groups and hence sum up. To explain the considerations, a
few things have to be assumed. If DP =18, 1:36" of the repeating units of a dimerized
polymer are disulfides. If 10 % of all polymers are oxidized, only 1:360" of the signals
intensity is left. If the signal intensity of disulfides is not intense, the signal is probably
superimposed by the large intensity of other functional groups. It is therefore assumed that

Raman-spectroscopy is not a valid method to confirm the presence of disulfides.
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Table 12: Polymerizations of EETGE and ATGE performed with various initiators and terminating agents.

b)

# Initiator Monomer Terminating mz2 M, sec DP DPywrY DPsec® M,/M,  Modality Episulfides Disulfides
agent (Raman) (Raman)
[gmol’] [gmol] (SEC)
1 HOEtSH ATGE BzCl 8495 9200 64 37 71 1.18 bimodal n.d. n.d
2 HOEtSH ATGE BzCl 8215 7800 63 60 58 1.11 bimodal n.d. n.d.
3 HOEtSH EETGE BzCl 9783 6700 66 50 48 1.11 bimodal n.d. n.d.
4 HOEtSH EETGE mMPEG480Ac 3000 2300 17 13 12 1.16 Slightly n.d. n.d.
bimodal
5 HOEtSH EETGE MeAc 8831 8200 59 42 55 1.07 bimodal n.d. n.d.
6 HOEtSH ATGE/ BzCl 9038 9000 65 53 65 1.21 bimodal n.d. n.d.
EETGE
7 DTT EETGE BzCl 9528 10400 2x31 n.d. 2x34 1.12 Slightly n.d. n.d.
bimodal
8 HOEtSH EETGE mMPEG480Ac 2080 2800 11 12 15 1.08 monomodal n.d. n.d.
9 Thiophenol ATGE BzCl 1953 1900 15 18 15 1.10 Shoulder Yes No

a) Calculated, b) Number-average molar mass determined by SEC in THF with PS as calibration standard, c) calculated DP d) DP determined by NMR, e) DP determined by SEC
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10

11

12

13

14

15

Thiophenol

Butanethiol

Butanethiol

Butanethiol
Butanethiol

Butanethiol

ATGE

ATGE

ATGE

ATGE
EETGE

ATGE/
EETGE

BzCl

BzCl

BzCl

BzCl

BzCl

BzCl

1953

2344

7031

2343

5030

4567

2200

4800

7700

2300

6300

6500

15

18

54

18

31

30

20

37

53

16

31

29

17

36

59

18

39

32

1.13

1.10

1.22

1.10

1.13

1.24

Shoulder

Slightly
bimodal
Slightly
bimodal

monomodal
monomodal

bimodal

ARI(dimer)>

ARI(polymer))

Yes

Slightly

No

n.d.
n.d.

n.d.

No

No

no

n.d.

n.d.

n.d.

a) Calculated, b) Number-average molar mass determined by SEC in THF with PS as calibration standard, c) calculated DP d) DP determined by NMR, e) DP determined by SEC
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3.2.3. Deprotection of the acetal-group

As all polymers were insoluble in water, the removal of the acetal-group was attempted by
acidic hydrolysis. After cleavage of the acetal-group, the hydroxy-functional poly(thioether)s
should be water soluble due to H-bond formation. First the stability of the poly(thioether)
chain with poly(allyl thioglycidyl ether) was tested. The allyl-groups should be inert against
the acidic hydrolysis as it is described in literature for the corresponding poly(glycidol)s.[62]
Investigation of the molar-mass before and after treatment of poly(ATGE) with an acid gives
insight on the stability of the thioether-backbone.

Poly(allyl thioglycidyl ether) with 36 repeating units (determined by SEC in THF with
poly(styrene) as calibration standard) was dissolved in THF. Addition of hydrochloric acid and
stirring at RT for 2d was performed. The 'H-NMR spectrum, after hydrochloric acid-
treatment, showed no visible difference compared to the initial polymer. Using the terminal
butanethiol moiety as reference, the M, was determined by *H-NMR spectroscopy, but no
significant difference could be observed. SEC-measurements after deprotection and
determination of M, showed a molar-mass of M, =5000 g mol™. Before treatment with

hydrochloric acid a M,, of 4700 g mol™ was determined.

Poly(ethoxy ethyl thioglycidyl ether) was used to hydrolyze the acetal side-chains and obtain
poly(thioglycidol). This was also performed in THF with aqueous hydrochloric acid. After 3 d
a 'H-NMR spectrum of the separated oily phase was recorded (Figure 96). At d=4.44 -
5.17 ppm a broad singlet can be observed. This broad signal was assigned to the OH-group,
showing that the polymer was deprotected. At 6 = 3.44 - 3.77 ppm the signal was assigned to
the HE8-signal of the polymer further indicating an intact polymer. The polymer backbone
(Figure 96, H®, Hf) was determined to have a chemical shift of 8 =2.69 - 3.01 ppm with an
integral of / =72 if the reference (initiator-signal, Hd) at 0 =2.56 - 2.69 ppm is set to a value
of I=2. The terminal aromatic signals could not be observed, assuming that a cleavage of
the terminal group occured. It is interesting to note that the polymer is insoluble in water.
Although a high water-solubility was assumed for the poly(thioether)-polyol only DMSO was
able to dissolve the homopolymer poly(thioglycidol). Due to the lack of analytics no SEC

elugram could be recorded.

155



09—: k
3 | |
0.83 b d e f .
E T N"g S{J
073 & e 10
ool 9 >0H
5003 h .
% 0.5—5
§ 0.4—5 e'f
g
0.33
3 g
0.2—; h Cc C
A - Mk |
03 235 53.7 71.7 2.0 * '
L | L | |
55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0

Chemical Shift (ppm)

Figure 96: 'H-NMR spectrum in DMSO-d6 of poly(thioglycidol) obtained by hydrolysis of

poly(ethoxy ethyl thioglycidyl ether) with hydrochloric acid in THF.

Rendering the water-solubility of the polymer, a block-copolymer of poly(thioglycidol)-block-
poly(ethylene glycol) was attempted. This was aimed using the butanethiolate-initiated
polymerization of EETGE and quenching the reaction with mPEG480-acrylate. The Michael-
addition of the thiolate to the acrylate, as a Michael acceptor, couples both polymers. The
symmetric block-copolymer poly(ethoxy ethyl thioglycidyl ether)-block-poly(ethylene glycol)
with 10 thioether- and 10 ethylene glycol repeating units was treated with hydrochloric acid
in THF. The 'H-NMR spectrum of the block-copolymer is shown in Figure 97. Here the OH-
functionality can be observed at 6 =4.81 - 4.95 ppm. As the side-chain methylene-group
splits at 8 = 3.58 - 3.72 ppm the CH,-group can be observed although the integral is only half
of the expected. The other half of the signal is overlapped by the backbone signal of the
ethylene glycol chain at 6 =3.46 - 3.58 ppm. The reference signal for the determination of
the intact backbone was the terminal CHs-group of the methoxy group of the poly(ethylene

glycol) chain, assigned to the signal at § = 3.22 - 3.27 ppm (Figure 97, H™).
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Figure 97: "H-NMR spectrum of poly(thioglycidol)-block-poly(ethylene glycol) in DMSO-d6.

The poly(thioglycidol) backbone signals (3H) was identified as the broad signal at =2.70 -
2.99 ppm (He'f) corresponding to a DP of 10. The signal of the CH,-group of the initiator in
vicinity to the thioether-unit was assigned to the signal at 6= 2.56 - 2.66 ppm (Hd). The
integration of the poly(ethylene glycol) region shows an integral of /=43. With the
overlapping signals of the methylene side-chain an integral of 1 =60 was expected. This
difference was assigned to a possible hydrolysis of the ester-bond connecting poly(ethylene

glycol) with poly(thioglycidol).

SEC-analysis (Figure 98) of the protected copolymer, the block-copolymer after 18 h
hydrolysis and the completely hydrolyzed polymer does not confirm this assumption. The
SEC elugram of the protected poly(ethoxy ethyl thioglycidol)-block-poly(ethylene glycol)
shows a monomodal distribution, whereas the partially acetal-deprotected polymer shows a
bimodal distribution in the SEC elugram (Figure 98). The smaller fraction of this bimodal
distribution was assigned to the unprotected copolymer. The 'H-NMR spectrum (Figure 99)
confirms the partial hydrolysis as the acetal-group is still present as indicated by the triplet
and dublett at 6 = 1.2 and 1.1 ppm. Finally after a complete hydrolysis of the acetal-groups a

monomodal elugram is observed indicating a fully deprotected poly(thioglycidol)-block-
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poly(ethylene glycol). The assumption that the ester was cleaved and a mixture of the
copolymer with PEG is present in the sample could not be confirmed, as no polymer signal

was detected that could be assigned to PEG with M, = 480 g mol™.
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Figure 98: SEC-elugram of fully protected poly(EETGE)-block-poly(ethylene glycol) (red),
after partial deprotection (blue) and fully deprotected poly(thioglycidol)-block-
poly(ethylene glycol) (black).
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Figure 99: 'H-NMR spectrum of partially hydrolyzed poly(ethoxy ethyl thioglycidol ether)-

block-poly(ethylene glycol) showing residual acetal-signals at 6 = 1.20 and 1.10 ppm.

158



3.2.4. Particle formation

The turbidity of the aqueous solutions of the poly(thioglycidol)-block-poly(ethylene glycol)
indicated an unexpected insolubility of the block-copolymer in water and implied a particle
formation. The solutions were analyzed by using cryo-SEM, performed at the DWI in Aachen
by Smriti Singh, and DLS measurements. In Figure 100 particles can be observed.
Determination of the diameter was performed using different magnifications and manually
measuring the size. For this, 9 particles were chosen from Figure 100(A), magnification
70000x, and 18 particles of Figure 100(B), magnification 25000x. An average diameter of the
particles of d =559 nm for the higher magnification was obtained. Figure 100 (B) gives a
diameter of d=75+36 nm. As the accuracy of the lower magnification is limited, the
standard deviation is higher. For the higher magnification a better determination of the size
can be obtained, although the quantity of particles is diminished as the area of the picture is
reduced. With both pictures an average diameter of d=65+23nm was obtained.
Confirmation of these results was attempted using dynamic light scattering (DLS). The
hydrodynamic diameter was determined to be d, = 83 nm with a polydispersity of PDI = 0.7
using the volume distribution. Upon changing the mode of the DLS to the intensity
distribution, the main fraction of the particles was determined to be at d, =2.5 nm. This
means that the main fractions of the solution are single polymers. The polymers usually have

a small scattering intensity and the scattering intensity of particles is in orders of magnitudes

||||4'_|-1|‘|.~

#
[ T B 1 '72.06”!‘:1

DWI 1.5kV 6.9mm x70.0k SEil - 500nm [ DVI 1 5KZ87 2 x25.0k SE{O)

(A) (B)
Figure 100: Cryo-SEM pictures of poly(thioglycidol)-block-poly(ethylene glycol) in aqueous

solution at (A) 70000x magnification and (B) 25000x.

159



80

—a— intensity distribution
—s=— volume distribution

Intensity [a.u.]

1 10 100 1000
Diameter [nm]
Figure 101: DLS measurement of self-assembled poly(thioglycidol)-block-poly(ethylene

glycol) particles in aqueous solution.

The scattering intensity is higher with diameters in the polymeric region than for diameters
of approximately d = 83 nm as expected for the particles. This means that the number of
particles is small compared to the number of polymers dissolved in the solution. The
calculation of the volume distribution by the DLS software shows, that the volume occupied
by the particles in solution is higher than the volume occupied by the polymers.

Although the particles observed by cryo-SEM were confirmed by DLS measurements, the
main scattering intensity was probably originated by the polymers dissolved in the solution.
Nonetheless the limited solubility of poly(thioglycidol) in aqueous solution is further
confirmed by the self-assembly of the amphiphilic poly(thioglycidol)-block-poly(ethylene
glycol) copolymers, in which the poly(thioglycidol) represents the hydrophobic part.
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3.3. Synthesis of cysteine-functional poly(glycidol)s

Side-chain functionalization of homo- and copolymeric poly(glycidol)(-derivatives) allows the
tailor-made adoption of poly(glycidol)s, synthesized in chapter 3.1, to specific applications.
In this chapter poly(glycidol) homopolymers and poly(glycidol-stat-allyl glycidyl ether)
copolymers are functionalized with thiol-, amine-, carboxy- and cysteine-groups. Fast and
efficient thiol-ene chemistry allows a complete allyl-group conversion orthogonal to OH-
functional side-chains. Hence the copolymer composition predetermines the final content of
SH-, NH,-, COOH- and cysteine-groups by the fraction of allyl-groups. Furthermore the
accessibility of the cysteine-residues is investigated using Native Chemical Ligation of C-

terminal thioester peptides as model compound.

Parts of this chapter were already published in

M. Kuhlmann, O. Reimann, C.P.R. Hackenberger, J. Groll, Cysteine-Functional Polymers via

Thiol-ene Conjugation, Macromolecular Rapid Communications, 36 (2015) 472-476.

This work was performed in cooperation with the group of Christian P. R. Hackenberger at
Department Chemical Biology Il, Leibniz-Institut fir Molekulare Pharmakologie (FMP) in
Berlin and Humboldt Universitat zu Berlin, Department Chemie, Berlin. Oliver Reimann at
the aforementioned institute performed the peptide synthesis, NCL experiments as well as

MALDI-ToF and HPLC measurements. These parts are marked with a hash (#).
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3.3.1. Thiazolidine formation
3.3.1.1. General

Synthesis of the 2,2,-disubstituted thiazolidines was directly accomplished by stirring
acetone with cysteine. The "H-NMR spectrum in Figure 102 was recorded in DMSO-d6 and
clearly shows the signal of H® at 4.81 - 4.98 ppm, H® at 3.33 - 3.63 ppm and H*at 1.61 - 1.86

ppm.
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Figure 102: 'H NMR spectrum of 2,2-dimethylthiazolidine-4-carboxylic acid.

Integration of the signals indicates no detectable impurities, overlapping with the identified
signals, as the ratio H:HP:H = 6:2:1 was matches the theoretical number of protons. A broad
singlet at 6 =13 — 9.5 ppm was determined to result from the two H-atoms bound to the
amine forming the corresponding hydrochloric salt of the thiazolidine. As the
functionalization of the thiazolidine for polyglycidol-modification will be executed via the
carboxylic acid, the ring-amine had to be protected to avoid a coupling of the thiazolidine-
amine with the activated carboxylic group. A formyl-group was chosen as the protective
group. Deprotection of the thiazolidine-ring, after a potentially successful polymer-analog

functionalization, has to be performed and hydrolyzed thiazolidine-rings will bear the o-p3-
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aminothiol, rendering the polymer sensitive towards oxidation. As the oxidation occurs
under neutral to basic conditions, an acidic deprotection protocol was attempted.
Additionally, polymer-analog reactions close to the backbone of polymer are sterically
demanding making an acidic cleavable amine-protection most promising. The formyl-group
represents the smallest possible amine-group that is cleaved under acidic conditions as well.
For this the 2,2-dimethyl-thiazolidine-4-carboxylic acid was dissolved in a mixture of formic
acid and sodium formate. Upon addition of acetic acid anhydride the mixed anhydride forms
and results in a formylation of the amine-group. Recrystallized white powder was analyzed
via 'H-NMR spectroscopy and showed the expected signals that split. At §=13 ppm the
proton of the carboxylic acid H can be observed as a broad singlet. The aldehyde signals H?
shows a splitting, giving a singlet at 6 = 8.41 ppm and 8.23 ppm, as well as the HY at 5.05 and
4.83 ppm. CHs-signals of the thiazolidine-ring also show a 70:30 ratio of both signals with a
chemical shift of d = 1.76 and 1.74 ppm. Splitting of the signals is already known in literature
for pseudo-proline (W-proline) and oxazolidines.[149, 150] Confirmed by x-ray analysis of a
single crystal the compound was successfully synthesized and reveals the (R)-configured N-

formylated thiazolidine (Figure 104).
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Figure 103: 'H-NMR signals showing the cis-/trans splitting of the signals of formylated 2,2-

dimethylthiazolidine-4-carboxylic acid.

Figure 104: X-ray crystal structure of formylated 2,2-dimethyl-thiazolidine-4-carboxylic

acid.
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3.3.1.2. Isocyanate-functional thiazolidine

Formylated thiazolidine could directly be used for an esterification reaction with the polyol
poly(glycidol). As the acidic hydrolysis of the thiazolidine-ring would probably cleave the
ester-bond a more stable link between thiazolidine and poly(glycidol) is necessary. A more
stable carbamate-bond can be introduced by the reaction between an isocyanate and a
hydroxy-group. Isocyanate-functionalization of the formylated thiazolidine was hence
attempted. Thiazolidine-functionalization via a stable carbamate-bond and subsequent
hydrolysis of the thiazolidines would lead to cysteine-functional poly(glycidol). For this the
Curtius rearrangement was used. Here the carboxyl-functionality of the thiazolidine was
derivatized with an azide that undergoes a Curtius rearrangement under heat. Hydrolyzable
isocyanates-thiazolidines can be isolated under anhydrous conditions. Diphenylphosphoryl
azide (DPPA) is a commercially available compound allowing a direct and easy synthesis of

the corresponding acyl azides (Scheme 27).[151]

PhO
0 3 R—{~OPh 0 OPh

JL @ (S J— 0lpOH —» I+ o=P-OH
R OH OPh 1, OPh R "Ns OPh

Scheme 27: Formation of an acyl azide using DPPA.

The synthesized acyl azides undergo a rearrangement under N, release upon thermal
treatment. Mechanistically, the release of the N, and the rearrangement are concerted as no
nitrene was detectable as already described in 1969.[152] For the synthesis of the
thiazolidine-isocyanate, the corresponding formylated 2,2-dimethyl-thiazolidine-4-carboxylic
acid was treated with DPPA in DMF at RT. Deprotonation of the carboxylic acid was achieved
using triethylamine as was described in literature for this type of reaction.[153] Stirring the
solution overnight and removing all volatile components yielded the raw product. Attempts
to extract the compound with CHCl; and remove the impurities with H,O-washing failed, as
the 'H-NMR spectra always showed residual aromatic impurities. Thin-layer chromatography
(tlc) with silica was used to evaluate the amounts of compounds in the mixture. Staining of
the tlc plate was obtained using iodine vapor or uv-light with A =254 nm (for aromatic
compounds). EtOAc:hexane = 1:2 as mobile phase yielded the desired product with a value

of Rf=0.17 and Rs = 0.68 for the aromatic impurity. Column chromatography was performed

165



] a
0.15+ 10) o [

| a a
. H H
. O>( e e \770
- H H
> b><Nj|/N\”/N\dEN><b b
% [ S C ) c S
%
5 uj
2 ] C
0.05-
d
] e d
Jj II J _l 1 LA L_ J\. . J
1.0 0.3 0.7 1.7 6.0
— — —_ — —
T 8| T 7| T é T é T £|1 T 3| T é T 1| T 0|

Chemical Shift (ppm)
Figure 105: 'H-NMR spectrum of acyl azide derivatized thiazolidine.

to separate the aromatic fraction from the desired product. Acyl azide-functionalized
thiazolidine was analyzed by *H-NMR spectroscopy and is shown in Figure 105. Formyl-H H?
was assigned to the signal at & =8.25 - 8.5 ppm. The strong electron withdrawing effect of
the acyl azide group shifts the CH-signal downfield and assigned to the signal HY at §=4.9 -
4.6 ppm. CHs-signals at the thiazolidine ring were identified as the signals H°at§=1.75 ppm.
Residual ethyl acetate was detected at 6 = 2.05 ppm (singlet), 4.1 ppm (quartet) and a triplet
at 1.24 ppm. CH,-ring signals H® were identified at &=3.25ppm. This leads to the
assumption that the thiazolidine is intact and is not disturbed by the derivatization of the
carboxylic acid to the corresponding acyl azide. But it is assumed, that a partial Curtius
rearrangement and hydrolysis of the isocyanate occurred, as the signals at d=6.25 — 5.8
ppm were assigned to amide-H signals H®. The partial hydrolysis of the product leads to a
carbamic acid that decarboxylates to the corresponding amine, able to attack a further
isocyanate building a urea-bond (Scheme 28). Synthesized isocyanate-functional thiazolidine

was used for polymer-analog functionalization of the poly(glycidol) homopolymer.
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Scheme 28: Hydrolysis of isocyanates and the subsequent formation of a urea bond,

dimerizing the initial isocyanate-moieties.

3.3.1.3. Thiol-functional thiazolidine

The carboxyl-group was attempted to be activated with activating agents. Usually carboxylic
acid groups are less reactive towards nucleophiles e. g. amines. Activation of carboxylic acids
can be performed by transformation of these to their halides or active esters. Carbodiimide-
activated amide-formation is commonly performed in peptide-synthesis, but initial formed
o-acylisoureas can easily be hydrolyzed by the aqueous environment. Water-soluble sulfo-
NHS or NHS is added to prevent this hydrolysis and give activated esters. N,N’-
Carbonyldiimidazol is an alternative zero-length approach for the linkage of carboxylic acids
and amines. A pronounced advantage of the CDI-method is the high driving force of the

reaction as CO; is formed. Unfortunately, hydrolysis in H,O is even more pronounced.[154]

O/\j\ P! -Im j)\

LS S, = g T,
R™ OH Cl Q R0 N@ co, RN
N N N
Scheme 29: Carboxyl acid activation with CDI under formation of the imidazol-amide.

Activated imidazole-amide was reacted with cysteamine in pyridine in situ. Degassed
pyridine is used as solvent to deprotonate the commercially available cysteamine
hydrochloric salt. Double-nucleophilic cysteamine is able to attack the imidazole-amide with
the amine and with the thiol, producing a mixture of path a) and path b) shown in Scheme

30.
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Scheme 30: Imidazol-amide of the formylated-thiazolidine reacts either with the thiols of

cysteamine or via the cysteamine amine.

As it is known in literature, and is especially a key step in Native Chemical Ligation, the
formed amine-functional thioester is able to perform a N—S acyl shift and form the more
stable thiol-functional thiazolidine. The shift is reversible, but requires synthetic methods
that usually deal with an excess of the desired thiol moiety.[155-157]An excess of the thiol
moiety is not used as cysteamine is equipped with a 1:1-ratio of both functional groups. For
the synthesis, the cysteamine/thiazolidine-imidazol amide solution, in a mixture of
DMF/pyridine, was stirred at RT overnight. Removal of all volatile components and
extraction of an acidified aqueous solution with CHCI; yielded a white residue that could be
recrystallized in ethyl acetate yielding white fine needles. HRMS showed m/z = 249.0694
[M+H]" (calculated m/z = 249.0736).
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Figure 106: 'H-NMR spectrum of 3-formyl-N-(2-mercaptoethyl)-2,2-dimethylthiazolidine-4-

carboxamide (mercaptothiazolidine).

'H-NMR spectrum was recorded, showing an intact ring system with the protective group at
d=8.13 - 8.48 ppm, H?, as well as the CHs-groups H° at §=1.75 ppm. Newly formed amide-
signal H® was detected at 6 = 7.0 - 6.6 ppm with a splitting due to the cis and trans-isomers
(discussed in 3.3.1.1). The CH, group, Hd, of the thiazolidine-ring can be observed at d = 3.57
—3.72 ppm and 6 =2.99 - 3.20 ppm. Hf was detected at § = 3.20— 3.57 ppm, whereas H® was
determined to be at 8 = 2.45 - 2.72 ppm. Data given in literature matches well with the thiol
detected as a triplet at 6 = 1.28 - 1.42 ppm. Thiol-H-coupling with the HE signal has a coupling
constant of 3J=8.1 Hz.[158] 'H-signal assignment was further proven with BC-NMR
spectroscopy and a recorded HSQC spectrum. For confirming the thiol-functionalization,
Raman spectroscopy was performed. In contrast to IR spectroscopy the signal strength of
thiols and disulfides is intense and allows the qualitative detection of both groups. Figure
107 depicts the recorded Raman spectrum. A clear valence vibration signal at v = 2537 cm™
can be detected that is typical for thiol-functionalities. Interestingly, no signal at 508 cm™
can be observed indicating a non-detectable quantity of disulfides. In Raman spectrum both,

amide and carbonyl, signals are detectable at v = 1690 cm™ and v = 1638 cm™, respectively.
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This further confirms the functionalization of the formylated thiazolidine-ring with

cysteamine.
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Figure 107: Raman spectrum of mercaptothiazolidine, showing a strong thiol signal at 2537

cm™, but no disulfides at 508 cm™.

3.3.2. Polymer-analog functionalization via isocyanates

The reaction between alcohols and isosyanates yields carbamates that are highly stable. For
this a isocyanate was synthesized as was described in the previous chapter. To obtain a fast
kinetics catalysts are added, such as organo-tin compounds.[159, 160] Here poly(glycidol-
stat-allyl glycidyl ether) was used as the polyol. Presence of allyl-functional groups was used
as an internal reference for the determination of the efficiency. Acyl-azide synthesized in
chapter 3.3.1.2, was dissolved in DMF and stirred for 1 h at 90 °C. The polymer, dissolved in
DMF, was added subsequently and dibutyl tin dilaurate (DBTDL) was added and stirred at RT

for 20 h. After workup, the product was analyzed via *H-NMR spectroscopy.
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Figure 108: 'H NMR of thiazolidine-functionalized poly(G-stat-AGE) obtained by

isocyanate-functional thiazolidines and poly(G-stat-AGE).

A polymer with DPgcidoi = 67 and DP,yy = 7 was used for the reaction. For the determination
of the efficiency the terminal tert-butyl group was set to a value of 9. Allyl groups were
assumed to be inert towards the reaction and the allyl-signal at 6 = 5.6 ppm was yielding an
integral of 14 (CH,=CH-R), confirming the inertness. 14 hydroxy-groups were attempted to
be modified with the isocyanate. The signal of the formyl-group can be observed with a
chemical shift of d=8.21 - 8.55 ppm, the carbamate-signals at 6 =7.58 - 8.19 ppm. Both
signals indicate a functionalization of approximately 11-14 repeating units. Signal at 6 = 5.65
- 6.05 ppm were assigned to the signal H" of the thiazolidine-ring, with the allyl-signal
CH,=CH-R, H® in direct vicinity at  =5.7 - 5.81 ppm. Hydroxy-groups are detected at d = 4.5
ppm, whereas the signal strength does not seem to be significantly diminished in
comparison to the theoretical initial value of 67, as the resulting integral gives at value of
I = 66. This is assigned to the inaccurate signal determination of alcohols in general, as the
H-D-exchange can occur, potentially falsifying the signals intensity. The signal of HY and H'
overlap at & =3.79 - 4.30 with an integral of 46. As 7 repeating units of allyl should show a

signal integral of 14 in this region, the actual value for H'is | = 46-14 = 32, corresponding to a
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number of H’ groups of 16 and hence 16 attached thiazolidine-units per polymer. With an
integral of / = 83 both CH3 groups of the thiazolidine can be assigned to the signal at 8 = 1.52
- 1.93 ppm. This corresponds to a degree of functionalization of DF = 13. Additionally, due to
the initiator assigned to the singlet at d = 1.1 ppm and an integration of / = 9 the degree of

functionalization if proven with a second reference usable.

In a repetition experiment the poly(glycidol) homopolymer was used for the synthesis.
Thiazolidine acyl azide was dissolved in DMF, heated to 90 °C to generate the isocyanate and
subsequently at RT the polymer-solution in DMF was added. DBTDL was added in catalytic
amounts and it was stirred at RT overnight with a ratio of OH:NCO = 60:13. After workup *H-
NMR analysis revealed an efficiency of 15 %. The discrepancy of the efficiency was surprising
and the experiment was repeated. Again the homopolymer was used for the polymer-analog
functionalization. A ratio of OH:NCO = 60:20 was used and resulted in a conversion of two

repeating units, i.e. an efficiency of 10 %.

The functionalization in general with isocyanate-functional thiazolidine is possible, but not
always successful. Additionally, the use of tin in the functionalization procedure for cysteine-
functional polymers is inappropriate. Organo-tin compounds are commonly known to be
potentially toxic due to their interaction with sulfur-groups, denaturating cysteine-
containing proteins. Conscientious workup would be necessary before cell studies could be
performed. Circumventing this potential issue triethylamine was used as a catalyst to
perform the reaction.

Table 13: Attempts to functionalize polyglycidols with NCO-thiazolidine with Et;N as base.

Entry Glycidol Allyl NCO EtsN:NCO time T Efficiency
(repeating (repeating [°C] [%]
units) units
67 7 18 1.13:1 overnight RT 5
60 - 8 0.5:1 5d RT 50
3 60 - 9 0.4:1 overnight 90 11

In Table 13 all attempts to functionalize poly(glycidol) with NCO-thiazolidine are
summarized. Here a maximum of 50 % efficiency was obtained. Entry 2 indicates that a long
reaction time is necessary to obtain higher conversions. Regarding the reaction of NCO-

thiazolidine with the hydroxy-groups a high efficiency is necessary to predict the final degree
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of functionalization. Assuming a variation in the polymer-length it has to be further
investigated if the conversion is 50 % or if the efficiencies are polymer-length dependent. It
is therefore concluded that the functionalization of polyglycidols with NCO-thiazolidines is

ineffective and hence an alternative strategy was evaluated.

3.3.3. Polymer-analog functionalization via thiol-ene chemistry

Synthesized mercaptothiazolidine from 3.3.1.3 was used to functionalize allyl-functional
poly(glycidol) in analogy to Koyama- and Frey-group. Thiol-ene chemistry is a promising
approach for the reaction between an unsaturated double-bond and thiols, hence
sometimes called hydrothiolation of a double bond. Here the abstraction of H--radicals of
the thiols are initiated using either UV-light with or without a photosensitive compound or
thermal production of radicals by thermally labile compounds e.g. peroxides or azo-
compounds. Thiyl-radicals RS- attack the unsaturated bonds under formation of the more
stable carbon-radical. The carbon-radical can abstract an H- of a further thiol under
formation of the hydrothiolated anti-Markovnikov product. If no substituents alter the
stability of the intermediate radical-species, the anti-Markovnikov product is obtained for

e.g. alkyl substituted unsaturated compounds.

o R/.\/S\R w, R/\/S\R anti-Markovnikov
R—S

SRl Rl_SH SRl
—

R)\' R)\ Markovnikov

Scheme 31: Markovnikov and anti-Markovnikov products possible by thiol-ene chemistry.

A second thiol necessary to transfer the H- species from the thiol to the carbon-centered
radical is transformed to the corresponding thiyl-radical attacking further unsaturated

bonds.

3.3.3.1. Thiazolidine-functionalization of poly(glycidol)

Successful thiol-ene chemistry was already shown in literature with poly(ethylene oxide-stat-
allyl glycidyl ether) with various thiols under thermal conditions using AIBN as the radical
source.[68] Polymers were dissolved in DMF and all components added subsequently.

Solutions were degassed by purging through the solutions with N, for 30 min. AIBN:allyl
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ratios were varied from AIBN:allyl = 0.69:1 to 1.47:1 and 17-21 equivalents of the thiol were
used with respect to the allyl-group. After workup the internal reference (terminal tert-butyl
group of the initiator) was not always giving the correct integral for the groups that are
supposed to be inert towards the reaction, as the backbone signals or the acetal-CH- group.
In this case no quantification of the conversion can be performed. This can be caused by the
cleavage of the tert-butyl group under acidic conditions. Here only the qualitative
determination is possible. For entry 1 and 3 (Table 14) no quantification was possible, but
the *H NMR analysis showed no residual allyl-signals. Unfortunately, the first entry also does
not show a residual thiazolidine ring, either caused by a cleavage of the thiazolidine ring
from the polymer or the thiazolidine-ring opening upon work up. Entries of 2 and 4 (Table
14) show that upon decrease of the content of AIBN the conversion increases. If the thiol-
content is increased from 17 eq to 22 eq a full conversion can be obtained. Increasing the
temperature and using 19 eq. of the thiol and 1.47 eq of AIBN, with respect to the allyl-
group, a conversion of 97 % can be obtained. It has to be noted that a full conversion of the
allyl-groups is possible, however only with an excess of 22 equivalents of the thiol with
respect to the allyl-group. In this case, with a polymer of 67 glycidol and 7 allyl-groups, 154x
the quantity of the polymer had to be used to let the reaction run to completion. This
reaction is therefore assumed to be inefficient. Literature often calls this type of reaction
“click” chemistry. Regarding a recent publication about the term “click”-chemistry in
polymer science this definition is inappropriate for such an extent of equivalents.[161]

The use of a light induced generation of radicals is an alternative approach for the Thiol-Ene
reaction. For this two apparatus were available. First a photoreactor (PR) was available using
16 lamps with each having 24 W (A =365 nm). Second, 4 UV-LED cubes (LED), each with
11 W (A =360 nm), were used with 2,2-dimethoxy-2-phenylacetophenon as light-sensitive

initiator.
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Table 14: Thiol-ene chemistry of mercaptothiazolidine and allyl-functional poly(glycidol) initiated with AIBN at elevated temperature.

Entry Allyl Acetal AIBN FTz4CySH Polymer T t AIBN AGE Thiol Conversion
[mmol] [mmol] [mmol] [mmol] [mol L] [°C] [h] [eq] [eq] [eq] [%]
1 0.252 2.412 0.20 4.2 6.00-10° 75 12 0.81 1.00 17 no CHs signal
2 0.264 2.531 0.18 4.4 6.30-10° 75 21 0.69 1.00 17 86
3 0.254 2.432 0.22 5.6 6.05-10° 75 19 0.85 1.00 22 no allyl
4 0.259 2.481 0.22 4.3 6.17-10° 75 22 0.84 1.00 17 14
5 0.166 1.588 0.24 31 5.27-10° 85 22 1.47 1.00 19 97
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Table 15: Thiol-ene chemistry of mercaptothiazolidine and allyl-functional poly(glycidol) initiated via UV-irradiation.

Entry  Source Solvens Glycidol  Allyl:DP Polymer t DMPA AGE Thiol Conversion

[mgmL™]  [min] [eq] [eq] [eq] [%]
1 PR EtOH OH 7:74 22.7 70 0.10 1.0 5.5 100
2 PR EtOH OH 7:74 8.8 10 0.66 1.0 5.2 100
3 PR EtOH OH 7:74 10.8 15 0.46 1.0 35 100
4 PR EtOH OH 7:49 18.4 15 0.49 1.0 35 100
5 PR EtOH OH 7:49 18.4 25 0.52 1.0 34 100
6 UV-LED EtOH OH 7:49 19.2 150 0.50 1.0 3.3 100
7 UV-LED MeOH Acetal 11:79 22.3 <10 0.90 1.0 6.2 100
8 UV-LED MeOH Acetal 11:79 50 60 0.59 1.0 2.3 100
9 UV-LED MeOH Acetal 11:79 27.6 120 0.52 1.0 1.9 100
10 UV-LED  MeOH:EtOH Acetal 5:50 76.1 30 0.50 1.0 33 100

=1:2

11 UV-LED MeOH Acetal 5:50 59.7 30 0.5 1.0 31 100

176



Table 14 and Table 15 summarize the experiments performed with AIBN and elevated
temperature as well as DMPA as initator and UV-irradiation to perform Thiol-Ene chemistry
with mercaptothiazolidine and allyl-functional poly(glycidol). Table 15, entries 1-5 were
performed with a photoreactor using 16x24 W lamps. Entries 6-11 were performed with UV-
LED cubes having 4x11 W. It shall be noticed that the intensity of the two light sources vary.
More important than the intensity is the fact the lamps as well as LEDs are used. Whereas
the spectra of lamps are usually giving an intensity maximum at the specified wavelength,
other wavelengths are also radiated. LEDs radiate one specific wavelength, here 360 nm, and
no other wavelength is radiated by that source. As the photoinitiator also absorbs at various
wavelengths, the initiation of DMPA with the more intense and more radiative photoreactor
is supposed to be more efficient. Using a photoreactor, ethanol as solvent and a ratio of
DMPA:allyl:thiol = 0.66:1.0:5.2 the reaction is completed within minutes. The reaction is also
able to proceed within a wide range of polymer concentrations, i.e. c=8.8—-76.1 mgmL*
Allyl-allyl coupling can also proceed, as was mentioned by ten Brummelhuis et al.[162] No
signals in "H-NMR spectrum can be observed indicating the presence of this side-reaction. A
higher spatial separation of the groups allows the avoidance of this reaction, i.e. a longer
side-chain, tacticity or a side-chain “dilution” by comonomers, as was stated by the authors.
As only up to 14% of the monomers bear allyl side-chains and the statistical
copolymerization is assumed (see chapter 3.1) the theoretical considerations confirm the
experimental observations. This leads to the assumption that the anti-Markovnikov addition
happens without any detectable side-reactions. In all experiments the allyl-content was
varied between 9.5 - 14 % of the polymer. The lowest ratio of thiol:allyl = 1.9:1 was used to
assure a full conversion and a suppression of the side-reaction. Table 15 also indicates that
the use of ethanol and methanol is possible for this reaction. In general the reaction is
always fast. It was noticed that a slight turbidity at the beginning, due to the restricted
solubility of mercaptothiazolidine in ethanol, beginning to clear as the reaction proceeds.
Mercaptothiazolidine solubility is assumed to increase as the substrate is removed during
the course of reaction, and the solubility-equilibrium is shifted. Furthermore the reaction
slightly warms up during irradiation and hence increases solubility. Nonetheless the reaction
is well performed although an incomplete solubility was initially observed. The solubility of
mercaptothiazolidine in methanol is better, as no turbidity could be observed during

preparation of the reaction. In summary a procedure for the thiol-ene chemistry of the
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mercaptothiazolidine and allyl-functional poly(glycidol) should be performed with 3-3.5 eq
thiol with respect to the allyl-group. With this ratio it is assumed that a suppression of a
potentially occurring side-reaction can be diminished with concurrently reducing the use of
mercaptothiazolidine. A ratio of DMPA:allyl = 0.5:1 can be used to let the reaction run to
completion. Entry 11, Table 15 was performed with ca. 3 g polymer indicating a potential

process to synthesize thiazolidine- and hence cysteine-polymers in a gram scale batch.

3.3.3.2. Thiol-, amine- and carboxyl-functionalization

A successful functionalization of the polymer with Thiol-Ene chemistry was transferred to
other functional groups promising with respect to biomaterials. Thiol-functionalization of
poly(glycidol)s was already demonstrated to yield redox-sensitive nanogels for a potential
drug-delivery.[83] Here esterification of the synthesized poly(glycidol)s was demonstrated.
Ester-free thiol-functional poly(glycidol)s should be obtainable using thioacetic acid and allyl-

functional poly(glycidol). Attached thioacetates should be cleavable by hydrolysis.

O
R HS NaOH R
. —_—
P 360 nm
DMPA

O

Scheme 32: Synthesis of thiol-functional poly(glycidol)s via Thiol-ene chemistry.

In analogy to the functionalization of allyl-functional poly(glycidol) a solution of
thiol:allyl:DMPA = 3.5:1:0.5 in ethanol was irradiated with 360 nm (LED-cubes) for 2.5 h.
After work-up a 'H-NMR spectrum was recorded (Figure 109). Here a polymer with
DPgjycidol = 42 and DPgyy =7 was used. Typical signals of the new formed thioacetate are
assigned to the triplet at & = 2.93 ppm (H®), the singlet at & = 2.35 ppm (H") and the quintet
at 8=1.84 ppm (Hf). The procedure was performed with a maximum of 7 g polymer initially
used for the synthesis. This also shows the gram-scale opportunity using this modification
protocol. A polymer with 10 % thioacetate-functionalities was acetal-deprotected in THF

with HCl and yielded the thioacetate-functional water-soluble poly(glycidol).
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Figure 109: "H-NMR spectrum of thiacetate-functional poly(glycidol).

Thioacetate side-chains were hydrolyzed with c =30 g L™ and a solution of 1.44 M NaOH in
an ethanol/water solution (EtOH:H,0 =4:1)). Subsequently the oxidized polymer was
reduced with TCEP under inert atmosphere and dialyzed against water. An Ellmann assay
was used to determine the content of thiol-functionalities. The synthesized polymer was
analyzed and yielded a overall content of 0.439 mM in the intial solution. With a theoretical
value of 0.44 mM thiols in the analyzed solution this matches very well and confirms the *H-
NMR spectrum giving a number-averaged value of 4-4.5 thiols per polymer, using the

polymerization initiator as reference.

The amine-functionalization of poly(glycidol)s are of interest, as the positive charge of
protonated amines under neutral conditions should be able to complex (poly)anions as e.g.
DNA. As was already shown by the Koyama-group, thiol-ene reaction can be performed with
cysteamine hydrochloric salt, giving amine-functional poly(glycidol)s as could be confirmed

with *H-NMR.
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As well as amine-functionalization, carboxyl-functionalization of poly(glycidol) was achieved
using thioglycolic acid with a ratio of SH:allyl:DMPA = 3.5:1:0.5 equivalents. Here it was also

possible to directly obtain carboxylic acid functional poly(glycidol).

OH R
. 1Y
o)
J 360nm O
P
S\)kOH

DMPA

Scheme 33: Allyl-functionalization with carboxylic acid via thiol-ene reaction with

thioglycolic acid.

3.3.3.3. Thiazolidine-hydrolysis of thiazolidine-functional
polyglycidols
For deprotection of the thiazolidine-ring the following aspects have to be considered. In
aqueous solution thiazolidines are in equilibrium with the corresponding cysteine and
aldehyde or ketone. In non-aqueous solution it is stable. Ring-stability can be enhanced by
modification of the ring-amine. Formylation was performed in the previous chapter leading
to a stabilized ring, enabling a purification of thiazolidine-functional polyglycidol by dialysis
against water. Cleavage of the formyl-group can be done by the following substrates as it is

stated in literature[163]:

Acidic cleavage with HCl in H,0 or dioxane.
Transfer of the formyl-group to strong nucleohiles.

Hydrogenolysis with H, and Pd.

1.

2

3

4. H,0,
5. Acylchloride/benzyl alcohol.

6. UV-irradiation at 254 nm in acetonitrile.
7. Alkaline cleavage with NaOH.

Various opportunities of deprotection will be considered. The first two deprotection-routes
are promising as the cleavage under acidic conditions hinders the oxidation of the obtained
thiols towards oxygen, possibly using open-flask conditions. Hydrogenolysis is promising, as
potentially oxidized thiols will be reduced, in parallel to the deprotection. Unfortunately,

regarding the potential use of the polymers for biomaterials, the use of palladium is
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inappropriate as it has to be removed completely, that might by problematic due to the
complexation of Pd with cysteine-ligands, either reducing the yield or making work-up
difficult.[164] Oxidative cleavage of the formyl-group with H,O, does not seem to be
efficient by the value given in literature (15 %). Additionally, a possible over-oxidation to the
corresponding sulfones and sulfoxides is possible. Furthermore, the subsequent reduction
had to be performed increasing synthetic efforts. Reaction of acyl chloride and benzyl
alcohol forms HCIl leading to the acidic cleavage of the reaction in analogy to the reaction
with HCl in H,O or dioxane. Here the electrophilic acyl chloride might interact with the ring-
thioether as the free electron pairs of the sulfur are highly nucleophilic. Removal of the
formyl-group with UV-light might be an option. As it is known for thiol-ene reactions, the
formation of thiyl-radicals can be performed by irradiation with UV-light without photo-
sensitizer if wavelengths of 254 nm are used. After deprotection, the formation of thiyl-
radicals could possibly lead to side-reactions. For these reasons the cleavage of the

thiazolidine-rings seemed to be most promising with hydrochloric acid.

Table 16: Deprotection of the formylated thiazolidine-ring attached to poly(glycidol).

Entry Substrate T[°C] Time[h] Result
1 0.1 M HClI RT 24 No deprotection
2 0.1 M HClI 70 66 78 % deprotected
3 0.1 M HClI 70 114 Fully deprotected
4 0.1 M HClI 80 24 66 % deprotected
5 0.1 M HClI 80 48 73 % deprotected
6 0.1 M HClI 90 5 49 % deprotected
7 0.1 M HClI 120 3 Side-chain cleavage
8 pTsOH RT Overnight No deprotection
9 2.5 M NaOH Reflux Overnight Side-chain cleavage
10 Hydroxylamine RT Overnight No deprotection
11 Hydrazine 65 4 No deprotection

Different temperature and times were evaluated, whereas it was always focused on 0.1 M

hydrochloric acid, as a higher concentration might be too acidic, being able to cleave the
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thioether connecting the polymer with the thiazolidine. At room temperature no
deprotection could be observed using ‘H-NMR spectroscopy to investigate the
disappearance of the CHs-groups of the thiazolidine-ring at 1.75 ppm. Upon increasing the
temperature to 70-90 °C a deprotection can be observed. Upon further increasing the
temperature side-chain cleavage occurs, being inappropriate for the thiazolidine-
deprotection. As the heating plates used in the laboratory usually fluctuate in the range of 5-
10 °C, and 70 °C seems to be valuable for the deprotection, this temperature was chosen.
Time was further investigated to reach a full deprotection of the thiazolidine-ring. Entry 5 in
Table 16 reveals that 48 h at 80 °C is not enough to hydrolyze the thiazolidine-ring. Hence it
was stirred for 66 h at 70 °C, whereas with these parameters only 78 % were converted to
the corresponding cysteines. It takes approximately 5d at 70°C with 0.1 M HCI to fully
deprotect the thiazolidine-ring and obtain cysteine-functional polyglycidol. Using other
deprotection agents lead either to a cleavage of the side-chain from the backbone or no
deprotection. This was observed e.g. for hydroxylamine, p-toluene sulfonic acid or

hydrazine.

3.3.3.4. Thiol-quantification of cysteine-functional poly(glycidol)

Ellman published in 1958 and 1959 results offering a good opportunity the quantify
thiols.[40, 41] Using the aromatic disulfide 5,5’-dithiobis(2-nitrobenzoic acid) one mole thiol

reacts with the disulfide and sets free one mole of an aromatic water soluble thiolate.

HO._O O
S-s 0.0
N02 R 0O + N02
R-SH + -
S
s OH O
NO,
O.N _
Amax =412 nm
HO Yo

Scheme 34: Reaction mechanism of Ellmann reagent with thiols.

First the non-carboxylated compound was used, but the application was limited due to the
little solubility in water. In 1959 the determination with a carboxylated aromatic disulfide
was published. The reason for the introduction was on the one hand the solubility and on
the other hand the application of the assay in slightly basic media, deprotonating the

carboxyl group to the corresponding carboxylate. Oxidation of thiols to the corresponding
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disulfides is performed under neutral to basic conditions and cannot be excluded while
performing the assay.

For calibration of the assay, cysteamine and cysteine were tried as a standard testing the
variation of the method with the substrate.

Measurements of the cysteine functional poly(glycidol) are summarized in Table 17,
indicating a strong variation in the result. As all polymers shall have 5 thiols none of the
polymers gives a “good” value. Depending on 'H-NMR studies the values of the expected
thiols are five, but Ellman gave values between 1.5 and 2.4. A specific reason for this
deviation is not known. It could either be caused by the 'H-NMR measurements with its
inaccuracy, or the efficiency of the assay. In general, Ellman assay gives only the value of free
thiols. Already oxidized thiols during or before the assay cannot be determined, allowing no
accurate determination of the efficacy of the cysteine-functionalization via click chemistry.
To sum up, the Ellman assay, in our case, proves the existence of thiol, but for an accurate
determination are further methods necessary to prove or disprove the obtained results.

Table 17: Results of the Ellman assay of some thiomers and cysteinomers.

Polymer Theory Analysis Analysis

SH NMR Ellman
MAK331 4 n.d. 1.5
MAK336 5 3.5 2.4
MKNO12 5 4 1.8

3.3.3.5. Amine-quantification of cysteine-functional poly(glycidol)

Nucleophilic properties of amines and thiols can be used to convert colourless compounds to
a colored complex being analysed via UV-Vis spectroscopy. Besides other the
trinitrobenzosulfonic acid (TNBSA) is a reagent used for the quantification of amines in
biochemistry. The sulfonic acid group can act as a good leaving group, making the aromatic
ring accessible for a nucleophilic substitution reaction. An appropriate electron deficiency is
obtained by the threefold functionalization of the ring with NO,-group. Isolation of the
Meisenheimer complex proved this reaction to be via the addition-elimination mechanism

with an intermediate and not via a transition state.[165]
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Scheme 35: Mechanism for the quantification of primary amines and thiols with TNBSA.

As thiols and primary amines can react with the TNBSA reagent the determination of
cysteines should result in the double determination of both functional groups. For this the
assay was performed with cysteine (NH, SH), cysteamine (NH,, SH), mercaptoethanol (SH)
and ethanolamine (NH,).

As can be seen in Figure 110 there is a linear dependence of the absorbance and the
concentration. For both substances the absorbance—concentration dependence is similar,
indicating that the absorption of the assay substrate is independent on the actual species,

i.e. thiol or amine.
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Figure 110: Absorbance—concentration dependence for TNBSA assay with

mercaptoethanol and ethanolamine.

Investigating the steric demand of TNBSA two groups in vicinity to each other was analyzed.
Figure 111 shows that monofunctional and difunctional compound show the more or less

exact calibration line. Linear fitting reveals the data for the slope and intercept shown in

Table 18: Linear fitting parameters of the absorbance measurements for the TNBSA-assay
with different calibration standards. A strong deviation of cysteamine, in contrast to

oxidized cysteamine, ethanolamine and mercaptoethanol, is found.

Calibration standard Slope Intercept
Cysteamine*HCl 6.17 0.015
Cysteamine*HCl + H,0; 4.19 0.018
Ethanolamine 4.09 0.009
Mercaptoethanol 4.71 -0.001
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Figure 111: Comparison of mono- and di-reacting compounds with TNBSA. Mono and

difunctional compound seem to react only once.

If it is assumed that cysteamine reacted with both groups and the amount of cysteamine
molecules is calculated, it has to be divided the amount by the factor of two. This
recalculation varies a lot from the other calibration lines. As the concentration of the
compound is in pumol and cysteamine reacts similar to mercaptoethanol and ethanolamine
this means either the reaction of both termini in all cases (NH,, SH, OH), making the alcohol
group reactive towards the TNBSA, too. This could also mean that although both termini of
cysteamine can react, only one does. The alcohol reactivity can be a reason, but as the
solution is delivered in methanol (Thermo Scientific) it is assumed that the possible reaction
with alcohol groups can be neglected although the pH is changed from neutral (pure
methanol as solvent for TNBSA) to pH 8 for the assay. A theoretical consideration is
performed with ethanol, having a pka =16, and mercaptoethanol, having a pKa = 9.6, leading

to the following calculation in the equilibrium:
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Whereas ethanol is only deprotonated at a pH of 8 to 10° %, mercaptoethanol is
deprotonated of about 4 %. As TNBSA removes the thiolate anion out of the equilibrium,
more and more thiols will be deprotonated as the trinitrophenylation proceeds. It can
therefore be assumed that the alcohol does not significantly participate in the TNBSA assay.

Upon addition of TNBSA solution to the calibration standards a fast color change appeared
at the cysteamine solution in contrast to ethanolamine. Usually the color change (colorless
to yellow) can be seen up to the 2 ug/mL solution. An observable color change took longer
(30 min - 1h) for the cysteine-solution. This indicates a fast reaction of the thiol compared to
the amine. Why the thiol of the cysteamin compared to the cysteins’ thiol reacts fast can be
explained by the structure. As the cysteamine-amine is able to deprotonate the thiol and
with pH 8 is directly available for the nucleophilic attack on the TNBSA, with cysteine the
carboxylic acid can additionally protonate the thiol. On the other hand it is probable that
although the thiol can be protonated by the carboxylic acid, the excess of NaHCOs;
additionally deprotonated the thiol again making the amine and thiol available for TNBSA
reaction. Charge- and steric- reasons can also explain the slow and incomplete conversion of
the TNBSA assay with cysteine. The amine of cysteine is close to the deprotonated
carboxylate group so that an electrostatic repulsion might occur slowing down the reaction.
Additionally the assay is said to be specific for primary amines. Therefore it is assumed, that

the thiol of cysteine can react but shall not be used for calibration.
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Scheme 36: TNBSA can potentially react with the amine- or the thiol-terminus. A single

and double trinitrophenylation is possible.

As the uncertainty with the monoreaction with cysteamine and TNBSA persists it was tested
if the TNBSA assay can be performed under oxidative conditions. Therefore the assay was
performed with H,0, to see if there is any side-reaction with TNBSA. The standard protocol
was performed but instead of using an amine or a thiol H,0, was used in the concentration
range of 10 pg/mL to 1 pg/mL. Maximum of absorbance at A =335nm of H,0, can be
neglected and therefore does not disturb the measurement.

Mercaptoethanol was used for the determination of the necessary oxidation time to completely
remove thiols from the solution to be investigated. For this a 50 pL sample solution, with a sample
concentration of 10 mg mL", was added to a solution containing 4.950 mL 0.1 M NaHCOsand 50 pL
H,0,/NaHCO; (10 mg ml™, NaHCO; 0.1 M). Oxidation was performed for 1 h at 37 °C. Afterwards the

standard TNBSA assay was performed with this stock solution.

TNBSA
R -NH2 H,0, R NHz assay amine quantification without
\[ 37°C, 1h \[ ™ influence of vicinal thiol group
SH
side-reactions
with TNBSA

Scheme 37: Oxidation of thiol-groups in cysteine-functionalities leads to the single

quantification of the primary amine using the TNBSA assay.
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Figure 112: TNBSA assay performed with mercaptoethanol, oxidized mercaptoethanol

and ethanolamine. The oxidized mercaptoethanol does not react with the TNBSA.

Figure 112 shows the absorbance at A =335 nm recorded for different concentrations.
Ethanolamine, also attempted to be oxidized, does not show an influence of H,0, on the
quantification of the primary amine. Measurements with mercaptoethanol show that thiols
react equally to amines and the quantification of thiols and amines are hence possible. Upon
oxidation of the thiols with H,0, no reaction of mercaptoethanol with TNBSA can be
observed, indication that the quantification of cysteines solely via the amine is possible using

a prior oxidation of the thiols.

Cysteine-functional poly(glycidol)s were oxidized prior to the determination with the TNBSA
assay. Hence the thiols were oxidized and solely the amines were used to quantify the
overall quantity of the cysteines attached to the poly(glycidol). Table 19 summarizes the
values obtained for the quantification of the amine-content of the polymer. Ethanolamine
was used for calibration, measured and a linear fit was performed. The slope m and the
intercept b were determined to be m = 4.466 and b = 0.0053. using this equation the umol of
the calibration were recalculated and are shown in column 5 in Table 19. Entries 1-4 indicate
that the values obtained for the absorbance are too small for the quantification as e.g. for
entry 1 and 2 the values obtained for the calibration are negative due to the inaccurate

measurement. Values of entry 5 - 11 are similar for different concentrations indicating a
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constant value obtained for the amine content. Number-average amine-functionality was
determined calculating the average value from entry 5 - 11, yielding 4.2+0.5 amines and
hence cysteines per polymer. A polymer with DPgiqoi = 45 and DPgyy = 5 was used prior to
the cysteine-functionalization. This indicates a good synthetic approach for the cysteine-
functionalization via Thiol-Ene chemistry using the synthesized mercaptothiazolidine and a

good quantification method of cysteines using an oxidative TNBSA assay.

Table 19: TNBSA of cysteine-functional poly(glycidol) with prior oxidation with H,0,.

Entry Polymer Calibration Ratio

Calibration/Polymer

Mg mL? pmol mL?  Abs. NH, NH,:polymer
[a.u.] [mmol]

1 0.59 0.00012 0.003 -0.00122 -10.5
2 0.99 0.00019 0.006  -0.00053 -2.7
3 1.98 0.00039  0.009 0.00016 0.4
4 3.96 0.00078 0.017 0.00200 2.6
5 7.92 0.00155 0.034 0.00591 3.8
6 9.90 0.00194 0.044 0.00820 4.2
7 11.88 0.00233 0.054 0.01050 4.5
8 15.84 0.00311 0.070 0.01418 4.6
9 19.80 0.00388  0.087 0.01808 4.7
10 49.50 0.00971  0.157 0.03417 3.5
11 99.00 0.01941 0.333 0.07461 3.8
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3.4. Native Chemical Ligation with cystein-functional
poly(glycidol)*

Proofing the functionality of cysteine side-chains, NCL was performed. The group of Christian
P. R. Hackenberger at Department Chemical Biology Il, Leibniz-Institut fiir Molekulare
Pharmakologie (FMP) in Berlin and Humboldt Universitat zu Berlin, Department Chemie,
Berlin performed the NCL experiments, MALDI-ToF measurements and HPLC measurements.
The polymer was synthesized with DPgjcigol = 45 and DPcysteine = 5 (stored as the acetate salt).
C-terminal thioester peptide of the sequence 390-410 of the tauprotein (Thz-
EIVYKSPVVSGDTSPRHLSN, Thz: Thiazolidine protected cysteine) was synthesized by Oliver
Reimann in the group of Hackenberger. Oliver Reimann performed the experiments allowing
the thioester-peptide to react with the cysteine-functional poly(glycidol) under reductive
condition at pH 6.9 and 4-mercaptophenylacetic acid (MPAA) as an aromatic catalyst.

Reaction was run for 3 h and peptide:polymer (pep:pol) = 1:1, 3:1 and 5:1 ratios were used
to check the peptide distribution and the saturation-functionalization of the 5 kDa polymer
with a comparably large 2 kDa peptides. After dialysis with a MWCO 3,500 dialysis tube, to
remove unbound peptide, MALDI-TOF experiments were performed. Best MALDI spectra
were obtained with sinapinic acid that is often used for peptide analytics in MALDI
experiments. This indicates a strong influence of the peptide on the desorption properties of
the conjugate. The main signal of conjugates is obtained for disubstituted conjugates (if
mass discrimination can be neglected) making the conjugate already a more or less
mass:mass = 1:1 compound of peptide:polymer (Figure 113). With higher degrees of

conjugation the influence of the peptide further increases.
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Figure 113: MALDI-TOF experiments of polyglycidol-peptide conjugates with
peptide:polymer feed ratio of 1:1 (top), 3:1 (middle), 5:1 (bottom) with the corresponding

estimated maxima of the signals and the amount of peptides at each polymer.

When the feed ratio thioester:cystein=1:5 was chosen for the NCL, three species,
pep:pol=1:1, 2:1 and 3:1 occur in the MALDI spectrum. As up to five peptides can be added
(in average) to every polymer a higher degree of substitution is valid with respect to the

intended ratio.
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Table 20: Native Chemical Ligation experiments. Polyglycidol with five cysteine
functionalities was used and modified with three different peptide:cysteine ratios, i.e. 1:1,

3:1 and 5:1. The conjugates were dialyzed and analyzed by MALDI-TOF experiments.

Ratio Peptide Conjugate” Mass? Mass? Mass?

peptide:polymer [gmol™] [gmol?] [gmol’] [gmol?] [gmol]

(thioester:cysteine) 1:5 3:5 5:5
0:1 (0:5) 5102
1:1 (1:5) 2283 7385 7213 - -
2:1(2:5) 4566 9668 9395 8960 8690
3:1(3:5) 6849 11951 - 11350 11276
4:1 (4:5) 9132 14234 - 14113 13907
5:1(1:1) 11415 16517 - - 16607

1) Theoretical molar mass

2) Determined by MALDI-TOF experiments. Peak maximum was used.

Table 20 shows the results of three experiments with feed ratios of thioester:cysteine = 1:5,
3:5 and 1:1. The higher the amount of thioester-peptide with respect to the amount of
cysteine-units, the higher degrees of conjugation can be obtained. All experiments show the
same conjugates with an inaccuracy in determined molecular weight determined by MALDI-
TOF experiments (peak maximum) due to the overlap of all degrees of conjugation with the
overall overlap of polymeric molecular mass distribution (see Figure 113). The molecular-
weight distribution of the original polymer can be observed resulting in a broad multimodal
signal ranging from 4.8 kDa to 18 kDa (Figure 113). Additionally, possible polymer fractions
of small molecular weight might be considered having no cysteine attached caused by
copolymerization feed and might therefore exist as “homopolymeric impurities” in the
sample. With approximately 10 % AGE in the copolymer, all polymers with DP < 10 bear no
allyl group. As theses fraction have molecular weights smaller than MWCO of post-NCL
dialysis, MALDI-TOF experiments are assumed to be recorded of the pure peptide—polymer
conjugates. Increasing the amounts of peptide up to an equimolar ratio of
peptide:polymer =5:1 (thioester:cysteine = 1:1), gives a higher degree of peptide-
conjugation. Only a small almost negligible fifth peptide condensation at the polymer can be

observed, indicating a saturation of the polymer with the peptide at a ratio of
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peptide:polymer = 4:1. Considering the molar masses of 5100 g mol™ of the polymer a
peptide with 2283 g mol™ and the increasing bulkiness of the conjugates, with increasing
degree of conjugation, the fifth functionalization might be too hindered. Furthermore a
discrimination of higher molar masses in MALDI might also be a valid explanation for the
small occurrence of the five-fold conjugate. Nonetheless MALDI-TOF experiments confirm
the multiple conjugation of peptides along the polyglycidol backbone varied by the

peptide:polymer ratio.

Further proofing the higher degree of substitution a Tricin SDS-PAGE was performed
according to the literature.[166] A 16 % gel was used with urea and finally stained with silver
having a high sensitivity towards peptide. Figure 114 shows one example of a couple of gels
that were performed. Although a standard coomassie staining, silver staining and a
commercial zinc staining were used the pure reference peptide could not be observed.
Literature indicates an influence of the coomassie stain on the quite sensitive silver
stain.[167] Staining with silver is more pronounced if sulfonic acids are present either by
oxidation of thiols or the sulfonic acid in coomassie blue. As there is no visible complexation
of coomasssie with the reference peptide the lack of silver staining might be explained by
this, too. Reasons for the non-staining of the peptide are still unknown. Gels run with no
urea also did not lead to a visible band of the pure peptide. Fortunately, polymer bands and
conjugate bands are visible showing a strong smearing due to the molecular-weight
distribution of the polymer. Furthermore the molecular-weight increase of the conjugates
can be seen in the gel by decreasing the length of the bands from the pure polymer to the
conjugates. With thioester:cysteine = 1:5 to 3:5 and 1:1 a stepwise increase in molecular-
weight and a reduced migration in the gel can be observed. As the difference of the
thioester:cysteine = 3:5 and 1:1 experiments is not significant in the gel a conclusion about a

saturation of the polymer with the conjugates cannot be drawn by this method.
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Figure 114: Tricin SDS-Page with marker (M), cysteine-functional poly(glycidol) (pol),
peptide (pep) and the conjugates synthesized with a ratio of thioester:cysteine=1:5, 3:5
and 1:1 (peptide:polymer = 1:1; 3:1, 5:1).
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4. Summary/Zusammenfassung
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Summary

Aim of this thesis was to combine the versatility of sulfur-chemistry, regarding redox-
sensitivity as well as chemo- and site-specific conjugation, with multifunctionality of
poly(glycidol)s as an alternative to poly(ethylene glycol). For this, first the poly(glycidol)
synthesis was evaluated and optimized. With this knowledge, the oxidation-sensitive
thioether-analogs of poly(glycidol)s, i.e. poly(thioglycidol)s, were developed. Finally, water-
soluble poly(glycidol)s derivatized with thiols, amines carboxylic acids and cysteines were
prepared. The cysteine-functionality combines redox- and pH-sensitivity with the possibility

of chemically orthogonal coupling via Native Chemical Ligation.

Poly(glycidol) synthesis and process optimization. First the homo- and copolymerization of
EEGE and AGE were performed with respect to molar-mass distribution and reaction
kinetics. A detailed study was given, varying the polymerization parameters such as DP,
counter ion, solvent and monomer influence. It can be concluded that in general the rates
for all polymerizations are higher using K*, in contrast to Cs’, as counter ion for the active
alkoxide species. Additionally, the solubilities of the respective K*-salts are better in a variety
of solvents. Unfortunately, K" as counter ion commonly leads to a reduced control over
polymer dispersity. Especially the polymerization of AGE is problematic giving generally
dispersities higher D=1.2. The development of bimodal molar-mass distributions was
assigned to the dimerization of polymer chains. In this thesis it was shown that the broad
molar-mass distributions might be reduced by adding the monomer in a step-wise manner.
In experiments with a syringe pump, for continuously adding the monomer, a significant
reduction of the dispersities especially for AGE polymerizations could be found using K as

counter ion.

In the future, a more detailed investigation of the slow monomer addition would be
promising as this type of side-reaction is not only occurring at the investigated monomers
but other epoxide- and glycidyl-monomers are also known to exhibit these side-reactions.
Furthermore, optimization of EEGE synthesis is necessary, currently hindering the large-scale
synthesis of poly(glycidol)s and hence the transfer of the polymer system “from bench to
bedside”. A possible route would be a continuous-flow reactor approach having a fixed-bed

acid catalyst that might reduce work-up procedures.
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Synthesis of poly(thioglycidol)s: In analogy to the oxyanionic polymerization of epoxides,
the polymerization of episulfides via a thioanionic mechanism with various DPs was
successful with thiols/DBU as initiator. In most experiments bimodality could be observed
due to the dimerization, caused by oxidation processes by introduced oxygen during
synthesis. Reducing this was successful by a modified degassing procedure. For this, either
continuously reduced pressure and temperature (-15 °C) conditions or repeated degassing
cycles after each step, i.e. initiation, monomer addition and quenching, are required.
Unfortunately, it was not always possible to completely avoid the dimerization due to
oxidation. Thiophenol, butanethiol, mercaptoethanol and dithiothreitol were used as thiol
initiators, all being capable to initiate the polymerization and predetermine the resulting
molar-mass in the range of DP= 18-66 for ethoxy ethyl thioglycidyl ether and allyl
thioglycidyl ether. With the prediction and the narrow molar-mass distributions, the living
character of the polymerization is therefore indicated. Attempts to use other initiators, to
avoid the introduction of disulfides by these, failed using phenol/DBU as initiating system.
Successful removal of the acetal-groups under acidic conditions lead to hydroxy-functional
poly(thioglycidol)s that were almost negligible water-soluble. For this a poly(thioglycidol)-
block-poly(ethylene glycol) copolymer was synthesized to increase water solubility and the

resulting amphiphilic copolymer self-assembled in aqueous solution.

Reduced water-solubility of poly(thioglycidol) hinders the direct use of these polymers.
However, block-copolymers (with PEG) formed particles that should be examined towards
oxidative conditions and compared to the results of literature given PEG-PPS copolymers.
Furthermore, it would be interesting grafting PEG or poly(glycidol) on the poly(thioglycidol)s
as the thioethers are assumed to strongly attach to gold surfaces. This would lead to the

multi-thioether fixation of the polymers on the gold exhibiting a strong coating.

Cysteine-functionalization of poly(glycidol)s: Homo- and copolymers of poly(glycidol) were
used to functionalize these polymers with side-chains bearing amines, thiols, carboxylic acids
and cysteines. The cysteine side-chains were obtained using a newly synthesized thiol-
functional thiazolidine (mercaptothiazolidine, FTZ4Cys). For this, cysteine was protected
using a condensation reaction with acetone yielding a dimethyl-substituted thiazolidine.
Protection of the ring-amine was obtained via a mixed-anhydride route using formic acid and

acetic anhydride. Attaching the thiazolidine to the polymer was first attempted by forming
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an isocyanate-functional thiazolidine. This was reactive towards the poly(glycidol) hydroxy-
groups, but reactions were not accurately reproducible. An alternative route for
functionalization was hence followed that turned out to be more successful by activating the
carboxylic acid of 2,2-dimethylthiazolidine-4-carboxylic acid with CDI and attach cysteamine.
The obtained crystalline mercaptothiazolidine (FTz4Cys) was subjected to thiol-ene click
chemistry with allyl-functional poly(glycidol). A systematic comparison of thermal- versus
photo-initiation showed a much higher yield and reaction rate for the UV-light mediated
thiol-ene synthesis with DMPA as photo-initiator. Using UV-LEDs, a ratio of only
3.5:1:0.5 = thiol:ally:DMPA was necessary to reproducibly obtain thiazolidine-functional
poly(glycidol)s with a full conversion after 30 minutes. Hydrolysis of the protected
thiazolidine-functionalities was obtained upon heating the samples for 5d at 70 °Cin 0.1 M
HCI. Dialysis against acetic acid lead to cysteine-functional poly(glycidol)s, storable as the
acetate salt even under non-inert atmosphere. An oxidative TNBSA assay was developed to
quantify the cysteine-content without the influence of the thiol-functionality. A cooperation
partner coupled C-terminal thioester peptides with the cysteine-functional poly(glycidol)s
and showed the good accessibility and reactivity of the cysteines along the backbone. SDS-

PAGE, HPLC and MALDI-ToF measurements confirmed the successful coupling.

In the future, cysteine-functional poly(glycidol)s are promising candidates for the oxidative
coupling to form hydrogels. As it is shown in literature for thiol-functional poly(glycidol)s,[83,
111] this allows the formation of particles. With the new thiol-ene based route, ester-free
nanogels are available for targeted drug-delivery with a potential longer stability.
Additionally, amine-functionalities are prone to protonation and are hence able to form
complexes with polyanions, such as DNA, also interesting for drug-delivery applications.
Poly(glycidol)s with a,B-aminothiols allow a redox-sensitive behavior of the nanogels via the
thiols and an additional pH-sensitivity via the amines. Furthermore, positively charged
amino-groups induce enhanced repulsive forces between the chains that potentially improve
the disintegration of the particles. More reductive- and acidic-tumor sites are hence targets
to be addressed. Native Chemical Ligation accessible cysteine-functional poly(glycidol)s
could also be promising candidates for the chemoselective and stable conjugation of

peptides studying multivalency effects with desired peptides.
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Zusammenfassung

Ziel der Arbeit war es die Vielseitigkeit der Schwefelchemie, hinsichtlich der
Redoxsensitivitat und chemo- und seitenspezifischer Konjugation, mit der
Funktionalisierbarkeit von Poly(glycidol)en, als multifunktionale PEG-Alternative zu
kombinieren. Zuerst wurde die Poly(glycidol) Darstellung untersucht und optimiert. Im
Anschlufl wurden die oxidationsempfindlichen Thioether-Analoga der Poly(glycidol)e, die
Poly(thioglycidol)e, synthetisiert. Zu guter Letzt wurden wasserlosliche Poly(glycidol)-
Derivate mit Thiol-, Amin-, Carbonsdure- und a,B-Aminothiolfunktionen dargestellt. Letztere
erlauben die Kombination aus Redoxsensitivitat und chemisch orthogonaler Kopplung

mittels Native Chemical Ligation.

Poly(glycidol)-Synthese und die Prozessoptimierung. Zunachst wurden die Homo- und
Copolymerisationen von EEGE und AGE hinsichtlich der Molmassenverteilung und der
Reaktionskinetik untersucht. Durch die Variation der Polymerisationsparameter, wie
angestrebter Polymerisationsgrad, Gegenion, Losungsmittel und Monomer, wurde der
Einfluss dieser untersucht. Allgemein konnte gezeigt werden, dass die Polymerisationen
schneller ablaufen, wenn K', im Gegensatz zu Cs', als Gegenion zum aktiven
Alkoxidkettenende verwendet wird. Die K'-Salze, im Vergleich zu den Cs*-Analoga, sind
zusatzlich in einer groBeren Anzahl an Losungsmitteln 16slich. Nachteilig bei der Verwendung
von K* als Gegenion ist der Kontrollverlust der Polymerisation, welcher mit einer Erhéhung
der Dispersitdt einhergeht. Insbesondere die Polymerisation von AGE ist problematisch,
sodass gewohnlich Dispersitaten von D groRRer 1.2 erhalten wurden. Bei dieser Kombination
ist eine besonders ausgepragte Bimodalitat beobachtet worden, verursacht durch die
Dimerisierung der Polymerketten. Es konnte gezeigt werden, dass die Breite der
Molmassenverteilung, das Ausmall der Bimodalitdt, durch die Geschwindigkeit der
Monomerzugabe kontrolliert werden kann. Tatsachlich konnte die Dispersitat durch die
Verwendung einer Spritzenpumpe verbessert werden, da das Monomer mit einer
konstanten angepassten Flussrate hinzugefiigt wurde. Besonders bei der Polymerisation von
AGE mit K" als Gegenion konnte eine bessere Kontrolle der Molmassenverteilung erreicht

werden.
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In Zukunft ware die weitere Ausarbeitung der langsamen Monomerzugabe sinnvoll, da diese
Nebenreaktion ebenfalls flir andere Epoxid- und Glycidolmonomere bekannt ist. Ebenfalls ist
die EEGE Monomersynthese ansich optimierungsbediirftig, da die Menge und Verfligbarkeit
der Monomer die Anwendbarkeit stark beeinflusst. Eine groRtechnische Darstellung der
Monomere und Polymere wadre ein Schllsselaspekt des Transfers aus der universitaren
Forschung hin zur klinischen Anwendung. Eine mogliche Route wére die Untersuchung der
Synthese des EEGE im Durchflussreaktor mit einem sauren Festbettkatalysator, sodass die

Aufreinigungsprozedur minimiert wirde.

Synthese der Poly(thioglycidol)e. Analog zur oxyanionischen Polymerisation von Epoxiden,
war die Polymerisation von Episulfiden mittels thioanionischer Polymerisation ebenfalls
moglich. Hierzu wurden verschiedene Polymerisationsgrade von EETGE und ATGE angestrebt
und mittels Thiol/DBU als Initiator auch erreicht. In den meisten Fallen war jedoch eine
Dimerisierung der Polymere zu beobachten, welche durch die Oxidation der aktiven
Thiolatspezies verursacht wurde. Der Sauerstoff wurde vermutlich wahrend der
Polymerisation mit eingeschleppt. Eine Reduktion der Dimerisierung konnte dadurch
erreicht werden, dass ein durchgehend verminderter Druck und eine verringerte Temperatur
(-15 °C) verwendet wurde. Eine weitere Moglichkeit zur Dimerisierungsunterdriickung war
die wiederholte Durchfiihrung von Entgasungszyklen nach jedem Arbeitsschritt, z.B. nach
Zugabe des Initiators, des Monomers oder nach dem Quenchen. Trotz dieses
experimentellen Aufwandes konnte nicht immer ein vollstiandiger Ausschluss der
Dimerisierung erreicht werden. Thiophenol, Butanthiol, Mercaptoethanol und Dithiothreitol
wurden als Thiolinitiatoren (in Kombination mit DBU) verwendet und waren alle in der Lage
die Polymerisation zu starten. Bei allen Thiol/DBU-Systemen war eine Kontrolle Gber den
Polymerisationsgrad im Bereich von DP =18-66 fiir beide Monomere, EETGE und ATGE,
moglich. Die Kontrolle des Polymerisationsgrades und die enge Molmassenverteilung der
Polymere verdeutlichen, dass die thioanionische Polymerisation ebenfalls lebend verlduft.
Eine mogliche Verunreinigung der Thiolinitiatoren durch Disulfide wurde angenommen und
daher ein Alternativinitiator untersucht. Die Verwendung von Phenol/DBU als Initiator fiihrte
jedoch zu keiner Kontrolle der Polymerisation. Die erfolgreiche Entfernung der
Acetalgruppen unter  sauren Bedingungen lieferte multihydroxyfunktionales

Poly(thioglycidol). Trotz erfolgreicher Entschiitzung wurde eine geringe Wasserloslichkeit des
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Poly(thioglycidol)s beobachtet. Dies wurde als Anlass genommen, um ein Poly(thioglycidol)-
block-poly(ethylene oxid) Copolymer zu synthetisieren, welches als Amphiphil Partikel in

wassrigen Loésungen ausbildete.

Die Anwendbarkeit des reinen Poly(thioglycidol)s ist durch die geringe Wasserloslichkeit
eingeschrankt. Eine Untersuchung der oxidativen Responsivitdt der Partikel aus dem
amphiphilen Blockcopolymer Poly(thioglycidol)-block-poly(ethylene oxid) im Vergleich zu
literaturbekannten PEG-PPS Partikeln ware interessant. Weiterhin ware die Derivatisierung
der Poly(thioglycidol)e an den Hydroxyfunktionen mit PEG oder Poly(glycidol) interessant,
beispielsweise fiir die PEGylierung oder PGylierung von Goldoberflaichen. Das
thioetherhaltige Riickgrat der Poly(thioglycidol)e sollte eine starke Adhdsion der Polymere

an die Goldoberflache ausiiben.

Cysteinfunktionalisierung synthetisierter Poly(glycidol)e. Glycidol Homo- und Copolymere
wurden verwendet und die Seitenketten mit Amin-, Thiol-, Carbonsdure- und
Cysteingruppen funktionalisiert. Die Cysteinseitenketten wurden durch ein neues
thiolfunktionales Thiazolidin (Mercaptothiazolidin, FTz4Cys) erhalten. Ausgehend von
Cystein und Aceton wurde zunachst das Dimethyl-substituierte Thiazolidin erhalten, welches
daraufhin am Ring-Amin mit Essigsaureanhydrid und Ameisensaure formyliert wurde. Eine
Verknlpfung wurde zundchst mit Isocyanat-funktionalem Thiazolidin an das Polyol
Poly(glycidol) versucht. Dies war zwar moglich, jedoch wenig reproduzierbar. Als
Alternativroute wurde die Carbonsdurefunktion des Thiazolidins mittels CDI aktiviert und
anschliefend mit Cysteamin umgesetzt. Hierbei bildete sich das niedermolekulare kristalline
thiolfunktionale Thiazolidin (FTz4Cys), welches mittels Thiol-En-Click Chemie an allyl-
funktionales Poly(glycidol) geknlipft werden konnte. Eine systematische Untersuchungen der
thermischen und UV-induzierten Thiol-En-Click Chemie zeigte, dass wesentlich hohere
Umsatze und Geschwindigkeiten bei der photoinduzierten Reaktion erhalten werden. Bei
der Verwendung der photosensiblen Substanz DMPA reichte die Bestrahlungszeit von 30 min
mit den eingesetzten UV-LEDs aus um bei einem Verhaltnis von Thiol:Allyl:DMPA = 3.5:1:0.5
einen vollstandigen Umsatz der Allylgruppen zu erhalten. Mittels 0.1 M HCl konnte bei 70 °C
innerhalb von 5d die Hydrolyse der Thiazolidine im Anschluss erreicht werden. Nach der
anschlielenden Dialyse der Polymere gegen 0.1 M Essigsaure wurde erfolgreich das

Acetatsalz der cysteine-funktionalen Poly(glycidol)e erhalten. Diese waren hinsichtlich der
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Thioloxidation unter atmosphéarischen Bedingungen stabil. Ein oxidativer TNSBA-Assay
wurde entwickelt, um die Menge der Cysteine zu quantifizieren und gleichzeitig den
stérenden Einfluss der Thiole zu unterbinden. Ein Kooperationspartner setzte die
cysteinfunktionalisierten Poly(glycidol)e mit C-terminalen Thioestern um und konnte die
gute Zuganglichkeit und Aktivitat der Cysteine entlang des Polymerriickgrats nachweisen.
SDS-PAGE, HPLC und MALDI-ToF Messungen bestatigten die erfolgreiche Konjugation im

Anschluss.

In der Zukunft sind die cysteinfunktionalen Poly(glycidol)e vielversprechende Kandidaten fiir
die Bildung von Hydrogelen mittels Oxidation. Wie bereits fir thiolfunktionale Poly(glycidol)e
gezeigt wurde, kdnnen durch Oxidation Nanogele gebildet werden.[83, 111] Hierbei sollten
die nun darstellbaren esterfreien Nanogele eine potentiell langere Stabilitat aufweisen und
far den zielgerichteten Wirkstofftransport anwendbar sein. Die zusatzlichen Aminfunktionen
erlauben weiterhin eine Protonierung und somit die Ausbildung von Komplexen mit
Polyanionen, wie beispielsweise DNA. Diese Komplexe sind ebenfalls interessant fiir den
zielgerichteten Wirkstofftransport. Poly(glycidol)e mit a,B-Aminothiolfunktionen erlauben
die Kombination aus redoxsensitivem Verhalten durch die Thiole in Kombination mit dem
pH-sensitiven Verhalten der Amine innerhalb der Nanogele. Hierdurch kénnte es zu einem
schnelleren Gelabbau durch die repulsiven Wechselwirkung der geladenen Amine kommen.
Reduktivere und saurere Tumorumgebungen sind daher vielversprechende Ziele der
Partikel. Native Chemical Ligation-zugangliche cysteinfunktionale Poly(glycidol)e sind
ebenfalls vielversprechende Kandidaten fir die chemoselektive und stabile Konjugation
mehrerer Proteinen entlang eines Polymers um beispielsweise Multivalenzeffekte mit

relevanten Peptiden zu untersuchen.
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5. Experimental Section
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5.1. Materials and Methods

Acetic acid (VWR, p.a.), acetic acid anhydride (>98%, VWR), benzyl chlorid (BzCl) (Merck
Schuchardt, for synthesis), cesium hydroxide monohydrate (Sigma-Aldrich), chloroform
(VWR, p.a.), deuterated chloroform CDCl; (Deutero GmbH, Kastellaun, Germany),
cysteamine-HC| (AppliChem), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (Merck Schuchardt,
for synthesis), 2,2-dimethoxy-2-phenyl acetophenone (99%, Sigma-Aldrich), N,N-
dimethylformamide (>99.8 %, anhydrous, Sigma-Aldrich), diphenylphosphoryl azide (97 %,
Sigma-Aldrich), dipotassium phosphate (p.a., Merck), 5,5'-dithiobis(2-nitro-benzoic acid)
(99 %, Sigma-Aldrich), dithiothreitol (DTT) (Sigma-Aldrich, >99 %), DMSO-d6 (Deutero
GmbH, Kastellaun, Germany), D,0 (Deutero GmbH, Kastellaun, Germany), ethanol
(absolute, >99.8 %, Sigma-Aldrich), ethyl acetate (>99.5 %, Merck, Darmstadt, Germany),
formic acid (298 %, Sigma-Aldrich), HCl (32%, Merck), isopropanol (Sigma-Aldrich, puriss,
p.a.), methanol (p.a., VWR), magnesium sulfate (Merck, p.a.), methyl acrylate (BASF, stab.),
N,N-carbonyldiimidazol (reagent grade, Sigma-Aldrich), poly(ethylene glycol) methyl ether
acrylate (mPEG480Ac) (Sigma-Aldrich), potassium chloride (p.a., Merck), potassium
dihydrogen phosphate (p.a., Merck), potassium tert-butoxide (1 M in THF, anhydrous, Sigma-
Aldrich), potassium thiocyanate (KSCN) (Grussing, anal. grade), pyridine (299.8%, anhydrous,
Sigma-Aldrich), sodium chloride (p.a., Merck), sodium formate (>99.0%, Sigma-Aldrich),
thioacetic acid (96 %, Sigma-Aldrich), thioglycolic acid (299 %, Sigma-Aldrich), 2,4,6-
trinitrobenzene sulfonic acid (TNBSA, Thermo Scientific, 5 w/v in methanol), were used
without further purification. Tetrahydrofuran (Fisher Scientific, Schwerte, Germany) for
polymerizations was dried over molecular sieve (3 A). Ethyl vinyl ether (99%, KOH stabilized,
Sigma-Aldrich), Glycidol (96 %, Sigma-Aldrich) and p-Toluene sulfonic acid monohydrate
(>98.5%, Sigma-Aldrich) were used for the synthesis of EEGE according to Fitton et al.[58]
EEGE was purified by distillation and dried over CaH, (92 %, ABCR, Karlsruhe, Germany). Allyl
glycidyl ether (>=99 %, Sigma-Aldrich) was also dried with CaH, (ABCR). Thiophenol (Sigma-
Aldrich, > 99 %), butanethiol (Sigma-Aldrich), mercaptoethanol (Acros, 99 % extra pure) were

recondensed under argon atmosphere before use and stored under argon.

NMR-spectrocopy: 'H and C spectra were recorded on two different spectrometers. First,
'H and Bc spectra were recorded on a Bruker Fourier 300 at 300 MHz and 75 MHz,

respectively. Deuterated chloroform (CDCls), dimethyl sulfoxide (DMSO-ds) and deuterated
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water (D,0O) spectra were recorded with non-deuterated solvent signals as internal
reference. Second a Bruker Avance 400 was used for 'H and "*C-measurements at 400 MHz
and 100 MHz, respectively. Deuterated chloroform (CDCl;) and dimethyl sulfoxide (DMSO-dg)
were used with tetramethylsilane (TMS) as internal reference. Deuterated water (D,0)
spectra were recorded without internal reference. The following abbreviations were used: s:

singlet; d: doublet; t, triplet; q: quartet; quin: quintet; sex: sextet; br: broad; m: multiplet.

SEC-measurements: Two SEC-systems were used. First THF was used as solvent with a flow
rate of 1.0 mL/min and a high-pressure liquid chromatography pump (Jasco PU-2080Plus),
refractive index detector (Jasco RI-2031Plus) and PSS SDVlinear M column (length = 300 mm,
width =8 mm, particle size =5 um). For calibration, polystyrene standards (PSS) were used.
A concentration of ca. 5 mg mL™" was prepared and filtered through a syringe filter (PTFE)
with 0.02 um pore size. Second SEC measurements were performed on a Polymer Standard
Service System (PSS, Mainz, Germany) based on the Agilent Infinity 1260 SEC-System
equipped with MDS RI detector (used) and MDS viscometer (not used). The columns were an
80 mm GRAM precolumn; GRAM column 1: 300x8 mm, 10 um particle size, 30 A porosity,
100 — 10 000 Da; Column 2: 300x8 mm, 10 um particle size, 1000 A porosity, 1000 — 1 000
000 Da. The columns were heated to 40 °C in a column oven. DMF equipped with 1 g/L LiBr
was used as eluent and the flow rate was 1 ml/min. Calibration was performed using PEG
standards between 982 g mol* and 220,000 g mol™. Sample concentrations were ca. 5

mg/mL in the eluent and filtered through a syringe filter (0.2 um PTFE) prior to analysis.

Dynamic light scattering experiments were performed with a N5 Submicron Particle Size
Analyzer from Beckmann Coulter, Miama, FL, USA. The light source was a He-Ne Laser with

632.8 nm wavelength and an intensity of 25 mW with a detection angle of 90 °C at RT.

Cryo-SEM measurements were performed in Aachen, Germany at the DWI — Leibniz Institute
for Interactive Materials (former: DWI), Forckenbeckstr. 50. The measurements were
performed by Dr. Smriti Singh with a HITACHI S-4800 instrument in a cryo-mode with
secondary electron image resolution of 1.0 nm at 15 kV, 2.0 nm at 1 kV and 1.4 nm at 1 kV
with beam. The material was fixed on a holder and rapidly frozen with liquid nitrogen. It was
then transferred to the high vacuum cryo-unit, the Balzers BF type freeze etching

chamber. The cryo-chamber equipped with a knife can be handled from outside by means
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of a lever to cryo etch the sample. The cryo etching enables the imaging of inner surface
structures in water. In order to remove humidity, the sample was sublimated from 5 to 15

min at 95°C and then the entire material was further inserted into the observation chamber.

X-Ray crystal structure measurements were performed by Ana-Maria Krause in the group of
Prof. Frank Wirthner, University of Wiirzburg, Germany. The data were recorded on a
Bruker X8 APEX diffractometer with a CCD area detector, using graphite monochromatized
MoKa radiation. The structure was solved with Direct Methods, and expanded by means of
Fourier techniques with the SHELX software package.

Raman Spectroscopy: Raman spectra were recorded at DWI, Leibniz-Institute for Interactive
Materials, Forckenbeckstr. 50, Aachen, Germany on a Bruker RFS 100/S spectrometer. The
laser used was Nd:YAG at 1064 nm wavelength at a power of 250 mW. On an average 1000
scans were taken at a resolution of 4 cm™. For sample holding, aluminium pans of 2 mm

bore were used. Software used for data processing was OPUS 4.0.

UV irradiation for thiol-ene reactions were either performed with UV-LEDs obtained by
Polymerschmiede (Aachen, Germany) having 4 UV-LED cubes with 11 W (each) and a
wavelength of 365 nm or with a Rayonet RMR-200 photoreactor having 16 UV-lamps with
each having 35 W.

UV-Vis absorbance measurements were performed on a Genesys 10S Bio
Spectrophotometer at room temperature using a wavelength of 335 nm for TNBSA assay

and 412 nm for Ellman assay.

MALDI measurements” were performed with an AB SCIEX 5800 TOF/TOF System (Applied
Biosystems) with nanolLC (Dionex) and robotic system for spotting (Probot, Dionex) and 4700
Proteomics Analyzer (Applied Biosystems). A saturated solution of sinapinic acid in TA30
solvent (30:70 [v/v] acetonitrile:0.1% TFA in water) was prepared and 1 pl of this solution
added to 1 pl water with 0.1% TFA and 1 ul of sample. Subsequently the mixture was
carefully mixed by pipetting and spotted. Analysis was performed in the linear positive ion
mode. For each spectrum 5000 consecutive laser shots were accumulated and data was

analyzed by Data Explorer software (Applied Biosystems).
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Analytical HPLC measurements® were conducted on a Waters™ 600S controller system
(Waters Corporation, Milford, Massachusetts, USA) with a 717 plus autosampler, 2 pumps
616 and a 2489 UV/Visible detector connected to a 3100 mass detector using a Kromasil C18
5 um, 250 x 4.6 mm RP-HPLC-column with a flow rate of 1.0 mL/min. The following gradient
of solvents was used: Method A: (A = H,0 + 0.1% TFA, B= MeCN + 0.1% TFA) 5 min at 10% B,
10 - 90% B from 5-36 min, 90% B from 36-45 min, 90-10% B in 45-50 min. HPLC

chromatograms were recorded at 220 nm.

Preparative HPLC" was carried out on a JASCO LC-2000 Plus system (JASCO, Inc., Easton,
Maryland, USA) using a reversed phase C18 column (Kromasil material) at a constant flow of
32 ml/min using water and acetonitrile with 0.1% TFA. This system was equipped with a
Smartline Manager 5000 with interface module, two Smartline Pump 1000 HPLC pumps, a 6-
port-3-channel injection valve with 1.0 mL loop, a UV detector (UV-2077) and a high
pressure gradient mixer (All Knauer, Berlin, Germany). Purification was carried out after

Method B: (A = H,0 + 0.1% TFA, B= MeCN + 0.1% TFA) 10% B 0-5 min, 10-70% B 5-70 min.

High resolution mass spectra” (HRMS) were measured on an Aquity UPLC system and a LCT
PremierTM (Waters Micromass, Milford, MA, USA) time-of-flight (TOF) mass spectrometer
with electrospray ionization (ESI) using water and acetonitrile (10-90% gradient) with 0.1%

formic acid as eluent.
Tricin-SDS-Gelelectrophoresis was prepared according to [166].

Controlled-monomer addition was performed using the syringe pump Aladdin from World

Precision Instruments, Sarasoto, FL, USA.
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5.2. Syntheses

Parts of this chapter were already submitted for publication, but are neither yet accepted,

nor published.

5.2.1. Ethoxy ethyl glycidyl ether

0°C addition )\
RT, 3h O/\

. o) OVAO
207N £ _OH >

Glycidol (100 mL, 1.5 mol, 1.0 eq) was mixed with ethyl vinyl ether (600 mL, 6.2 mol, 4.1 eq)
in a 1 L Erlenmeyer flask and cooled with an ice bath. pTsOH (2.058 g, 10.8 mmol) was slowly
added, it was paid attention to keep the T inside of the solution below 20 °C. It was stirred
2 h at RT. Afterwards it was washed with saturated NaHCOs; solution (3 x 100 mL). The
organic phases were collected and dried with MgS0O,. It was filtered and starting with 45 °C
and 900 mbar (finally at 45 °C and 150 mbar, membrane pump) the residual ethyl vinyl ether
removed. Only small amounts of ethyl vinyl ether were left after evaporating with 100 °C
and 20 mbar. Distillation was continued starting at 60 °C and 10 mbar. The first 10 mL of
the distilled product were disposed. The following fractions were collected, dried with CaH,
over night in flamedried flasks under argon atmosphere. A condensation bridge was used to
condensate in a dried Schlenk-flask equipped with molecular sieve. For this the CaH,/EEGE
mixture was heated to 50 °C and reduced pressure applied (10° mbar). The collecting

Schlenk-flask was cooled with N, .
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'H NMR (400 MHz, CDCls, 8): 4.8 (1 H,m, e), 3.9-3.4 (4 H, m, c +f), 3.17 (L H, m, b), 2.83 (1 H,
m, a), 2.65 (1 H, m, a’), 1.4-1.2 (6 H, 2xt, d+g) ppm.

5.2.2. Cesium initiator preparation for IROP of glycidyl ethers

Argon flushed dried Schlenk-tube was used for the preparation of the initiator. CsOH (28.6
mg, 0.170 mmol, 0.95 eq.) was placed in the Schlenktube. Benzene (354 ulL) was added. It
was stirred under argon for 5 min. Triethyleneglycol monomethylether (TEGME, 28 pL, 179
mmol, 1.0 eq) was added under argon stream. The flask was sealed and it was heated to 60
°C for 60 min. The solution turned slightly brownish/yellowish. The flask was frozen with N,
to reduced splashing upon applying vacuum. 10 mbar vacuum were applied, the flask
slowly heated to RT and finally inserted into a 90 °C oil bath. The flask was evacuated at 90
°C overnight. The flask was sealed and stored into a glovebox. Depending on the initiator

system, a different alcohol was used.

5.2.3. Kinetics of glycidyl ether polymerizations

THF (117 pL, dry) were added to the initiator and the initiator was dissolved as good as
possible. Cs*/TEGME-alkoxide was almost completely dissolvable and slightly yellow. EEGE
(1.308 mL, 8.95 mmol, 50 eq.) was added and shaken for 2 min at RT. 50 uL samples were
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placed into each of the 13 Eppendorf caps (intended for 13 data points) equipped with
stirring bars. The caps were placed into a 45 °C warm oven equipped with a magnetic stirrer.
To quench the content of a cap, CDCl; (650 uL, 1% EtOH) was added and H NMR
measurements performed.

For bulk reactions, the monomer was directly added in the glovebox after drying of the
initiator overnight. The initiator was dissolved in the monomer inside of the fridge, to slow
down polymerization. After dissolution of the initiator the aliquotation of the solution was
performed into the Eppendorf caps.

All experiments performed with the Eppendorf-caps for investigation of the kinetics are
given below in Table 21 and Table 22.

For SEC measurements the whole content of the NMR tube was used, the solvent
evaporated at RT in the fumehood and the residual mixture dissolved in 2 mL DMF (1 g/L
LiBr; mobile phase of SEC system). SEC measurements were performed in DMF (1 g/L LiBr)
on a Polymer Standard Service (PSS, Mainz, Germany)-SEC system (MDS RI Detector) with a 8
cm Gram pre-column (10 um particle size) and two 30 cm (10 pum particle size) Gram
columns. The column oven was at 40 °C. All samples were filtered through a 0.2 um syringe
filter prior to SEC analysis. The SEC-system was calibrated with PEG (PSS, Mainz, Germany)

standards.
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Table 21: Polymerizations performed with potassium as counter ion.

# Monomer Volume Quantity [M]:[1] THF Initiator CMonomer M, 1)) k
[mL] [mmol] [mL] [mmol] [mmol/mL] [g mol™] (Mw/M,) [10%s7
(Conversion)
MKNO054 EEGE 1.600 10.62 20 0.530 0.53 6.4 1838 1.17 4.3
MKNO50 EEGE 2.000 13.68 50 0.274 0.274 6.0 3186 (92 %) 1.17 2.6
MKNO51 EEGE 2.000 13.68 50 0.374 0.274 5.8 2451 (41 %) 1.18 n.d.
MKNO55 AGE 1.570 13.8 20 0.690 0.69 8.4 1912 1.26 4.5
MKNO53 AGE 50 THF 3744 (98 %) 1.38 3.4
MKNO59 EEGE:AGE 1.600:0.143 10.95:1.22 50 0.243 0.243 6.1 3205 1.21 33
(45:5)
MKNO68KE EEGE 1.118 7.65 50 bulk 0.153 “6.8” 4794 1.22 1.45
(95 %)
MKNO68KA  AGE 0.900 7.65 50 bulk 0.153 “8.5” 5416 1.57 2.77
(99 %)
MKNO68KEA EEGE:AGE 1.006:0.090 7.65 50 bulk 0.153 “7.0” 5039 1.24 14
(45:5) (94 %)
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Table 22: Polymerizations performed with cesium as counter ion.

# Monomer Volume Quantity [M]/[I] solvent Initiator CMonomer M, D Kapp
[mL] [mmol] [mL] [mmol] [mmol/mL] [g mol™ (Mw/M,)  [10%s7
(Conversion)
MKNO044 EEGE:AGE 1.920:0.150 14.3 50:5 bulk Cs*/benzyl alkoxide 6.9 n.d.
=50:5 (Cs:Bz=0.97:1)
MKNO46 EEGE 2.123 15 50 bulk Cs*/benzyl alkoxide 7.1 n.d.
(Cs:Bz=1:1.05)
MKNO049 EEGE 1.721 11.8 a7 bulk Cs*/benzyl alkoxide 6.9 3947 1.17 5.8
(Cs:Bz=1:1.05)
MKNO56  AGE 1.900 16.15 50 bulk Cs*/benzyl alkoxide n.d.
(Cs:Bz=1:1.05)
MKNO57 EEGE:AGE 1.848:0.157 13.99 45:5 bulk Cs*/benzyl alkoxide 4931 1.28 1.65
=45:5 (Cs:Bz=1:1.05) (95 %)
MKNO58 EEGE:AGE 1.987:0.169 15,03 45:5 THF Cs*/benzyl alkoxide 6.1 3377 1.22 0.78
=45:5 0.294 (Cs:Bz=1:1.05) (91 %)
MKNO60 AGE 1.485 12.62 50 DMF Cs*/benzyl alkoxide 6.5 2597 1.26 1.1 than
0.450 (Cs:Bz=1:1.05) (78 %) 0.4
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# Monomer Volume Quantity [M]/[l] solvent Initiator CMonomer M, b k
[mL] [mmol] [mL] [mmol] [mmol/mL] [g mol™] (Mw/M,) [10
(Conversion) i
g
MKNO61 EEGE 2.134 14.60 53 THF Cs"/mPEG500-alkoxide 5.65 2696 1.11 1.25
0.450 (Cs:mPEG500=1:1.05) (92%)
MKNO062 AGE 1.330 11.30 50 THF Cs*/mPEG500-alkoxide 7.0 1575 1.13 0.37
0.280 (Cs:mPGE500=1:1.05) (79%)
MKNO64 EEGE 1.849 12.65 50 THF Cs/phenoxyethanolate 5.4 2500 1.13 n.d.
0.500 (Cs:phenoxyethanolate=1:1.05)
MKNO65 EEGE 1.308 8.95 50 THF Cs*/TEGME-alkoxide 6.3 3013 1.13 0.95
0.117 (Cs:TEGME=0.95:1)
MKNO66 AGE 1.127 9.87 50 THF Cs*/TEGME-alkoxide 7,9 2790 1.21 13
0.129 (Cs:TEGME=0.95:1)
MKNO67 EEGE 1.462 10 50 THF Cs"/TEGME-alkoxide 2985 1.15
(Cs:TEGME=0.95:1) (67%)
MKNO67 AGE 1.176 10 50 THF Cs*/TEGME-alkoxide 2786 1.14
(Cs:TEGME=0.95:1) (54%)
MKNO67 EEGE:AGE 1.316:0.118 9:1 50 THF Cs"/TEGME-alkoxide 3553 1.14
45:5 (Cs:TEGME=0.95:1) (69%)
MKNO068 EEGE 1.118 7.65 50 bulk Cs"/TEGME-alkoxide 6.8 3658 1.13 1.26
(Cs:TEGME=0.95:1) (93%)
MKNO68CsA  AGE 0.900 7.65 50 bulk Cs*/TEGME-alkoxide 8.5 2337 1.19 0.3
(Cs:TEGME=0.95:1) (67%)
MKNO68CsEA EEGE:AGE 1.006:0.090 6.885:0.765 50 bulk Cs'/TEGME-alkoxide 7.0 3411 1.16 0.7
45:5 (Cs:TEGME=0.95:1) (87%)
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5.2.4. Synthesis of the polymers via slow monomer addition

5, 10 or 25 mL flask were used for all syntheses. The flask were equipped with a stirring bar
and heated with a heating gun (T=400 °C). Hot flasks were introduced into the glovebox
double-door system and evacuation started. Evacuation—flushing (N,) cycle was repeated
twice and the last evacuation proceeded for 30 min. Afterwards, the flask were introduced
into the glovebox. KOtBu (100 uL, 1 M in THF) was introduced into the flask and sealed with
a rubber septum. A 1 mL syringe (inner diameter 4.7 mm) was equipped with a needle (100
Sterican®, 0.4x25 mm, 27G x1”, B. Braun) and filled with monomer. All atmospheric bubbles
in the syringe were removed and the syringe filled with approx. 100 puL more monomer than
calculated. It was paid attention that the needle and syringe are completely filled with
monomer to rule out dead volume. Assembled flask and syringe, by puncturing the septum
with the needle, were wrapped with parafilm® to fix the syringe and needle to the flask and
enhance air-tightness. The syringe was assembled in the syringe pump and the syringe pump
programmed from 50 — 5000 pL h™ with an inner syringe diameter of 4.7 mm and total
addition volume of 731 uL (EEGE) or 570 uL (AGE). After complete monomer addition the
syringe was removed and the parafilm® used to cover the punctured site. Either in an oil
bath (45 °C) or an incubator (45 °C) it was stirred for at least 20 h without termination and
workup the samples were directly analyzed by *H-NMR (confirming full conversion) and SEC

(determination of M,,, and D). All 'H-NMR and *3C were in accordance with the literature.[69]

Parts of the following syntheses were already published in

M. Kuhlmann, S. Singh, J. Groll, Controlled Ring-Opening Polymerization of Substituted
Episulfides for Side-Chain Functional Polysulfide-Based Amphiphiles, Macromolecular Rapid

Communications, 33 (2012) 1482-1486.

5.2.5. Ethoxy ethyl thioglycidyl ether

The group of Spassky already described the synthesis of EETGE.[7] Briefly, EEGE (20 mL,
137 mmol) was dissolved in isopropanol (400 mL). KSCN (20 g, 206 mmol) was crushed prior
to use and suspended. It was stirred for 7 days at room temperature (RT). Filtration and

removal of the solvent gave a yellow liquid. If the transformation of the epoxide to the
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episulfide was incompleted, determined by *H NMR, the EEGE/EETGE mixture was again
dissolved in isopropanol and treated with an excess of KSCN until EEGE could no longer be
detected by '"H-NMR spectroscopy. After filtration, the solvent was removed under reduced
pressure, taken up in DCM (50 mL) and filtered again. After removal of the solvent, the
slightly yellow solution was further fractionally distilled (main fraction 90 °C, 5 mbar) to
obtain a colourless and clear monomer. 7.0 g, Yield 31 %.
S h 'H NMR (400 MHz, CDCls, 8): 4.56 - 4.82 (1H, m, HY), 3.31 - 3.77 (4H,
a odo_f
& 1 ] m HHY, 2.92-3.10 (1H, quin, H), 2.38 - 2.51 (1H, d, H?), 2.07 - 2.21
(1H, m, H?), 1.19 - 1.33 (3H, d, H%), 1.05 - 1.19 (3H, t, HE) ppm.

M=162.25gmol™ |, § . ;
C NMR (100 MHz, CDCl3, §): 98.98 (C%), 69.42 (C°), 60.17 (C'), 33.22

(C%), 23.73 (C?), 19.80 (C®), 15.14 (C?) ppm.

5.2.6. Allyl thioglycidyl ether

ATGE was synthesized via the same procedure as was described for ethoxy ethyl thioglycidyl

ether. After removal of the main fraction of isopropanol the crude product was fractionally

distilled. The main product was obtained at 90 °C, 9 mbar. Yield: 35 % (Literature: 59 °C,

4 mmHg=5 mbar, 54 % yield.[89])

'H NMR (400 MHz, CDCl3, §): 5.84 - 5.98 (1H, m, H®), 5.15 - 5.34 (2H,
¢ g f mH) 399-410(2H, d, HY), 3.59 - 3.69 (1H, ddd, H"), 3.40 - 3.51

M = 130.20 g mol™ (1H, dd, H%), 3.02 - 3.13 (1H, m, H¥), 2.47 - 2.56 (1H, d, H), 2.16 - 2.25

(1H, d, H”) ppm.

3C NMR (100 MHz, CDCl3, §): 134.5 (C®), 117.4 (C"), 74.7 (C°), 72.0

(cY), 32.1(c?), 23.8 (C?) ppm.

5.2.7. Homopolymerization of ATGE with thiophenol/DBU.

A Schlenk flask, flushed with N,, was equipped with a degassed solution of 1,8-
diazabicyclo[5.4.0]-undecen (DBU) in DMF (0.5 M, 2 mL, 1 mmol, 1.0 eq). The solution was
frozen. Under N,-atmosphere thiophenol (0.1 mL, 1 mmol, 1.0 eq) was added. Afterwards
the solution was further frozen with liquid N, and the flask evacuated (5.6 10 mbar, 1 h).

The flask was flushed with N, and warmed up to RT. The flask was frozen again with liquid
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nitrogen and evacuapted for 1 h. This freeze-pump-thaw cycle was repeated again and finally
the flask warmed up to RT under nitrogen atmosphere. ATGE (2 mL, 15 mmol, [M]:[l]=15)
was added. The solution immediately warmed up and after 30 min no further heating was
observed. It was stirred for 3 h. A degassed solution of benzyl chloride in DMF (1M, 2 mL,
2 mmol, 2 eq. wrt. initiator) was added and stirred for 2 h. Removal of DMF with vaccum and
an external cooling trap was performed. The residual oil was dissolved in CHCl; and
precipitated in MeOH (2x, each 400 mL). The precipitate was dissolved in CHCl; and the

solvent removed under reduced pressure at 40 °C (Rotovap).
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Chemical Shift (ppm)

'HNMR (400 MHz, CDCl3, d): 7.07 - 7.49 (10H, m, Ha’b'c), 5.72-6.02 (17H, m, Hh), 5.01-5.40
(34H, m, Hi), 3.88 - 4.11 (34H, m, H®), 3.75 - 3.88 (2H, s, Hj), 3.47 - 3.75 (34H, br, Hf), 3.25 -
3.40 (1H, dd, HY, 1% repeating unit), 3.11 - 3.25 (1H, dd, H¥, 1% repeating unit), 2.70 - 3.11
(51H, br, H*+H®) ppm.

SEC (THF, poly(styrene)) M, = 2200 g mol™, M,, = 2500 g mol™, = 1.1, shoulder at twice the

molar-mass.

Meaic = 2413.7 g mol™
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5.2.8. Homopolymerization of EETGE with mercaptoethanol/DBU

A DBU solution (0.05 M in DMF, 4 mL, 0.2 mmol, 1.0 eq.) was degassed by purging 30 min N,
through the solvent. A degassed mercaptoethanol solution (0.1 M in DMF, 2 mL, 0.2 mmol,
1.0 eq) was added. It was stirred for 10 min at RT. Degassed EETGE (1 mL, 6.2 mmol, 31 eq.)
was added. It was stirred overnight and a benzyl chloride solution (2 M in DMF, 0.3 mmol,
1.5 eq) was added. It was stirred for 1 d and all volatile components removed under reduced

pressure. It was dissolved in a small amount of EtOH and precipitated in MeOH.
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'H NMR (400 MHz, DMSO-d6, §): 4.51 - 4.82 (36H, g, H'), 3.48 - 3.70 (87H, br, H%), 3.36 - 3.48
(36H, g, H"), 3.15 - 3.20 (2H, s, H), 3.07-3.16 (2H, t, H%), 2.96 - 3.06 (32H, br, HY), 2.75 - 2.96
(69H, br, HY), 2.55 - 2.65 (2H, br, H?), 1.16 - 1.24 (105H, d,HE), 1.06-1.16 (105H, t, H') ppm.

SEC (THF, poly(styrene)) M,=5600g mol* (DP=35), M, =6000g mol?®, P=1.07,

monomodal.

Meaic = 5200 g mol™
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5.2.9. Homopolymerization of ATGE with mercaptoethanol/DBU

A DBU solution (0.05 M in DMF, 7 mL, 0.35 mmol, 1.0 eq.) was degassed by purging 30 min
N, through the solvent. A degassed mercaptoethanol solution (0.1 M in DMF, 3.5 mL, 0.35
mmol, 1.0 eq) was added. It was stirred for 10 min at RT. Degassed ATGE (1 mL, 6.3 mmol, 18
eq.) was added. It was stirred overnight and a benzyl chloride solution (1.4 M in DMF, 0.4
mL, 0.7 mmol, 2 eq) was added. It was stirred for 1 d and all volatile components removed

under reduced pressure. It was dissolved in a small amount of EtOH and precipitated in

MeOH.
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Chemical Shift (ppm)

'H NMR (400 MHz, DMSO-d6, 8): 7.14 - 7.43 (5, m, H**), 5.73 - 5.98 (15, m, H"), 5.01 - 5.35
(30H, 2xd, H'), 4.66 - 4.79 (2H, t, H'), 3.88 - 4.05 (30H, m, H8), 3.79 - 3.88 (2H, s, H}), 3.42 -
3.69 (30H, m, H'), 3.24 - 3.34 (2), 2.70 - 3.10 (45H, m, H*Y), 2.55 - 2.65 (2H, t, H*) ppm.

SEC (THF, poly(styrene)) M, = 2300 g mol™ (DP=35), M,, = 2500 g mol™, & = 1.1, monomodal.

Meaic = 2920 g mol™
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5.2.10. Poly(EETGE) terminated with methyl acrylate.

DBU was dissolved in DMF (8 uL DBU, 0.053 mmol, 0.9 eq., 5 mL DMF) cooled down to -20 °C
and evacuated (9-10° mbar) for 1 h. EETGE was dissolved in DMF (0.5 mL, 3.08 mmol, 54 eq.,
5 mL DMF) cooled down to -20 °C and evacuated for 1 h. DMF was degassed by purging N,
through the solution and afterwards mercaptoethanol was added (4 uL, 0.057 mmol, 1.0
eq.). It was cooled down to -20 °C and evacuated for 1 h. The three solutions were combined
and stirred at RT for 2 h. DMF was degassed and methyl acrylate added (0.3 mL, 3.31 mmol,
58 eq.). It was cooled down to -20 °C and evacuated for 5 min. The flask was sealed and it
was stirred over night at RT. All volatile components were removed under reduced pressure,
dissolved in a few mL THF and precipitated in methanol/H,0 (3:1). It was decanted, dissolved
in THF and the THF was removed under reduced pressure.
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'H NMR (400 MHz, CDCl3, 8): 4.52 - 4.77 (46H, m, H'), 3.32 - 3.86 (192H, m, H*), 2.73 - 3.03
(141H, H%Y), 2.66 - 2.73 (3H, t,H%), 2.51 - 2.60 (2H, t, H®), 1.03 - 1.32 (282H, H&") ppm.

SEC (THF, poly(styrene)) M, = 8200 g mol™ (DP=51), M,, = 8800 g mol™, P = 1.07, bimodal.

Mecaic = 8926 g mol™
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5.2.11. Blockcopolymerization of EETGE and ATGE with
butanethiol/DBU.
A degassed DBU solution (1M in DMF, 0.6 mL, 0.6 mmol, 1.0 eq) was placed in a flask flushed
with N,. A butanethiol solution was added (1M in DMF, 0.6 ml, 0.6 mmol, 1.0 eq.) and it was
degassed by purging N, through the solution. Degassed DMF (3 mL) was added. EETGE (1.2
mL, 7.4 mmol, 12 eq) was added. It was stirred at RT for 3 h and ATGE (1.2 mL, 9 mmol, 15
eq) was added. It was stirred at RT for 2 h and a benzyl chloride solution (2 M in DMF, 0.6
mL, 2 eq.) added and stirred overnight. All volatile components were removed under

reduced pressure and the polymer precipitated in THF:H,0 = 3:1 (400 mL).
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Chemical Shift (ppm)

'H NMR (400 MHz, CDCl3, §): 5.77 - 6.01 (16H, m, HP), 5.08 - 5.38 (33H, dd, HY), 4.64 - 4.80
(12H, g, H"), 3.91 - 4.08 (33H, d, H°), 3.42 - 3.91 (86H, br, H'8), 2.76 - 3.13 (89H, br, H*!), 2.48
-2.61(2H, HY), 1.51 - 1.62 (2H, quin, H%), 1.35 - 1.47 (3H, sex, H?), 1.09 - 1.35 (76H, d + t, H"Y),
0.82-0.98 (3H, h?) ppm.

SEC (THF, poly(styrene)) M, = 6500 g mol™* (DP=51), M, = 8000 g mol, = 1.24, bimodal.

Mca|c = 4586 g m0|>1
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5.2.12. Blockcopolymerization of ATGE and EETGE with
mercaptoethanol/DBU

Mercaptoethanol (5 pL, 0.071 mmol, 1.0 eq) was dissolved in degassed DMF (purging with
nitrogen, 2 mL). DBU (11 uL, 0.074 mmol, 1.04 eq) was dissolved in degassed DMF (purging
with nitrogen, 2 mL).

The mercaptoethanol solution was frozen with liquid N, and evacuated for 30 min. It was
warmed up to RT under N, atmosphere, frozen again and evacuated for 30 min. The DBU
solution was degassed again using 3 freeze-pump-thaw cycles. The DBU and
mercaptoethanol solutions were mixed under N, atmosphere. It was stirred for 2 min, frozen
and evacuated. ATGE (degassed, 0.3 mL, 2.31 mmol, 33 eq) was added, frozen and
evacuated for 10 min. It was warmed up to 0 °C and stirred for 30 min. EETGE was added
(0.33 mL, 2.03 mmol, 29 eq.), frozen and evacuated for 10 min. Cooled with an icebath it was
stirred for 45 min under N, atmosphere. Degassed benzyl chloride (0.3 mL, 37 eq.) was
added and stirred overnight. All volatile components were removed with vacuum and the

polymer precipitated in MeOH.
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'H NMR (400 MHz, DMSO-d6, 8): 5.79 - 5.97 (27H, m, H"), 5.07 - 5.34 (56H, dd, H°), 4.53 -
4.80 (25H, g, H), 3.88 - 4.05 (56H, d, H™), 3.81 3.88 (2H, t, H%), 3.36 - 3.81 (153H, br, H*""),
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2.72 - 3.11 (154H, br, H%*"*) 2.56 - 2.64 (2H, t, H®), 0.96 - 1.32 (143H, d + t, H®) ppm.
SEC (THF, poly(styrene)) M, = 9000 g mol™ (DP = 52), M,, = 11000 g mol ™, ® = 1.21, bimodal.

Meaic = 7572 g mol™

5.2.13. Homopolymerization of ATGE with phenol/DBU as
initiator.

Phenol (0.941 g, 10 mmol, 1 eq) was placed in a dry flask under N, atmosphere and was
dissolved in DMF (10 mL), It was purged with N, for 10 min. DBU (0.75 mL, 5 mmol) was
dissolved in DMF (9.25 mL) and purged with N, for 10 min. ATGE was purged with N, for 10
min and frozen with liquid nitrogen. It was evacuated to remove oxygen from the
atmosphere. 3 freeze-pump-thaw cycles were performed with all flasks.

DBU solution (2 mL, 1 mmol, 1 eq), was placed in a dry flask with nitrogen atmosphere.
Phenol solution (1 mL, 1 mmol, 1.0 eq) was added and stirred for 5 min at RT. It was shortly
degassed by evacuating the solution until the solution started to bubble, than it was purged
with nitrogen. ATGE (2 ml, 15 mmol) was added. It was stirred for 10 min at 0 °C and then at
RT for 1 h. Degassed benzyl chloride solution (0.8 M in DMF, 1.2 mL, 9.6 mmol, 10 eq.) was
added and stirred overnight. All volatile components were removed under reduced pressure

and the oil dissolved in CHCI; (10 mL). It was precipitated in MeOH (400 mL).
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Chemical Shift (ppm)

'H NMR (400 MHz, CDCls, §): 6.68 - 7.50 (10H, H*™*), 5.76 - 6.01 (18H,H"), 5.11 - 5.37 (37H,
H), 3.91 - 4.11 (37H, HE), 3.51 - 3.79 (38H, H'), 3.32 - 3.45 (3H, H'), 2.76 - 3.13 (59H, H*®)

ppm.

SEC (THF, poly(styrene)) M, =37300g mol* (DP=286), M, =56200g mol*, B =1.50,

bimodal.

Meaic = 2132 g mol™

5.2.14. Homopolymerization of EETGE with DTT/DBU as initiator.

DTT (11.7 mg, 0.076 mmol, 0.152 mmol thiol, thiol: 1.0 eq), EETGE (0.7 mL, 4.72 mmol, 31 eq
wrt thiol) and DMF (4 mL) were mixed and degassed. DBU (1M in DMF, 0.1 mL, 0.1 mmol, 0.7
eqg wrt thiol) was added, frozen with liquid N, and evacuated to remove residual oxygen. It
was warmed up to RT and stirred for 3 h and benzyl chloride solution (2.1 M in DMF, 0.1 mL,
0.2 mmol, 1.3 eq wrt thiol) added. It was stirred overnight. All volatile components were

removed under reduced pressure and it was dissolved in CHCl3 and precipitated in MeOH.
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SEC (THF, poly(styrene)) M,=10400g mol* (DP=64),

SL/@ M, =11600 g mol™?, = 1.12, bimodal.

o)
% Meaic = 10396 g mol™
o)

5.2.15. Synthesis of PEETGE-block-mPEG480

DBU (44 uL, 0.294 mmol) dissolved in DMF (3 mL), EETGE (0.5 mL, 3.37 mmol) dissolved in
DMF (3 mL) and mPEG480Ac (1.5 mL, 3.13 mmol) dissolved in DMF (3 mL) were separately
cooled to -20°C and degassed under reduced pressure (6-8-10° mbar) for 1.5h. DMF
(3 mL) was predegassed purging the solution with N, (30 min) and mercaptoethanol (22 pL,
0.313 mmol) was added. The thiol-solution was evacuated for 1.5 h at -20 °C. Under N;-
atmosphere the thiol-solution was added to the —20 °C DBU-solution and it was immediately
evacuated. The solution was stirred for 20 min at -20 °C and under N-atmosphere the
monomer-solution was added at -20 °C. The solution was evacuated again and stirred for
1h at -20°C. Under Nj-atmosphere the acrylate-solution was added at -20 °C, it was
evacuated again and stirred for 1 h at =20 °C. The solution was purged with N,, the flask
sealed and stirred at RT overnight. The volatile compounds were removed under reduced
pressure and the residual oil taken up in diethyl ether (30 mL). All impurities could be
removed by washing with saturated brine (3 x 40 mL) and water (2 x 40 mL). The solvent was

dried with MgS0, and removed under reduced pressure.

229



] b rc

{HO dS
0.25 }/\S{/\[

. e O

h g)\O
0.20—E ) h

JMAK128.030.001.1r.esp '
.k
WOY"‘]LO—“
10 0 10
f

c,d
e,h,I,m n 4

0.154

Normalized Intensity

0.10]

0.05-

—
o
L

J

76.3 3.0 35.0 35 69.6
L oL T

—_
—_
©

[;

5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)

'H NMR (400 MHz, CDCls, 8): 4.59 - 4.79 (12H, g, H'), 3.33 - 3.81 (76H, H*™™), 3.22 - 3.28
(3H, H"), 2.70 - 3.07 (35H, H*), 0.99 - 1.32 (70H, H¥).

SEC (THF, poly(styrene)) M, = 2800 g mol™* (DP = 11(PEG) + DP = 10 (P(EETGE)), M,, = 3100 g

mol™?, = 1.08, monomodal.

Meaic = 2174 g mol™

5.2.16. Acetal-cleavage for the synthesis of PTG.

PEETGE (40 mg) were dissolved in THF (5 mL) and treated with aqueous HCl (0.1 M, 10
drops). It was stirred for two days at RT. Methanol (100 mL) was added. It was concentrated
at 40 °C under reduced pressure. During evaporation of the solvent, the colorless oil
separated from the organic phase. Addition of Et,O (50 mL) leads to a turbid solution. The
turbid solution was stored at RT for 24 h. The organic (still turbid) phase was decanted and

the oily product on the bottom collected for analysis.
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Chemical Shift (ppm)

'H NMR (400 MHz, DMSO-dg, 8): 4.44 - 5.17 (24H, br, HY), 3.44 - 3.77 (54H, br, H%), 2.69 -
3.01 (72H,H*>"&M 256 -2.69 (2H, t, H®) ppm.

SEC: not performed
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5.2.17. Acetal-cleavage for the synthesis of PTG-block-mPEG.

PEETGE-block-mPEG (100 mg, DP(poly(EETGE) =10, DP(PEG)=10) was dissolved in THF
(5 mL). Aqueous HCI (0.1 M, 0.8 mL) was added dropwise. It was stirred for 24 h, and hexane
(100 mL) was added. A small portion of NaCl-solution (saturated) was added and the organic
layer decanted. It was extracted with CHCl; (80mL). The aqueous phase was made slightly
basic with saturated NaHCOj; solution and subsequently with CHCI; (2x 80 mL) extracted. The
organic phase was dried with MgSO;,. All volatile compounds of the agueous phase were
removed under reduced pressure and the white residue taken up in DCM (50 mL), crushed in
solution and it was filtered. The organic solvent was removed under reduced pressure and a

colorless, partially white highly viscous oil was obtained.
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Chemical Shift (ppm)

'H NMR (400 MHz, DMSO-dq, 8): 4.81 - 4.93 (8H, H*!), 3.58 - 3.75 (8H, H°), 3.46 .- 3.58 (48H,
HEM) 3.41 - 3.46 (2H, H%), 3.22 - 3.26 (3H, Hi), 2.70 - 2.98 (24H, H*Y), 2.56 - 2.66 (2H, H®)
ppm.

SEC (THF, 1.0 mL min™, poly(styrene)): M, = 1300 g mol™, M,, = 1300 g mol*, ® = 1.08

Mecaic = 1457 g mol™
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Parts of the following syntheses were already published in M. Kuhlmann, O. Reimann, C.P.R.
Hackenberger, J. Groll, Cysteine-Functional Polymers via Thiol-ene Conjugation,

Macromolecular Rapid Communications, 36 (2015) 472-476.

This work was performed in cooperation with the group of Christian P. R. Hackenberger at
Department Chemical Biology Il, Leibniz-Institut flir Molekulare Pharmakologie (FMP) in
Berlin and Humboldt Universitat zu Berlin, Department Chemie, Berlin. Oliver Reimann at
the aforementioned institute performed the peptide synthesis, NCL experiments as well as

MALDI-ToF and HPLC measurements. These parts are marked with a hash (#).

5.2.18. Synthesis of 2,2-dimethyl-4-carboxyl-thiazolidine

Cysteine*HCI*H,0 (13.56 g, 77.2 mmol) was suspended in aceton (300 mL) and refluxed for
4 h. The white turbid solution was filtered and the white crystalline compound collected. It

was dried under vacuum to remove residual acetone.
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. Chemical Shift (ppm)

'H NMR (400 MHz, DMSO-d6, 3): 4.81 - 4.98 (1H, t, HY), 3.33 - 3.63 (2H, 2x dd, H?), 1.61 -
1.86 (6H, s, H?) ppm.
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5.2.19. Formylation of 2,2-dimethyl-4-thiazolidine

Sodium formate (1.3 g, 19 mmol) was dissolved in formic acid (25 mL). At 0 2C Tz4CA was
dissolved. Over a period of approx. 1h acetic anhydride (9.6 mL, 102 mmol) was added
dropwise. It was stirred at room temperature (RT) for 1 h with a white precipitate appearing.
Ice water (50 mL) was added, filtered and the white powder washed a little with ice cold
water. The dried powder was recrystallized in EtOH:H,O0 =1:1. Colourless plates were

obtained. Yield: 1.5 g, 7.9 mmol, 43 %. Abbreviation: FTz4CA.
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Chemical Shift (ppm)

'H NMR (400 MHz, DMSO-d6, 8): 12.42 -13.39 (1H, br,H%), 8.06 - 8.58 (1H, 2 x s, H°), 4.66 -
5.20 (1H, m, H°), 3.07 - 3.57 (2H, m, Hb), (1.58-1.91 (6H, H%) ppm.

X-ray analysis:

Formula: C;H11NO3sS

Space group P2,2,2;

a=7.122(3); b = 10.884(5); c = 11.339(5) A

o = 90.00°, B = 90.00°, y = 90.00°
V =878.952 A3
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5.2.20. Synthesis of mercaptothiazolidine

Dry FTz4CA (1.55 g, 8.2 mmol, 1.0 eq) was dissolved in dry DMF (10 mL) under argon.

N,N-Carbonyldiimidazol (1.5 g, 9.3 mmol, 1.1 eq) was added at RT and it was stirred for 90
min at RT. Cysteamine*HC| (1.04 g, 9.2 mmol, 1.1 eq) was dissolved in dry pyridine (8 mL)
under argon atmosphere. The pyridine solution was added to the DMF solution and it was
stirred over night at RT. With an external cooling trap all volatile components were removed
under reduced pressure. The flask was flushed with argon and the transparent yellow oil was
dissolved in a diluted HCI solution (0.1 M, 100 mL). If necessary the solution was made
slightly acidic with conc. HCl to prevent oxidation of the thiol. It was extracted with
chloroform (3 x 50 mL), dried over MgS0O,4 and the organic solvent removed under reduced
pressure. A white solid was obtained. Recrystallization in ethyl acetate gives white thin

needles. Yield: 0.78 g, 3.1 mmol, 38 %. Abbreviation: FTz4Cys.
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Chemical Shift (ppm)

'H NMR (400 MHz, CDCls, 8): 8.23 - 8.45 (1H, s, H?), 6.43 - 7.09 (1H, 2x br, H°), 4.59 - 5.02
(1H, 2x, m, H), 3.03 - 3.71 (4H, H® H®), 2.48 - 2.69 (2H, q, H"), 1.61 - 1.85 (6H, 2x s, HE), 1.26 -
1.43 (1H, t, H) ppm.

3¢ NMR (75 MHz, €DCls, 8): 169.1 (C"), 160.1 (C*), 70.4 (c"), 62.8 (C%), 42.6 (CF), 31.7 (CB),
30.9 (C%), 29.7 (CP), 24.5 (C") ppm.
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HRMS: m/z: 249.0694 [M+H]" (calcd. m/z: 249.0726)

5.2.21. Synthesis of 3-formyl-2,2-dimethylthiazolidine-4-
carbonyl azide
Under argon atmosphere FTz4CA (500 mg, 2.64 mmol, 1.0 eq.) was dissolved in DMF (dry,
10 mL). EtsN (0.4 mL, 2.9 mmol, 1.1 eq) was added. DPPA (0.62 mL, 2.9 mmol, 1.1 eq) was
added dropwise. The clear colorless solution was stirred overnight and subsequently all
volatile compounds removed under reduced pressure. Dissolving in DCM (100 mlL) and
washing with H,0 (3 x 100 mL) does not completely remove the aromatic impurities. The

pure product was purified by column chromatography (10cm silica; ethyl
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acetate:hexane = 1:2). UV-light (254 nm) was used to identify the spots on a TLC-plate. The
aromatic compounds are obtained as first fraction (Rf=0.68), whereas the acyl azide is

obtained as second fraction (R = 0.17).
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Chemical Shift (ppm)

'H NMR (400 MHz, CDCls, §): 8.12 - 8.64 (1H, 2x s,H%), 4.61 - 5.01 (1H, 2x m, H%), 3.09 - 3.37
(2H, 2x m, H%), 1.69 - 1.86 (6H, 2x s, H®) ppm.

5.2.22. Polymer-analog functionalization with isocyanates

3-Formyl-2,2-dimethylthiazolidine-4-carbonyl azide (217 mg, 1.01 mmol, 14 eq wrt OH) was
dissolved in DMF (4 mL) and heated to 90 °C for 1 h to induce Curtius rearrangement.
Poly(glycidol-stat-allyl glycidyl ether) (0.400 g, M, = 5760 g mol™*, 0.07 mmol) dissolved in
DMF (6 mL) was added. DBTDL (1 drop) was added. It was stirred for 2d at RT. Followed by
removal of all volatile components and subsequently dissolved in H,O (25 mL). The turbid
solution was centrifuged for 20 min at 2,000 rpm. The supernatant was dialyzed and

lyophilized.
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Chemical Shift (ppm)

'H NMR (400 MHz, DMSO-d6, 8): 8.17 - 8.53 (14H, 2xs, HY), 7.55 - 8.17 (12H, br, H°), 5.71 -
5.96 (20H, m, HY), 5.08 - 5.32 (14H, dd, H), 4.35 - 4.62 (66H, br, H™), 3.85 - 4.24 (44H, H")),
3.16 - 3.75 (515H, br, H>%ef&hl) 1 58 _1.90 (82H, HP), 1.04 - 1.19 (9H, reference, H?) ppm.

5.2.23. Polymer-analog functionalization with thiols with AIBN

Mercaptothiazolidine (1.08 g, 4.3 mmol, 17 eq), poly(EEGE-stat-AGE) (0.500 g, DP,ui =7,
DPgege = 67, naiy = 0.25 mmol, 1.0 eq) and AIBN (35.6 mg, 0.84 eq) were dissolved in DMF (6
mL, 6.17 10> M polymer-solution). 3 freeze-pump-thaw cycles were performed to degas the
solution. It was heated to 75 °C for 22 h. All volatile components were removed under
vacuum and the oil dissolved in THF (100 mL) and drop-by-drop HCI (conc, 1 mL) added. The
deprotected functionalized poly(glycidol) precipitates during deprotection reaction. After
decantation the oily residue (polymer) was dissolved in water and dialyzed. The experiments

were repeated and the parameters shown in Table 23.
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Table 23: Thiol-Ene Chemistry performed in DMF with poly(EEGE-stat-AGE) and mercaptothiazolidine using AIBN as radical source.

Mpoymer ~ Allyl  Acetal  AIBN AIBN Thiol Thiol Cpolymer T T ABN AGE Thiol  Conv.
[mg] [mg]  [mmol] [mg] [mmol] [molL"] [C] [h] [eq] [eq] [eq] [%]
486 7 67 33.6 0.20 1,040 4.2 6.00-10° 75 12 0.81  1.00 17 no CH;

signal
510 7 67 29.9 0.18 1,100 4.4 6.30-10° 75 21 069  1.00 17 86
490 7 67 35.5 0.22 1,400 5.6 6.05-10° 75 19 0.85  1.00 22 no allyl
320 7 67 40.0 0.24 0,770 3.1 5.27-10° 85 22 147  1.00 19 97
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Chemical Shift (ppm)

'H NMR (400 MHz, DMSO-d6, §): 7.94 - 8.53 (3H, s, H*), 5.81 - 6.06 (6H, m, H'), 5.12 - 5.43
(13H, dd, HY), 4.41 - 4.71 (67H, s, H™), 3.93 - 4.11 (14H, d, H), 3.25 - 3.93 (532H, br,
HPedetelnt) 1 76 - 1.92 (8H, HY), 1.13 - 1.24 (4H, H) ppm.

5.2.24. Polymer-analog functionalization with FTz4Cys via UV
irradiation
P(EEGE-stat-AGE) (45 EEGE, 5 AGE repeating units, 2.986 g, 2.1 mmol allyl groups, 1.0 eq)
was dissolved in methanol (50 mL). FTz4Cys (1.602 g, 6.5 mmol, 3.1 eq) was added and
completely dissolved. DMPA (0.277 g, 1.1 mmol, 0.5 eq) was added. The flask was sealed
with a rubber and the solution was degassed with argon for 15 min. 4 UV LED cubes (each
11 W, 365 nm) were placed around the flask and the solution was irradiated for 30 min. All
volatile compounds were removed using reduced pressure and 45 °C. The orange/red oil was
taken up in 100 mL THF. HCI (conc, 1 mL) was added drop-by-drop and stirred for 30 min.
The THF was decanted and the polymeric precipitate dissolved in H,O. It was dialysed against

water and finally lyophilized. Yield: 71 %, 1.8 g
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Table 24: Thiol-ene Chemistry performed with poly(EEGE-stat-AGE) or poly(glycidol-stat-allyl glycidyl ether) and mercaptothiazolidine using
DMPA as photoinitiator and either a photoreactor (PR) or UV-LEDs (UV-LED).

Entry Source Solvens Glycidol Allyl:DP Polymer T DMPA AGE Thiol Conversion

[mgmL™]  [min] [eq] [eq] [eq] [%]
1 PR EtOH OH 7:74 22.7 70 0.10 1.0 5.5 100
2 PR EtOH OH 7:74 8.8 10 0.66 1.0 5.2 100
3 PR EtOH OH 7:74 10.8 15 0.46 1.0 3.5 100
4 PR EtOH OH 7:49 18.4 15 0.49 1.0 3.5 100
5 PR EtOH OH 7:49 18.4 25 0.52 1.0 3.4 100
6 UV-LED EtOH OH 7:49 19.2 150 0.50 1.0 3.3 100
7 UV-LED MeOH Acetal 11:79 22.3 <10 0.90 1.0 6.2 100
8 UV-LED MeOH Acetal 11:79 50 60 0.59 1.0 2.3 100
9 UV-LED MeOH Acetal 11:79 27.6 120 0.52 1.0 1.9 100
10 UV-LED MeOH:EtOH Acetal 5:50 76.1 30 0.50 1.0 3.3 100

=1:2

11 UV-LED MeOH Acetal 5:50 59.7 30 0.5 1.0 3.1 100
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5.2.25. Hydrolysis of thiazolidine-functional poly(glycidol)s

The polymer (780 mg) was dissolved in HCI (0.1 M, 50 mL) and heated to 70 °C for 5d. The
slightly yellow solution was excessively dialyzed for 3 days in diluted acetic acid (0.01 M

acetic acid) and finally lyophilized. A yellow sticky oil was obtained.
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Chemical Shift (ppm)

'H NMR (400 MHz, D,0, 8): 4.02 -4.12 (3H, t, H°), 3.39 - 3.85 (250H, br, H*>edefeh) 3 15 .
3.39 (9H, 2x t, H'), 2.90 - 3.03 (5H, d, H"), 2.46 - 2.75 (16H, 2x t, H"*) 1.84 - 1.88 (14H, s, HP),
1.70 - 1.84 (8H, g, H) ppm.

MALDI-ToF-MS:

Meaic = 5102 g mol™

Mpeak = 4859 g mol?
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5.2.26. Polymer-analog functionalization with thioacetic acid via

UVirradiation

Under argon atmosphere poly(glycidol-stat-allyl glycidyl ether) (DP4y, = 11, DPgece = 68, 3 g,
2.97 mmol allyl) and DMPA (385 mg, 1.5 mmol, 0.5 eq wrt. allyl) were dissolved in EtOH (50
mL). Thioacetic acid was added (0.86 mL, 12 mmol, 4 eq. wrt allyl) and purged with argon for
30 min. It was irradiated with 4 LED-cubes (4x11 W, 2 h) placed around the flask. The
solution was concentrated under reduced pressure (rotovap, 45 °C water bath) and the
initial yellow clear solution became reddish upon concentration. Dissolving the red clear
phase in THF (120 mL) was followed by addition of HCl (conc, 2 mL) drop-by-drop.
Decantation yielded the white-orange THF-insoluble viscous oil that was soluble in H,O. H,0
(20 mL) was added and stirred over night to completely dissolve the viscous oil that was

subsequently dialyzed against H,0.
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'H NMR (300 MHz, D,0, §): 3.39 - 3.94 (537H, H>*%%&h) 2 90 - 3,03 (25H, H!), 2.32 - 2.44

(40H, HY), 1.79 - 1.95 (28H, H'), 1.20 - 1.26 (9H, H?) ppm.
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5.2.27. Synthesis of ester-free thiol-functional poly(glycidol)

Poly(glycidol-stat-propyl-3-thioacetate glycidyl ether) (DPihioacetate = 5, DPgiycidol = 43, 3 8, 3.6
mmol thioacetate) was dissolved in H,O (100 mL). NaOH (1 M, 30 mL) was added. It was
stirred at elevated T (2 h, 110 °C). A yellow, clear solution was obtained and concentrated
(45 °C, 72 mbar; 55 °C, 50 mbar). Small gels were removed by filtration and HCI (1 M, 30 mL)
added (compensation of NaOH). NaHCO3; was added (saturated, 4 mL), until solution reacts
neutral/basic. DTT was added until the complete gel was visibly dissolved. It was stirred
under argon (overnight, RT). The solution was still a little bit turbid. Dialysis was performed
under argon. For this a transport barrel (4 L volume) was filled with water and purged with
argon for 30 min. The dialysis tube was placed in the degassed water and the lid closed.
Water was changed three times over 2 days. A syringe was fixed to have a stream of argon
from top to bottom. Under this argon flow the dialysis tube content was filtered, collected in

three falcon tubes (50 mL) and lyophilized. Yield 2.4 g, 80 %.
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Chemical Shift (ppm)

'H NMR (300 MHz, D,0, 8): 3.39 - 3.97 (277H, br, H>%&%&") 555 2 71 (8H, t, H}), 1.81 -
1.99 (9H, g, H'), 1.18 - 1.28 (9H, s, H?) ppm.

Ellman assay: 5 thiols per polymer
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5.2.28. Synthesis of amine-functional poly(glycidol)

Poly(ethoxy ethyl glycidyl ether-stat-allyl glycidyl ether) (DPgege =45, DPayi=5, 2.283g.
1.6 mmol allyl) was dissolved in ethanol (20 mL) and 10 min purged with argon. DMPA
(208 mg, 0.81 mmol, 0.5 eq wrt allyl) and cysteamin*HCl (638 mg, 5.2 mmol, 3.5 eq) were
added to the solution. A turbid solution was obtained that was sealed and 30 min irradiated
with UV cubes (4x 11 W). The turbid solution was concentrated, dissolved in THF (200 mL)
and HCI (conc, 10 drops) added. During 30 min stirring the precipitated polymer settle at the
bottom of the beaker. Decantation of the THF was followed by dissolving the oily precipitate

in H,O (50 mL) to yield a yellow solution. It was dialyzed against H,O and finally lyophilized.
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'H NMR (300 MHz, D,0, 8): 3.27 - 3.93 (272H, br, H*****&") 304 - 3.19 (13H, quin, H"), 2.69
-2.83 (11H, t, HY), 2.48 -2.64 (9H, H), 1.70 - 1.88 (9H, quin, H'), 1.05 - 1.18 (9H, s, H?) ppm.

5.2.29. Synthesis of carboxyl-functional poly(glycidol)

The polymer (M, = 7140 g mol™, 2.283 g, 1.60 mmol allyl, 1 eq) was dissolved in ethanol
(20 mL). It was purged with argon (10 min). Addition of DMPA (205 mg, 0.8 mmol, 0.5 eq)
and thioglycolic acid (0.34 mL, § = 1.505 g mL", 5.60 mmol, 3.5 eq wrt. allyl) and sealed with
a septum. Irradiation with UV cubes (4x 11 W, 30 min). The solution was concentrated and

THF (200 mL) added. HCl (conc. 10 drops) was added. The polymer precipitated. It was
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stirred for additional 30 min and decanted. The precipitated polymer was dissolved in H,0
(50 mL) and NaHCOs (saturated) added until the solution reacted neutral/basic. Small gels
were still visible. Dialysis was performed against H,0 including the small gel fraction. Dialysis
water was changed every day for 3 d. The small gels were still visible. It was filtered and the

aqueous solution lyophilized.
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Chemical Shift (ppm)

'H NMR (300 MHz, D,0, §): 3.27 - 4.02 (262H, br, H*****&" 3 06 - 3.15 (8H, s, H¥), 2.44 -
2.61 (8H, H), 1.69 - 1.88 (9H, quin, H'), 1.06 - 1.19 (9H, H?) ppm.

5.2.30. Thiol-quantification (Ellman assay)

A solution of Ellman’s reagent (5,5’-dithiobis(2-nitro-benzoic acid)) was prepared in 40 mM
PBS (4x) yielding a final concentration of 0.01 M (4 mg mL"). For calibration with cysteine,
cysteine*HCI*H,0 (35 mg) was dissolved in H,0 (100 mL), yielding a concentration of 2 mM
cysteine. For calibration a concentration row of cysteine-solution with 2 mM, 1.6 mM, 1.2
mM, 0.8 mM, 0.4 mM, 0.2 mM, 0.08 mM were prepared using H,O as solvent. The
procedure is described for the polymer described in the synthesis of ester-free thiol-
functional poly(glycidol) (5.2.27): The polymer (3.6 mg, Mei = 4065 gmol™, theory: 4.4
umol SH) was dissolved in H,O (10 mL).
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For the assay PBS buffer (1250 plL) was placed into 2 mL Eppendorf caps. The sample
solution or calibration solutions (125 uL) were added. Ellman solution (25 pL) was added and
it was mixed to obtain a homogeneous solution. It was incubated (5 min) and the
absorbance measured at 412 nm. Plotting the measured absorbance against the initial
concentration of the calibration stock solution gave a linear trend. The slope and intercept
were determined using Origin 9.1G with a linear fit. Calibration was also possible using

cysteamine.

By using the equation y = mx + b, with the intercept b and the slope m the concentration
of the polymer solution can be calculated. An absorbance of 0.536 for the polymer example
solution corresponds to a concentration of 0.4345 mM thiols in the initial solution. With 3.6
mg polymer and a theoretical SH-content of 4.4 umol thiols/10 mL (0.44 mM, see above) the
thiol-per-polymer is obtained by:

0.4345 mM
0.4400 mM

5=409.

Hence with an assumed content of 5 thiol-units per polymer, Ellman gave a content of 4.9

thiol-units per polymer.

Ellman calibration, 0.04 M PBS, kAbS =412 nm
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5.2.31. Cysteine-quantification (Oxidative TNBSA assay)

Sample solution (50 pL, 10 mg/mL of calibration compound and polymer) was diluted with
H,0,/0.1 M NaHCO3 (c =10 mg/mL, 50 pL, 500 pug H,0,, 14.7 umol, 3 eq. with respect to
ethanolamine) solution and 4.950 mL of NaHCOs (0.1 M). The stock solution (99 pg/mL) was
stored at 37 °C for 1 h before further dilution ensuring an equal oxidation prior to further
dilutions. Samples (500 uL) were prepared with various concentrations (19.8 pg/mL —
0.59 pg/mL). Due to the high molecular weight of the polymers two additional solutions with
higher concentrations (99.0 pug/mL and 49.5 pg/mL) were prepared. For blank solution,
NaHCOs (0.1 M, 500 pL) without H,0, was used. TNBSA solution (250 pL, 0.085 pumol TNBSA,
0.01 % in 0.1 M NaHCOs) was added and it was stored at 37 °C for 2 h. The solutions turned
yellow depending on the concentration. SDS solution (10 %, 250 ulL) was added to each
samples followed by the addition of HCI (1 M, 125 pL). The samples were closed, shaken and
opened to remove the produced CO,. 1 mL of each solution was transferred to UV-Vis
cuvettes and absorbance at 335 nm was measured. Calibration solutions with concentrations
higher than 0.17 umol/mL (c > 11.88 ug/mL) were not used due to the restricting amount of
TNBSA molecules in the sample.

The concentration of the polymers and the concentration of amines were calculated. The
ratio between amine concentration and polymer concentration determined the amount of
initial cysteines per polymer chain, as the thiols of the cysteines were oxidized prior to

TNBSA assay.
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Influence of hydrogen peroxide on thiol compounds
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5.2.32. Native Chemical Ligation#*

Cysteine-functional polyglycidol was dissolved in filtered and degassed ligation buffer (6M
GnHCI, 200 mM NaH,P0,4, 200 mM 4-mercaptophenylacetic acid (MPAA) and 20 mM tris(2-
carboxyethyl)phosphine (TCEP)). The pH was readjusted to 7.2 by the addition of NaOH or
HCl and the mixture was added to the thioester peptide (0.5 mg, 179 nmol, sequence 390-
410 of the tauprotein: Thz-EIVYKSPVVSGDTSPRHLSN with Thz: thiazolidine) to give a final
concentration of 1.8 mM with respect to the peptide. The reactions were left for 2.5 h at RT
before they were quenched by the addition of 1.5 ml H,O containing 0.1% TFA and
subsequently dialysed for 30 h (Spectra/Pore membrane dialysis, MWCO 3.5 kDa) against
water.

The mixed ratios between peptide:polymer = 1:1, 3:1 and 5:1 equal cysteine:thioester = 5:1,

5:3 and 1:1 (Table 25).
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Table 25: Ratios and used moles of peptide in comparison to the cysteine-functional
polyglycidol

ratio ratio peptide polymer
peptide:polymer thioester:cysteine [nmol] [nmol]
1:1 1.5 179 179
3:1 3:5 179 60
5:1 11 179 36

After dialysis, the probes were analyzed by MALDI-TOF mass spectrometry.

5.2.33. Tricin SDS-PAGE

The chamber, consisiting of two glass slides and two PTFE slides at both sides, was
assembled and the lower gap sealed with a scotch tape. Agrarose solution (10 mm height, 10
%) was heated and poured into the chamber as the bottom layer. It was waited for the
agarose layer to cool and harden. The following solutions were prepared:

e AB-6: Acrylamide-solution (30 %, 100 mL) was mixed with bis(acryl amide) (1.82 g).

¢ Gel buffer solution (3x): 3.0 M tris, 1.0 M, HCI, 0.3 % SDS, pH = 8.45.

e Cathode buffer (10x): 1.0 M tris, 1.0 M tricine, 1.0 % SDS, pH = 8.25.

e Anode buffer (10x): 1.0 M tris, 0.225 M HCI, pH = 8.9.

e Sample buffer: 12 % SDS, 6 % mercaptoethanol, 30 % glycerol, 0.05 % coomassie

blue, 150 mM tris/HCI (pH = 7.0).

First, the gel (16 %) was casted. For this AB-6, gel buffer (3x) and urea were mixed (quantity
see Table 26). Upon a transparent and clear solution was obtained, first APS and
subsequently TEMED were added. The beaker was gently shaken to reduce foam formation,
but homogeneously distribute APS/TEMED. The solution was poured into the preassembled
chamber ca 2 cm from the top edge of the slide (Figure 115). The 10 % gel was casted (1 cm),
a small layer of H,0 added and hardened for 1 h. Pouring the sample gel was followed by the
insertion of a PTFE comb to build the pockets for the samples. Removal of the scotch tape
was performed and the plates assembled in the PAGE-apparatus. The upper vessel was filled
with the cathode buffer (1x) and the lower batch with anode buffer (1x). The comb was
carefully removed and the filled with the cathode buffer. Samples (10 ug per pocket) were

each dissolved in sample buffer (15 uL), heated to 95 °C for 5 min. The marker (0.5 pL) was
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dissolved in the sample buffer (14.5 uL) and heated to 95 °C for 5 min. The pockets filled
with the samples. Empty pockets were filled with the sample buffer. A voltage of U=30V
was applied until the samples reached the interface sample-gel-10 % gel. Than U =90V was
applied. After the coomassie front reached 2 cm above the lower gel edge the gel was
removed from the glass slides and incubated in a coomassie staining (methanol:acetic
acid:coomassie = 20 %:7.5 %:0.1 %) overnight. Afterwards the gel was placed in a destaining
solution (methanol:acetic acid =20 %:7.5 %) and washed with the solution until a visible

contrast between lines and gel-background was obtained.

Table 26: Solutions used for tricin-SDS-PAGE.
16 % Gel/6 M Urea 10% Gel 4 % Sample Gel

AB-6 ml 16.5 9.9 1.65
Gel Puffer (3x) ml 10 10 3
Glycerol g - 3 -
Urea g 10.8 - -
Final volume ml 30 30 12
APS (10 %) ul 100 150 90
TEMED ul 10 15 9

(> Cathode

4 % sample gel
10 % Gel

peptide
movement

PTFE-slide
aplis-341d

v

Agarose
® Anode

Figure 115: Assembled SDS-PAGE unit with different layers of gels.
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