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Introduction

1. Introduction

The development of highly functional polymers has led to more and more innovations
coming onto the market in recent years. The potential of functional polymers appears to
be almost unlimited, and so polymer research is being pushed ever further. One area that
has received less attention so far, but whose development potential is quite foreseeable, is
sulfur-containing polymers. They are characterized by a unique combination of
properties, such as an increased refractive index,!” the ability to coordinate metals,'*!?
and high thermal stability'*!” for example. Therefore, these materials will be of great

interest in the future, for research in general and but also for industrial applications.

The substance class is characterized not only by its unique properties but also by the
possibility of modifying it in a quite simple way and thus obtaining substances with
completely new properties. An overview of the various modification routes with a
selection of applications is shown in Figure 1. Sulfide species can selectively oxidize to
sulfoxides or sulfones for example.'®?° This result not only in a changed reactivity but
also in completely new properties of the substances because of the now more polar
sulfoxide or sulfone group, which greatly expands the range of applications for sulfur-
containing polymers. Sulfoxides are predestined, for example, for pharmaceutical

applications due to their skin-penetrating properties,?’> 2

while sulfones seem ideally
suited for optical applications because of their increased refractive index and very high
Abbe number.! > %% 23 However, not only the oxidation of the sulfide group is a simple
way to modify the properties of substances. Starting from thiol compounds, these can
form reversible disulfide bridges in a reductive environment and thus represent an
interesting class of crosslinkers that plays an important role in the biological research of
proteins, peptides, and other biomolecules.?*?° Furthermore, sulfur-containing materials
are not limited to neutrally charged materials.’’** Sulfonates or materials containing

sulfonium ions moieties can also be used, for example, as drug delivery systems through

their interaction with other charged substances.
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Figure 1: Schematic overview of the different sulfur species and possible
applications.

However, polymerization of sulfur-containing monomers proves to be a major challenge
because peroxides and redox initiators, which are commonly used in industry, often only
lead to oxidation of the sulfur but do not initiate the polymerization process. In addition,
frequently occurring side reactions such as chain transfer reactions caused by the
presence of sulfur complicate the polymerization on an industrial scale, which
significantly limits potential applications. In particular, the polymerization of S-vinyl
monomers has so far only been a niche in polymer research, because of the challenges
already described, but also due to the limited availability of these monomers.
Nevertheless, research into this class of compounds is desirable because of their unique
properties. Previous publications demonstrated the enormous influence of the oxidation
state of the sulfur on the polymerization behavior due to its direct proximity to the vinyl
group. For example, increased reactivity has been observed in the free-radical
polymerization of vinyl sulfides, while vinyl sulfoxides and vinyl sulfones are usually
polymerized by anionic processes. The focus of this thesis was to study the reactivity of
S-vinyl monomers, in particular, the novel monomer vinyl mercaptoethanol and related

derivatives.
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2. Reactivity of S-vinyl monomers

Parts of this chapter have been published in: P1) N. Ziegenbalg, L. Elbinger, U. S.
Schubert, J. C. Brendel, Polym. Chem. 2022, 13, 5019-5041.

As mentioned at the beginning, the polymerization behavior of S-vinyl monomers is
strongly dependent on the oxidation state of sulfur. Therefore, the different reactivities
and properties of vinyl sulfides, vinyl sulfoxides, and vinyl sulfones will be discussed in

more detail in this chapter.

2.1. Vinyl sulfides
Although the monomer class of vinyl sulfides has received little attention in recent years
compared to other monomer classes. Vinyl sulfides are characterized above all by an
increased reactivity in radical polymerization compared to, for example, the oxygen
analogs, which was observed and demonstrated by Price and coworkers as early as
1950.3! Due to the 2p-3p conjugation of sulfur with the adjacent carbon atom, a
bathochromic shift occurs for the unsaturated vinyl sulfides compared to the saturated
sulfides. This conjugation is much weaker than the 2p-2p conjugation in vinyl ethers,
which thus favors the attack of radicals. These radicals can then be additionally stabilized

in the transition state by the 3d orbital of the sulfur.

Polymerization of vinyl sulfides can be achieved mainly by aza-initiators such as
azobisisobutyronitrile (AIBN).3!* Peroxides, on the other hand, are not suitable because
of their tendency to oxidize the sulfide group and usually are not able to initiate the
polymerization. After the initial studies by Alfrey and Coworker, subsequent work
focused in particular on the copolymerization of vinyl sulfides, while
homopolymerizations played a rather minor role. The determination of the
copolymerization parameters for the respective monomers was important in order to be
able to make predictions about copolymerization behavior with other monomers. For this
purpose, the original composition in the monomer mixture would be compared to the
ratio of monomer units in the obtained polymer and inserted into one of the following
equations for the determination of the parameters: Mayo-Lewis,* Fineman-Ross*' or
Kelen-Tiidés equation.*> With the copolymerization parameters determined, preferably
by copolymerization with styrene, the Q- and e-values can then be calculated according
to the Alfrey-Price equation,?® allowing a comparison of the S-vinyl monomers with other

monomer classes. But these values also provide information about the reactivity and
9
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polarity in radical polymerizations in general, in addition to estimating the
copolymerization behavior of unknown monomer combinations. The Q- values for vinyl
sulfides are in the range of 0.3 to 0.5, revealing good stabilization of the radicals.*> *4
However, this value can also be strongly influenced by the substituents. For example, if
the conjugated system is extended, as in the case of divinyl sulfides, the Q-value
increases to 0.6,* while if the coplanarity of the molecule is not maintained, as in the
case of pentachlorophenylvinyl sulfides, the Q-value decreases to 0.23.*¢ Although there
are major differences between the radical polymerization behavior of vinyl sulfides and
vinyl ethers, the two classes of monomers exhibit similar polarity, as reflected in the
negative e-values in the range of —1.5.% However, even here the value can be strongly
influenced by the substituent and thus electron-accepting groups cause an increase in the
e-value.>* 47 Various copolymerizations have been carried out in the literature with

styrene,*> 4 4 but also with a variety of monomer classes such as acrylates,?® 43 46 48

43,45, 47 acrylonitrile,* vinylene carbonates,* vinyl ethers,’® maleimides,’!

methacrylates,
and diallyl compounds.>? The copolymerizations with acrylonitriles, as well as acrylates
and methacrylates, worked very well, which is in good agreement with the determined Q-
and e-values. However, interest in this class of monomers quickly vanished and did not
flare up again until the development of controlled polymerization techniques. In 2013, the
first attempts were made to synthesize well-defined homopolymers as well as random
copolymers and block copolymers starting from vinyl sulfide monomers via reversible-
addition-fragmentation chain-transfer (RAFT) polymerization.>*>’ The kind of chain
transfer agent (CTA) has a crucial influence on the dispersity of the polymers, as not
every CTA seems to be suitable for this class of monomers. For example Abiko ef al.
demonstrated in 2015 that trithiocarbonate-type CTAs were the most suitable for the
copolymerization of phenylvinyl sulfide with different comonomers like maleic
anhydride, N-methyl maleimide, and N-phenyl maleimide (PMI), as the obtained
polymers have the lowest dispersity (1.3 — 1.4) (Figure 2).>* One the other hand the use of
xanthate- and dithiocarbamate-type CTAs, which are mostly suitable for vinyl ethers and
vinyl esters, resulted in polymers with higher dispersities (1.8 — 2.6). The success of these

experiments once again underscores the potential of S-vinyl polymers.

10
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Figure 2: Schematic representation of the different possible CTAs for RAFT
polymerizations and the size exclusion chromatography (SEC) traces of the
copolymer poly (/N-phenyl maleimide-co-phenylvinyl sulfide) (P(PMI-co-PVS)) with
a trithiocarbonate-CTA. The figure was adapted from ref. 3% with permissions of
Elsevier. Copyright 2015.

However, not only radical but also cationic polymerization of vinyl sulfides is feasible
because of the high electron density at the vinyl group, as Reppe was able to demonstrate
as early as 1956.°® Nevertheless, the cationic polymerizations are characterized by more
difficulties than radical polymerization.>® Often only oligomers are formed or very high
temperatures and longer reaction times are required to synthesize polymers, while vinyl

ethers react comparatively much faster with less catalyst.®

This can be explained by the
lower reactivity, but also by the basicity of sulfur, which often leads to the formation of
sulfur-metal complexes during polymerization. As a result, the polymerization process is
not completely suppressed by the formation of the complex but is at least significantly
limited. Another explanation for the low molar masses is the chain-transfer process, in
which the sulfur atom of a monomer molecule reacts with the cationic chain-end to the
sulfonium ion (Scheme 1).°! Because of these results and the low chances of success of

this polymerization, efforts for further research in this field were discontinued after 1980.

11
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Scheme 1: Schematic representation of the chain transfer reaction of sulfides in
cationic polymerizations. The figure was reused from ref. 62 with permissions of
Royal Society of Chemistry. Copyright 2022.

2.2. Vinyl sulfoxides

As already mentioned in the introduction, vinyl sulfides are versatile and can be
selectively oxidized to sulfoxides or sulfones with little effort. This not only changes the
properties of the monomer, such as the solubility but also decisively influences the

polymerization behavior by changing the polarity of the vinyl group.

In contrast to vinyl sulfides, the free-radical polymerization of vinyl sulfoxide has been
reported only sporadically in the literature, partly because the sulfoxide group can also
act as an inhibitor. The Q-values determined are in the range of 0.1 to 0.2, demonstrating
the significantly lower stabilization of the radicals and explaining the low molar masses
of the polymers and the low yields.®* ® The positive e-values in the range of 0.6 to 1.0
reflect the changed polarity compared to the vinyl sulfides, which is caused by the
strongly electron-withdrawing sulfoxide group. As a consequence, the electron-poor vinyl
group leads to an improved copolymerization behavior for example with the electron-rich
monomer vinyl acetate which is completely different from the copolymerizations with
vinyl acetate and vinyl sulfides.®®> Surprisingly, increased reactivities were also observed
during copolymerization with the electron-deficient monomers methacrylamides,
acrylamides, acrylonitriles, and vinyloximes. This observation could be attributed to the
formation of complexes of the functional group with the sulfoxide group, which was

confirmed by spectroscopic measurements.

As a consequence of the electron-withdrawing effect of the sulfoxide group and the
resulting electron-deficient double bond, vinyl sulfoxides are suitable for anionic
polymerization. As early as 1970, Hogen-Esch et al. succeeded in carrying out anionic
living polymerizations with dispersities of 1.2 to 1.4 of phenylvinyl sulfoxide with
various initiators.®%® However, with longer reaction time and higher temperatures, an
increase in side reactions was observed, expressed mainly in bimodal or broader molar

mass distributions. Therefore, it can be assumed that the side reactions already have a

12
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minor influence at lower reaction times and temperatures and thus also explain the

dispersities, which are small but not comparable to other anionic living polymerizations.

2.3. Vinyl sulfones

Vinyl sulfones have generally attracted attention, among other things because of the very
high dipole moment (4.49 D)® compared to the sulfide group (= 1.55 D), but also to the
sulfoxide group (= 3.96 D). 7! This property leads to increased adhesion, a change in the
barrier and transport properties or an improvement in solvent resistance, which makes the
incorporation of vinyl sulfones desirable.”>’* But also the increased refractive index in
combination with a high Abbe number characterizes this class of materials, which makes

them ideal for optical applications for example.> > >89 23

Price and co-workers are also pioneers in the field of radical polymerization of vinyl
sulfones, who first investigated the polymerization behavior of methylvinyl sulfone and
phenylvinyl sulfone in 1950.3! 3 However, the low Q-values (Q = 0.1) demonstrate
poorer stabilization of the radicals compared to the vinyl sulfides and provide the reason
for the difficulties of realizing radical polymerizations with these monomers. An
explanation for the lower stabilization of the radicals is the weaker conjugation of the 2p
and 2d orbitals in vinyl sulfones, in contrast to the conjugation of the 2p and 3p orbitals
in vinyl sulfides. Nevertheless, radical polymerization is feasible in principle, but it only
leads to polymers with low molar masses because of the lack of stabilization and the fact

that sulfones also can act as a chain transfer agent.

In addition, high e-values in the range of 1.2 were determined, which are related to the
electron-withdrawing group and thus, as already mentioned at the beginning, strongly
influence the electron density at the double bond, resulting in electron-poor vinyl groups.
Instead, vinyl sulfones seem theoretically ideal for anionic polymerization because of the
electron-withdrawing group. However, it was demonstrated very early on that anionic
polymerizations are difficult because the monomers are too reactive and often prone to
side or termination reactions.” For example, the a-proton can be abstracted from the
monomer molecule, leading to the inactivation of the active chain (Scheme 2).7% 77

However, an a-proton can also be abstracted from the backbone of the polymer, which

leads to the same result and does not allow new initiation.

13
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Scheme 2: Schematic representation of the initiation, propagation, and termination
of the anionic polymerization of vinyl sulfones. The figure was adapted from ref.
with permissions of Royal Society of Chemistry. Copyright 2022.

Even though the radical and anionic polymerization of vinyl sulfones are often associated
with difficulties, other polymerization processes have become established. For example,
sulfone units can be introduced via the copolymerization of sulfur dioxide with various
comonomers,”8¥ or by the much more frequently used Michael polyaddition.®!** Vinyl
sulfone is a very reactive Michael acceptor in literature. In particular, the polymerization
of divinyl sulfones with bivalent alcohols is a very well-known reaction involving
AA/BB polyaddition. However, often only polymers with low molar masses can be
obtained in this type of polymerization because the exact adjustment of the stoichiometry,
which is essential for high molar masses, is often a major challenge. In this context, side
reactions, in particular, can also interfere sensitively. For this reason, it is easier to use an
AB-monomer containing both the vinyl sulfone unit as the Michael acceptor and a
Michael donor. At present, however, only a few monomers of this type are known, as
synthesis in particular often presents difficulties because of the need of a complex
manufacturing process or the use of toxic derivatives.®*** A monomer that has only

recently become available is vinyl sulfonylethanol, whose polymerization behavior is

discussed in more detail in Chapter 6.
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3. Motivation and aim

Further studies of the polymerization behavior and the properties of the sulfur-containing
polymers are essential in order to get innovations. However, since the synthesis of S-vinyl
monomers is often difficult, the number of available monomers is limited. BASF SE has
succeeded in producing the new S-vinyl monomer vinyl mercaptoethanol which is
characterized by long-term stability. It can be produced easily and on a large scale from
acetylene and mercaptoethanol using Reppe chemistry.”*®?> Thanks to the current
availability of the monomer, the polymerization behavior and properties of the polymers
can now be studied in detail. The aim of this thesis was the implementation of different
polymerization techniques starting from the monomer vinyl mercaptoethanol and the
investigation of the properties of the corresponding polymers. An overview of the

different research areas is given in Figure 3.

Vinyl mercaptoethanol Vinyl sulfonylethanol Sq | i )

NS o Sy i R

Oxa-Michael polyaddition

l l i

Homogeneous free radical homo RAFT polymerization Heterogeneous free radical
and copolymerization polymerization

Qb2 130 o oA

&
G < N
YLy qu a ey S m

Figure 3: Overview of the different polymerization techniques which was used for
the synthesis of sulfur-containing polymers in this work.

In the first part of this work, the radical polymerization behavior of the monomer vinyl
mercaptoethanol will be investigated using homogeneous polymerization techniques such
as bulk and solution polymerization. The focus of this study was not only on an
understanding of the homopolymerization but also of the copolymerization with various
monomers such as styrene, methyl methacrylate (MMA), and n-butyl acrylate (BA).
Subsequently, it should be evaluated whether well-defined homopolymers and
copolymers can be produced by controlled polymerization. RAFT polymerization

promises the highest chances of success in our opinion because this technique has a high
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tolerance to other functionalities and is therefore suitable for a large number of
monomers. After the polymerizations were conducted, the thermal, optical, as well as
mechanical properties, will be investigated in order to evaluate possible applications of
these polymers. However, this work should not be limited to homogeneous
polymerization techniques. The possibility of polymerizing the monomer using
heterogeneous polymerization techniques should also be examined. The first focus is on
the search for suitable conditions that lead to the formation of stable polymer particles.
On the one hand, these can be realized by classical emulsifiers, which are also frequently
used in industry, for example. On the other hand, the property of sulfur to coordinate
noble metals offers the possibility to additionally stabilize particles with metal salts or

metal nanoparticles.

In the last part of this work, the possibilities of using other polymerization methods than
radical polymerization for the synthesis of novel functional polymers by the selective
oxidation of the monomer to the sulfone will be investigated. In particular, oxa-Michael
polyaddition appears to be suitable, since oxidation from the sulfide group to the sulfone
leads to a monomer characterized by a stable Michael acceptor in the form of the vinyl
group and a Michael donor in the form of the hydroxyl group. The influence of different
catalysts on the polymerization behavior, but also on the properties of the resulting

polymers, should be investigated in detail.
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4. Homogeneous radical polymerization of the S-vinyl monomer VME

Parts of this chapter have been published in: P2) N. Ziegenbalg, F. V. Gruschwitz, T.
Adermann, L. Mayr, S. Guriyanova, J. C. Brendel, Polym. Chem. 2022, 13, 4934-4943.

A major problem in researching the polymerization behavior of S-vinyl monomers is their
availability. These can often only be realized through a complex manufacturing process
or the use of toxic derivatives.’® % However, BASF SE has succeeded in establishing
the synthesis of the new S-vinyl monomer vinyl mercaptoethanol (VME) on an industrial
scale by Reppe chemistry®” using ethylene and mercaptoethanol as starting materials.
This represents an interesting breakthrough for the synthesis also for further S-vinyl
monomers, and could be another important step for the implementation of sulfur-
containing polymers in industrial applications. Up to this point, the synthesis of VME by
the reaction of vinyl bromide and the corresponding sodium thiolate as nucleophile was
already known,* but could not be realized on a larger scale, which also limited research
on this monomer. The polymerization behavior of this monomer, as well as the
modification possibilities of the polymers, can now be examined in detail because of the
current availability. In the following, the radical homopolymerization and different
copolymerization with various monomers will be described. But also, the possibility of
the synthesis of well-defined polymers by RAFT polymerization will be discussed in this
chapter.

4.1. Free radical polymerization
Polymerization of VME with the aza-initiator AIBN leads to polymers with high molar
masses in the range of 100 to 200 kg mol™!, depending on the amount of initiator used. In
contrast, the polymerization experiments with peroxides were unsuccessful, which is in
good agreement with the literature of other S-vinyl monomers, since the oxidation of
sulfur occurs preferentially in the presence of hydrogen peroxide. The polymerization
rate of VME proved to be very similar to the polymerization rate of methyl methacrylates
under comparable conditions. However, the limited solubility of the obtained polymers
posed a major challenge in handling and also restrict the possible characterization
methods. The limited solubility is most likely a consequence of the formation of
hydrogen bonds, which is the reason why only the polar solvents dimethyl sulfoxide
(DMSO), dimethyl formamide (DMF), and methoxy ethanol proved to be suitable. In

addition, a crosslinking process was observed during the initial purification process while

17
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the polymers were drying under reduced pressure and slightly elevated temperatures
(40 °C). But crosslinking can also be observed during long storage (> 1 year) at room
temperature or high temperatures. In consequence, the crosslinking behavior was
investigated with simultaneous thermal analysis (STA-MS). This analysis revealed a
steady release of water molecules with increasing temperature, which is a clear indication
of etherification via the hydroxyl group (Figure 4). But also, a release of acetaldehyde at
temperatures above 110 °C can be observed which can be explained by the formation of a

sulfonium polymer.
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Figure 4: a) Photography of the generated crosslinked gel b) STA-measurement
(He) of the homopolymer and c¢) schematic representation of a possible mechanism
of crosslinking. The figure was adapted from ref. ** with permissions of Royal
Society of Chemistry. Copyright 2022.

*

In the following, also copolymerizations with different comonomers were investigated.
Styrene, methyl methacrylate (MMA), n-butyl acrylate (BA), vinyl pyrrolidone (VP), and
vinyl acetate (VA) were selected as representatives of the various monomer classes. The
polymerization of MMA and BA reveals increased reactivity, characterized mainly by a

very high polymerization rate which is demonstrated by the rapidly increasing viscosity
18
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due to the high molar masses. Lower reactivities, on the other hand, were observed for
the copolymerizations with styrene, vinyl pyrrolidone, and vinyl acetate. Nevertheless, it
was possible to determine the copolymerization parameters for all copolymerizations by
the Fineman-Ross equation and thus establish the respective copolymerization type

(Table 1).

Table 1: Determined copolymerization parameter and the kind of copolymerization.

Copolymerization Copolymerization  Kind of copolymerization

parameter ri® parameter r2?
Styrene 0.04 5.88 statistical (ideal) non-
azeotropic copolymerization
Methyl 0.07 0.48 random (non-ideal) azeotropic
methacrylate copolymerization
(MMA)
n-Butyl 0.05 0.13 random (non-ideal) azeotropic
acrylate copolymerization
(BA)
Vinyl 0.22 3.28 statistical (ideal) non-
pyrrolidone azeotropic copolymerization
(VP)
Vinyl acetate 15.09 0.15 statistical (ideal) non-
(VA) azeotropic copolymerization

2 Determination via the Fineman-Ross equation.

In addition, the Q- and e-values could be calculated based on the copolymerization
parameters determined during the copolymerization with styrene. The monomer is
characterized by a high Q-value of 0.45, suggesting increased stability of the radicals
during polymerization, and a low e-value of —2, which is similar to vinyl ethers and
indicate the high electron density at the vinyl group due to the neighboring sulfur. Thus,
the new monomer is located in the 4™ quadrant of the Q- and e-scheme® defined by
Alfrey and Price and thus also demonstrates the feature of this monomer since not many

already known monomers are located in this quadrant.

4.2. Controlled radical polymerization via RAFT
In recent years, controlled polymerization techniques in particular have attracted much
attention, as they offer the possibility of producing well-defined homopolymers, but also,
for example, block copolymers with unique properties. With this in mind, we also

investigated whether the monomer is suitable for controlled polymerization. We chose
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the RAFT method because of its high tolerance to many functional groups. For this
purpose, three different RAFT-agents 2-(((butylthio)carbonothioyl)thio)propanoic acid
(CTA 1), 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CTA II) and
cyanomethyl-N-methyl-N-phenyl-dithiocarbamate (CTA III) were tested (Figure 5).
While the use of CTA I and CTA 1I leads to polymers with narrowly distributed molar
masses (dispersities below 1.2), the use of CTA III had an insignificant effect on the
dispersities compared to the free radical polymerization. The similarity of VME to other
vinyl ethers has made it interesting to evaluate whether CTA III has an influence.
However, it has been confirmed that the character of the monomer is more like that of
(meth)acrylates. Nevertheless, differences could also be observed for the first two CTAs.
While the use of CTA I resulted in polymers with very low dispersities even after a
reaction time of 24 h, a slight loss of control is observed with CTA II over time,
manifested by a slight increase in dispersity after 24 h. But a general statement cannot yet
be made in this regard because of the higher conversion in this polymerization. Both
CTAs are suitable for the synthesis of well-defined polyvinyl mercaptoethanol (PVME),
as they are characterized by a linear increase in molar mass with conversion.
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Figure 5: a) Schematic representation of the different used CTAs, b) SEC (DMAc (+
0.21wt% LiCl), PMMA standards) traces of PVME synthesized with different
CTAs, and c) evolution of M (filled symbols) and dispersity (empty symbols) with
increasing conversion during the polymerization with CTA I (black squares) or
CTA II (red triangles). The figure was adapted from ref. °* with permissions of
Royal Society of Chemistry. Copyright 2022.

Based on the good results obtained in homopolymerization with CTA I, various
copolymerizations were also carried out with this chain transfer agent. Both MMA and

BA showed good control over time, resulting in narrowly distributed polymers. However,
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while this CTA is well suited for polymerization with BA, it is known in the literature
that controlled polymerization with MMA does not seem to be possible with this CTA.
We explain the observed control by the fact that the nearly alternating incorporation of

the monomers can compensate the unsuitable transfer.

In addition, the possibility of synthesizing block copolymers was also investigated
(Figure 6). A shortened reaction time of 4 h was used, since 24 h reaction time resulted in
more side reactions in form of recombinations, e.g., in the synthesis of BA blocks, or
inactive chain ends in the synthesis of VME blocks. First, PVMEg> was synthesized with
CTA I and successfully extended with BA to form PVMEe2-b-PBAg; after purification of
the macro-CTA. The SEC data revealed a clear shift to higher molecular weights while
maintaining low dispersities. However, the elongation of PVMEs, with MMA did not
result in well-defined block copolymers. We attribute this to the lack of uniform rapid
reinitiation of the macro-CTA compared to propagation, as the initial equilibrium in the
RAFT process does not favor a sufficient transfer. For a deeper understanding of RAFT-
polymerizations with VME, the sequence of blocks was reversed, and a macro-CTA with
BA was successfully extended with VME to PBAg-b-PVME3;. In addition, a macro-
CTA with CTA II and MMA was also synthesized and could then be extended with VME

successfully.
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Figure 6: a) Schematic representation of the synthesis of the different block-
copolymer and b) SEC (DMAc (+ 0.21wt% LiCl), PMMA standards) traces of the
different block-copolymers. The figure was adapted from ref. ** with permissions of
Royal Society of Chemistry. Copyright 2022.

In summary, we were able to demonstrate that the monomer is very well suited for
controlled polymerization and that the different functionalities in the monomer do not
negatively influence polymerization. Not only well-defined homopolymers but also
various random copolymers and even block copolymers could be successfully
synthesized. Although controlled polymerization techniques are not yet of great
importance on an industrial scale because of cost inefficiencies, these experiments

nevertheless show their potential for further research work.
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4.3. Properties of the polymers
4.3.1. Oxidation of the homopolymer

As already described in the second chapter, it is possible to change the properties of the
polymers, such as polarity and solubility, by simple oxidation of the sulfide group, for
example with hydrogen peroxide. Initially, attempts were made to polymerize the
oxidized monomers vinyl sulfinylethanol (sulfoxide species) and vinyl sulfonylethanol
(sulfone species) by radical polymerization. Unfortunately, no polymerization was
observed for the sulfoxide species, and only extremely low conversions were reached for
the sulfone. Nevertheless, the polymer obtained in the latter could be used as a reference
substance for the following post-polymerization oxidation starting from PVME, which is
an alternative to the direct polymerization of oxidized monomers. For this purpose, the
polymer was dissolved in DMF, an excess of hydrogen peroxide was added, and the
reaction kinetics were recorded over time. It was observed that after 4 h the sulfide
groups were almost completely oxidized, which could be verified by 'H-nuclear magnetic
resonance (NMR) spectroscopy. However, a distinction between the two oxidized
species, sulfoxide, and sulfone, was not possible because of the similar chemical shifts in
the '"H-NMR spectra. In order to accurately determine the oxidation state of sulfur,
different reaction conditions were tested, and a detailed study of the polymers was
performed using infrared (IR) spectroscopy and heteronuclear single quantum coherence
(HSQC) NMR spectroscopy. On the one hand, the polymer was oxidized once with
hydrogen peroxide at room temperature over a reaction time of 24 h. On the other hand,
the polymer was oxidized in the presence of the catalyst sodium tungstate at slightly
elevated temperatures of 60 °C but otherwise unchanged reaction conditions, and the
differences in the resulting polymers were investigated. Significant differences in the IR
spectra were observed. The band at 1280 cm™', which corresponds to the SO, stretching
band, is more dominant in the oxidized polymers which were synthesized with the
catalyst. However, a clear statement about the selectivity can only be made using the
HSQC-NMR spectroscopy. Only one species is visible in the NMR-spectra for the
different reaction conditions confirming the selectivity of the oxidations under these
conditions, as can be seen in Figure 7. When a catalyst was used at higher temperatures,
the sulfone species is present, characterized by a chemical shift of the SO>-CH> group at
3.44 ppm and 53.65 ppm. At room temperature, on the other hand, the sulfoxide is
selectively formed, as evidenced by the signal at 3.29 ppm, and 49.49 ppm corresponding
to the SO-CHa» group.
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Figure 7: a) Schematic representation of the oxidation of PVME under different
conditions, b) zoomed HSQC-NMR-spectrum (400 MHz, DMF-d7, 298 K) of the
oxidized species prepared without any catalyst, and ¢) zoomed HSQC-NMR-
spectrum (400 MHz, DMF-d7, 298 K) of the oxidized species prepared with the
catalyst sodium tungstate. The figure was adapted from ref. ** with permissions of
Royal Society of Chemistry. Copyright 2022.

4.3.2. Thermal properties of the polymers
The focus of the further course was on the investigation of the properties in order to be
able to subsequently evaluate the possibility of using the polymers in potential
applications. First, the homopolymer and the oxidized species were investigated for their
thermal properties. The non-oxidized polymer possesses increased stability with a
decomposition temperature above 300 °C. The sulfoxide polymer, in turn, revealed a
decomposition onset at 150 °C, indicating that the polar group leads to the instability of
the polymer. The sulfone, on the other hand, revealed remarkably high thermal stability,
which can be explained by the lower polarity of the sulfone group and the resulting more
stable carbon-sulfur bond. Also, the glass transition temperatures are quite different
depending on the oxidation state. The sulfide has a glass transition around room
temperature, which is the reason for the very soft and sticky nature of the material. The
sulfoxide, on the other hand, is not as soft, but a glass transition temperature could not be
determined because of the very low decomposition temperature. The glass transition
temperature of the sulfone is in the range of 100 °C, which also shows significant

differences from the sulfide.

On the other side the glass transition temperatures of the copolymers prepared by free

radical polymerization are strongly dependent on the comonomers and compositions of
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the monomer in the polymer (Figure 8a). Thus, for copolymers with MMA, it can be
observed that an increased proportion of VME also leads to lower values for the glass
transition temperature compared to pure PMMA. The glass transition temperature
approaches more and more the glass transition temperature of pure PVME with
increasing VME content. Similar behavior was observed for the copolymers with BA.
However, with an increasing proportion of VME, the glass transition temperature
increases this time compared to pure PBA, because PBA has a glass transition
temperature below room temperature. The random copolymers prepared by RAFT
revealed a similar behavior mostly independent of the chain lengths. However, the block-
copolymers prepared by RAFT differ significantly from the other polymers in their
thermal properties. Multiple glass transition temperatures could be determined for block-
copolymers with BA for example, which is a clear indication of phase separation in the
polymer due to strong polarity differences (Figure 8b). Further investigations were not
yet perused in this direction, but an analysis of the polymers using small-angle X-ray
scattering (SAXS) measurements could be considered for a better understanding with
respect to the morphology.

a) Copolymers synthesized via b) Copolymers synthesized via RAFT
free radical polymerization polymerization
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Figure 8: a) Differential scanning calorimetry (DSC) data of the different homo- an
copolymers synthesized via free radical polymerization and b) DSC-data of the
different homo- and copolymers synthesized via RAFT polymerization. The figure
was adapted from ref. °* with permissions of Royal Society of Chemistry. Copyright
2022.

Thus, it was demonstrated that a wide variety of thermal properties can be obtained

depending on the polymerization technique and the composition of the chosen monomers.
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4.3.3. Optical properties of the polymers

In addition, the optical properties were investigated since sulfur-containing polymers are
known in the literature for their increased refractive index because of the high atomic
refraction of sulfur and thus optical applications are conceivable. The focus was on the
polymers prepared by free radical polymerization, which are colorless, transparent
materials, while the RAFT-polymers have a yellow color as a consequence of the
trithiocarbonate end-groups. For the determination of the refractive indices, films of the
homopolymer and the different copolymers with a film thickness of about 4 um were
prepared on glass slides by doctor blading and then analyzed by ellipsometry. The pure
homopolymer revealed a slightly increased refractive index np = 1.55 compared to other
homopolymers such as PMMA np = 1.48 and a linear increase in refractive index can be
observed with an increase in the VME content in the corresponding copolymers (Figure
9a). This allows precise tuning of the desired properties via the incorporated amount of
VME in the polymer and demonstrates the potential for applications in the optical field.
However, for subsequent applications, not only the increased refractive index but also the
optical transparency is crucial. With this in mind, ultraviolet-visible (UV-Vis)
spectroscopy was carried out on newly prepared films with a film thickness of 50 to
70 um, which were produced by drop-casting. The polymers exhibit no absorption in
visible light, irrespective of the VME content, and are thus comparable to pure PMMA
(Figure 9b).
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Figure 9: a) Plot of refractive index vs. VME content in the polymer b) UV-Vis
spectra of the polymers with different amounts of VME. The figure was adapted
from ref. ** with permissions of Royal Society of Chemistry. Copyright 2022.

4.3.4. Mechanical properties of the polymers
In the following, the mechanical properties were also investigated in order to verify the

impressions made when handling the polymers and thus to better assess possible
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applications. For this purpose, nano-identification measurements were conducted on films
with a layer thickness of > 50 micrometers, which were also produced by drop-casting.
As a consequence of the very soft nature of the homopolymer, PVME and the copolymer
P(BA-co-VME), slightly different measurement settings had to be used for the
measurements. Thus, a loading of 0.3 mN was chosen for these two polymers (Figure
10d-f), while loading of 1 mN was used for the polymers on MMA basis (Figure 10a-c).
As expected, the pure homopolymer PVME showed an extremely low e-modulus of
4.4 MPa and a hardness of 0.1 MPa. Interestingly, similar values were obtained for the
copolymer P(BA-co-VME), although the glass transition temperature was much lower, as
described in the previous chapter. Another interesting observation was the creep behavior
of the two polymers. While PVME exhibited a much higher indentation of 1000 nm,
P(BA-co-VME) showed only an indentation of 400 nm with the same load. This unusual
behavior can be explained by the higher molar mass of the copolymer. The P(MMA-co-
VME), on the other hand, did not show much difference from the pure PMMA for e-
modulus, hardness, and creep behavior, which is quite surprising since we had expected
that the incorporation of VME would also lead to a decrease in e-modulus and hardness
considering the soft nature of PVME. However, the values remained almost constant
even at a VME content of 40%, showing that these polymers can maintain the good
mechanical properties of PMMA. But in addition, the properties of the sulfur-containing
polymer, such as a slightly increased refractive index, can be incorporated into the

copolymer.
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Figure 10: a-c) Mechanical properties of the homopolymer PMMA and the
copolymers P(MMA-co-VME) with different amounts of VME which were
determined via nano-indentation measurements with a load of 1 mN and d-f)
mechanical properties of the homopolymer PVME and the copolymer P(BA-co-
VME) which were determined via nano-indentation measurements with a reduced
load of 0.3 mN. The figure was adapted from ref. ** with permissions of Royal
Society of Chemistry. Copyright 2022.
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5. Heterogeneous radical polymerization of the S-vinyl monomer VME

Parts of this chapter have been published in: P3) N. Ziegenbalg, H. F. Ulrich, S. Stumpf,
P. Mueller, J. Wiethan, J. Danner, U. S. Schubert, T. Adermann, J. C. Brendel,
Macromol. Chem. Phys. 2023, 224, 2200379.

Heterogeneous polymerization techniques®®!%

are often preferred in the industry over
homogeneous polymerization techniques such as bulk and solution polymerization,'®® and
the limited solubility of many of the previously synthesized polymers would be a major
challenge on an industrial scale. Nevertheless, due to the unique properties of the
polymers, the introduction into commercial products is desirable. For this reason, a new
approach to the polymerization of VME was adopted and the possibility of realizing
heterogeneous polymerizations was investigated. These have the advantage, especially
when using water as the reaction medium, of better heat dissipation, lower cost, and a
more environmentally friendly process. In addition, higher molar masses and faster
polymerization rates can be achieved through the increased lifetime of radicals confined

in the particles.!%6-1%8

5.1. Emulsion or dispersion polymerization?

The monomer vinyl mercaptoethanol is water soluble to a certain extent (105.5 gL ) as a
consequence of the amphiphilic character with a hydrophilic hydroxyl group and a
hydrophobic thioether group. This property strongly distinguishes this monomer from
other monomers used in heterogeneous polymerization techniques. Therefore, it can be
assumed that the following polymerizations are not following the principle of common
emulsion polymerization. If higher concentrations are applied it neither can be considered
a pure precipitation polymerization, but a mixed process in which the particles are
stabilized with suitable surfactants. However, stabilization could be a major challenge
because the hydroxyl group is likely to interact with water as the reaction medium,
leading to swelling of the polymer particles and thus making stabilization of the particles

more difficult.

The polymerizations were conducted using the water-soluble initiator 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (V-50) and 1wt% of the corresponding
surfactant. Initially, one of the most used surfactants in industry, sodium dodecyl sulfate

(SDS), was used. Unfortunately, this surfactant did not affect the polymerization, as the
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conversion and chain length were similar to a comparative experiment without any
stabilizer, and the particles agglomerated and sedimented immediately after
polymerization and could not be redispersed. To exclude that these negative results were
a consequence of an interaction between the negatively charged surfactant and the
positively charged initiator, the neutrally charged polyethylene glycol (PEG) based
surfactants Tween™ 80 and Triton™ X-100 were also tested. However, these also did
not reveal the desired effect and agglomerated and sedimented very quickly after
polymerization. This could indicate that stabilization is not possible because of the
different polarities of the hydrophobic aliphatic chains of the surfactants and the hydroxyl
group of the polymer. For this reason, the focus was amended to surfactants that should
theoretically interact with the hydroxyl group due to their similar polarity. The surfactants
Pluronic™ F127, commercial polyvinyl pyrrolidone (PVP 40 000 g mol™'), and polyvinyl
alcohol (PVA 31 000 g mol!) were selected. Unfortunately, no improved stabilization
behavior was observed with Pluronic™ F127 either. The particles with PVP also showed
rapid sedimentation after polymerization, but unlike the other surfactants, the particles
were partially redispersible. Nevertheless, dynamic light scattering (DLS) measurements
showed very large aggregates above 400 nm for all surfactants used. Since the
correlograms of the DLS measurements give evidence of aggregates outside the

measurable range, a very broad distribution of particle sizes can be assumed.

PVA, on the other hand, shows a completely different stabilization behavior since the
resulting particles sediment much slower and a complete redispersion is possible after
sedimentation. We assume that sedimentation occurs only because of the size of the
particles since these particles are strongly influenced by gravity. This assumption is
confirmed by DLS-measurements, which again show very large aggregates. Although
stabilization of the particles is a major challenge because of their unique properties, a
surfactant was found with PV A that shows a stabilizing effect already at 1w¢%. Based on
this stabilization behavior with 1w¢% PVA, the amount of PVA was increased to study
the influence of the surfactant in more detail. When 1wt% or 2wt% PVA was used, no
significant differences were observed in the conversion, chain lengths, and sedimentation
behavior over time (Figure 11). However, if 4wt% or even 8wt% PV A was initially added
to the reaction mixture, increased conversions were observed on the one hand, but also a
slightly different molar mass distribution on the other. Basically, a bimodal distribution is

always observed, which is an indication of the mixed polymerization process in the
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aqueous phase and in the particles (Figure 11c). However, if the amount of PVA is
increased, the proportion of longer chains also increases. Theoretically, larger molar
masses can be expected in emulsion polymerizations than in precipitation
polymerizations, since fewer termination reactions occur. Thus, the change in molar mass
distribution could be a consequence of emulsion polymerization becoming more and
more dominant at higher PVA amounts in this mixed process. The reason why both
processes are possible at all is the partial water solubility of the monomer already
mentioned at the beginning.
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Figure 11: a) Photography of the sedimentation behavior over the time starting
directly after the polymerization, b) plot of In(mo/m) vs. reaction time and c) SEC
(DMAc (+ 0.21wt% LiCl), PMMA standards) traces of the polymers after 5 h with
different amounts of PVA. The figure was adapted from ref. 1 with permissions of
John Wiley and Sons. Copyrigth 2023.

Even though the DLS-measurements showed some very large aggregates for all particles
with different amounts of PVA, it was possible to prove the spherical shape of the
particles by SEM images. But the SEM images also confirm that the size of the particles
varies greatly, and that the particles collapse on the mica substrate during the drying

process (Figure 12a/b).
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5.2. Incorporation of noble metals in the polymer particle

Another approach to further stabilize the particles, but also to broaden the area of
application of these particles, was to use them as a host matrix for metal ions and
nanoparticles. Since sulfur has the property of coordinating well with metals such as
silver, gold, or other metals,'%!> 1 this possibility should also be investigated further for

PVME particles.

5.2.1. Modification of polyvinyl mercaptoethanol particles with silver ions

(Ag'*@PVME)

The initial focus was on silver ions since these have already been shown in the literature
to have an antimicrobial effect, with possible applications in the medical field, textile
industry, or antifouling for ships for example.!!!"!1¢ In addition, silver ions should also
lead to a stabilizing effect, since agglomeration should be partially prevented by the
positive charge of the silver ions because of electrostatic repulsive forces. In general,
there are two synthetic routes to successfully incorporate metal ions or metal
nanoparticles - the in situ or the ex situ process.!!” The in situ method describes the
modification of the pre-existing particles with metal ions or nanoparticles, while in the ex
situ method the monomer is polymerized in their presence. Both synthetic routes were
evaluated, even if we have limited it to the use of the salts for the time being since here
the greatest interaction was to be expected. All experiments were performed in the
absence of light because of the photosensitivity of silver salts, Unfortunately,
polymerization in the presence of silver nitrates or silver acetates (ex sifu method) did not
improve the particle stability. Therefore, the polymer particles were first synthesized with

PVA, and, after subsequent purification, the addition of silver ions took place.

Different amounts of silver ions were added to the particles. After 3 h, non-coordinated
silver ions were removed by dialysis and the silver content was determined by inductively
coupled plasma mass spectrometry (ICP-MS) measurements. And indeed, an increased
silver content could be detected with increasing the equivalents of silver ions compared to
the sulfur in the polymer. If up to 0.04 equivalents of silver ions were applied compared
to the sulfur in the polymer, nearly the same amount of silver was detected after
purification, indicating complete incorporation of the silver ions into the polymer
particles. However, if the applied amount was increased to 0.1 equivalents, the final

amount of silver ions in the particles after purification was decreased in comparison. This
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is an indication of the oversaturation of the sulfur since the silver ions were no longer
able to fully coordinate to the sulfur. This could have two reasons: either one silver ion
coordinates to several sulfur atoms or the other free sulfur atoms are not accessible to the
silver ions because of their position within the particle core. Nevertheless, an additional
stabilizing effect was observed in these experiments, which, as mentioned above, is a

consequence of the repulsive forces between the silver ions.

In addition, the influence of different amounts of PVA on the coordination of the silver
was investigated. For this purpose, silver ions were also added to the previously prepared
dispersions containing 1w#%, 2wt%, 4wt%, and 8wt% PV A. Here, too, increased stability
was observed for all samples, which, moreover, could be confirmed by zeta-potential
measurements. These measurements revealed positive values in accordance with the
positively charged silver ions. However, not only the stability but also other
characteristics of the particles were examined more closely in these samples. DLS-
measurements demonstrated the enormous influence of the silver ions on the particles, as
these giant aggregates, which were outside the measurable range of the DLS-
measurement, are no longer present, which can be explained by the fact that
agglomeration is partly prevented by the silver ions, even if complete prevention of
agglomeration could not be ensured. The spherical particles were again visible in the
SEM images for the aggregates with 1w#% and 2wt% SDS, but this time no collapses of
the particle can be observed during the drying process (Figure 12c¢/d). At 4wt% and
8wt%, however, it was clear that the silver ions were irregularly distributed both inside
and outside the polymer particles, which we attribute to shielding of the particles at
higher PVA contents so that complete incorporation is no longer possible. For this

reason, the following tests focused mainly on the emulsion with 1wt% PVA.
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1wit% PVA

2wit% PVA

Figure 12: SEM images of a) pure PVME emulsion with 1wt% PVA, b) pure PVME
emulsion with 2wt% PVA, ¢) Ag*@PVME with 1wt% PVA and d) Ag"*@PVME with
2wt% PVA. The figure was adapted from ref. 1 with permissions of John Wiley
and Sons. Copyrigth 2023.

Subsequently, the coordination of silver ions to sulfur was studied in more detail by
monitoring the release of silver ions over 7 days. The emulsion containing the particles
was transferred to a controlled dialysis set-up after purification, and the silver ion content
was analyzed by ICP-MS before and after the 7 days. The slightly lower silver ion levels
after the 7 days indicate a slow release of silver ions and show that the coordination of
silver ions to sulfur is reversible. The experiment was then repeated with 0.04 eq. of
silver ions compared to sulfur, and the silver content in the filtrated water was determined

daily and a linear release of the silver ions was observed.

5.2.1. Modification of polyvinyl mercaptoethanol particles with silver

nanoparticles (Ag@PVME)

In the following, an attempt was made to reduce the silver ions to introduce silver
nanoparticles (AgNPs) into the polymer particles. Several reducing agents for the

reduction of silver ions to silver are known in the literature.''®'?° One of the most
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commonly used is sodium borohydride. Unfortunately, the addition of sodium
borohydride led to the coagulation of the silver. Even in the case of ascorbic acid, a very
mild reducing agent, the transmission electron microscopy (TEM) images showed that
the AgNPs were randomly distributed and both free AgNPs and AgNPs in the polymer
particle were visible. Controlled reduction of the silver ions within the polymer particles,
therefore, appeared a major challenge because a reducing agent had to be found that is
not coordinating silver itself or causing further coagulation of the silver. However, the
reduction of the silver can lead to a decrease in the stability of the polymers since no
repulsive forces can act as a consequence of the lack of charge. Nevertheless, an
interesting observation was made that sunlight can interact with the sample and a color
change from colorless to brown can registered after a short time. This is indication of the
reduction of the silver, which could be supported by UV-Vis measurements of the highly
diluted samples, as the typical shift of the absorption bands of silver ions and AgNP
could be detected. TEM-images also confirm the uniform distribution of AgNPs in the
polymer particles (Figure 13). These experiments show that no additional reducing agent
is necessary for the reduction of the silver ions and that the polymer particles themselves
probably function as the reducing agent, because of the reductive nature of thioether
groups which can be oxidized to sulfoxides. Unfortunately, an absolute determination of
this oxidation was not achieved because of the limited solubility of the particles and the

low content of sulfoxides in this case.

Sunlight

Ag*@PVME Ag@PVME

Figure 13: TEM-image of Ag@PVME. The figure was adapted from ref. ' with
permissions of John Wiley and Sons. Copyrigth 2023.

Due to the successful synthesis of the AgNP, the antibacterial effect of the pure emulsion,
the emulsion modified with silver ions (Ag"@PVME) and silver nanoparticles
(Ag@PVME) could now also be investigated and compared. For this purpose, bacterial
growth of E. coli and S.aureus was investigated in the presence of the substances and
compared with the benchmark Irgaguard B 6000, an antimicrobial agent based on
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inorganic silver glass/zeolite. In these experiments, no antibacterial effect was observed
with the pure emulsion PVME. Ag@PVME also appears to have a very limited ability to
restrict bacterial growth over 24 h. In contrast, a similar behavior to the benchmark was
observed for the polymer particles modified with silver ions for the bacterial growth of E.
coli after 4 h. For S. aureus, on the other hand, a significant reduction in bacterial growth
was observed both after 4 h and after 24 h, but the bacterial growth is slightly higher than
for the optimized benchmark. Nevertheless, a reduced growth rate can be observed for
both bacterial species in the presence of Ag'@PVME, which opens up the possibility of

using them for example in the medical field.

5.2.2. Modification of polyvinyl mercaptoethanol particles with gold ions

and nanoparticles (AuCls @PVME and Au@PVME)
Not only the incorporation of silver ions with subsequent reduction to AgNP represents
an interesting field of research, but gold nanoparticles are also relevant for research
because of their broad range of applications. On the one hand, gold nanoparticles can be
used for medical applications in the field of diagnostic imaging or cancer therapy.'?!1?°
One the other hand applications in the field of catalysis are also more frequently

described in the literature. 2%

The first experiments, in which potassium gold(III) chloride was added, did destabilize
the system since the particles subsequently tended to agglomerate. However, the addition
of chloroauric acid (HAuCls) and subsequent purification by dialysis resulted in stable
particles whose spherical shape could be confirmed by SEM- and TEM-imaging. Again,
no suitable additional reducing agent could be found, as ascorbic acid, for example, led to
a random distribution of AuNP in the sample. Therefore, the focus was again on the
reduction process in sunlight and a color change from colorless to purple-brown was
observed. This color is characteristic of larger AuNP aggregates. This time, however,
spherical particles with a deformed surface are still visible in the SEM and TEM images
(Figure 14). This could be indicative of homogeneous surface loading and suggests that
the gold chloride ions coordinate mostly at the surface and do not diffuse into the
particles as in the case of silver, perhaps because of the size, but also because of the

interaction of the negative charge with the particles.
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Sunlight N

Figure 14: a) TEM-image of AuCls @PVME, b) SEM-image of AuClsy @PVME, c¢)
TEM-image of Au@PVME and d) SEM-image of Au@PVME. The figure was
adapted from ref. ' with permissions of John Wiley and Sons. Copyrigth 2023.

In summary, stable dispersions as known from commercial emulsions are not possible
with PVME. However, the addition of PVA can stabilize the polymer particles, which
exhibit sedimentation behavior as a consequence of their micrometer diameter but the
particles are redispersible. The addition of metal ions can further stabilize this system
because the metal salts are coordinated with the sulfur and the repulsive forces caused by
the ions provide additional stability. Based on these research results, possible industrial
production of PVME is now conceivable, circumventing the problem of limited solubility
and succeeding in the production of polymer particles. Likewise, applications because of

the successful incorporation of noble metals are desirable.
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6. Homogeneous polyaddition of electron-deficient S-monomer VSE

Parts of this chapter have been published in: P4) N. Ziegenbalg, R. Lohwasser, G.
D'Andola, T. Adermann, and J. C. Brendel, Polym. Chem. 2021, 12, 4337-4346.

Our interest was not only in the polymerization of vinyl sulfides and their subsequent
oxidation to obtain polymers with sulfoxide and sulfone units. Our efforts were also in
finding a suitable polymerization method starting from the oxidized monomer vinyl
sulfonylethanol and investigating the properties of the polymer to obtain a better
understanding of the influence of the sulfone group in the polymer compared to the
sulfide group. However, as already described in Chapter 2, it is extremely difficult to
polymerize monomers radically via the vinyl group if a sulfoxide or sulfone is in the
immediate vicinity. As a consequence, another polymerization method the oxa-Michael
polyaddition was chosen, which is now described in this chapter in more detail. Until
recently, often divinyl sulfone/sulfoxides had been polymerized with bivalent alcohols
via AA/BB-polyaddition.?’®> However, the difficulties of polymers with low molar
masses or the formation of only oligomers were often encountered. This can be
explained, on the one hand, by the difficulty of accurately adjusting the stoichiometry,
which is essential for achieving high molar masses, and, on the other hand, by the fact
that the formation of cyclic polymers often cannot be prevented. Nevertheless, this class
of polyether sulfones represents an attractive substance class, which requires research and

improvement of the polymerization behavior for potential applications.

6.1. Oxa-Michael polyaddition
The monomer vinyl mercaptoethanol was selectively oxidized with hydrogen peroxide
first to the sulfoxide and then with the catalyst sodium tungstate to the sulfone (Figure
15). Long-term studies revealed the stability of the monomer for more than a year with
the addition of a radical inhibitor and storage at 4 °C. This oxidation has led to the
development of an AB-monomer characterized by a strong Michael donor and Michael
acceptor because of the aliphatic alcohol and the electron-poor vinyl group, making it

ideal for oxa-Michael polyaddition.
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Figure 15: Selective oxidation of vinyl mercaptoethanol to vinyl sulfonylethanol.

Oxa-Michael polyaddition can be realized by two different mechanisms: base-catalyzed
and nucleophilic-catalyzed oxa-Michael polyaddition (Scheme 3). In the base-catalyzed
mechanism, the hydroxyl group will be deprotonated by the base first. Subsequently, the
negatively charged oxygen atom can attack a double bond of the monomer molecules,
resulting in a negatively charged carbon atom in the immediate vicinity of the sulfone
group. A proton transfer now takes place from another hydroxyl group to the negatively
charged carbon atom just described. This proton transfer can either occur from the
hydroxyl group of the growing polymer chain (intramolecular), which then leads to the
deprotonated hydroxyl end group attacking a new monomer molecule and the chain
continuing to grow. However, the proton transfer can also occur from another monomer
molecule (intermolecular), which then leads to the growth of a new chain. The
nucleophile-catalyzed mechanism is similar to the base-catalyzed mechanism, except that
a nucleophile first attacks the double bond, which creates a positive charge on the
nucleophile and a negatively charged carbon atom in the immediate vicinity of the
sulfone group and then an intra- or intermolecular proton transfer takes place from the

hydroxyl group to the negatively charged carbon atom, as described before.
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Scheme 3: Schematic representation of the base- and nucleophile catalyzed
mechanism of an oxa-Michael polyaddition starting from vinyl sulfonylethanol. The
figure was adapted from ref. 3 with permissions of Royal Society of Chemistry.
Copyright 2021.

In the following, the polymerizations were initiated with the organic catalysts
triphenylphosphine (PPhs), triethylenediamine (TEDA), 4-(dimethylamino)pyridine
(DMAP), 1,8-diazabicyclo(5.4.0)-undec-7-7-ene (DBU) and 1,5,7-trizabicyclo(4.4.0)-
dec-5-ene (TBD), as well as with the inorganic catalysts potassium carbonate and cesium

carbonate, and the mechanism was investigated.
6.1.1. Bulk polymerization

Initially, bulk polymerizations were conducted, and despite a previously weighed catalyst
amount of 0.1 equivalent compared to the monomer, the exact amount of active catalyst
could not be determined because most of the catalysts were solids and not completely
soluble in the monomer. However, regardless of the catalyst used, a color change from
yellow to brown and an increase in viscosity were observed within a few minutes. In all
polymerizations, high conversions of the vinyl groups after a few minutes can be
confirmed by NMR spectroscopy, and conversions of more than 94% can be obtained
after 24 hours, demonstrating the high reactivity of the monomer. Only PPh3 showed
initial retardation of a few minutes compared to the other polymerizations, which is
probably because of the steric demands of this nucleophile. However, once attacked, the
polymerization proceeds with a polymerization rate similar to the other catalysts. In
addition, a continuous increase in chain length with increasing reaction time was
observed in the SEC data. The fact that high molar masses, in this case, can only be

achieved with almost complete conversion of the functional end groups clearly indicates
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the step growth mechanism of these polymerizations. The determined chain lengths are
very different from the theoretical chain lengths calculated using the Carothers equation
for AB-monomers.'** However, it is clearly observed that the theoretical values for the
inorganically catalyzed polymers are much closer to the determined values than the
values for the polymers created with the organic catalysts. This can be explained, on the
one hand, by the fact that the addition of the organic catalysts to the vinyl group leads to
an inaccurate stoichiometry of the active end groups for polyaddition, resulting in low
molar masses, as described earlier. In addition, however, this can also be an indication
that the nucleophilic catalyzed polymerization tends to cyclize, because of the interaction
between the positively charged bound catalyst end-group and the negatively charged,
deprotonated hydroxyl end-group during polymerization. Even though cyclization can
never be ruled out also for the inorganically catalyzed polymerizations. Unfortunately, a
quantification of cycles either with NMR, matrix-assisted laser ionization time-of-flight
mass spectrometry (MALDI-ToF-MS) or viscosity measurements was not possible.
Additionally, the number-average molar masses (Mn) by MALDI-ToF-MS are still
significantly lower than the theoretical values and the values determined by SEC. We
attribute this to the fact that insufficient ionization takes place, which significantly
underestimates the M, values, and the method is therefore not optimal for the

determination of absolute M;, values.
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Table 2: Conversions, number average molar masses (Mn), and dispersities (D) of
oxa-Michael polyaddition of vinyl sulfonylethanol after 24 h. The table was adapted
from ref. 34 with permissions of Royal Society of Chemistry. Copyright 2021.

Catalyst Conversion  Ms[gmol'] M,[gmol!] be M, [g mol ']

[%]? (theo.)® (SEC)® (MALDI)!
PPh; 99 13 620 3670 1.50 2050
TEDA 98 6 810 2330 1.38 1990
DMAP 97 4 540 2570 1.46 1880
DBU 99 13 620 2200 1.58 2150
TBD 99 13 620 3360 1.28 2310
KoCOs3 95 2720 2070 1.38 1040
Cs2COs 96 3400 2890 1.45 1770

@ ITH-NMR (300 MHz, DMSO-d¢) after 24 h, determination via vinyl groups, ® Determination with
Carothers equation, © SEC (DMAc (+ 0.21 wt.% LiCl), PEG standards) after 24 h, 4 Determination from
MALDI-ToF-MS spectra.

Nevertheless, the polymers were characterized in more detail after the termination of the
polymerization with trifluoroacetic acid (TFA) and purification via precipitation by NMR
spectroscopy and MALDI-ToF-MS. For the organic catalysts, the 'H-NMR spectrum of
the PPhs-catalyzed polymer, and for the inorganic catalyzed polymers, the 'H-NMR
spectrum of the Cs,COs-catalyzed polymer was shown in Figure 16 exemplary. For
organic catalyzed polymers, on the one hand, vinyl groups and hydroxyl groups can be
detected, and on the other hand, the bound catalyst on the polymer can be also detected as
end-groups. It could be proven that this signal is assigned to the bound catalyst and not
the free PPh;3 species. The protonation of the free PPhs can also be excluded because the
acid TFA, which was used for the termination of the polymerization, is not strong
enough. This is clear evidence that all organic catalysts react also as nucleophiles and the
polymerization then proceeds according to the nucleophilic-catalyzed mechanism. For
polymers prepared with inorganic catalysts, only the vinyl groups and the hydroxyl group
could be detected, which indicates the base-catalyzed mechanism. These results can also
be confirmed for the organic and inorganic catalyzed polymers via MALDI-ToF-MS

measurements.
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Figure 16: 'TH-NMR spectra (300 MHz, DMSO-ds, 298 K) of the PPhs-catalyzed
(red) and the Cs2COQOzs-catalyzed (black) polymer. The figure was adapted from ref. 3¢
with permissions of Royal Society of Chemistry. Copyright 2021.

The determination of the molar masses of the purified polymers by SEC measurements is
a relative method, which always requires a standard and therefore the values obtained
differ from the absolute molar mass of the sample. To determine the real molar masses,
an absolute method such as the MALDI-ToF-MS method is required. However, since the
MALDI-ToF-MS failed in this context because of insufficient ionization, the absolute
molar masses was subsequently determined by vapor pressure osmometry. The
determined molar masses of 2110 g mol! for the K»COs-catalyzed polymer was in very
good agreement with the values determined with SEC measurements (2230 g mol™).
However, the catalyst end-groups of the organically catalyzed polymers influence the
measurements, and therefore only the molar masses of the inorganic catalyzed polymers
could be determined with this method. In summary, Oxa-Michael polyaddition is a good
method to obtain polymers starting from vinyl sulfonylethanol, although the molar
masses in the range of 2000 to 4000 g mol™! are still relatively low, mainly because of the
incomplete conversion and the inaccurate stoichiometry because of the attack of the

nucleophiles on the double bond.

6.1.2. Solution polymerization

As a consequence of the limited solubility of the catalysts in the monomer and the
associated imprecise indication of the actual amount of catalyst involved in the
polymerization, the polymerizations were also carried out in solution. DMSO was chosen
as the solvent for the polymerizations, because of the good solubility of the polymer and

the organic catalysts. However, the inorganic catalysts were not fully soluble under these
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conditions, so no further studies were performed with these catalysts, and instead, the
focus was on the PPh3, DBU, and DMAP catalysts. Similar to bulk polymerization, high
conversion rates were observed at very short reaction times. But as a consequence of the
high polymerization rate of PPhs and DBU in particular, it was not possible to detect the
typical behavior of increasing chain lengths with the reaction time by SEC measurements
as with the polymerization described above. In contrast, polymerization with DMAP
proceeded slower, so a clear increase in chain length with increasing reaction time could

be observed.

Theoretically, the formation of cyclic polymers should occur more frequently or be more
likely during solution polymerization due to the dilution effect of the reactive groups
compared to those in the bulk. However, no significant change in molar masses was
observed, although no quantitative analysis of the cyclic products could be performed
because of the known difficulties described in Section 6.1.1. Subsequently, the influence
of the concentrations on the polymerization behavior was investigated, but again no
significant differences could be observed. Only the polymerization rate is minimally

higher, which can be explained by the lower viscosity.

Since homogeneity can be ensured in the solution polymerizations, the influence of the
amount of catalyst on the polymerization can also be investigated. For different amounts
of PPhs, no significant change in chain length was observed by SEC measurements.
However, the NMR spectra showed that less catalyst used also resulted in fewer end
groups with the bonded catalyst after purification. In consequence, the limitation in chain
length was not simply because of the nonequivalent stoichiometry as a result of the
addition of the catalyst to the polymer but could also be due to a change in reactivity.
Also, no significant differences in chain length were observed for DBU with different
amounts of catalyst. However, kinetics were performed and monitored in sifu in an NMR
instrument because of the high polymerization rate, to develop an even deeper
understanding of the polymerization. For comparison purposes, both DBU-catalyzed
polymerization and DMAP-catalyzed polymerization were studied with different amounts
of catalyst (Figure 17). As observed earlier, the polymerization with DBU is slightly
faster than with DMAP. Nevertheless, it can be observed for both polymerizations that an
increased amount of catalyst also leads to an increased reaction rate, which, however,

decreases during the individual polymerizations because of the increased viscosity.
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Figure 17: Conversion vs. reaction time of the a) DBU-catalyzed polymerization and
b) DMAP-catalyzed polymerization with different amounts of catalyst. The figure
was adapted from ref. 3 with permissions of Royal Society of Chemistry. Copyright
2021.

6.2. Properties of the oxa-Michael polymers

So far, mostly polyether sulfones based on aromatic units are commercially available and
their properties have been investigated in detail. They are characterized by high thermal
and chemical resistance but are more difficult to process because of their high glass
transition temperatures. Aliphatic polyether sulfones have been studied only sporadically
in this regard, which is the reason why the comparison of this new polymer polyvinyl
sulfonylethanol with already-known aromatic-based polyether sulfones is so important.
Thermogravimetric analysis (TGA) measurements show similar high thermal stability
(>300 °C) for the polymers prepared with the inorganic bases under both nitrogen and
oxygen atmospheres suggesting that they also exhibit oxidative stability. However, for
the organic-catalyzed polymers, the decomposition was highly dependent on the catalyst
used but generally lower than for the inorganic catalysts. This may indicate that the
catalyst end-groups also catalyzes the degradation. It is conceivable, that a retro-Michael
addition occurs during decomposition, but this aspect was not studied in more detail.
Although the decomposition temperature of the aromatic polyether sulfones is very
similar, they differ greatly in their glass transition temperature. As mentioned before,
aromatic polyether sulfones are characterized by very high glass transition temperatures,
while polyvinyl sulfonylethanol has a glass transition temperature in the range between
10 and 22 °C, which simplifies processing, because lower temperatures are required.
However, the low glass transition temperature is at odds with the solid impression of the

polymer if it were an amorphous polymer. Therefore, a semi-crystalline nature of the

45



Homogeneous polyaddition of electron-deficient S-monomer VSE

polymer was suspected, which was not detectable during the final heating and cooling
process (3rd) of the DSC measurement. For this reason, we also examined the first
heating process in more detail and were indeed able to detect an endothermic signal
corresponding to a melting point (Figure 18). However, the corresponding cooling
process shows no sign of recrystallization, suggesting that recrystallization is inhibited.
This was supported by experiments involving a lower cooling rate or an annealing
sequence at 50 °C for 24 h, which were unsuccessful for the recrystallization. In order to
clearly demonstrate the semi-crystalline nature of the polymer, X-ray diffraction (XRD)
measurements were performed and indeed, sharp signals were detected confirming the
semi-crystalline nature of the polymer after the purification. However, when the polymer
is subsequently melted, the sharp signals disappear and only a corona can be observed,

which is typical for amorphous materials.
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Figure 18: a) DSC-traces of the purified PPhs-catalyzed polymer with different
heating and cooling segments, b) XRD-spectrum of the purified PPhs-catalyzed
polymer after precipitation, and ¢) XRD-spectrum of the purified PPhs-catalyzed
polymer after precipitation and melting. The figure was adapted from ref. 3 with
permissions of Royal Society of Chemistry. Copyright 2021.

In summary, although the free radical polymerization of the monomer vinyl
sulfonylethanol, as described in Chapter 4, can only be polymerized at low conversions
and is therefore unsuitable for industrial-scale production, oxa-Michael polyaddition is a
good all-round alternative for the preparation of sulfone-containing polymers. Polyvinyl
sulfonylethanol represents a new polyether sulfone characterized by high thermal stability
like aromatic analogs. However, additional interesting properties such as a much lower
glass transition temperature and a semicrystalline nature were found, which differ

significantly from the aromatic commercial polyether sulfones. This could lead to
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interesting new applications, which, however, require more detailed investigations in

advance. Nevertheless, the results show the potential of these substances.
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7. Summary

Sulfur-containing polymers offer the potential for a wide range of applications in an
industrial context, because of their unique properties, such as an increased refractive
index, the ability to absorb metal, or the possibility of modifying these polymers in a
remarkably simple way. Nevertheless, research in this area is not as advanced as for other
classes of materials because of difficulties in the polymerization process. In this work, the
polymerization behavior of the new S-vinyl monomer vinyl mercaptoethanol, which has
recently been produced by BASF SE, was investigated in detail and the properties of the
polymers were determined for subsequent potential applications (Figure 19).
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Figure 19: Overview of the different thematic parts in the thesis: homogeneous
radical homo- and copolymerization of vinyl mercaptoethanol (upper left),
heterogeneous radical homopolymerization and coordination of noble metals (upper
right), and the oxidation of vinyl mercaptoethanol to vinyl sulfonylethanol and the
subsequent oxa-Michael polyaddition (bottom).

First, radical polymerizations were fundamentally investigated under various conditions
in bulk and solution. The polymerization with aza-initiators leads very rapidly to
polymers with high molar masses. Initiation by e.g., peroxides was not possible because

the thioether group was prone to oxidation. Under similar conditions, the polymerization

rate is comparable to that of methyl methacrylate, reflecting the high reactivity of the
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monomer in free radical polymerization. However, not only homopolymerization results
in polymers with high molar masses. Increased reactivities were also observed during
copolymerization with acrylates and methacrylates. In this case, the corresponding
copolymerizations proceed even faster than the homopolymerizations and higher molar
masses can be achieved, because of the opposite polarities of the monomers. In contrast,
polymerizations with vinyl pyrrolidone and vinyl acetate, for example, were very
sluggish. Determination of the Q- and e-values, which provide information about the
stabilization of the radicals during polymerization, as well as the polarity, revealed that
the increased reactivity was a result of the good stabilization of the radicals. In the
literature, this stabilization was also observed for other S-vinyl monomers and was
explained based on the interaction of the 3d orbitals of sulfur. But the monomer not only
offers the possibility to produce sulfur-containing polymers by free radical
polymerization. Controlled polymerization, such as RAFT polymerization, in this case,
could also be successfully conducted and well-defined homopolymers, random
copolymers, and block-copolymers with MMA and BA were obtained using suitable

trithiocarbonate-CTAs.

Overall, the homopolymer PVME is characterized by a very soft nature with undergoing
glass transition at room temperature, but high thermal stability up to 300 °C. The glass
transition temperatures of the random copolymers, in turn, vary greatly depending on the
composition but are characterized by only one glass transition temperature, whereas the
block-copolymers, for example, exhibit several glass transition temperatures, which is an
indication of phase separation because of the different polarities of the monomers. The
mechanical properties of the copolymers change only slightly even with an increased
amount of VME in the copolymers, while a slightly increased refractive index due to the
incorporation of sulfur changes the optical properties of these materials. These studies
have revealed that the optical properties can be changed without significantly degrading
the mechanical properties of the polymer by precisely adjusting the sulfur content and

thus, demonstrate the potential of sulfur-containing polymers for possible applications.

Attempts were also made to synthesize the polymers via heterogeneous radical
polymerization techniques because of the limited solubility of PVME and the resulting
issues in processing it. These represent an interesting opportunity to incorporate the
polymers into materials on a large scale, especially regarding to industrial applications,
since heterogeneous polymerization techniques are often preferred to homogeneous
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polymerization techniques in the industry. Various surfactants were evaluated, with
polyvinyl alcohol (PVA) proving to be the best stabilizer for this system. Nevertheless,
the sedimentation behavior of the generated particles was observed over time, which
could be explained by the influence of gravity as a consequence of the size of the
particles in the micrometer range. Because of the size of the particles and the
sedimentation behavior, we cannot speak of a classical emulsion (particle sizes 100-500
nm) in this case. Therefore, in combination with the partial water solubility of the
monomer, we assume a mixed process of emulsion polymerization and precipitation
polymerization with PVA, which would also explain the broad distribution of particle
sizes. Another interesting possibility is the incorporation of metal ions due to the affinity
of sulfur for binding noble metals, which greatly expands the range of applications of
these polymers. The focus was on silver ions, which were successfully incorporated
(Ag'@PVME) and a slow release over time was confirmed. Reduction of the
incorporated silver ions to silver nanoparticles (Ag@PVME), on the other hand, was a
major challenge because the commonly used reducing agents also interact with the silver
and thus compete with the polymer, leading to coagulation of the particles. Interestingly,
a color change of the dispersion could be observed in sunlight, indicating a reduction of
silver 1ons. We, therefore, hypothesize that the polymer itself acts as a reducing agent, as
the sulfide group is very easy to oxidize, as demonstrated previously. Silver ions and
silver nanoparticles are known for their antibacterial effect and are therefore frequently
used in medicine, but also, for example, in the textile industry. For this reason, both the
pure dispersion and the modified dispersions (Ag"@PVME, Ag@PVME) were evaluated
for their antibacterial activity, which showed a clear antibacterial effect of Ag"@PVME,
while the PVME had no effect at all and Ag@PVME had very little effect on the growth
of bacteria. However, not only silver ions or silver nanoparticles could be successfully
incorporated into the polymer particles, also the coordination of gold ions by the addition
of hydrochloric acid could be realized. Here, too, reduction by sunlight provided the best

results for uniform distribution of the gold nanoparticles in the polymer particles.

The polymerization of the oxidized vinyl mercaptoethanol species also aroused our
interest because of the simplicity of the modification and the associated preparation of
substances with completely new properties and altered polymerization behavior.
However, radical polymerization of the sulfoxide species was not feasible, and radical

polymerization of the sulfone species was only possible with extremely low conversion
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rates (<5%). Our aim was then to find a suitable polymerization method for the oxidized
monomers, although it was demonstrated that the oxidation of polyvinyl mercaptoethanol
can selectively lead to sulfoxide or sulfone polymer under different reaction conditions.
And indeed, the oxidized monomer is ideally suited for oxa-Michael polyaddition
because of the electron-deficient vinyl group, which is an ideal Michael acceptor, and the
hydroxyl group, which is a strong Michael donor. Various organic and inorganic catalysts
were tested both in bulk and in solution, initiating either a nucleophilic-catalyzed
mechanism or a base-catalyzed mechanism. After only a few minutes, a color change and
an increase in viscosity were observed for all catalysts, reflecting the high polymerization
rate of this reaction. Polymers with molar masses in the range of 2000 to 4000 g mol’!
were obtained, although the formation of cycles could not be excluded. Interestingly, the
end-group analysis demonstrated that all the organic catalysts functioned as nucleophiles,
although some of them are strong bases, while the inorganic catalysts triggered the base-
catalyzed mechanism. The study of the properties of the polymers revealed a very high
thermal stability of the polymers similar to the commercially available aromatic polyether
sulfones, but polyvinyl sulfonylethanol, in comparison, has a much lower glass transition
temperature depending on the chain length and the end group in the range of 10 to 20 °C.
Surprisingly, the polymer further features a semi-crystalline character when processed
from solution. Even though the transformation of the crystalline regions into amorphous
regions in a subsequent melting process must be considered irreversible. This opens up
new possible alternative application profiles because of better processability, but also
because of the completely new properties like the semicrystalline nature, especially on an

industrial scale.
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8. Zusammenfassung

Schwefelhaltige Polymere bieten das Potenzial fiir eine Vielzahl von Anwendungen in
der Industrie, da sie einzigartige Eigenschaften aufweisen, wie einen erhdhten
Brechungsindex, die Féhigkeit, Metalle zu absorbieren oder die Moglichkeit, diese
Polymere auf sehr einfache Weise zu modifizieren. Dennoch ist die Forschung in diesem
Bereich aufgrund von Schwierigkeiten bei der Polymerisation nicht so weit
fortgeschritten wie bei anderen Materialklassen. In dieser Arbeit wurde das
Polymerisationsverhalten des neuen S-Vinylmonomers Vinylmercaptoethanol, das
kiirzlich von der BASF SE hergestellt wurde, und die Eigenschaften der resultierenden
Polymere fiir spatere potenzielle Anwendungen eingehend untersucht (Abbildung 20).

Homogene radikalische Polymerisation /{/\r], * Heterogene radikalische Polymerisation
* Metall

M S\L gy, Koordination
LSO | (o
0 i egf

Vinylmercaptoethanol

Freie radikalische und RAFT
(VME)

Homo- and Copolymerisation

Synthese von Partikeln und
Koordination von Edelmetallen

_—*"k \/S\/\OH ™™

Oxidation von VME und Polymerisation von Vinylsulfonylethanol
0. .0
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U _ o \/S'\/\O-
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1 e DD
7 Nue S

Homogene oxa-Michael Polyaddition

Abbildung 20: Uberblick iiber die verschiedenen thematischen Teile der Arbeit:
homogene radikalische Homo- und Copolymerisation von Vinylmercaptoethanol
(oben links), heterogene radikalische Homopolymerisation und Koordination von
Edelmetallen (oben rechts) und Oxidation von Vinylmercaptoethanol zu
Vinylsulfonylethanol und die anschlieBende Oxa-Michael-Polyaddition (unten).

Zunichst wurden radikalische Polymerisationen unter verschiedenen Bedingungen in
Bulk und Losung grundlegend untersucht. Die Polymerisation mit Aza-Initiatoren fiihrt
sehr schnell zu Polymeren mit hohem Molekulargewicht. Eine Initiierung durch z.B.

Peroxide war stattdessen nicht mdglich, da die Thioethergruppe zur Oxidation neigt.
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Unter &dhnlichen Bedingungen ist die Polymerisationsgeschwindigkeit mit der von
Methylmethacrylat vergleichbar, was die hohe Reaktivitit des Monomers bei einer
radikalischen Polymerisation widerspiegelt. Doch nicht nur die Homopolymerisation
fiihrt zu Polymeren mit hohen Molekulargewichten. Erhohte Reaktivitdten wurden auch
bei der Copolymerisation mit Acrylaten und Methacrylaten beobachtet. In diesem Fall
verlaufen die entsprechenden Copolymerisationen sogar noch schneller als die
Homopolymerisationen und es konnen aufgrund der entgegengesetzten Polaritéten der
Monomere hohere Molmassen erreicht werden. Im Gegensatz dazu verliefen
Polymerisationen beispielsweise mit Vinylpyrrolidon und Vinylacetat sehr schleppend.
Die Bestimmung der Q- und e-Werte, die Auskunft iiber die Stabilisierung der Radikale
wihrend der Polymerisation sowie der Polaritdt geben, zeigte, dass die erhohte
Reaktivitdt auf die gute Stabilisierung der Radikale zuriickzufiihren ist. In der Literatur
wurde diese Stabilisierung auch fiir andere S-Vinylmonomere beobachtet und durch die
Wechselwirkung der 3d-Orbitale des Schwefels erklart. Das Monomer bietet aber nicht
nur die Mdoglichkeit, schwefelhaltige Polymere durch freie Radikalik herzustellen. Auch
eine kontrollierte Polymerisation, wie in diesem Fall die RAFT-Polymerisation, konnte
erfolgreich durchgefiihrt werden und es wurden unter Verwendung eines geeigneten
Trithiocarbonat-CTAs wohldefinierte Homopolymere, statistische Copolymere und

Block-Copolymere mit MMA und BA synthetisiert.

Insgesamt zeichnet sich das Homopolymer PVME durch eine sehr weiche Beschaffenheit
mit einem Glasiibergang bei Raumtemperatur, aber hoher thermischer Stabilitit bis zu
300 °C aus. Die Glasiibergangstemperaturen der statistischen Copolymere wiederum
varileren je nach Zusammensetzung stark, sind aber durch nur eine
Glastlibergangstemperatur gekennzeichnet, wéihrend z. B. die Blockcopolymere mehrere
Glasilibergangstemperaturen aufweisen, was auf eine Phasenseparation aufgrund der
unterschiedlichen Polarititen der Monomere hinweist. Die mechanischen Eigenschaften
der Copolymere dndern sich auch bei erhdhtem VME-Anteil in den Copolymeren nur
geringfiigig, wihrend ein leicht erhohter Brechungsindex durch das Einbringung von
Schwefel die optischen Eigenschaften dieser Materialien verdndert. Das zeigt, dass durch
eine genaue FEinstellung des Schwefelgehalts die optischen Eigenschaften verdndert
werden konnen, ohne die mechanischen Eigenschaften des Polymers wesentlich zu
verschlechtern, und demonstrieren somit das Potenzial der schwefelhaltigen Polymere fiir

mogliche Anwendungen.
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Aufgrund der begrenzten Loslichkeit von PVME und der daraus resultierenden Probleme
bei der Verarbeitung wurden auch Versuche unternommen, die Polymere mittels
heterogener radikalischer Polymerisationstechniken zu synthetisieren. Diese stellen eine
interessante Moglichkeit dar, die Polymere in Werkstoffe einzubringen, insbesondere im
Hinblick auf industrielle Anwendungen, da heterogene Polymerisationstechniken in der
Industrie héufig den homogenen Polymerisationstechniken vorgezogen werden. Es
wurden verschiedene Tenside getestet, wobei sich Polyvinylalkohol (PVA) als der beste
Stabilisator fiir dieses System erwies. Dennoch wurde im Laufe der Zeit ein
Sedimentationsverhalten der erzeugten Partikel beobachtet, das durch den Einfluss der
Schwerkraft infolge der GroB3e der Partikel im Mikrometerbereich erklart werden konnte.
Aufgrund der Grole der Partikel und des Sedimentationsverhaltens kann in diesem Fall
nicht von einer klassischen Emulsion (Partikelgroen 100-500 nm) gesprochen werden.
In Kombination mit der teilweisen Wasserloslichkeit des Monomers gehen wir daher von
einem gemischten Prozess aus Emulsionspolymerisation und Fillungspolymerisation mit
PVA aus, was ebenfalls die breite Verteilung der Partikelgrofen erklaren wiirde. Eine
weitere interessante Moglichkeit ist die Einbringung von Metallionen aufgrund der
Affinitit von Schwefel zur Bindung von Edelmetallen, was das Anwendungsspektrum
dieser Polymere stark erweitert. Der Schwerpunkt lag auf Silberionen, die erfolgreich
eingebaut werden konnten (Ag" @PVME) und deren langsame Freisetzung im Laufe der
Zeit bestdtigt wurde. Die Reduktion der Silberionen zu Silbernanopartikeln (Ag@PVME)
stellte hingegen eine groBe Herausforderung dar, da die iiblicherweise verwendeten
Reduktionsmitte] auch mit dem Silber interagieren und somit mit dem Polymer
konkurrieren, was zur Koagulation der Partikel fiihrte. Interessanterweise konnte eine
Farbverdnderung der Dispersion im Sonnenlicht beobachtet werden, was auf eine
Reduktion der Silberionen hinweist. Wir stellen daher die Hypothese auf, dass das
Polymer selbst als Reduktionsmittel wirkt, da die Thioethergruppe sehr leicht zu
oxidieren ist, wie zuvor schon gezeigt werden konnte. Silberionen und Silbernanopartikel
sind fiir ihre antibakterielle Wirkung bekannt und werden daher hiufig in der Medizin,
aber auch z. B. in der Textilindustrie eingesetzt. Aus diesem Grund wurden sowohl die
reine Dispersion als auch die modifizierten Dispersionen (Ag"@PVME, Ag@PVME) auf
ihre antibakterielle Aktivitdt untersucht, wobei sich eine deutliche antibakterielle
Wirkung von Ag"@PVME zeigte, wihrend das PVME iiberhaupt keine und Ag@PVME
nur eine sehr geringe Wirkung auf das Wachstum von Bakterien hatte. Aber nicht nur

Silberionen oder Silbernanopartikel konnten erfolgreich in die Polymerpartikel eingebaut
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werden, sondern auch die Koordination von Goldionen konnte realisiert werden. Auch
hier lieferte die Reduktion durch Sonnenlicht die besten Ergebnisse fiir eine gleichméBige

Verteilung der Gold-Nanopartikel in den Polymerpartikeln.

Die Polymerisation der oxidierten Vinylmercaptoethanol-Spezies weckte ebenfalls unser
Interesse, da die Modifikation sich als sehr einfach erwies und damit die Herstellung von
Substanzen mit vollig neuen Eigenschaften und verdndertem Polymerisationsverhalten
verbunden ist. Die radikalische Polymerisation der Sulfoxid-Spezies war jedoch nicht
durchfiihrbar, und die radikalische Polymerisation der Sulfon-Spezies war nur mit sehr
geringen Umsatzraten (<5%) mdoglich. Unser Ziel war es dann, eine geeignete
Polymerisationsmethode fiir die oxidierten Monomere zu finden, auch wenn schon
gezeigt werden konnte, dass die Oxidation von Polyvinylmercaptoethanol unter
verschiedenen Reaktionsbedingungen selektiv zu Sulfoxid- oder Sulfonpolymeren fiihren
kann. Und tatsdchlich ist das oxidierte Monomer aufgrund der elektronenarmen
Vinylgruppe, die ein idealer Michael-Akzeptor darstellt, und der Hydroxylgruppe, die ein
starker Michael-Donor darstellt, ideal fiir die Oxa-Michael-Polyaddition geeignet.
Verschiedene organische und anorganische Katalysatoren wurden sowohl in Bulk als
auch in Losung getestet, wobei entweder ein nukleophil-katalysierter Mechanismus oder
ein basen-katalysierter Mechanismus in Gang gesetzt wurde. Bereits nach wenigen
Minuten wurden bei Verwendung von allen Katalysatoren ein Farbwechsel und ein
Anstieg der Viskositdt beobachtet, was die hohe Polymerisationsgeschwindigkeit dieser
Reaktion widerspiegelt. Es wurden Polymere mit Molekulargewichten im Bereich von
2000 bis 4000 g mol! erhalten, wobei die Bildung von Zyklen nicht ausgeschlossen
werden konnte. Interessanterweise zeigte die Endgruppenanalyse, dass alle organischen
Katalysatoren als Nukleophile fungierten, obwohl einige von ihnen ebenfalls auch starke
Basen sind, wihrend die anorganischen Katalysatoren den basenkatalysierten
Mechanismus auslosten. Die Untersuchung der Eigenschaften der Polymere ergab eine
sehr hohe thermische Stabilitit der Polymere, dhnlich wie bei den handelsiiblichen
aromatischen Polyethersulfonen. Aber Polyvinylsulfonylethanol hat im Vergleich dazu
eine viel niedrigere Glasiibergangstemperatur in Abhédngigkeit von der Kettenlinge und
der Endgruppe im Bereich von 10 bis 20 °C. Uberraschenderweise weist das Polymer
auflerdem einen teilkristallinen Charakter auf, wenn es aus der Losung verarbeitet wird.
Auch wenn bei einem anschlieBenden Schmelzprozess die Umwandlung der kristallinen

Bereiche in amorphe Bereiche als irreversibel angesehen werden musste. Nichtsdestotrotz
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eroffnet diese Polymere neue mogliche alternative Anwendungsprofile wegen der
besseren Verarbeitbarkeit, aber auch wegen der vollig neuen Eigenschaften wie der

teilkristallinen Natur, insbesondere im industriellen Mal3stab.
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Polymers from S-vinyl monomers: reactivities and
properties

Nicole Ziegenbalg,®® Lada Elbinger,®" Ulrich S. Schubert {2 ° and
Johannes C. Brendel (2 ¥

The large variety of available functional groups, their versatility, and the various polymerization techniques
have made vinyl monomers the prevalent source for preparation of polymers. Interestingly, among this
wide variety of applied structures S-vinyl monomers have remained a niche for the last decades despite
their unique set of properties and early reports on their reactivities. An obstacle has been the limited
access on a technical scale, but recent developments in sulfur chemistry and the request for more diverse
reactivities might lead to a renaissance of these often neglected compounds. In particular, the different
variations of sulfur moieties and the correlating diversity of properties render these compounds increas-
ingly attractive for fundamental research as well as applications. A challenge, however, remains the
detailed understanding and control of their polymerization behavior, as these S-vinyl compounds might
be prone to side reactions depending on the applied reactions. In this regard, this review intends to
provide a comprehensive overview of reported polymerization techniques, their challenges and limitations
with regard to the sulfur compounds, and the resulting reactivities of the corresponding monomers in
homopolymerizations but as well copolymerizations with various other vinyl monomers. We further
include reports on characteristic properties and tried to highlight some potential applications of the
resulting polymers. Considering the various modifications of sulfur, we distinguished according to elec-
tron rich S-vinyl monomers, such as vinyl sulfides and electron deficient compounds including the
various oxidized variants. In accordance, the reactivities differ significantly and suitable polymerization
techniques are summarized for each class of monomers.

However, sulfur also allows these substances to be modified
in a variety of ways, which is shown in detail in Scheme 1.

Due to its unique characteristics, the incorporation of sulfur
into polymers creates reactive and functional materials, which
are of interest for a variety of applications and makes them not
only attractive for academic research but also for industry. One
particular example of a specific property the sulfur is impact-
ing is an increased refractive index of these materials. In
accordance with the Lorentz-Lorenz equation sulfur features a
high atomic refraction, which renders materials with high
sulfur content favorable for optical applications such as lenses
or anti-reflective coatings."™® In addition, the incorporation of
sulfur may improve flame retarding properties,” " resulting in
materials with a high thermal as well as chemical
resistance.'> ™"
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Thus, the corresponding sulfoxide or sulfone can be obtained
by selective oxidation, which offers completely new properties,
for example changes in polarity and solubility, and this opens
up new application areas.*® ™ It is also possible to form revers-
ible disulfide bridges, which can then often be used as cross-
linkers. However, not only neutrally charged monomers and
polymers have attracted interest, but also, sulfonium ions as
cationic representatives and sulfonates/sulfinates as anionic

Chemical variety of sulfur compounds
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Scheme 1 Schematical representation of the modification possibilities
of the sulfur.
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representatives can be used for various interactions with other
substances due to their charges."** In summary, the sulfur-
containing monomers are not limited to the typical sulfides,
but there is a great variability of potentially new physical pro-
perties due to the simple modifications.

Considering the high reactivity of sulfur-based compounds,
it is no surprise that the majority of polymers are created by
the reaction on the sulfur moiety, e.g. the radical thiol-ene
linking or classic Michael additions of thiols to electron-
deficient vinyl units."®**>> The polymerizations in these cases
usually follow a step-growth process. Polymers comprising
sulfide groups in the main chain can further be derived by
ring opening polymerizations of episulfides or thiiranes - the
sulfur equivalents of epoxides - which are chain-growth pro-
cesses and can be considered living polymerizations under
appropriate conditions.”*° Of course, also a large variety of
vinyl based monomers containing sulfur moieties in the side
chain have been reported. However, it has to be mentioned
that commercialized and technically used monomers mostly
rely on sulfonic acid derivatives, such as styrene sulfonic acid
or 2-acrylamido-2-methylpropane sulfonic acid (AMPS). Other
sulfur-based moieties such as thioethers or disulfides, which
might still be tolerated during polymerizations of vinyl mono-
mers, remain a niche among the large variety of commercial
vinyl monomers, but their selective reactivities certainly attract
increasing attention in academic research over the last
decades. Examples are cleavable crosslinkers based on di-
sulfide groups, which react in a reductive environment, or oxi-
dizable thioethers in the side chains. Excellent overviews on these
structures are provided in several comprehensive reviews. '~

Interestingly, a direct covalent attachment of sulfur, in its
various states, to a carbon double bond creates a set of inter-
esting vinyl monomers, which feature some unique character-
istics. For example, the conjugation with a sulfide group
enables a good stabilization of a radical at the neighboring
carbon atom, which renders vinyl sulfides much more reactive
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in radical polymerization compared to the corresponding vinyl
ethers.>®?® On the other side, sulfoxides and particularly sul-
fones induce a strong electron withdrawing effect on the vinyl
group favoring anionic polymerizations. Research into the
polymerization of S-vinyl substances began as early as 1950,
and fundamental reactivities were examined in the following
years. Unfortunately, scientific interest in these substances
waned from 1990 onwards, since their synthesis was fraught
with difficulties and that efforts to achieve high molar masses
in polymers were often futile due to various side reactions.
Nevertheless, S-vinyl monomers returned to the focus of
research around 2010, partly because of the increasing interest
in controlled polymerization techniques, where particularly
the reversible addition fragmentation chain-transfer (RAFT)
process raised again the interest in sulfur-based compounds
for radical polymerization. In this rediscovery of S-vinyl mono-
mers, several unique features of the materials became known
that certainly aroused scientific, but also industrial interest
and showed that the effort spent on researching such systems
is well justified.

In this review, we summarized the fundamental knowledge
gained during the early era of research on these monomers,
which is primarily about the polymerization behavior of these
materials and provide an overview on the more recent progress
in terms of their characteristics, properties, and potential
applications. Fig. 1 depicts the various different classes of
S-vinyl monomers that are covered in this review. They were
distinguished according to the different characteristics of the
double bond which depends most of all on the oxidation state
of the sulfur. First, monomers comprising bivalent sulfur were
described including S-vinyl sulfides, -thioacetates, -thioacetals,
-thiocarbamates and -thiosilanes. In contrast, derivates of
higher oxidation state, such as found in sulfoxides, sulfones,
or sulfonates reduce the electron density at the double bond
which leads to quite different polymerization behavior. In the
following, we organized this overview according to these
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Fig. 1 Schematic representation of the monomer classes discussed in this review.

different classes, starting with electron-rich S-vinyl groups and
subdivided the sections for each monomer class according to
the different reported polymerization techniques.

2. Electron rich S-vinyl groups
2.1. Vinyl sulfides

Radical polymerization. The free-radical polymerizations of
vinyl sulfide derivatives lead to polymers with very high molar
masses and also prove to be faster compared to their oxygen
analogues, provided that the suitable initiators are used, for
example azo initiators such as azobisisobutyronitrile
(AIBN).>"*>"*3 peroxides, on the other hand, appear not to be
suitable for polymerization, since the oxidation of the sulfide
to the corresponding sulfoxide or sulfone is preferred.**
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The increased reactivity of vinyl sulfides compared to vinyl
ethers was demonstrated early on and already explained by
Price and coworkers in 1950,>*® who observed a bathochromic
shift when unsaturated sulfide molecules were excited with
light compared to saturated ones. This effect can be explained
by the 2p-3p conjugation of sulfur and the adjacent carbon
atom. However, this conjugation is much weaker in the ground
state than the 2p-2p conjugation of oxygen to the adjacent
carbon in vinyl ethers, so a reaction with radicals is favored
and the new electron-distributing conjugation in the transition
state leads to the stabilization of the radicals by the partici-
pation of the 3d orbitals of sulfur, what could also be con-
firmed later by Shorygin et al.*®

In the early years, reactivity was studied only in copolymeri-
zations and homopolymerizations played only a supporting
role. The reactivity of the monomers can be calculated from
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the ratio of the different monomers in the polymer compared
to the original composition of the monomer mixture. Either
the Mayo-Lewis equation,*® the Fineman-Ross equation®” or
the Kelen-Tiidés equation®® can be used for this purpose.
Using the reactivity values obtained, it is subsequently possible
to calculate Q- and e values, which are classified into the Q-e
scheme. The Q- and e-scheme is a useful tool for predicting
reactivities based on the structures of the monomers and
facilitates a simple comparison of the monomers with each
other. So far, these values can only be practically determined
for copolymerizations, preferably with styrene, and calculated
using the Alfrey Price equation.*® The Q-values provide infor-
mation on the stabilization of the resulting radical, and are in
the range of 0.3 to 0.5, depending on the substituent for vinyl
sulfide monomers,”>*" which are significantly higher than
comparable vinyl ethers (Q = 0.015)°* and, thus, indicates good
stabilization. The first monomers studied were methyl vinyl
sulfide (Q = 0.34)*° and phenyl vinyl sulfide with 0.35*> from
Price and coworker, which could later also be confirmed by
others.’>*® Later divinyl sulfide showed a significantly higher
Q-value of 0.6 due to the increased resonance stabilization.>*
However, the crosslinking was not as strong as expected,
clearly showing that the reactivity of the double bond in the
polymer decreases significantly with respect to the monomer.
Another crucial factor that seems to influence the Q-value is
coplanarity. If this cannot be maintained in a molecule, it also
leads to a decrease in resonance stabilization.>* For example,
due to the chloride atoms in ortho-position, the coplanarity of
pentachloro phenyl vinyl sulfide is cancelled, demonstrating
the lower stabilization by the determined Q-value of 0.23.%°
The other value that can be determined using the Alfrey-Price
equation is the e-value, which provides information about the

View Article Online
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polarity of the monomers. It was expected that values similar
to those obtained for vinyl ethers could be obtained for vinyl
sulfides, due to the electron-donating sulfide group and the
resulting increased electron density at the double bond.** And
indeed negative e-values of about —1.5 were obtained, which
are comparable to the values of vinyl ether. However, the sub-
stituents also have a strong influence on the value. For
example, when electron-accepting substituents are present on
the sulfur, the e-values are larger.>”>¢

However, this monomer class has been shown to copoly-
merize well not only with styrene®*>%>1*3¢ put also with a
variety of monomer classes such as acrylates,®>>”%>>>7
methacrylates,*>>*%® acrylonitriles,’® vinylene carbonates,*®
vinyl ethers,”® maleimides,*® and diallyl compounds,®* which
is in good agreement with the calculated copolymerization
parameters.®’ The reactivity of the radicals of the various
comonomers decreases in relation to the vinyl sulfides in the
following order: acrylonitrile > methyl acrylate > methyl meth-
acrylate > styrene.**%?3

In addition, the directed synthesis of alternating polymers
can also be realized due to the electron accepting properties of
the monomer.’**®%* Spectroscopic studies have shown, for
example, that ethyl vinyl sulfide and phenyl vinyl sulfide with
maleic anhydride lead to the formation of charge transfer com-
plexes, which can then initiate copolymerization even without
an additional initiator.®*** Another example of such copoly-
merizations include isobutyl vinyl sulfide with acrylonitrile®
Spin trapping was used to investigate the initiation mecha-
nism of these copolymerizations.®* It was found that for
example for the copolymerization with acrylonitrile and also
with diethyl fumarate two types of radicals can be present,
namely the vinyl radical (1) and the substituted alkyl radical
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Scheme 2 Schematic representation of the initiation mechanism of alternating copolymerization with acrylonitrile (red)/diethyl fumarate (green)

and methacrylate (blue) determined by spin trapping technique.®*
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(2a or 3a) (Scheme 2). Both radicals are generated by an intra-
molecular proton transfer from the p-carbon of the cation
radical of the vinyl sulfide species stereospecifically to the
a-carbon of the anion radical of the electron accepting
monomer in the charge transfer complex. However, during
copolymerization with methacrylate, a total of three types of
radicals were detected: the vinyl radical (1), but also two alkyl
radicals (4a and b), which show proton migration from the
B-carbon of the cation radical of the vinyl sulfide species to the
a- or B-carbon of the methacrylate anion radical.

With the development of new controlled polymerization
techniques, the possibility of synthesizing narrowly distributed
polyvinyl sulfides has also been investigated starting in 2013.
Reversible-addition-fragmentation chain-transfer polymeriz-
ation (RAFT)*7° has been shown to be suitable for generating
a variety of homopolymers and copolymers from vinyl sulfide
monomers. However, the different types of chain transfer
agents (CTAs) have a tremendous effect on the polymerization
behavior of vinyl sulfide monomers, as shown by Abiko et al.
2015, by performing the copolymerization of phenyl vinyl
sulfide and electron-accepting monomers with three different
kind of CTAs: xanthate-type, dithiocarbamate-type and trithio-
carbonate-type.®® In principle, xanthate-CTAs are suitable for
the controlled polymerization of non-conjugated O-vinyl and
N-vinyl monomers,”" whereas dithiocarbamates are mostly
used for conjugated monomers or less active monomers, and
trithiocarbonates are also used for conjugated monomers. The
results of these studies revealed that trithiocarbonate CTAs are
most suitable for copolymerizations, as the obtained polymers
feature narrow distributions (1.3 to 1.4) compared to the poly-
mers prepared with other CTAs (1.8 to 2.6).
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Nevertheless, also narrow distributions with phenyl vinyl
sulfide derivatives such as bromophenyl vinyl sulfide (BPVS)
and a xanthate-like CTA could be obtained, and based on this
example, block copolymers with N-isopropylacrylamide
(NIPAAm) could be prepared, showing that reinitiation is poss-
ible after the formation of the first block and that the RAFT
end groups are preserved (Fig. 2).°> Micelles were formed when
the polymer was dispersed in water, where the hydrophilic
NIPAAm forms the stabilizing corona and hydrophobic bromo-
phenyl vinyl sulfide the core. Transition metal-catalyzed reac-
tions not only crosslinked the micelles but also introduced
chromophores with different optical properties. In addition,
the NIPAAm block caused LCST behavior.

Cationic polymerization. The very first cationic polymeriz-
ation of vinyl sulfide monomers was described by Reppe in
1956,** who described the formation of polymers using the
catalysts sulfur dioxide, boron trifluoride, and zinc chloride
(Scheme 3). Already in these early reports, however, a dimin-
ished reactivity became apparent when compared to their
oxygen analogs.

The cationic polymerization of vinyl sulfides remains a
challenge, which was clearly demonstrated in more detailed
studies by Shostakovskii et al.”> using the catalysts SnC1, and
FeC1;. Alkyl vinyl sulfides yield only oligomers and require
longer reaction times and elevated temperatures even with
highly reactive catalysts, while ethers tend to have “explosive”
reactions even with traces of the catalysts. Not only the reactiv-
ity of the vinyl group is lower than for comparable vinyl ethers
due to the lower nucleophilicity, but also the basicity of the
sulfur has an influence of the cationic polymerization behavior
of these monomers. In the case of tert-butyl vinyl sulfides, on
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Fig. 2 (a) Schematic representation of the synthesis of the block-copolymer PBPVS-b-PNIPAAm, (b) schematic representation of the crosslinking of the
bromophenyl moiety (c) LCST behavior of core cross-linked nanoparticle. Figure was adapted from ref. 65 with permission of Elsevier (Copyright 2014).
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Scheme 3 Schematic representation of the mechanism of the cationic
polymerization of vinyl sulfide monomers.

the one hand, only oligomers are formed, which can also be
explained by the fact that an unstable sulfur-catalyst complex
is formed, which cannot completely inhibit the polymeriz-
ation, but impedes the process. On the other hand, phenyl
vinyl sulfides exhibit higher reactivity in ionic polymerization,
which is due to the fact that the free electrons of sulfur are
located near the conjugated n-system of the phenyl ring which
results in better resonance stabilization.””

Any copolymerizations are similarly affected by the above-
mentioned limitations found for homopolymerizations. Thus,
significant amounts of polymer are only formed during the
polymerization of phenyl vinyl sulfide with styrene in the
presence of SnCl, and with butyl vinyl ether in the presence
of both SnCl; and FeCl;. Copolymerization of the aliphatic
compound ethyl vinyl sulfide with styrene or butyl vinyl ether
did yield no polymer at all or only exceptionally low amounts,
respectively. Further studies of copolymerizations by Inou
et al.”® suggested that vinyl sulfides may quench cationic
vinyl polymerizations due to a reaction of the carbocation of
the propagating chain with the sulfur resulting in the for-
mation of a stable sulfonium ion. This mechanism was
also postulated by Ringsdorf et al’* for vinyl thioacetals
(Scheme 4).

In summary, for vinyl sulfides, cationic polymerization is
much more challenging than their radical polymerization.
This limited success and the high tendency for side reactions
also explain the decay in research efforts on the cationic
polymerization of vinyl sulfides after 1980.

Scheme 4 Schematic representation of possible retarding and chain-
transfer mechanism of vinyl sulfides in cationic polymerization.”
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2.2. Vinyl thioacetates

Polythiols are frequently used as redox resins or electron
exchangers because they can easily react in the presence of
strong oxidizing agents to form disulfide bridges or sulfonic
acids.*»”® In addition, they are also used as protective agents
to prevent radiation damage and as model substances to eluci-
date thiol function in enzymes, which is why this class of sub-
stances has aroused quite some interest.>'*> However,
polymerization of monomers comprising thiol units is almost
impossible because in most polymerizations they either act as
inhibitors or as chain transfer agents. As a consequence,
masking of the thiol groups is generally required. Similar to
the preparation of polyvinyl alcohol (PVA), a possibility is the
polymerization of thioacetates, which after hydrolysis leads to
the equivalent polyvinyl thiol.>*7¢78

The polymerization rate is lower for radical homopolymeri-
zations than for vinyl acetates.”® However the stabilization of
the radicals is greater for copolymerizations due to the
inclusion of the 3d-orbitals of sulfur.’™®" In 1969, Kinoshita
et al. were able to determine the Q- and e-values (Q = 0.25, ¢ =
—0.8) from copolymerization with styrene, demonstrating the
good stabilization of the radicals but also the strong electron-
withdrawing effect of the thioacetate group. On this basis,
radical copolymerizations of vinyl thioacetate with various
comonomers such as styrene, vinyl acetate, methacrylate”®
methyl methacrylates®® N-vinyl succinimide, N-vinyl phthali-
mide, N-vinyl carbazole® and vinylene carbonate®® have been
successfully carried out. In the case of N-vinyl succinimide
and N-vinyl phthalimide, a preferential incorporation of vinyl
thioacetate was observed, while vinyl carbazole showed rather
an alternating incorporation. In addition, an increased incor-
poration of vinyl thioacetates compared to the monomer viny-
lene carbonate was also observed. However, it could not be
excluded that steric effects also influence the reaction during
copolymerization and probably also favor the incorporation of
the sterically less demanding vinyl thioacetate. Furthermore,
the authors postulated a possible application of the hydrolyzed
copolymers as short-lived prophylactics for ionized radiation.

Anionic polymerization. In 1966, Leonard et al. reported the
anionic polymerization of vinyl thioacetates with sodium in
liquid ammonia.®* Similar to some tested acrylates with larger
side chains, only a small part of the polymerization is directly
initiated by the attack of the sodium amide on the double
bond. The authors assume in accordance with other studies
that in case of the hindered acrylates alkoxides instead initiate
the polymerization, which are formed after hydrolysis of the
ester.®># For the vinyl thioacetates, they correspondingly con-
sider that the amide first causes an aminolysis of the
monomer to release a vinyl thiolate and acetamide, which
could also be detected. The corresponding thiolate then
initiates the actual polymerization, which is why end groups of
vinyl thioacetates polymers are different compared to other
monomers polymerized in these conditions (Scheme 5).%
Chain growth is further considered to proceed via a common
anionic polymerization mechanism, however infrared spectra

This journal is © The Royal Society of Chemistry 2022
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Scheme 5 Schematic representation of the mechanism of the anionic
polymerization of vinyl thioacetate monomers.®4

revealed that none of the acetate groups remain intact and a
polythiol is formed instead. The resulting thiol groups appear
to be formed during this type of polymerization. The resulting
thiols might further get oxidized under the given basic con-
ditions and cause the formation of inter- and intramolecular
disulfide bridges. However, to our knowledge, this study is the
only example for an anionic polymerization of vinyl thioace-
tates that has been published.

2.3. Other electron rich S-vinyl groups

Besides the above-mentioned sulfides and thioacetals, there
are a variety of other compounds that comprise a S-vinyl
group. Among them vinyl thioacetals are closely related to
vinyl sulfides and feature comparable properties, but the
acetal unit also induces further reactivities. Vinyl thioacetals
have been reported to polymerize with azo-initiators such as
AIBN, similar to vinyl sulfides.”**® Polymerization with per-
oxides can only be carried out in very low yields due to the
competitive reaction of peroxide with sulfur. In accordance,
the influence of substituents on the polymerization behavior
of vinyl thioacetals can be attributed to inductive and steric
effects. However, chain transfer may also occur here due to the
-S-CH,-O-group.” Furthermore, it has been observed that
these polymers tend to crosslink during storage, which can be
accelerated by an increase in temperature.””’* The corres-
ponding reaction mechanism was first described by Hwa*' in
1958 and refined and confirmed by Gollmer et al.®® in 1968
(Scheme 6). Up to 150 °C, transacetalization of the polymers
occurs almost exclusively, whereas above 150 °C, thioesters
and hydrocarbon moieties are formed via radicals. Moreover,

This journal is © The Royal Society of Chemistry 2022
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Scheme 6 Schematic representation of the crosslinking reaction and
further decomposition process observed for poly(vinyl thioacetals).2®

due to the polarization of the double bond of the vinyl thioace-
tals, a high polymerization tendency towards cationic initiators
was also expected. And indeed, the monomers could be poly-
merized with BF; however, the obtained polymers differed sig-
nificantly from those prepared by radical polymerization, since
various side reactions, such as the cleavage of the S-CH,-OR
group, led to the crosslinking of the polymer.”* Overall,
research on this class of materials remains limited to the pre-
sented reports (1958-1968) and no recent studies have been
presented.

Another class of monomers are vinyl thiocarbonates and
vinyl thiocarbamates, which are more closely related to vinyl
thioacetates and have still to be considered electron rich.
Similar to the thioacetates, they can be polymerized with
radical azo-initiators, but in addition also peroxides result in
the formation of polymers.”®*"® The resulting polymers can
be converted into poly thiols as in the case of thioacetates,
although this occurs more slowly. For example, free radical
polymerization of S-vinyl-O-t-butyl thiocarbonate leads to the
corresponding polythiocarbonate. This was subsequently con-
verted to the poly thiol with hydrogen bromide or by heating.’*
A subsequent study of the kinetics of oxidation of poly(vinyl
thiol) and low molar masses analogs with molecular oxygen in
various aprotic solvents in the presence of iron(u) sulfate®
revealed that the reaction rate of polythiols is much faster in
comparison, as thiol groups in the vicinity appear to have an
influence on it. In most cases, the oxidation of poly thiols
leads to the formation of disulfide bridges and thus to the for-
mation of a crosslinked, water-insoluble polymer, which is why
these substances are also used as crosslinking agents. Another
possibility for the preparation of poly thiols is, for example,
the polymerization of S,S’-divinyl thiocarbonate which can also
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Scheme 7 Schematic representation of the polymerization of divinyl
thiocarbonate.®®

be converted by subsequent alkane hydrolysis (Scheme 7).7%°7

However, the properties of the polymers depend very much on
the polymerization conditions and the conversion of polymer-
ization. If conversion of more than 20% were recorded, only in-
soluble polymers could be registered. But if the polymerization
was interrupted at low conversion rates, soluble polymers
could also be detected. Cyclopolymerization plays a minor
role, as demonstrated by IR spectroscopy. The soluble part
consists of polymers with S-vinyl dithiocarbonate side chains,
while the insoluble part consists of crosslinked polymers. The
study of thermal properties shows that both kinds of polymers
have a decomposition temperature ranging from 260 to
280 °C. However, for the linear polymers, re-solidification was
observed at 150 to 180 °C, which led the authors to postulate
thermal polymerization of the vinyl side chains.

In studies of various thiocarbamate monomers, S-vinyl
N-diethyl thiocarbamate was found to be more reactive than
S-ethyl N-vinyl thiocarbamate, as expected, which can be
explained by the conjugation of sulfur to the adjacent carbon
atom and is evidenced by the higher Q-value (Q = 0.33) com-
pared to the N-vinyl monomer (Q = 0.18) (Fig. 3).”" For this
purpose, copolymerizations were carried out with styrene and
vinyl acetate. Additionally, the e-value -1.49 for S-vinyl
N-diethyl thiocarbamate was determined which are compar-
able to the N-vinyl monomer, but also to other S-vinyl
monomers.

Also vinyl thiosilanes were found to be readily homopoly-
merized with AIBN.?® The UV spectra of different alkyl thiosi-
lanes suggest interaction of the sulfur with the silicon atom,
since a shift of the absorption bands to lower wavelengths was

Monomer reactivity (Q-value)

S-vinyl-N-diethyl-
thiocarbamate

S-ethyl-N-methylvinyl-
thiocarbamate

S\(O S /N\[&O
\/N\/ Sw

Q=033 Q=0.18

Fig. 3 Schematic representation of the comparison of the Q-values of
S- and N-vinyl thiocarbamates.®*
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observed for example for (Me;Si),S and poly(methyl thiosi-
lanes).”® Accordingly, this interaction should also take place
with the vinyl thiosilanes and the influence of this interaction
on the polymerization behavior was investigated.”® The
Q-value of 0.25 and e-value of —1.60 are slightly smaller but
still in the range of alkyl and aryl sulfides suggesting a similar
stabilization of the growing radical chain ends. Despite a
potential interaction of sulfur and silicon in the 3d orbitals,
these results indicate that they have only a limited effect on
the reactivity of the adjacent vinyl group and, thus, the
monomer overall. The silane group can conveniently be
removed by acidic hydrolysis to yield polyvinyl thiol
(Scheme 8). Similar to the reports on polyvinyl thiols from
thioacetates, the polymer can initially be dissolved, for
example in chloroform, but then became increasingly in-
soluble as time progressed. The authors relate this to a partial
oxidation of the thiol groups in air resulting in disulfide
bridges and thus a crosslinking of the polymer. In addition,
cationic polymerization was also studied, but only oligomers
are formed.*®

In addition, it is possible to increase the reactivity or stabi-
lity of the resulting radicals by using molecules with better
conjugation. This has already been shown, for example, with
divinyl sulfide, which has a higher Q-value than methyl vinyl
sulfide. However, better conjugation can also be achieved, for
example, by using different heteroaromatic compounds, such
as vinyl mercapto benzothiazole (VMBT, Q = 0.75), vinyl mer-
capto 4-methylthiazole (VMMT, Q = 0.61), vinyl mercapto ben-
zoxazole (VMBO, Q = 0.61), and vinyl mercapto benzimidazole
(VMBI, Q = 0.37) (Fig. 4).>'°°'% The first three can be poly-
merized with both AIBN or UV-light without any initiator,
while the last can only be initiated by azo-initiators.
Furthermore, the properties of the homopolymers were investi-
gated. The TGA curves reveal that both VMBT (200 °C) and
VMMT (170 °C) decompose at much lower temperatures than,
for example, polyvinyl sulfide (280 °C). In addition, the photo-
degradation of the homopolymers at 30 °C with a mercury
lamp was studied, and it was found that the viscosity of all
homopolymers decreased significantly as a function of
irradiation time, because of the degradation of the polymers.
Based on these results, it is quite conceivable that these photo-
degradable polymers could be used for applications in bio-
medical engineering, biopatterning technology, photolabeling
of biologics, and drug delivery.***

Various copolymerizations with VMBT were carried out and
the reactivity of VMBT in presence of various polymer radicals
was found to descend according to the order: vinyl acetates >
phenyl vinyl sulfides > acrylonitrile > methyl methacrylate >

Scheme 8 Schematic representation of the polymerization and sub-
sequent hydrolysis of vinyl thiosilanes.®®
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Fig. 4 Schematic representation of the comparison of the Q-values of different cyclic S-vinyl derivates.

styrene. Again, acrylonitrile tends to copolymerize in an alter-
nating pattern, which is related to the electron-accepting pro-
perties. Therefore, the authors also investigated copolymeriza-
tions with the sterically hindered and electron-deficient
monomer maleic anhydride in more detail. However, these
polymerizations were found to be much slower, and as the
amount of VMBT in the monomer mixture increased, a higher
amount of VMBT was also found in the polymer. Thus, these
results differ somewhat from those obtained with alkyl vinyl
sulfides. Such a difference seems to be due to an additional
interaction between maleic anhydride and the thiazole ring.

3. Electron deficient S-vinyl groups
3.1. Vinyl sulfoxide monomers

Considering the different possible stages of oxidation of sulfur
compounds, sulfoxide moieties have gained considerable
attention in various aspects of chemistry including the promi-
nent polar solvent dimethyl sulfoxide (DMSO). The sulfoxide
moiety is among the most polar, non-ionic groups, which
makes corresponding materials usually well-soluble in water or
other polar solvents. Indeed, the sulfoxide moiety features
characteristics of both a dative bond and a polarized double
bond, which is partially reflected in its reactivity.'®> Therefore,
it is no surprise that polysulfoxides have also raised some
interest in research considering their highly polar character.
Among other applications, they are used as catalysts in two- or
three-phase  systems,'”® but also exhibit antifouling
behavior'®”'°® and are conceivable for medical applications
due to their low cytotoxicity, good biocompatibility and skin
penetration properties.'%%**°

Radical polymerization. Despite several examples for poly-
mers comprising sulfoxide moieties, synthesis and appli-
cations of polymers in which the sulfoxide group is directly
bond to the backbone have been sporadic. One of the reasons
may be that a direct radical homopolymerization is restricted
because the sulfoxide group acts as an inhibitor. Imai et al.
studied the homopolymerization of various alkyl vinyl sulfox-
ides, and only the polymerization of methyl vinyl sulfoxide
resulted in polymers of low molar mass and only in low

This journal is © The Royal Society of Chemistry 2022
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yields. Ethyl- and butyl vinyl sulfoxides did not polymer-
ize at all under these conditions, which can be explained by a
degradative chain transfer process to the sulfoxide unit."** In
the direct copolymerization of methyl vinyl sulfoxide with
styrene or MMA yields remained also low and the polymers
featured only a low content of sulfoxide groups."'* However,
these experiments allowed at least the determination of Q- and
e-values (Q = 0.10, e = 0.9). The resonance stabilization of the
corresponding radical is much lower compared to methyl vinyl
sulfide (Q = 0.34),*® indicating that there is little or no conju-
gation between the sulfoxide moiety and the adjacent carbon
atom. In addition, copolymerizations with vinyl acetate were
also investigated, showing good polymerization behavior and
also in this copolymerization the copolymerization parameters
could be determined (Q = 0.2 and e = 1.0)."'" Interestingly, an
increased activity of these monomers is observed in the copoly-
merizations with methacrylic acid, acrylamide, acrylonitrile,
and vinyl oxime, which can be explained by the ability of sulf-
oxide moiety to form complexes with carboxylamides and
other functional groups, which was confirmed by spectro-
scopic methods.'™ Inoue et al. also studied the copolymeriza-
tion of ethyl vinyl sulfoxide and were able to determine the
copolymer parameters Q = 0.13 and e = 0.61."**> They also
found that non-conjugated monomers showed no copolymeri-
zation behavior with ethyl vinyl sulfoxide, while polymeriz-
ation with conjugated comonomers yielded in polymers with a
low content of ethyl vinyl sulfoxide. Due to the strong acidity
of oxygen in the sulfoxide group, complexes with Lewis acids
or hydrogen bonds with proton donors as additives can form
very easily, which alters the polymerization behavior and was
therefore investigated again in more detail during copolymeri-
zation with styrene. It was ensured that no cationic polymeriz-
ation process takes place. The addition of zinc chloride to
benzene increases the incorporation of ethyl vinyl sulfoxide
into the polymer. The copolymerization parameters were also
determined to be minimally larger (0.15 and 0.72) compared
to the previous conditions. Acetic acid as a proton donor also
slightly increased the reactivity of ethyl vinyl sulfoxide. It was
also shown that the solvent has an influence on the polymeriz-
ation and that, in particular, the use of phenols and alcohols
leads to a higher content of ethyl vinyl sulfoxide in the
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polymer. In addition, the p-tolyl vinyl sulfoxide was copolymer-
ized with styrene 1970, even though the incorporation of
styrene into the copolymer is preferred here.''> However, again
radical homopolymerization was not possible.

Anionic polymerization. But the strongly electron-withdraw-
ing character of the sulfoxide group causes a high acidity of
the neighboring methyl groups, which could actually make
such monomers suitable for anionic polymerization and
indeed polymers could be obtained by anionic polymerization
from p-tolyl vinyl sulfoxide."*®''” The anionic living polymeriz-
ation of phenyl vinyl sulfoxides was 20 years later studied in
detail by Hogen-Esch et al.'**?° In one of these studies they
investigated in detail the polymerization behavior of different
enantiomeric pure phenyl vinyl sulfoxide as well as the
racemic mixture and tested their influence on the tacticity of
the obtained polymers.''® Indeed, stereoregular polymers were
found when the enantiomeric pure monomers were used, due
to a stereospecific and stereoselective addition of monomer
molecules to the specific end groups. If the racemic mixture
was used, mostly atactic polymers were obtained. Further poly-
merizations of racemic phenyl vinyl sulfoxide with various
anionic initiators such as (triphenylmethy1)lithium, (triphe-
nylmethy1)potassium and (diphenylhexy1)lithium were also
carried out and can lead to the formation of polymers with
moderate dispersities in the range of 1.2-1.4."*° During the
reaction an a-sulfinyl carbanion is formed, which forms a che-
lated ion-pair structure with the lithium counterion (Scheme 9).
Furthermore, such a chelation is also conceivable for potassium
as a counterion, although the interaction is weaker.

Temperature was further found to have an enormous influ-
ence on polymerization. For example, polymers with a broad
or bimodal molar mass distribution were formed at 25 °C,
while the monomodal and more narrow distributions men-
tioned above require low temperatures of —78 °C."° It was also
found that more side reactions occurred at longer reaction
times, indicating deactivation of the chain ends during the
polymerization process. This aspect could also explain why
only at short reaction times (30 min) polymers with low disper-
sities of 1.2 to 1.4 can be obtained, which are nevertheless
higher compared to other anionic living polymerizations.
Durst et al. already showed the two different reaction types of
alkyl lithium and various sulfoxides. On the one hand, abstrac-
tion of the a-proton can occur, but on the other hand, splitting
of the sulfur-carbon bond by an Sy2 displacement is also poss-
ible."" The resulting polymer has an another interesting prop-
erty. A color change occurred after heating, which can be
explained by the formation of polyacetylenes by sigma tropic
thermal elimination via a cyclic five-membered transition
state,"*>'** which was first described by Kingsbury et al. as

RO R

Sy > Sy > i

Ph” S0 Ph”" 0O ph- 5% P S0

Scheme 9 Schematic representation of the mechanism of the anionic
living polymerization of phenyl vinyl sulfoxide.*2°
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Scheme 10 Schematic representation of the anionic polymerization of
phenyl vinyl sulfoxide and subsequent formation of polyacetylene.?*

early as the 1960s (Scheme 10).">* Interestingly, this obser-

vation could not be made when the polymer was previously
oxidized to sulfone.

Due to the potential living nature of the polymerization,
attempts to synthesize block-copolymers with styrene (A) and
the vinyl sulfoxide monomer (B) were also carried out."”° Both
A-B diblock copolymers (styrene — vinyl sulfoxide) and A-B-A
triblock copolymers (styrene - vinyl sulfoxide - styrene) were
successfully synthesized, proving in principle the presence of
the active chain ends even after polymerization with the sulfox-
ide species. However, in contrast to the homopolymerizations,
butyllithium proved to be the best initiator for the preparation
of the diblock copolymer and lithium naphthalide was used
for the synthesis of the triblock copolymer under these con-
ditions. In comparison, the obtained block copolymers dis-
played a narrower distribution than the corresponding homo-
polymers of the sulfoxide, which is, however, related to the fact
that the first block polystyrene was well-defined. An increased
concentration of the sulfoxide species led to a significant ter-
mination of the polymerization and thus to a broadening of
the molar mass distribution. Nevertheless, the technique of
anionic living polymerization of vinyl sulfoxides for the prepa-
ration of block copolymers was again applied several years
later. Higashihara et al. used the resulting polymer to prepare
block copolymers comprising an polyacetylene block by
thermal decomposition of the sulfoxide moiety as described
above (Fig. 5)."*° The resulting polymers form continuous
nanofibril structures due to the strong tendency of the acety-
lene block to aggregate.

An alternative pathway to polyvinyl sulfoxides relies on the
polymerization of vinyl sulfides monomers and subsequent
postpolymerization oxidation.**?**°%'?¢ It has to be kept in
mind that during this oxidation, properties of the polymers,
such as solubility, thermal stability or glass transition tempera-
ture are significantly altered, which is related to the drastic
change in polarity of the sulfur moiety."”” As mentioned
before, such polysulfoxides are very interesting for a variety of
applications, and in 2008 Trofimov et al. demonstrated the use
of an aliphatic polyvinyl sulfoxide copolymer prepared by oxi-
dation of the corresponding polyvinyl sulfide as a matrix for
absorbing alkali metals (Scheme 11).>° In this case, diethylene
glycol divinyl ether and methyl vinyl sulfide were radically
polymerized with AIBN to obtain a crosslinked polymer, which
was subsequently oxidized with hydrogen peroxide to form the
sulfoxide groups. The structure of the polymer was designed to
form a porous crown-like structure for complexation of alkali
metal ions. The strong binding of the cation in the polymer

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Tapping-mode AFM images of (A) heigh image and (B) phase image of PTVS-b-PH3T-b-PTVS, (C) heigh image and (D) phase image of PA-b-
PH3T-b-PA. Figure was adapted under the terms of the CC BY 3.0 license from ref. 125.
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Scheme 11 Schematic representation of the radical copolymerization of diethylene glycol divinyl ether with methyl vinyl sulfide and the sub-
sequent oxidation of the sulfide moiety to crown ether like matrix for complexation of alkali metal ions.>®

matrix further leads to an increased activity of the hydroxide
ion, which is why the materials are also considered as
superbases. The formation of polyacetylenes, as described
above, could not be observed under the used conditions.

3.2. Vinyl sulfones

Besides the highly polar sulfoxides, of course, the next oxi-
dation stage of related sulfur compounds i.e., sulfones have
attracted considerable attention in terms of forming functional
polymers.>>”1?%129 gylfone groups possess a high dipole
moment (4.49 D),"*° which are significantly higher than
sulfide groups (~1.55 D) and slightly higher than sulfoxide
groups (~3.96 D)."*"'** This makes their incorporation attrac-
tive for increasing adhesion, altering barrier and transport pro-
perties, or improving solvent resistance."**™*> However, it is
known in the literature that the hydrophilicity is lower com-
pared to the sulfoxide.'*®'3” Researchers have furthermore
been interested in the atomic refraction of the sulfone moiety,
which is still considerably higher than for other common
groups, although not as high as the corresponding
sulfides.>'*® However, their atomic dispersion is much lower
than for sulfides, which renders sulfones particularly attractive
to not only enhance refractive indices of corresponding

This journal is © The Royal Society of Chemistry 2022

materials, but also increase their Abbe number. The latter is
indirectly proportional to the materials optical dispersion, i.e.,
it indicates how much the refractive index changes with
different wavelengths of light. This aspect is crucial in design-
ing optical elements with high clarity for the whole spectrum
of light. In 2008, Ueda et al. demonstrated that their polyether
sulfone is characterized by a high refractive index of 1.686, a
high Abbe number of 48.6, a glass transition of 152 °C, and
high optical transparency (>99%) in the visible light range of
400 to 800 nm, which appears to be well-suited for optical
lenses or related applications.>>”'*® Sulfone moieties are
mainly introduced by oxidation of sulfides, by Michael
addition on corresponding vinyl sulfones,"*'*® or by direct
radical copolymerization of vinyl monomers with SO,.'*'"'*3
The latter was mainly used to create thermally degradable
materials due to the thermal instability of the resulting C-S
bond. However, direct polymerizations of the vinyl moiety of
vinyl sulfone derivatives remain scarcely reported, in particular
if radical polymerizations are concerned. Anionic polymeriz-
ations are more frequently applied, but also these methods
have not been pursued further in the last decades. We never-
theless summarized the related examples in the following,
since there is in our opinion more potential for this class of
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materials to find application not only in optics but also elec-
tronics and membrane technology due to their high polarity
and good stability.

Radical polymerization. Price and coworker can be con-
sidered pioneers in the field of the direct radical polymeriz-
ation of vinyl sulfone monomers, as they were the first to
homopolymerize methyl vinyl sulfone and phenyl vinyl
sulfone.*>3® They further investigated their copolymerization
with styrene or vinyl acetate. The obtained Q values appeared
to be lower (Q = 0.1) than for sulfides and more similar to
vinyl acetate. The low absorption coefficient in the spectro-
scopic studies revealed that the sulfur-oxygen bond does not
have a normal character of a double bond and Price describes
it more as a semipolar bond. Related to this aspect, he further
describes that conjugation along the C-S bond still occurs in
these materials. However, in contrast to vinyl sulfides with an
overlap of 2p and 3p orbitals, only 2p and d orbitals interact,
which is why this conjugation is less pronounced and provides
only a limited stabilization of the growing radical.’® Although
radical polymerization is in principle possible, these mono-
mers tend to have a strong tendency for chain transfer reac-
tions, which is why often only polymers of low molar masses
are obtained. Apart from the low Q-values, a high e-value of 1.2
was estimated for methyl vinyl sulfone, which is in line with
expectations since the vinyl moiety is in conjugation with a
strong electron-withdrawing group.>® In addition to free-
radical copolymerization with styrene®>'**'*> to determine Q
and e values, copolymerizations with, for example, acrylonitrile
and vinyl acetate have also been carried out successfully.'*

A more recent example is given by the work of Choe et al.
They polymerized divinyl sulfone with the photoinitiator
Darocur® at a UV wavelength of 365 nm to form crosslinked
polymer films as host matrix for the encapsulation of lithium
ions. The sulfone compounds were considered due to their
ability to coordinate alkali metal ions and thus could conceiva-
bly be used as a solid polymer electrolyte."*”

Anionic polymerization. The strong electron withdrawing
character of the sulfone moiety on the adjacent vinyl groups
has of course aroused the interest in testing anionic polymeriz-
ations of these monomers. In 1952 Foster successfully pre-
pared copolymers of butyl vinyl sulfone and acrylonitrile by an
anionic process using sodium in liquid ammonia for the first
time."*® In this reaction, a growing chain end with a terminal
vinyl butyl sulfone group was found to react preferentially with
an acrylonitrile monomer while the terminal acrylonitrile
reacts readily with both the sulfone and itself in equal
amounts.

However, most attempts on homopolymerizations revealed
that the sulfone groups render these types of monomers too
reactive to tolerate an anionic polymerization.'*® Indeed,
already in 1961 Overberger and Schiller'*® obtained only
dimers when attempting to generate polyvinyl sulfone with
potassium, which they attributed to side reactions due to the
acidic CH, group. The substituent was again found to have a
crucial influence on the polymerization behavior, as
Diefenbach et al.'*' showed a few years later. He tested poly-
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merizations of disulfone derivatives comprising SO,-CH,-SO,
adjacent to a vinyl group using potassium tert-butylate as
initiator. The high acidity of the methylene groups led to a
competition between polymerization and polyaddition steps.
He then postulated that the more acidic the CH, group, the
more difficult it is to achieve high molar mass polymers due
increasing transfer reactions. 1971 Boor Jr and Finch'*?
demonstrated a successful polymerization of phenyl vinyl
sulfone with n-BuLi, ZnEt,, LiN(CH;),, NaNH, and complexes
of n-BuLi with ZnEt, or AlEt; However, the molar masses
remained low for anionic polymerizations (around 10000 g
mol ™', determined via the intrinsic viscosity). The polymers
are characterized by a high glass transition temperature and
exhibit decomposition temperatures of more than 200 °C. 2
years later, Schroeder et al. confirmed these results, but they
were also able to determine a correlation between the initiator
concentration of n-BuLi and the polymer yield.'*®* Based on
these results, mechanisms for potential side reactions and ter-
mination reactions were postulated, which explain the rather
low molar masses of the obtained polymers. On the one hand,
a termination reaction can occur in which an a-proton is
abstracted from a monomer molecule, inactivating the active
chain end. On the other hand, it is also conceivable that an
a-proton is abstracted in the backbone of the polymer, leading
to termination of the polymerization. In both cases the
authors assume that the reactivity would then be too low to
start a new initiation (Scheme 12).

Coordinative polymerization. Although the polymerization
of vinyl sulfones can be described as rather difficult, coordina-
tive polymerization is another way to obtain sulfone-contain-
ing polymers."*%'** Zhang et al. reported the successful coordi-
native copolymerization of ethylene with methyl vinyl sulfone
via 2,l-insertion into different catalyst (Scheme 13). The
highest molar masses for methyl vinyl sulfone can be obtained
with catalyst C1 (M,, = 10 000 g mol '), but the molar mass is
lower compared to methyl acrylate (M,, = 179000 g mol )
under the same conditions."* The authors explained this by
the stronger polarity and coordination ability of the SO,-group
with metals compared to the CO,R-group. Moreover, the poly-
merizability of phenyl vinyl sulfone and phenyl vinyl sulfoxide
was studied and a decreasing catalytic activity was observed in
the following order: phenyl vinyl sulfone > methyl vinyl
sulfone > phenyl vinyl sulfoxide.

Vinyl sulfones and sulfoxides have indeed only more
recently been introduced to coordination polymerizations,
which is certainly related to the continuous improvements in
the applied catalysts, but there might arise increasing interest
in the next years considering the unique characteristics of
these monomers.

3.3. Vinyl sulfonic acid and sulfonate salts

Despite the strong difference in the nature of vinyl sulfonic
acid and the corresponding sulfonate salts, both materials
were summarized in this chapter, since clear distinctions of
the state of protonation can often not be clearly differentiated
in the many reports in literature. This poor differentiation

This journal is © The Royal Society of Chemistry 2022
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Scheme 13 Schematic representation of the coordinative polymeriz-
ation of ethylene and different S-vinyl monomers.*>*

becomes particularly apparent when the acid is polymerized in
aqueous conditions, although it most likely will be deproto-
nated under most given conditions due to the high acidity of
the sulfonic acid group and the associated acid-base reactions.
In the following, only the radical polymerization of these
monomer classes is considered, since all other variants are not
described in the literature. Azo initiators or peroxides such as

This journal is © The Royal Society of Chemistry 2022

AIBN, 4,4'-azobis-4-cyanovaleric acid or ammonium peroxydi-
sulfate, respectively, can successfully initiate the radical
polymerization of vinyl sulfonic acid, although most polymer-
izations result only in low molar masses compared to other
monomer classes."”> %" The Q- and e-values (Q = 0.17 and e =
1.1) determined in copolymerization with styrene show only a
low stabilization of the radicals similar to sulfones, which also
explains the difficulties in homopolymerizing this class of sub-
stances."”> Moreovetr, it can also be copolymerized with meth-
acrylate, methyl methacrylate and acrylonitrile.'>>**®

Poly sulfonic acids have attracted great interest because
they can be used, for example, as a strong cation exchanger or
as an acid catalyst,">”'®"1%? gince they are characterized by a
high ion dissociation, a high proton content and
amphiphilicity."*>'**'%® In addition, they could also replace
polystyrene sulfonate as an acid dopant for conductive poly-
mers because the exclusion of the sterically demanding aro-
matic unit results in lower glass transition temperatures and
higher optical transparency.'®*%*

As early as the 1960s, poly(ethylene sulfonate) was investi-
gated for an application as pharmaceutical agents, e.g., as anti-
tumor agents, but failed due to toxicity. The industry expressed
strong doubts that a polymer could be a therapeutic agent for
diseases where small molecules failed."®® However, Oztop et al.
synthesized a hydrogel by copolymerization of acrylamide,
vinyl sulfonic acid and a crosslinker and showed increased
stability, better swelling properties, and above all improved be-
havior in the immobilization of invertase (Fig. 6)."*° This is
important because isolated enzymes lose their activity over
extended periods of time and quickly degrade if not stabilized,
which limits their use for industrial applications. Immobilized
enzymes, on the other hand, exhibit higher stability and the
corresponding hydrogel is suitable to protect the enzyme from
denaturation by the environment. In addition, Hussain et al.
were also able to synthesize a pH-sensitive hydrogel by copoly-
merization of vinyl sulfonic acid and acrylic acid and ethylene
glycol dimethacrylate, which could subsequently be used for
drug release. To this end, they demonstrated the successful
pH-dependent release of isosorbide mononitrates according to
the non-Fickian diffusion mechanism."®”
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Fig. 6 (a) Swelling behavior of poly acrylamide (PA) and poly(acrylamide-co-vinyl sulfonic acid) (PA/VA) hydrogels, (b) postulated interaction
between the hydrogel and invertase (c) operational stability (d) storage stability and (e) pH stability of the free invertase (blue), the invertase immobi-
lized by PA (red) and PA/VA (green). Figure was adapted under the terms of the CC BY 3.0 license from ref. 167.

In general, it is preferable to use an alkali salt of vinyl sulfo-
nic acid to prepare the polymer, although it has to be con-
sidered that some of the above-mentioned examples already
apply the corresponding salts. The sulfonate salts are con-
venient to synthesize, can be stored without decomposition
and polymerize faster in comparison to the free acid.**'°® Due
to the negative charge of the sulfonate group, many polyvinyl
sulfonates are water soluble and represent a class of anionic
polyelectrolytes.’®® For sodium vinyl sulfonate, for example,
there are numerous literature reports showing the initiation of
polymerization with peroxides, redox systems, UV or
y-irradiation,"”®'”! with an increase in temperature favoring

5032 | Polym. Chem., 2022, 13, 5019-5041

polymerization. Copolymerizations with acrylamides,"”>""*

acrylic acid and methacrylic acid and their salts'®”"**®'7> were
also carried out by Breslow et al. and resulted in high molar
mass polymers. However, it polymerized slowly with acryloni-
trile,"®® methacrylates and methyl methacrylate,"*® vinyl
acetate’’>'”> and N-vinylpyrrolidone.'”” In contrast, copoly-
merizations with butadiene, isobutylene, a-methyl styrene,
n-butyl vinyl ether, allyl alcohol, N-allyl acetamide, maleic
acid, and fumaric acid were not successful.'®® Since Breslow
et al. were also unable to perform a successful copolymeriza-
tion with styrene, the Q- and e-value (Q = 0.19, e = 1.51) were
calculated using acrylamide as a reference rather than styrene.

This journal is © The Royal Society of Chemistry 2022
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The stabilization factor of 0.19, corresponds to an increased
stability of the resulting radicals compared to sulfones and
explains why they are easier to polymerize, but nevertheless
explain the still low reactivity compared to vinyl sulfides or
other more activated monomers.

Due to the large variety of possible applications, we cannot
describe all of them in detail here and have therefore limited
ourselves to a few relevant examples. One potential application
is the use of sodium vinyl sulfonate copolymers as delivery
systems for cationic drugs, as shown by Wang et al. 2008."°
The authors synthesized poly(vinyl sulfonate-co-vinyl alcohol)
graft poly(p,L-lactic acid-co-glycolic acid) nanoparticles with a
spherical shape and then monitored the degradation process.
It was found that higher sulfonate content resulted in faster
decomposition. It was possible to encapsulate a positively
charged drug in the spherical particles through electrostatic
interactions and then release it through the decomposition
process. Al-Hussain et al. were able to draw attention to
another possible application of these substances and show
that they can be used for water treatment of industrial waste-
water."”® They used sodium vinyl sulfonate-co-2-acrylamido-2-
methylpropane sulfonic acid sodium salt (Na-VS-co-Na-AMPS)
cryogels with magnetite, coordinated to the sulfonate group.
The effectiveness of the cryogel in adsorbing methylene blue
was tested, which already proceeds at room temperature via a
chemical adsorption mechanism. Substituted ammonium sul-
fonate monomers also belong to the vinyl sulfonates but allow
the introduction of further functionality by the ammonium
counterion. They can be prepared, for example, by acid-base
neutralization of sulfonic acid and a tertiary amine or a substi-
tuted imidazole.'”” Similar to other vinyl sulfonates, polymer-
ization can be initiated by radicals using AIBN or other radical
initiators.””®'”° These polymers are useful for a wide range of
applications, as they combine the properties of ionic liquids
and those of polymers for electrotechnical applications.
Among others, they are applied in the preparation of solid elec-
trolytes, organo-chelators and ionic amphiphilic copolymers.

Related to the above-mentioned sulfonic acid are the corres-
ponding sulfonate esters. However, their polymerization be-
havior differs to sulfonate salts as described above. In general,
homo- or copolymerization have been demonstrated to be
initiated by azo initiators but as well by peroxides.'®*'%* The
studies on the copolymerization behavior of butyl vinyl sulfo-
nate in 1950 revealed a similar reactivity as observed for vinyl
acetate and vinyl chloride.'®" However, it can also be copoly-
merized with styrene, methacrylates, and vinylidene chloride,
although the copolymerization is significantly retarded. Still
these experiments allow the determination of a Q value of
0.02, which was obtained from a copolymerization with vinyli-
dene chloride.’® The low value compared to the related
sodium vinyl sulfate (Q = 0.19) suggests that the negative
charge in the latter case must induce an increased stabilizing
effect on the corresponding radical chain end, which is dimin-
ished in case of the ester. The authors assumed that this could
be due to the fact that the electron-withdrawing effect of the
sulfone group can be compensated somewhat by the negative

This journal is © The Royal Society of Chemistry 2022
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charge of the sodium sulfonate. Similarly, the e-value of butyl
vinyl sulfonate is lower compared to the corelated sodium sul-
fonate, indicating an enhanced polarization of the double
bond in case of the ester.

In retrospect, research on this class of monomers also
came to a standstill after 1970. It was not until 2010 that these
materials again gained some attention with the development
of controlled polymerization techniques such as the RAFT
polymerization. In this context, Mori et al.*®>'®% demon-
strated not only the directed synthesis of well-defined homopo-
lymers of ethyl ethenesulfonate with xanthate-type CTAs, but
also the synthesis of block copolymers, for example, with
NIPAAm (Fig. 7). By hydrolyzing the sulfonate ester in such
block copolymers, they synthesized a thermo-responsive block
copolymer that self-assembles at elevated temperatures due to
the LCST behavior of the poly(NIPAAm) block. The phase sep-
arating poly(NIPAAm) block thus forms the core of a micelle
and the hydrophilic poly(lithium vinyl sulfonate) resembles a
highly charged shell. In addition to temperature, the size of
the particle can also be influenced by adding salts or changing
the pH - value, which had an influence on the charge repul-
sion of the sulfonate block.

3.4. Vinyl sulfonamides and vinyl sulfonimides

Although related to above-described sulfonate esters, vinyl sul-
fonamides represent an own class of monomers with different
properties as the sulfonates. The direct polymerization of vinyl
sulfonamides proved to be quite challenging and only a few
reports were found on this monomer class, but we nevertheless
liked to include this short chapter to provide a comprehensive
overview. Most reported poly(vinyl sulfonamides) are indeed
prepared by the polymerization of vinyl sulfonyl halogens/vinyl
sulfonyl esters which are subsequently transformed into the
corresponding amides by postpolymerization reaction with
amines.'® The route via the vinyl sulfonyl halogen, will be
described in more detail in the next chapter.

The radical homopolymerization of vinyl sulfonamides with
an unsubstituted amide is generally described to be difficult,
and the lead only to polymers of low molar mass."®® However,
specific substituents attached to the nitrogen have been found
to tremendously impact the polymerization behavior and to
substantially improve it as well in some cases. For example
N-allyl vinyl sulfonamides can be polymerized using radical
initiators'®® while many alkyl vinyl sulfonamides cannot be
polymerized under these conditions."®® A kind of copolymeri-
zation occurs between the different vinyl groups in the
monomer during this polymerization, and also the formation
of cycles is possible (Scheme 14).'°° The authors conclude that
no crosslinking occurred based on the observed solubility, but
also note that crosslinking would be very likely if no cyclic
repeat units had formed. However, they were unable to quan-
tify the cyclic repeat units because a suitable solvent was not
available for the measurements and the hydrolysis experi-
ments were unsuccessful.

Similarly, copolymerizations with other monomers proved
to be much easier. Iwakura et al. for example described a suc-

Polym. Chem., 2022, 13, 5019-5041 | 5033


https://doi.org/10.1039/d2py00850e

Published on 11 August 2022. Downloaded by Thueringer Universitats Landesbibliothek Jena on 10/14/2022 9:16:59 AM.

View Article Online

Polymer Chemistry

Poly(EES)-b-Poly(NIPAAm)

O

AIBN AIBN
S__0O
N — \OWSTO\/ — \OW h e
0=%o 0=S._ 8 0=8. =

Review
5 Poly(EES)
0
(0] K o)
° L
Poly(EES)-b-Poly(NIPAAm)
o & B LiBr
\O m n \ﬂ/ S
— S
Oé,S\O 07 “NH
b (o5

(@)

70 O NH

b AN

A,/

Poly(VSLi)-b-Poly(NIPAAm)

(@]
S (®)
\W O
i S
SO3LIO

NH

A

Poly(EES)-b-poly(NIPAAmM)
. 20 | VSLIi/NIPAAmM 2L VSLI/NIPAAmM
n Poly(EES) =53/47 = 53/47
h NaClaq 1 wt % - NaClag 5 wt %
i —= 25°C -= 25°C
—60°C 2 2L — 60 °C
i z
- L
- 8 ’,‘
2N Y
’ \ \ 4L ,' “
’ \ " \ I \
S ) \ g ] \ N\
| I N T N T NI T R T VT - T T
24 26 28 30 32 34 36 38 40 10° 10! 102 10° 104 10° 10! 102 10° 104
Time (min) D, (nm) D, (nm)

Fig. 7 (a) Schematic representation of the synthesis of the block-copolymer poly(VSLi)-b-poly(NIPAAm), (b) SEC- traces of the poly(EES) and poly
(EES)-b-poly(NIPAAm) (c) hydrodynamic diameter distributions of poly(VSLi)-b-poly(NIPAAm) at different temperature and different salt content.
Figure was adapted from ref. 186 with permission of Elsevier (Copyrights 2012).

N-allylvinyl

sulfonamides Poly(N-allylvinyl sulfonamides)

\ £ 3
AIBN *

0,8.
NH T 08~ 08y Sw

y TN

Scheme 14 Schematic representation of the polymerization of N-allyl
vinyl sulfonamide. 188

cessful radical copolymerization of vinyl sulfonamides with
styrene, ethylene and acrylonitrile."®®'*" Copolymerization of
vinyl sulfonyl-(B-chloroethyl)amide with styrene demonstrated
that the incorporation of styrene was preferred, and the Q- and
e-values obtained (Q = 0.13 and e = 0.42) indicated only a low
stabilization of the radical chain ends by the sulfonamide
group. Nevertheless, the high e-value confirms the high elec-
tron withdrawing effect induced by the sulfonamide group.™*
In 1957, also an attempt of an anionic polymerization of vinyl
sulfonamides was reported.'”> However, only a very soft

5034 | Polym. Chem., 2022, 13, 5019-5041

material with low molar mass and a melting point range of
100 to 160 °C could be obtained. To our knowledge, no further
experiments on this polymerization technique have been
published.

In contrast to the limited yield during polymerizations with
peroxide or azo initiators, an effective, but rather special
method proved to be the y-induced radiation polymerization of
vinyl sulfonamide."®*™**° In this context, vinyl sulfonamide in
particular revealed a high polymerization rate with an increase
of conversion of 1.5% per minute at 4200 rpm.*®* The sulfona-
mides appear to absorb the y-ray energy quite effectively, while
in contrast to other monomers dissipation by other pathways
is limited. In further studies, Wiley et al.'°> however, reported
that N,N-dimethyl vinyl sulfonamide did not exhibit such a
high polymerization rate. This decrease was related to an
enhanced instability of the N,N-dimethyl substituted structure,
which is similar to corresponding amides and
N-methylamides in carbon tetrachloride.

In comparison, the compound class of vinyl sulfonimides
is found only sporadically in the literature, although lithium
sulfonimides, for example, show good suitability as electrolytes
for lithium battery applications.’®®'°® Baik et al prepared

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) Schematical representation of the polymerization of LiTVA (b) ionic conductivity vs. LiTVI content and (c) Arrhenius plot of ionic conduc-
tivities. Figure was adapted from ref. 196 with permission of the American Chemical Society (Copyright 2019).

stable gel polymer electrolytes (CPGs) using lithium (trifluoro-
methane sulfonyl)(vinyl sulfonyl)imide (LiTVI) by radical
polymerization with poly(ethylene glycol) methyl ether meth-
acrylate (PEGMA), poly(ethylene glycol) dimethacrylate
(PEGDMA), and propylene carbonate and investigated their
ionic conductivity (Fig. 8).'°® Depending on the LiTVI content,
ionic conductivity values of up to 6.7 x 10™* S em™" at 25 °C
and 1.8 x 107> S em™" at 60 °C were found. They are also
characterized by high electrochemical stability and large
lithium-ion transfer number.

3.5. Vinyl sulfonyl halides

Reactive polymers are generally considered attractive precur-
sors for postpolymerization modifications providing access to
otherwise challenging materials.’®*°> In terms of ester and
amide formation, acid halides are often considered as precur-
sors and indeed several reports on poly((meth)acryloyl chlor-
ide) confirm the high reactivity of these polymers.”?*>%*
Similarly, vinyl sulfonyl halides have been evaluated as reactive
precursors for postpolymerization modification. As already
mentioned above, these compounds can be converted into
polyvinyl sulfonamides with addition of the corresponding
amines. The resulting sulfonamides from, for example,
p-aminophenol, p-dimethylaniline, aniline, m-chloroaniline
and p-naphthylamine were then coupled with diazo-com-
pounds and used as red and brown dyes."”°

Vinyl sulfonyl chloride and vinyl sulfonyl fluoride, for
example, can be polymerized into soluble polymers using

This journal is © The Royal Society of Chemistry 2022

radical initiators, although peroxides appeared to be not suit-
able for the fluoride compound."®®*°> However, using azo
initiators surprisingly high conversions and reasonable molar
masses can be reached with vinyl sulfonyl fluoride, while con-
versions and degrees of polymerization remain low for the
chloride analogue. The difference might be related to the rela-
tively high transfer constant of sulfonyl chlorides as later
reported.”®® More recently also Sharpless and coworkers
confirm an increased stability of sulfonyl fluorides, which is
related to an energetic inaccessibility of the fluoride radical.>®”
This combination of stability and reactivity renders sulfonyl
fluorides attractive for incorporation into radical polymeriz-
ations and subsequent modification via a sulfur(vi) fluoride
exchange (SuFEx) reaction.**® However, the monomer vinyl sul-
fonyl fluoride is further considered as one of the strongest
Michael acceptors, which has to be considered to avoid unin-
tended side reactions.?®® In contrast to radical azo initiators,
homopolymerization attempts with Friedel-Crafts catalysts
(aluminum trichloride, tin tetrachloride) or with redox systems
such as benzene sulfinic acid/benzoyl peroxide and dimethyl-
aniline/benzoyl peroxide were not yielding polymers.'”® It
must be said, that after 1960 interest in the polymerization of
vinyl sulfonyl halides quickly waned and not much was
invested in research on these substances. However, the advent
of SuFEx chemistry and the increased accessibility of corres-
ponding vinyl compounds such as vinyl sulfonyl fluoride
might again raise the interest in related polymerizations and
the corresponding materials as reactive precursors.**°
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4. Conclusion and outlook

Considering the broad scope and the vast number of reports
on vinyl-based polymers, S-vinyl monomers certainly have to
be considered a niche among the large variety of general vinyl
monomers. However, the chemical versatility of sulfur deriva-
tives and the interesting reactivity of the corresponding vinyl
compounds, endow them with unique characteristics, which
might again raise increasing interest of researchers if compat-
ibility with established polymerization techniques and, most
of all, sufficient accessibility is provided. With respect to the
availability of those monomers, the report on the large scale
preparation of vinyl sulfonyl fluoride or the adaption of indust-
rially established processes, such as the Reppe chemistry,
might represent the required turning point on the way to a
broader application of S-vinyl monomers.>'>*'* Quite recently,
BASF SE, as one of the leading chemical companies, has rea-
lized a scalable process to prepare vinyl mercaptoethanol
(VME) in an aqueous process providing large scale access to
such a monomer at reasonable costs.>'**™® We therefore con-
sidered this the right time to reflect on the already reported
investigations on the polymerization behavior of S-vinyl mono-
mers, which date back to the very early days of polymer chem-
istry and found a peak during the 50s and 60s of the last
century. In the subsequent decades the research interest in
most of these monomers had ceased, but with the advent of
controlled radical polymerizations, in particular the RAFT
technique, which also heavily relies on sulfur chemistry, a
renewed focus has been turned on some of the S-vinyl
compounds.

5036 | Polym. Chem., 2022, 13, 5019-5041

In our review, we tried to provide a comprehensive overview
of all S-vinyl monomers and the reported polymerization pro-
cesses. The monomers were classified as electron rich or
deficient according to the electron donating or withdrawing
character of the adjacent sulfur species, respectively, which
should also reflect the corresponding density at the double
bond. The electron-rich S-vinyl monomers such as vinyl sulfides,
vinyl thioacetates, or vinyl thioacetals appear generally suitable
for radical and cationic polymerization, although their oxidation
sensitivity limits the use of peroxides and mostly azo initiators
were applied. The electron-poor sulfur-containing monomers,
on the other hand, are less sensitive to peroxides, but are often
reported to be generally more difficult to be polymerized in a
radical process. However, several examples for anionic polymer-
izations have been reported, which is related to the potential
resonance stabilization of the carbanion by the electron with-
drawing SO, species conjugated to the vinyl moiety.
Interestingly, sulfone groups are already too reactive for anionic
polymerizations, since the high acidity of adjacent methylene
units cause frequent transfer or even termination processes.

Comparing all reported techniques, radical polymerizations
are most frequently applied and detailed studies of the homo-
and copolymerization behavior for most monomers are available.
Indeed, in many cases not only copolymerization parameters for
specific monomer combinations are provided, but also Q- and
e-values according to the definitions of Alfrey and Price are calcu-
lated.*® These values allow not only an estimation of the expected
copolymerization parameters of unknown monomer combi-
nations, but also reflect the reactivity and the polarity of these
monomers in radical processes. The first can also be understood

This journal is © The Royal Society of Chemistry 2022
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as a measure of the stabilization of the radical at a corres-
ponding active chain end, while the latter reflects the electron
density on the double bond. Although the initial Q-e scheme
proposed by Alfrey and Price has some shortcomings,*'* which
the authors indeed acknowledged themselves,*'®> and several
more accurate methods have been reported,> ®2'® we stick to the
initial representation by Alfrey and Price, since most of the dis-
cussed monomers have been evaluated before these new
methods were proposed. Fig. 9 provides a typical plot of some
common representatives of different monomer classes in this Q/
e-scheme, where we included further key examples from the
monomers discussed in this review (in red).

This graphical presentation reveals quite nicely that the dis-
cussed S-vinyl monomers are found separated from the more
common monomer classes, which reflects their unique charac-
ter in terms of reactivity and polarity. In copolymerizations, com-
binations of monomers with similar Q-values but opposing
e-values are interesting, since these cases promise a high ten-
dency to form copolymers and might even lead to alternating
structures.”'® Therefore, vinyl sulfides represent ideal matches
for radical copolymerization with acrylates and methacrates.
Other more reactive monomers (e.g. styrenes or dienes) featuring
a high electron density (low e-value) usually have much higher
Q-values. On the other side, vinyl sulfones or related electron
deficient S-vinyl compounds might be interesting comonomers
in polymerizations with the less reactive N-vinyl or O-vinyl mono-
mers. Although the given Q- and e-values might not allow an
accurate prediction of real copolymerization parameters, the
general correlations drawn above hold true and reflect the poten-
tial of S-vinyl monomers for designing various copolymers.

Reflecting on the overall research on S-vinyl monomers, we
can conclude that their polymerization behavior has become
well understood. But in terms of potential applications of
corresponding polymers researchers have so far only scratched
the surface, although these sulfur containing materials feature
a variety of interesting properties including a high affinity for
various metals, unique optical properties, or flame retardation.
Increasing efforts to scale up synthesis and commercialization
of further derivatives might therefore induce another turning
point in research on these monomers and related polymers. In
any case, we are convinced that there is unexploited potential
in these S-vinyl compounds and unforeseen applications
might still arise, which, however, require a more detailed
evaluation of structure-property relations of the corresponding
homo- and copolymers.
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Vinyl mercaptoethanol as a reactive monomer
for the preparation of functional homo- and
copolymers with (meth)acrylatesy

Nicole Ziegenbalg,®® Franka V. Gruschwitz,®® Torben Adermann,® Lukas Mayr,°
Svetlana Guriyanova® and Johannes C. Brendel () *2°

In contrast to common more activated monomers (MAMs), such as (meth)acrylates or styrenes, vinyl
thioethers remain a niche, despite their unique character featuring an electron rich vinyl moiety, which in
contrast to vinyl ethers still enables good stabilization of a propagating radical. The sulfur-group further
induces a variety of unique properties, for example, the ability to coordinate metals or increase the refrac-
tive index, but their limited availability certainly remained a major bottleneck in a wide range of appli-
cations of these monomers. Based on recent progress in the direct vinylation of mercaptans, we here
demonstrate that vinyl mercaptoethanol (VME) represents a scalable reactive building block for the prepa-
ration of functional homo- and copolymers. The former are easily accessible by radical polymerization
resulting in transparent, soft and very adhesive homopolymers with enhanced refractive indices compared
to other non-aromatic polymers. The high density of hydroxyl groups renders the polymers polar and
only soluble in corresponding solvents, but not in water. Only the further oxidation of the sulfide moiety
to the more polar sulfoxide creates a water soluble and even slightly hygroscopic polymer.
Copolymerizations of VME with common MAMs confirmed previous reports on the Q- and e-values of
comparable vinyl thioethers and statistical copolymers with electron deficient vinyl monomers such as
n-butylacrylate (BA) or methyl methacrylate (MMA) can be prepared with a tendency towards an alternat-
ing sequence. The resulting copolymers were tested for their optical and mechanical properties. The
comparable reactivity of the radicals further facilitates the preparation of defined homo- and (block)
copolymers with tunable lengths by the reversible addition fragmentation chain transfer (RAFT) process.
Overall, the various reactivities of VME and the good compatibility with other MAMs in radical polymeriz-
ations render this industrially producible monomer certainly attractive for future materials design.

tives, remains limited and only low amounts of vinyl ether
monomers are incorporated.””® Interestingly, vinyl thioethers

Poly(vinyl ethers) find widespread applications as coatings,
adhesives, printing inks, or plasticizers and are commonly pre-
pared by cationic polymerization.'” More recently, also radical
polymerizations were adapted to prepare these polymers.’™®
Nevertheless, their ability to copolymerize with more activated
monomers (MAMs), such as (meth)acrylate or styrene deriva-

“Laboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller
University Jena, HumboldtstrafSe 10, 07743 Jena, Germany.

E-mail: johannes. brendel@uni-jena.de
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1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2py00598k

4934 | Polym. Chem., 2022,13, 4934-4943

are generally more suitable for radical (co)polymerizations, as
the 3d-orbital resonance of sulfur stabilizes the radicals at the
adjacent carbon atom. Despite the early reports on the
polymerization process and their ability to copolymerize,
mostly by the groups of Ringsdorf and Otsu,’** this class of
monomers have remained a niche in polymer chemistry. The
sulfide group, however, further introduces unique character-
istics into the corresponding polymers or materials, which, for
example, comprises an increased refractive index,>° strong
Raman signals for biomedical diagnostics,>" or the ability to
coordinate a variety of transition metals.””>> More recent
reports on vinyl thioethers not only mostly focus on aromatic
derivatives, such as the commercially available phenyl vinyl
sulfide, but also include various other functionalities. In par-
ticular, the group of Mori is pursuing this research further and

This journal is © The Royal Society of Chemistry 2022
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has demonstrated controlled radical polymerizations using
reversible addition-fragmentation chain transfer (RAFT)*¢7°
and atom transfer radical (ATRP)*32
techniques.

Limiting factors for a more widespread application of
different types of these monomers are firstly their incompat-
ibility with peroxide initiators, which are most commonly
applied in industry.>® Secondly, the synthesis of particular ali-
phatic derivatives proceeds either via toxic intermediates or
requires harmful and malodorous reagents,”**> which both
complicate large scale productions. However, BASF SE has
recently realized a scalable synthesis procedure to prepare
vinyl mercaptoethanol (VME) based on the industrially estab-
lished Reppe process.*®*® This approach opens up the possi-
bility of producing the functional monomer VME on an indus-
trial scale giving access to large quantities at reasonable costs
and enabling the use of such vinyl thioethers in polymer
chemistry. In this study, we investigated the polymerization be-
havior of this monomer in detail, which includes the ability to
form defined polymers and block copolymers by the RAFT
process. In addition, the resulting homo- and copolymers were
examined in terms of their physical and mechanical
properties.

polymerization

Results and discussion
Homo- and copolymerization behavior

In a first attempt, the monomer was polymerized in bulk using
azo-initiators. The previous observations on the incompatibil-
ity with peroxide initiators could be confirmed and no
polymerization occurred applying a common peroxide initiator
(data not shown). The conversions were monitored using
nuclear magnetic resonance spectroscopy (NMR) and size
exclusion chromatography (SEC) (see ESI Fig. S1/S3%). The
apparent polymerization rates determined for different
amounts of AIBN are comparable with methacrylates under
these conditions (kap, = 0.003 min~" for the polymerization of
MMA with 1% AIBN at 55 °C, see ESI Fig. S2t). An overview of
the polymer characteristics is given in Table 1.

The prepared homopolymers were subsequently examined
for their solubility. Despite the polar hydroxy groups, water
appears to be a non-solvent for PVME, but nevertheless, these
groups necessitate highly polar solvents to break potential
hydrogen bonds they form. Therefore, only DMSO, DMF or
methoxy ethanol appeared to be suitable solvents for the
homopolymer. It is further worth mentioning that our first
attempt to thoroughly dry the homopolymer resulted in a
crosslinked material (gel formation upon addition of DMF as a
good solvent, see ESI Fig. S4at). A closer look at the drying
conditions revealed that crosslinking (see the ESI, shoulder at
higher molar masses in SEC, Fig. S51) only occurs when the
substances are kept at elevated temperatures (>40 °C) under
vacuum. Simultaneous Thermal Analysis-Mass Spectrometry
(STA-MS) measurements were performed to shed light on the
underlying mechanism of this reaction (ESI, Fig. S4b¥). At elev-

This journal is © The Royal Society of Chemistry 2022
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Table 1 Amount of initiator, polymerization rate, conversion, number
average molar mass (M,) and dispersity (D) values of the free radical

polymerization of VME after 24 h
AIBN Mn*

S S
NUN0H  Buk, 55°C, 24 h I
OH
kapp” Conversion” 24 h M, [kg

Initiator [min™"] [%] mol ] pe
0.1% 0.001 63 115.4 2.11
0.2% 0.002 81 140.2 2.2
1% 0.005 93 93.7 2.56

“ Determination from a linear increase of the graph in Fig. Sta.t *'H
NMR (300 MHz, DMSO-d,) after 24 h, determination via a hydroxyl
group. “SEC (DMAc (+0.21 wt% LiCl), PMMA standards) after 24 h.

ated temperatures (>110 °C) water is released from the
material. While it could still be entrapped in the material, the
continuous increase in intensity also indicates release due to a
condensation reaction (ESI Fig. S4ct), which results in the for-
mation of ether links. But a further increase in temperature
leads to another signal arising from the sample. The mass
could be assigned to acetaldehyde, whose release can be
explained by the second mechanism depicted in ESI Fig. S4cf.
Both reactions are certainly accelerated in a vacuum, which
explains the observed crosslinking at lower temperatures. To
the best of our knowledge this phenomenon has not yet been
observed with other hydroxide polymers, we assume that the
sulfur has an activating effect on these crosslinking reactions.
In accordance with some previous studies on this
monomer,***" we further investigated its copolymerization be-
havior with different vinyl monomers including styrene,
methyl methacrylate (MMA), n-butyl acrylate (BA), vinyl pyrroli-
done (VP) and vinyl acetate (VA) as representatives of different
classes. The copolymerization parameters were determined
according to the method established by Fineman and Ross
(Table 2, further details in Fig. $6/71).** The results confirm a
strong tendency to alternate with electron deficient MAMSs
such as acrylates, but also reveal a limited tendency to copoly-
merize with either electron rich MAMs (styrene) or LAMs such

as vinyl acetate, 143974143745

Table 2 Copolymerization parameters’ of VME with different

comonomers
Comonomer r 7

Styrene 0.04 5.88
Methyl methacrylate 0.07 0.48
n-Butyl acrylate 0.05 0.13
Vinyl pyrrolidone 0.22 3.28
Vinyl acetate 15.09 0.15

“ Determination according to the method of Fineman and Ross.*?
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A classification of the monomer is possible by the determi-
nation of the corresponding Q and e values,*® which mainly
correspond to the ability of the reactive polymer end group to
stabilize the radical and the polarity of the monomer, respect-
ively. Similar to previous studies on vinyl thioethers, a reason-
able stabilization of the radicals was confirmed by a Q-value of
0.45, which is close to methacrylates. The determined e-value
(e = —2.0) is however more similar to vinyl ethers and reflects
the high electron density of the vinyl group on this monomer,
which confirms the tendency to alternate with electron
deficient (meth)acrylates (see ESI Fig. S8t).

Reversible addition-fragmentation chain transfer (RAFT)
polymerization

In addition, we investigated whether it is possible to prepare
defined polymers by controlled polymerization techniques.
Reversible addition-fragmentation chain transfer (RAFT)
polymerization appeared as the most suitable method, since it
tolerates a variety of functional moieties. In accordance with
the previous observation on the stabilization of the radical end
group, three different chain transfer agents (CTA) were tested:
2-(((butylthio)carbonothioyl)thio)propanoic acid (CTA 1),
4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CTA
II), and cyanomethyl-N-methyl-N-phenyl-dithiocarbamate (CTA
III). While the first is optimized for acrylate or styrene mono-
mers, the second is required to control methacrylates due to a
better transfer constant. CTA III is considered suitable for less
activated monomers (LAMs) such as vinyl acetate or vinyl
amides, which, however, appears unsuitable for the polymeriz-
ation of VME, since molar masses do not increase with conver-
sion and only broad distributions were obtained (see
Fig. S11%). The other two CTAs instead result in well-defined
polymers with dispersities below 1.2 (Fig. 1). Interestingly, the

i
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Fig. 1 Evolution of M, (filled symbols) and dispersity (empty symbols)
with increasing conversion during polymerization with CTA | (black
squares) or CTA Il (red triangles).
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molar mass distribution using CTA II appears to broaden
towards higher conversions indicating some side reactions,
which is also corroborated by enhanced tailing towards lower
molar masses in the SEC traces (ESI Fig. S9 and S10%).
Nevertheless, both CTAs result in a linear increase of molar
mass with conversion.

The deviation of the experimental M,, with the theoretical
value is related to the calibration of the SEC based on PMMA
standards, which therefore only provides relative values.
Absolute molar masses could however be derived from 'H
NMR spectroscopy comparing the signal of protons of the CTA
end groups with the signal of the OH-group in the polymer
(NMR spectra are given in Fig. S12,T the corresponding inte-
grals are summarized in Table S77). Since the dispersity of the
RAFT polymerization with CTA II increased for the 24 h
sample, the sample after 6 h of reaction time was exemplarily
used to calculate the average molar mass. In the case of CTA I
the sample is taken after 24 h was used. The determined
molar masses agree well with the theoretical values (Table 3).

Based on the good control obtained with CTA I, we further
extended the experiment to controlled copolymerizations of
VME with BA and MMA (ESI Scheme S17}). Both cases resulted
in narrowly distributed polymers (ESI, BA: Table S8/9 and
Fig. S13, MMA: Table S10/11 and Fig. S14t). While the CTA is
well suitable for the polymerization of BA, the observed good
control in the case of MMA must be related to the high ten-
dency for alternating incorporation of the monomers, which
compensates for the inapt transfer expected for this CTA.

Another interesting aspect in this context was the synthesis
of block copolymers (Scheme 1). Of particular interest is the
sequence of monomer additions, which still enables the prepa-
ration of well-defined block copolymers.

Therefore, VME was first polymerized for 4 h in the pres-
ence of CTA I resulting in the narrowly distributed polymer
PVME,. After removal of the remaining monomer by precipi-
tation, the macro-CTA was chain extended with BA. The low
dispersity of the obtained block copolymer and the clear shift
of the SEC traces towards higher molar mass prove the suc-
cessful chain extension of the first block resulting in PVMEg,-
b-PBAg; (Fig. 2a). It is noteworthy to mention that extended
polymerization times (24 h) for the first block seems to
strongly impact the ability of the macro-CTA to reinitiate
during the block formation (ESI, Fig. S15f). We assume that
the RAFT end groups are not fully retained after 24 h and are

Table 3 Theoretical and practical determined values of the molar
masses of the RAFT polymers

M, (SEC)* M, (NMR)? M, (theo.)’

[g mol™"] [g mol™] [g mol™]
CTA1 (24 h) 14 600 5800 6000
CTAII (6 h) 16 300 6700 7100

“SEC (DMAc (+0.21 wt% LiCl), PMMA standards). ” Determined by 'H
NMR (300 MHz)-spectroscopy comparing the signals specific for the
CTA end group with signals of the repeating unit. “Determination
from the conversion and the ratio of CTA and the monomer.
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cleaved either by additional radicals being formed or hydro-
lysis. In contrast to BA, the polymerization of MMA with the
P(VME) macro-CTA did not form defined block copolymers
despite the good copolymerization (see ESI Fig. S15t). Similar
to macro-CTAs based on acrylates, we assume that the initial
equilibrium in the RAFT process does not favour a sufficient
transfer and the chains are not reinitiated equally fast com-
pared to the propagation. Although we were not able to calcu-
late transfer constants due to signals overlapping in the NMR,
the obtained data suggest low transfer constants (<1) under
these conditions. Considering the successful chain extension

This journal is © The Royal Society of Chemistry 2022

with the acrylate monomer, these results further hint at a com-
parable stabilization of the radical chain end by a terminal
VME unit as expected for acrylates or acrylamides despite the
previously found Q-values, which were closer to methacrylates.

To gain a more detailed understanding of the block for-
mation, we further reversed the order of blocks and started
with BA or MMA instead. The first was polymerized in the
presence of CTA I and then extended with VME. This order
also resulted in successful block formation indicated by the
nearly complete shift of the SEC trace (Fig. 2b) and the
polymer PBAy,-b-PVME,; was obtained. Due to the rather low
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propagation rate of VME only low conversions could be
achieved in 4 h, which was again chosen to minimize any side
reactions. The macro-CTA PMMA,, was successfully syn-
thesized using CTA II, and again a well-controlled second
block was formed starting the polymerization of VME in the
presence of this macro-CTA (Fig. 2c). The successful chain
extension in this case further corroborates the previous
assumptions on the reactivity of the different chain ends.

Modification of homopolymers by oxidation

The polarity and thus the solubility of the presented sulfur-
based polymers changes fundamentally if the sulfide groups
are oxidized to sulfoxides or sulfones.*®*”**® We have already
reported that the monomer can be selectively oxidized to sulf-
oxide or sulfone using hydrogen peroxide as the oxidizing
agent.’® The resulting electron-poor vinyl compounds were,
however, not suitable for direct radical polymerizations or
showed only low reactivity. While the vinyl sulfinylethanol
monomer did not polymerize at all, the conversions of vinyl
sulfonylethanol (VSE) remain very low (<5%) and also the
molar mass is considerably lower (10 600 g mol™" after 48 h at
65 °C, see Fig. S167) than the molar mass (67 100 g mol ™" after
24 h at 65 °C, see ESI Fig. S31) of PVME obtained under com-
parable conditions. An alternative route is the post-polymeriz-
ation oxidation of the homopolymer PVME (Fig. 3). Dissolving
the polymer in DMF the oxidation can mildly be induced by
the addition of hydrogen peroxide (cfina = 0.2 g mL™"). The
conversion calculation was performed using the integrals of
the hydroxide group (§ = 5.05 and 4.85 ppm), which showed a
clear low field shift of the oxidized species compared to the
PVME (Fig. 3c). The kinetics of the reaction indicate a rapid
conversion of approximately 20% of the sulfide within the first
minutes, which is followed by slower but continuous oxidation
of nearly all thioether moieties (>90%) (Fig. 3b). While the
NMR spectra indicate conversion of the sulfide an unequivocal
identification of the resulting species (sulfoxide or sulfone)
was not possible in these "H NMR spectra. Therefore, we con-
ducted additional experiments to analyze the observed state of
oxidation under different conditions for the oxidation. Firstly,
the initial oxidation with only hydrogen peroxide was repeated
and kept for 24 hours at room temperature. Similarly, we also
tested the reaction at elevated temperatures (60 °C) and in the
presence of the catalyst sodium tungstate, which was used to
convert the monomer VME to the corresponding sulfone. The
resulting polymers were purified and analyzed in detail by
Infrared (IR)- and Heteronuclear single quantum coherence
(HSQC)-NMR-spectroscopy. A closer look at the latter revealed
high selectivity of the different oxidation procedures. While
the initially used, milder conditions almost selectively form
sulfoxide moieties, a clear shift of the signal of the SO-CH,
group (3.29 ppm, 49.49 ppm) with respect to the signal of the
SO,-CH, group (3.44 ppm, 53.65 ppm) was observed for the
reaction at elevated temperatures and with the catalyst
(Fig. S17t). The additional IR-spectra confirmed these clear
differences between the two samples, as distinctive signals for
the sulfoxide and sulfone groups are observed (Fig. 3d and e,
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SO stretching ~1020 cm™", SO, stretching ~1280 cm™'). The
comparison with polyvinyl sulfonylethanol prepared by the
radical polymerization of the sulfone monomer substantiates
that the oxidation without a catalyst leads to sulfoxide, while
the one with the catalyst and higher temperatures creates the
sulfone, as these signals overlap well.

Thermal properties of the prepared homo- and copolymers

For a more detailed examination of the thermal properties of the
polymers, larger batches of different homopolymers, the most
interesting copolymers and block copolymers were prepared and
purified (for NMR spectra see Fig. S18f). We first focused on
PVME and its oxidized analogues. Interestingly, TGA measure-
ments revealed that the original sulfide-based polymer exhibits
high thermal stability (>300 °C), while the analysis of the oxi-
dized PVME results in a significant loss of mass at around
150 °C (see ESI Fig. S18at). The more polar sulfoxide groups
seem to destabilize the integrity of the polymer. In contrast, the
sulfone moiety as in the directly prepared PVSE appears to
increase the stability again. As verified by DSC measurements,
the glass transition temperatures (T,) of the polymers shift sig-
nificantly with the oxidation of the polymer. While PVME fea-
tures a T, of around room temperature (ESI Fig. S18bf) corres-
ponding to its soft appearance, the glass transition of the oxi-
dized variant could not be found below the decomposition
temperature. However, PVSE reveals a glass transition at 97 °C.

We further examined the different copolymers prepared by
free radical polymerization. Similar to the homopolymer, all
copolymers showed high thermal stability with significant
mass losses only occurring at temperatures >300 °C (data not
shown). The glass transition temperatures, in turn, change in
comparison with the pure homopolymers as expected for
random copolymers (Table S12 and ESI Fig. S207%). In compari-
son to pure PMMA an increasing content of VME leads to a
corresponding shift of the glass transition temperature to
lower values. Considering the T, value of PVME, a linear corre-
lation between the composition and glass transition can be
estimated, as observed for other random copolymers (Fig. 4). A
similar shift of Ty, but in the opposite direction, is observed
for the copolymers of VME with BA. In this case an increase of
the glass transition temperature to —17 °C is observed com-
pared to the homopolymer PBA.

We further examined the more defined polymers prepared
by RAFT (ESI Table S13/14 and Fig. S21/22%). The random
copolymers displayed a similar trend and were mostly inde-
pendent of the overall molar mass of the polymer and an
average T, value between both homopolymers is observed
(Fig. 6). However, if the block copolymers are considered, the
results differ significantly. In particular for the block copoly-
mers of VME with BA, multiple glass transition temperatures
are found, which correspond to the T, estimated for the indi-
vidual homopolymers (Fig. 5). This data indicates a micro-
phase separation in the bulk of these polymers. Surprisingly,
two clear glass transition temperatures and thus phase separ-
ation can even be observed for the block copolymer PBAy,-b-
PVME,; with a very short block of VME. This result exemplifies

This journal is © The Royal Society of Chemistry 2022
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of conversion versus time of the oxidation of PVME without a catalyst, (c) *H NMR-spectrum (300 MHz, DMSO-ds, 298 K) of the kinetic sample of
the oxidation of PVME after 60 min without a catalyst, (d) IR-spectra and (e) enlarged section of the IR-spectra of the different oxidized polymers.

a strong difference in the polarity of the polymers and further
hints at a rather high y parameter for these polymers. Further
investigations by small angle X-ray scattering (SAXS) would be
required to analyze the resulting morphology, but this aspect
was beyond the scope of this study. Nevertheless, the data
already indicate interesting potential for the creation of very
small domains in block copolymer bulk materials or thin
films, which could be of interest for future applications in
nanolithography or surface patterning.’’>*

This journal is © The Royal Society of Chemistry 2022

Optical and mechanical properties of homo- and copolymers

Considering the similar thermal properties and the easier
access to larger amounts, we further focused on the homo-
and copolymers prepared by free radical polymerization to
study their material characteristics in more detail. In contrast
to the yellow polymers prepared by RAFT polymerization (the
color is induced by the trithiocarbonate moiety of the CTA end
group), the homopolymers and copolymers prepared by free
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Fig. 4 DSC-data of the different copolymers P(MMA-co-VME) contain-
ing 10% VME (P2) or 40% VME (P3) in comparison to the corresponding
homopolymers PMMA and PVME (P1). All polymers were synthesized by
free radical polymerization.
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Fig. 5 DSC-data of the block copolymers PVMEg,-b-PBAgs (R14) and
PBAg,-b-PVME,; (R16) in comparison to the homopolymers PVMEg,
(R13) and PBAy; (R15), as well as the random copolymer P(BA-co-VME)g,
(R3). All polymers were synthesized using RAFT.

radical polymerization appear colorless and highly transpar-
ent. The refractive indices of these polymers were first esti-
mated by ellipsometry measurements of thin films prepared
on glass slides with thicknesses of approximately 4 pm.
According to the Lorentz-Lorentz equation, high refractive
indices can be expected for sulfur-containing substances
because of the high atomic refraction'””* However, ellipsome-
try measurements revealed that the homopolymer PVME had
only a slightly increased refractive index (np = 1.55) compared
to other common acylates or methacrylates (e.g. PMMA: np, =
1.48). It has to be mentioned that issues with reflections
during the measurements have led to relatively high uncertain-
ties in the absolute values, but the overall trend remains valid.

4940 | Polym. Chem., 2022, 13, 4934-4943

View Article Online

Polymer Chemistry

In accordance, we estimated the refractive indices of the copo-
lymers, which are in between both values for the homopoly-
mers and following a linear trend with increasing amounts of
VME (Fig. S2371). While exceptional refractive indices cannot be
achieved by incorporation of VME, good copolymerization
allows fine-tuning of these properties by incorporating
different amounts of VME. In addition to the refractive index,
we further examined whether the incorporation of VME alters
the high optical transparency of PMMA. Therefore, thicker
films (50-70 um) were prepared by drop casting and their
absorption in the visible range was analyzed by UV-Vis spec-
troscopy (Fig. 6b). Neither additional absorption bands nor a
significant increase of the general absorption in the visible
range becomes apparent from these measurements, which can
also visually be confirmed by the high transparency of the
material.

Since not only the optical properties are important for
application, we also examined the mechanical properties of
the polymer films at room temperature by nanoindentation
measurements. These investigations provide information on
elastic modulus, hardness, and creep of the materials and
were performed on very thick (>50 pum) drop cast films
(Fig. 6 and ESI Table S15%). First measurements on PVME
confirmed the soft nature of the polymer with an elastic
modulus of only 4.4 MPa and a hardness of only around 0.1
MPa. Interestingly, the copolymer of VME with BA resulted
in comparable values with only a slightly lower modulus of
2.5 MPa, although the glass transition temperature is nearly
40 °C lower and far below room temperature. Similar sur-
prising characteristics are observed when comparing the
creep of both materials by applying a constant load of
0.3 mN. While the copolymer was deformed by less than
400 nm, the homopolymer PVME resulted in a much higher
indentation of nearly 1000 nm at the same load. We assume
that the unexpected hardness and low creep of the copoly-
mer despite its much lower T, might be induced by the
higher average molar mass of the copolymer, but it might
also arise from additional inter-chain interactions within the
nearly alternating sequence of low polar BA and more polar
VME units. In addition to the previously described soft poly-
mers, we tested the impact of increasing VME content on
the mechanical properties of MMA-based polymers.
Considering the characteristics of the homopolymer, we
initially expected that the incorporation of VME might
deteriorate the good mechanical stability of PMMA.
However, both elastic modulus and hardness remain nearly
constant even when 40% of VME is incorporated into the
copolymer. The result is further corroborated by a nearly
identical creep behavior of all three tested polymers. The
results, therefore, rebut any detrimental effects of even a
quite high content of VME on the mechanical properties of
P(MMA-co-VME) copolymers, which renders these polymers
still well suited for common applications of PMMA but
where reduced glass transition temperatures, slightly
increased refractive indices, or increased polarity of the poly-
mers might be of further advantage.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Mechanical properties of (a—c) the homopolymer PMMA and the
copolymers P(MMA-co-VME) containing 10% VME (P2) or 40% VME (P3),
which were determined via nano-indenter measurements with a load of
1 mN. Similarly, the homopolymer PVME (P4) and the copolymer P(BA-
co-VME) (P1) (d-f) were tested with with a reduced load of 0.3 mN.

Conclusion

In conclusion, we have investigated the behavior of vinyl mercap-
toethanol (VME), an industrially scalable vinyl thioether, in free
and controlled radical polymerizations. The thioether or sulfide
unit induces similar stabilization of the radical chain end as
observed for acrylates, while the apparent polymerization rate is

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

reduced in comparison. The high electron density on the vinyl
group favors good copolymerization with electron deficient vinyl
monomers such as acrylates or methacrylates with a tendency to
alternating monomer incorporation. The RAFT polymerization
further enables access to well-defined homo- and copolymers, as
well as block copolymers. While during block formation with
n-butyl acrylate both orders of monomer addition result in well-
defined block copolymers, the polymerization of MMA cannot
be controlled by a PVME macro-CTA, which again exemplifies
similar stabilization of the radical chain end compared to acry-
lates. The homopolymer PVME is only soluble in very polar sol-
vents but despite the high density of hydroxyl units not in water.
The high reactivity of the thioether moiety further allowed the
post polymerization oxidation of PVME by hydrogen peroxide.
The resulting sulfoxide moieties render the polymer well-soluble
in water and induce even a hygroscopic character. Direct prepa-
ration of this polymer is otherwise not possible by radical
polymerization of the oxidized monomers.

In addition to the (co)polymerization behavior of VME we
examined the resulting thermal, optical, and mechanical pro-
perties of the different polymers. The homopolymer appears
very soft with its glass transition temperature around room
temperature and features a slightly increased refractive index
compared to other aliphatic vinyl polymers. Nanoindentation
measurements further corroborated the soft nature of the
material. As expected, average T,s were observed for the copoly-
mers with BA and MMA correlating with the content of the
incorporated VME. To our surprise, all block copolymers fea-
tured two glass transition temperatures even in the case of very
small blocks of VME (DP = 21). This proof of microphase separ-
ation at even low degrees of polymerization opens up an interest-
ing opportunity to access very small domain sizes, but more
detailed studies are certainly required to gain a detailed under-
standing of the morphology evolution. An interesting feature is
further observed for the copolymers with MMA. While an
increasing content of VME reduced the glass transition tempera-
ture, the mechanical properties at room temperature and optical
transparency appear not to be impaired even with 40% VME
incorporation. These modifications not only enable the adjust-
ment of the refractive index, but further introduce increased
polarity and additional functionalities (sulfide and hydroxyl
units) to the material, which certainly alter its physical pro-
perties. In summary, the improved accessibility of VME by the
industrially scalable process by BASF SE makes this monomer
attractive not only for modifications of common and technically
applied acrylates and methacrylates but also features interesting
characteristics as a homopolymer due to its unique reactivity.
The incompatibility with peroxide initiators certainly remains a
limitation for commodity products, but this aspect might be less
relevant if speciality chemicals are considered, where the unique
properties can open up interesting potential for applications.
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Experimental part

Materials and Methods

All reagents and solvents were commercially purchased from Sigma-Aldrich, TCI Chemicals, and

abcr, or were provided by BASF SE. All were used without further purification.

'"H-NMR spectra were measured with a Bruker spectrometer (300 MHz) equipped with an Avance 1
console, a dual 'H and !3C sample head and a 120 x BACS automatic sample changer and a Bruker
spectrometer (400 MHz) equipped with an Avance III console, a BBO sample head and a 60 x
BACS automatic sample changer. The chemical shifts of the peaks were determined by using the
residual solvent signal as a reference and are given in ppm in comparison to TMS. Deuterated

solvents were commercially purchased from EURISO-TOP GmbH.

Size-exclusion chromatography (SEC) of polymers was performed on an Agilent system (series

1200) equipped with a PSS degasser, a G1310A pump, a G1362A refractive index detector and a

Internal


mailto:johannes.brendel@uni-jena.de

PSS GRAM 30 and 1000 column with DMAc (+ 0.21 wt.% LiCl) as eluent at a flow rate of
I mL/min. The column oven was set to 40 °C and poly(methyl methacrylate) (PMMA) standards

were used for calibration.

The differential scanning calorimetry (DSC) measurements were performed on a DSC 204 F1
Phoenix® from Netzsch under a nitrogen atmosphere with a heating rate of 10 K/min. The thermal

gravimetric analysis (TGA) was carried under nitrogen using a Netzsch TG 209F1.

Simultaneous Thermal Analysis (STA) measurements were carried out using an Netzsch 449 F3

Jupiter® and Netzsch QMS 403 D Aéolos® with a quadrupole mass analyzer.

IR spectra were recorded on an Invenio S Fourier transform infrared spectrophotometer equipped

with a platinum ATR setup from Bruker.

Nanoindentation measurements were conducted on the film surface using a diamond Berkovich tip
by applying a max load of 1 mN or 0.3 mN. The apparatus used was a Nanoindenter G200 (KLA).
The applied load was controlled and the resulting penetration depth was detected, so that hardness,

Y oung modulus and creep can be determined from the load vs. displacemnet curve.

Film thickness and optical constants were determined by spectroscopic ellipsometry. Data were
collected by a Woollam Alpha-SE® between 380 nm and 900 nm wavelength. For data analysis,
CompleteEase® version 6.51 was used. The substrate is described with a Cauchy layer. To avoid
backside-reflection, a tape was applied to the backside of the substrate. For fitting of the polymer,
a layer was converted to a B-spline and fitted over the entire spectral range. An ideal model
considering sample roughness was applied. Polymer layer thickness and optical constants were

fitted simultaneously.
Synthetic procedures:

General procedure for the free radical homopolymerizations of vinyl mercaptoethanol
(VME): Vinyl mercaptoethanol (12 g, 116 mmol) and azobisisobutyronitrile (AIBN) were mixed,
and the resulting solution was split into 11 different vials. Every solution was purged for 20 min
with nitrogen and immersed into a preheated oil bath. The different polymerizations were stopped

at different time points to evaluate the kinetics of the reaction.
2
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Table S1: Temperatures and applied amounts of initiator for the free radical
homopolymerizations.

Temperature [°C] mupN [ME] NN [Mmol]
55 19.0 0.1
55 37.8 0.2
55 189.0 1.2
65 19.1 0.1
65 189.0 1.2

General procedure for synthesis of a bigger batch of PVME (P1): Vinyl mercaptoethanol (10 g,
96 mmol) and AIBN (189 mg, 1.2 mmol) were added in a microwave vial and the solution was
purged for 20 min with nitrogen. Afterwards the solution was stirred at 55 °C for 4 h. Then DMF
was added, and the polymers were precipitated in ether, centrifuged, redissolved in DMF and

precipitated in ether again. Finally, the polymers were dried under vacuum.

Synthetic procedure for the oxidation of polyVME to the sulfoxide: PolyVME (0.2 g, 1 eq.)
and was dissolved in DMF (3 mL) and 50 wt.% H,0O;-solution (1.3 g, 22 mmol, 10 eq.) was added
and stirred for 24 h at rt. The polymer was precipitated in methanol, centrifuged and dried under

vacuum.

Synthetic procedure for the oxidation of polyVME to the sulfone: PolyVME (0.2 g, 1 eq.) and
a spatula tip of sodium tungstate were dissolved in DMF (3 mL) and 50 wt.% H,0,-solution (1.3
g, 22 mmol, 10 eq.) was added and stirred for 24 h at 60 °C. The polymer was precipitated in

methanol, centrifuged and dried under vacuum.

Vinyl sulfonylethanol (VSE): Vinyl mercaptoethanol (30.00 g, 288 mmol, 1 eq.), sodium
tungstate (0.04 g, 0.12 mmol, 0.0004 eq.) and hydroxyanisol (0.05 g, 0.40 mmol, 0.001 eq.) were
dispersed in water (15 mL). Afterwards, 50% hydrogen peroxide solution (19.61 g, 288 mmol,
1 eq.) was added dropwise so that the temperature did not exceed 40 °C. The solution was further
stirred for 1 h at 40 °C. Subsequently, 50% hydrogen peroxide solution (19.61 g, 288 mmol, 1 eq.)
was added dropwise at 40 °C and the solution was stirred overnight at 60 °C. Finally, manganese

oxide was added, the solution was centrifuged, and the solvent was removed in a continuous stream

of air at 40 °C.
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'H-NMR (300 MHz, DMSO-de): & [ppm] = 6.93 (dd, J = 16.2, 9.8 Hz, 1H), 6.18 (dd, J = 12.7,
8.9 Hz, 2H), 5.06 (s, 1H), 3.74 (s, 2H), 3.24 (s, 2H).

BC-NMR (75 MHz, DMSO-d¢) 6 [ppm] = 138.09, 128.30, 56.19, 54.84.

Synthetic procedure for the for the free radical homopolymerization of VSE: VSE (4.0 g,
29.4 mmol, 1 eq.) and AIBN (50.0 mg, 0.30 mmol, 0.01 eq.) were added in microwave vial and
purged with nitrogen for 20 min. The reaction was started by immersion of the solution into a
preheated oil bath at 65 °C and was further stirred for 48 h. The polymer was then precipitated in
methanol, centrifuged, dissolved in methoxy ethanol, and precipitated in methanol again. The
polymer was dried under vacuum. Because of the low yields two batches had to be prepared for
the characterization. The first batch was used for the determination of thermal properties and the

second batch for SEC measurements and IR-spectroscopy measurements.

General procedure for the RAFT-homopolymerizations: Vinyl mercaptoethanol (1.0 g,
9.6 mmol, 1 eq.) was added to a 2w¢% stock solution of AIBN (1.5 mg, 0.009 mmol, 0.01 eq.) in
dioxane and the CTA (0.1 eq.). The reaction mixture was degassed for 20 min. Afterwards the
reaction mixture was heated at 65 °C for 24 h and samples were taken at different time points to

examine the kinetics of the reaction.

Table S2: Applied amounts of RAFT-agents for the RAFT-polymerizations.

RAFT-agent mcra [mg] ncra [mmol]
2-(((butylthio)carbonothioyl)thio)propanoic acid 24 0.1
4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid 25 0.1

General procedure for the determination of the copolymerization parameters: Vinyl
mercaptoethanol and comonomer 2 were dissolved in DMF (1 mL) in different ratios and a stock
solution of AIBN in vinyl mercaptoethanol was added. The reaction mixtures were purged for 20
min with nitrogen and then immersed into a preheated oil bath 65 °C. After short reaction times
(see Table S3) the polymers were precipitated, centrifuged, redissolved in DMF, and precipitated

again. The polymers were dried under vacuum and characterized by NMR-spectroscopy.
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Table S3: Applied amounts of monomers and initiator, applied solvents and time for the
determination of the copolymerization parameters.

Comonomer No. MymE M¢omonomer 2 MABN Solvent for Time [min]
2 [g] [g] [mg] precipitating

Styrene 1 2.66 1.36 3.12 Isopropanol 50
2 2.35 1.65 3.12 Isopropanol 50
3 2.02 2.00 3.12 Isopropanol 48
4 1.35 2.67 3.12 Isopropanol 46
5 1.01 3.00 3.12 Isopropanol 44
6 0.66 3.34 3.12 Isopropanol 42
7 0.50 3.51 3.12 Isopropanol 40
MMA 1 3.81 0.19 0.31 Diethyl ether 25
2 3.66 0.36 0.31 Diethyl ether 20
3 2.70 1.30 0.31 Diethyl ether 15
4 2.04 2.00 0.31 Diethyl ether 12
5 1.37 2.63 0.31 Diethyl ether 10

6 1.04 3.00 0.31 Diethyl ether 7

7 0.70 3.33 0.31 Diethyl ether 5
BA 1 3.77 0.23 0.31 Diethyl ether 16
2 3.50 0.44 0.31 Diethyl ether 14
3 2.45 1.52 0.31 Diethyl ether 12
4 1.79 2.21 0.31 Diethyl ether 10

5 1.16 2.85 0.31 Diethyl ether 8
VP 1 3.79 0.21 0.31 Diethyl ether 24
2 3.61 0.40 0.31 Diethyl ether 22
3 2.61 1.40 0.31 Diethyl ether 20
4 1.93 2.07 0.31 Diethyl ether 18
5 1.27 2.73 0.31 Diethyl ether 16
6 0.61 3.37 0.31 Diethyl ether 12
VA 1 3.86 0.16 3.12 Diethyl ether 40
2 2.83 1.16 3.12 Diethyl ether 40

5

Internal



Comonomer No. MyMmE Meomonomer 2 MABEN Solvent for Time [min]

2 [g] [g] [mg] precipitating
3 2.22 1.80 3.12 Diethyl ether 40
4 1.15 2.85 3.12 Diethyl ether 40
5 0.77 3.30 3.12 Diethyl ether 40
6 0.62 3.43 3.12 Diethyl ether 40
7 0.51 3.54 3.12 Diethyl ether 40

General procedure for the free radical copolymerization targeting higher conversions: Vinyl
mercaptoethanol and comonomer 2 were dissolved in DMF (1 mL) and a stock solution of AIBN
in vinyl mercaptoethanol was added. The reaction mixtures were purged for 20 min with nitrogen
and then immersed into a preheated oil bath 65 °C, where they were kept for 4 h. Afterwards the
polymers were precipitated, centrifuged, dissolved in DMF, and precipitated again. The polymers

were dried under vacuum.

Table S4: Applied amounts of monomers and initiator for the copolymerizations with higher
conversion.

mMyME nyme Mcomonomer 2 N¢omonomer 2 MABN NABN Solvent for
[g] [mmol] [g] [mmol] [mg] [mmol] precipitating
P2 MMA 038 3.6 3.6 36.2 0.31 0.002 Methanol
P3 MMA 2.1 20.1 2.0 20.0 0.31 0.002 Methanol
P4 BA 1.8 17.2 2.2 17.2 0.31 0.002 THF

General procedure for the experiments on the RAFT copolymerization with BA: N-butyl
acrylate, vinyl mercaptoethanol, a Swt% stock solution of AIBN in DMF, a 20w¢% stock solution
of CTA I in DMF and a few drops of mesitylene as a standard were added into a microwave vial
and purged with nitrogen for 20 min. Afterwards the reaction mixtures were stirred for 24 h at
65 °C. The polymers were precipitated in water:methanol-mixture (1:1), centrifuged, washed with

water:methanol-mixture (1:1) and dried under vacuum.

Table S5: Applied amounts of monomers and initiator for the RAFT copolymerizations with
BA.

Ratio mymg NvME m, ga N,.BA MAIBN NAIBN McTAl NcTAl
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VME: [g] [mmol] [g] [mmol] [mg ] [mmol] [mg] [mmol]

BA
R1 3:1 2.13 20.49 0.88 6.85 4.50 0.03 64.90 0.27
R2 2:1 1.86 17.89 1.15 8.97 4.60 0.03 64.50 0.27
R3 1:1 1.34 12.90 1.65 12.90 4.20 0.03 61.2 0.26
R4 0.5:1 0.87 8.39 2.14 16.72 4.10 0.02 60.10 0.25
RS 1:1 1.35 12.92 1.64 12.80 8.10 0.05 122.50 0.51
R6 1:1 1.34 12.90 1.65 13.83 2.08 0.02 30.70 0.13

General procedure for the experiments on the RAFT copolymerization with MMA: Methyl
methacrylate, vinyl mercaptoethanol, a 5wt% stock solution of AIBN in DMF, a 20wt% stock
solution of CTA Iin DMF and a few drops of mesitylene as a standard were added into a microwave
vial and purged with nitrogen for 20 min. Afterwards the reaction mixtures were stirred for 24 h at
65 °C. The polymers were precipitated in diethylether, centrifuged, washed with diethylether and

dried under vacuum.

Table S6: Applied amounts of monomers and initiator for the RAFT copolymerizations with

MMA.
Ratio mvMmg Nyme Myma Nvma MAIBN NABN Mcral Ncral
VME:M [g] [mmol] [g] [mmol] [mg] [mmol] [mg] [mmol]
MA
R7 3:1 2.28 21.92 0.73 7.29 4.90 0.03 68.22 0.29
RS 2:1 2.03 19.46 0.97 9.72 4.72 0.03 71.80 0.30
R9 1:1 1.52 14.64 1.47 14.72 4.80 0.03 70.20 0.29
R10 0.5:1 1.03 9.89 1.98 19.76 4.80 0.03 71.50 0.30
R11 1:1 1.54 14.78 1.47 14.66 9.50 0.06 140.72 0.59
R12 1:1 1.53 14.71 1.46 14.62 3.06 0.02 35.10 0.15

RAFT polymerization of poly[vinyl mercaptoethanol] [PVMEg,|: Vinyl mercaptoethanol
(6.12 g, 58.8 mmol, 182 eq.), 20wt% stock solution of CTA I (76.8 mg, 0.32 mmol, 1 eq.) in DMF
and 5wt% stock solution of AIBN (5.34 mg, 0.03 mmol, 0.1 eq.) in DMF, DMF (2.0 g) and a few
drops mesitylene as a standard were added into a microwave vial and purged for 20 min with

nitrogen. Afterwards the solution was heated to 65 °C and kept for 4 h. Then the polymer was
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precipitated in diethylether, centrifuged, dissolved in methanol and precipitated again in

diethylther, centrifuged and dried under vacuum.

Synthesis of poly[vinyl mercaptoethanol-block-n-butyl acrylate] [PVMEg,;-b-PBAg;]|: PVMEg,
(253.5 mg, 0.038 mmol, 1 eq.), n-butyl acrylate (477.0 mg, 3.72 mmol, 100 eq.) and 5wt% stock
solution of AIBN (0.87 mg, 0.005 mmol, 0.13 eq.) in DMF, DMF (1.25 g) and a few drops
mesitylene as a standard were added into a microwave vial and purged for 20 min with nitrogen.
Afterwards the solution was heated to 65 °C and kept for 4 h. Then the polymer was precipitated
in water:methanol-mixture (1:1), centrifuged, washed with water:methanol-mixture (1:1) and dried

under vacuum.

RAFT polymerization of poly[r-butyl acrylate] [PBAy,]: N-butyl acrylate (3.30 g, 25.7 mmol,
100 eq.), 20wt% stock solution of CTAI (61.86 mg, 0.26 mmol, 1 eq.) in DMF and 5w¢% stock
solution of AIBN (2.05 mg, 0.01 mmol, 0.05 eq.) in DMF, DMF (2.0 g) and a few drops mesitylene
as a standard were added into a microwave vial and purged for 20 min with nitrogen. Afterwards,
the solution was heated to 65 °C and kept for 4 h. Then the polymer was precipitated in
water:methanol-mixture (1:1), centrifuged, washed with water:methanol-mixture (1:1) and dried

under vacuum.

Synthesis of poly[n-butyl acrylate-block-vinyl mercaptoethanol] [PBAg,-b-PVME,,]: PBA,
(249.8 mg, 0.02 mmol, 1 eq.), vinyl mercaptoethanol (863.8 mg, 8.28 mmol, 400 eq.) and 5wt%
stock solution of AIBN (0.55 mg, 0.003 mmol, 0.17 eq.) in DMF, DMF (250.8 mg) and a few drops
mesitylene as a standard were added into a microwave vial and purged for 20 min with nitrogen.
Afterwards the solution was heated to 65 °C and kept for 4 h. Then the polymer was precipitated
in water:methanol-mixture (1:1), centrifuged, washed with water:methanol-mixture (1:1) and dried

under vacuum.

RAFT polymerization of poly[methyl methacrylate] [PMMAyg]: Methyl methacrylate (2.95 g,
29.5 mmol, 100 eq.), 20wt% stock solution of CTAII (76.8 mg, 0.29 mmol, 1 eq.) in DMF and
Swt% stock solution of AIBN (2.45 mg, 0.02 mmol, 0.1 eq.) in DMF, DMF (2.0 g) and a few drops

mesitylene as a standard were added into a microwave vial and purged for 20 min with nitrogen.
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Afterwards, the solution was heated to 65 °C and kept for 4 h. Then the polymer was precipitated

in diethylether, centrifuged, washed with diethylther and dried under vacuum.

Synthesis of poly[methyl methacrylate-block-vinyl mercaptoethanol] [PMMAs-b-PVME3;;]:
PMMA s (501.0 mg, 0.05 mmol, 1 eq.), vinyl mercaptoethanol (1061.9 mg, 10.2 mmol, 200 eq.)
and 5wt% stock solution of AIBN (0.89 mg, 0.005 mmol, 0.1 eq.) in DMF, DMF (2.0 g) and a few
drops mesitylene as a standard were added into a microwave vial and purged for 20 min with
nitrogen. Afterwards, the solution was heated to 65 °C and kept for 4 h. Then the polymer was

precipitated in diethylether, centrifuged, washed with diethylether and dried under vacuum.
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Supporting data

Free radical homopolymerization

Homopolymerization at 55 °C Homopolymerization at 65 °C
a 5.0- poly 3.0- poly
’ = 0.1% AIBN ' .
e 0.2% AIBN A . b
251 4 1% ABN 251
L ]
2.0 4 2.0
_ . —
Eb 1.5 501 5 .
E - 13 . . .
£ 1.0 . £ 1.0 .
0.5 L, . 051 o .
-
";; Y P = 0.1% AIBN
0.0 1 0.0 e 1% AIBN
/ . . rya - -
0 200 400 1400 1600 0 200 400 1200 1400 1600
Time [min] Time [min]

Figure S1: Ln (m¢/m) vs. reaction time for different polymerizations: a) homopolymerization
of VME at 55 °C; b) homopolymerization of VME at 65 °C.

0204 Kapp=0.003 min- .

0.054

0.00

Time [min]

Figure S2: Ln (my/m) vs. reaction time for homopolymerization of MMA at 55 °C and 1%
AIBN.
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Figure S3: SEC (DMAc (+ 0.21 wt.% LiCl), PMMA standards) traces of the kinetic samples
taken after 30 min, 45 min, 60 min, 90 min, 120 min, 240 min, 360 min and 1440 min from
the polymerization with a) 0.1 %, b) 0.2%, ¢) 1% AIBN at 55 °C and d) 0.1%, e) 1% AIBN

at 65 °C.
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Figure S5: SEC (DMAc (+ 0.21 wt.% LiCl), PMMA standards) traces for the investigation of
different influencing variables on cross-linking.

13

Internal



Copolymerization parameter

For the determination of the copolymerization parameters, the monomers were weighed in different
ratios, dissolved in DMF, degassed for 10 min, and then polymerized at 65 °C. In order to use the
Fineman-Ross method for the determination of the copolymer parameters, a conversion of less than
5% must be guaranteed, which in this case was verified with kinetics probes and the respective
analysis by NMR spectroscopy. Before reaching a conversion of 5%, the polymerization was
stopped by precipitating the polymers into a non-solvent. The polymers were then centrifuged,
redissolved, and precipitated/centrifuged again and dried under vacuum. Due to the risk of
crosslinking elevated temperatures were avoided during drying. The composition of the monomers
(equation (1)) was determined by exact weighing, and the composition of the polymers (equation
(2)) was determined by integrating the specific polymer signals for the various repeating units in
"H-NMR spectra (see SI Figure S19). If these values are now plotted graphically according to
equation (3), the values r; and r, can be determined from the slope and the intercept of the linear

fits, respectively (see SI Figure S6/S7).

[a]

composition monomer f = —

[b] (D
composition polymer F = ﬂ
[B] )
fa-n___f*
=-r—=+tn
F F (3)
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Copolymerization VME-co-VP
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Figure S7: Determination of the copolymer parameters via Finemann-Ross method of the
copolymerization of a/b) VME-co-VP ¢/d) VME-co-VA.

From the copolymer parameters calculated for the copolymerization with styrene, the O- and e-
values could be determined via equations (4) and (5), where Q describes the reactivity of the
monomer (resonance stabilization) and e the polarity, which varies for each monomer due to the
effect of the functional groups on the vinyl group. This allows the new monomer to be classified
and compared with other monomers.

ki1 P1Qqexp(-ejeq) _ Q

== = —expliii( - e (e, - e,))
Yok, PiQuexp(-eje)  Q 1(e1-€))

“4)
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Figure S8: Q-e Scheme with different monomers.!
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RAFT-homopolymerization

RAFT- polymerizations
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Figure S9: Ln (my/m) vs. reaction time for different RAFT-polymerizations with CTA I and

CTA II at 65 °C.
a) RAFT-polymerization with CTA | b) i RAFT-polymerization with CTA Il
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Figure S10: SEC (DMAc (+ 0.21 wt.% LiCl), PMMA standards) traces of the kinetic

samples taken after 60 min, 90 min, 120 min, 240 min, 300 min, 360 min and 1440 min from
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the RAFT-polymerization with a) CTA I, b) CTA II at 65 °C.
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Figure S11: SEC (DMAc (+ 0.21 wt.% LiCl), PMMA standards) traces of the kinetic
samples taken after 4 h and 48 h from the polymerization with a carbamate-RAFT agent.

Determination of M,, with 'H-NMR spectrocopy:
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Figure S12: 'H-NMR spectra (300 MHz, DMSO-dg) of the kinetic samples of the RAFT
polymerization with a) CTA II after 6 h and b) CTA I after 24 h.
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Table S7: Determination of M,, via the integrals of the protons in the NMR spectra.

RAFT polymerization Integral CTA group Integral OH-group  Repeating units M, [g/mol]

CTA1 3 55.63 56 6000
CTA Il 3 65.56 66 7100
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RAFT-copolymerizations

S + CTA I, AIBN W
BA m T Tnlo
I 24h,65°C S\LR

X >
VME

MMA

Scheme S1: Synthesis of random copolymers using RAFT.

Table S8: Conversions, molar masses (M,) and dispersities (D) of the copolymers obtained
from RAFT copolymerizations with different ratios of the monomers.

Ratio VME: BA Conversion Conversion M, b Degree of
pre-weight VME? BA® [g mol']P polymerization
(DP1e)®
R1 3:1 47 100 15 800 1.10 74
R2 2:1 54 100 17700 1.10 77
R3 1:1 76 88 18 300 1.12 82
R4 0.5:1 93 82 17 500 1.14 88

a IH-NMR (300 MHz, CDCl;) after 24 h, determination via standard mesitylene ® SEC (DMAc (+ 0.21 wt.% LiCl),

PMMA standards) after 24 h, ¢ Determination from conversion of the monomers.

Table S9: Conversions, molar masses and dispersities of the copolymers obtained from RAFT
copolymerizations with different ratios of CTA I and the monomers.

Targeted DP Conversion Conversion M, beb DP_,°
VME? n-BA? [g mol']b
R5 50 76 85 10 400 1.12 40
R3 100 76 88 18 300 1.12 82
R6 200 88 99 36 700 1.12 187

a IH-NMR (300 MHz, CDCls;) after 24 h, determination via standard mesitylene ® SEC (DMAc (+ 0.21 wt.% LiCl),

PMMA standards) after 24 h ¢ Determination from conversion of the monomers..
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Figure S13: SEC (DMAc (+ 0.21 wt.% LiCl), PMMA standards) traces of the RAFT-
polymers R1-R6 after 24 h.

Table S10: Conversions, molar masses and dispersities of the copolymers obtained from the
RAFT copolymerizations (CTA I) with different ratios of the monomers.

Ratio VME: MMA Conversion Conversion M, b DP.,©
pre-weight VME? MMA? [g mol']P
R7 3:1 61 100 14 900 1.11 81
RS 2:1 58 100 14 200 1.13 79
R9 1:1 63 98 16 500 1.14 81
R10 0.5:1 88 98 16 700 1.14 93

2 ITH-NMR (300 MHz, DMSO-dy) after 24 h, determination via standard mesitylene ® SEC (DMAc (+ 0.21 wt.%

LiCl), PMMA standards) after 24 h ¢ Determination from conversion of the monomers.

Table S11: Conversions, molar masses and dispersities of the copolymers obtained from
RAFT copolymerizations with different ratios of CTA I and the monomers.

Targeted DP Conversion Conversion M, pb DP_,°
VME? MMA? [g mol']®
R11 50 94 99 10 500 1.15 48
RY 100 63 98 16 500 1.14 81
R12 200 61 93 26 700 1.16 154

2 IH-NMR (300 MHz, DMSO-dg) after 24 h, determination via standard mesitylene ® SEC (DMAc (+ 0.21 wt.%

LiCl), PMMA standards) after 24 h ¢ Determination from conversion of the monomers.
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Figure S14: SEC (DMAc (+ 0.21 wt.% LiCl), PMMA standards) traces of the RAFT-
polymers R7-R12 after 24 h.
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Figure S15: SEC (DMAc (+ 0.21 wt.% LiCl), PMMA standards) traces of a) PVMEg, and
PVMEg,-b-PMMA with a reaction time of 4 h and b) of the different block-copolymers with
a reaction time of 24 h.

23

Internal



Modification of homopolymers by oxidation

Figure S16: SEC (DMAc (+ 0.21 wt.% LiCl), PMMA standards) traces of PVSE.
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Figure S17: Zoomed HSQC-NMR-spectra (400 MHz, DMF-d;, 298 K) of the oxidized species
prepared a) without any catalyst and b) with the catalyst sodium tungstate.
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Thermal properties of the prepared homo- and copolymers
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Figure S18: a) TGA-data and b) DSC-data of PVME, the oxidized species of PVME and
PVSE.
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Figure S19: a) "TH-NMR (300 MHz, DMSO-dg) spectrum of the homopolymer P1, b) 'H-NMR
(300 MHz, DMF-d;) spectrum of the copolymer P3, ¢) 'TH-NMR (300 MHz, DMF-d,)
spectrum of the copolymer P4.
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Table S12: Composition, number average molar mass and thermal data of homo and

copolymers synthesized via free radical polymerizatuion.

Polymer VME content M, bb Ty [°C] ¢
[%] * [kg mol'] ®
PVME (P1) 100 146 100 2.3 21
P(VME-co-MMA) (P2) 19 272 700 2.0 96
P(VME-co-MMA) (P3) 40 304 800 1.6 69
P(VME-co-BA) (P4) 45 408 700 2.4 - 17

a Determination via 'H-NMR (300 MHz)-spectroscopy after precipitation and purification ® SEC (DMAc (+ 0.21

wt.% LiCl), PMMA standards) ¢ Determination from DSC measurements.

Table S13: Composition, number average molar mass and thermal data of random

copolymers synthesized via RAFT polymerization.

Polymer VME content M, 0 Ty [°C] ¢
[Yo] * [kg mol'] ®

P(BA-co-VME)y, (R5) 47 10 100 1.1 -23
P(BA-co-VME)g, (R3) 44 19 300 1.1 -25
P(BA-co-VME) 57 (R6) 47 38 100 1.1 -19
P(MMA-co-VME),5 (R11) 57 14 600 1.1 57
P(MMA-co-VME)g; (R9) 44 17 000 1.1 56
P(MMA-co-VME);s4 (R12) 44 26 800 1.2 55

2 Determination via '"H-NMR (300 MHz)-spectroscopy after precipitation and purification ® SEC (DMAc (+ 0.21

wt.% LiCl), PMMA standards) ¢ Determination from DSC measurements.
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Table S14: Composition, number average molar mass and thermal data of block-copolymers
synthesized via RAFT polymerization.

Polymer VME content M, bb Ty [°C] ¢
[Yo] * [kg mol'] ®

PVMEg, (R13) 100 14 600 1.1 12
PVMEy,-b-PBAg; (R14) 43 22100 1.1 -48

7
PBAy, (R15) 0 13 100 1.1 -53
PBAy,-b-PVME,, (R16) 19 30 700 1.1 52
13

PMMAy (R17) 0 11 800 1.1 95
PMMA-b-PVMEj;, (R18) 25 18 200 1.1 109

2 Determination via '"H-NMR (300 MHz)-spectroscopy after precipitation and purification ® SEC (DMAc (+ 0.21
wt.% LiCl), PMMA standards) ¢ Determination from DSC measurements.
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Figure S20: DSC-data of homo- and copolymers P1-P4 synthesized via free radical
polymerization.
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Figure S21: DSC-data of the a) P(BA-co-VME) copolymers R3/5/6 and the b) P(MMA-co-
VME) copolymers R9/11/12 synthesized via RAFT polymerization.
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Figure S22: DSC-data of the copolymers R17 and R18.
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Figure S23: a) Plot of the refractive index vs. the VME content in the polymer b) UV-Vis
spectra of the polymer with different amount of VME.

Table S15: Optical and mechanical properties of the different homo-and copolymers.

Copolymer np E- modulus Hardness Creep
(632.8 nm)* [MPa] [MPa] [nm]
PMMA 1.48 3136 + 125P 115+2.6° 65 £ 2P
P(VME-co-MMA) (P2) 1.49 2678 £ 93P 100 £ 2.8 72 £ 1P
P(VME-co-MMA) (P3) 1.51 3209 + 78P 99+ 1.1° 65 + 2P
P(VME-co-BA) (P4) 1.52 2.5+£0.3¢ 0.1+0.01¢ 378 £ 14¢
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PVME (P1) 1.55 4.4 +0.3¢ 0.09 +0.003¢ 977+ 16¢

a Determination via ellipsometry measurements ® Determination via nano-indenter measurements with a load of

1 mN ¢ Determination nano-indenter measurements with a load of 0.3 mN

1. J. Brandrup, E. H. Immergut and W. A. Grulke, Polymer Handbook, John Wiley & Sons, Inc.,
Hoboken, New Jersey, 1999.

2. G. Beadie, M. Brindza, R. A. Flynn, A. Rosenberg and J. S. Shirk, Appl. Opt., 2015, 54, F139-F143.
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Abstract

S-Vinyl monomers react readily in radical polymerizations resulting in polymers with interesting
features such as enhanced refractive indices, increased thermal stability, or the ability to coordinate
various metals. Among them, vinyl mercaptoethanol (VME) can be produced in industrial scale,
but the poor solubility of the resulting homopolymer limits its application. In this contribution, we
investigated polymerizations of the monomer in water forming a heterogeneous system. The good
solubility of the monomer in water imparts the system with mixed characteristics between a
precipitation and an emulsion polymerization. Evaluating various surfactants, only polyvinyl
alcohol (PVA) was found to create stable dispersions, although micrometer sized particles are
formed with a broad size distribution. Nevertheless, the particles were able to coordinate silver or

gold ions. Attempts to reduce the noble metal ions by commercial reducing agents failed. However,
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exposure to sunlight unexpectedly resulted in a controlled reduction of the metal ions and the
formation of composite particles. Silver ion-containing dispersions demonstrated strong
antibacterial properties, while the effect was diminished in the corresponding composite. Overall,
the precipitation/emulsion polymerization of VME represents a promising pathway to stable sulfur-
rich polymer dispersions with the ability to coordinate metal ions or form reactive metal

composites.

Introduction

In large-scale production, heterogeneous radical polymerization techniques such as emulsion!®,
suspension!’! or precipitation®™ °! polymerizations are often preferred over homogeneous
polymerization techniques (bulk or solution polymerization).['! In particular, water-based reaction
media are used, since they offer the benefit of good heat dissipation, are environmentally benign,
and cause only low costs. Furthermore, polymers with higher molar mass and faster polymerization
rates can be obtained due to the confinement of the active radicals.[''"'3] In addition, there is the
possibility to produce micro- and nanoscale-sized particles and materials instantaneously. The
properties of the resulting suspensions or dispersions can be altered by varying the particle size,

14-16

particle surface chemistry or their composition.'*161 Such particles are used, for example, as

[18, 19 [20] [21-23]

paints,[!”] coatings,!'® 1°! adhesives,!*°! or imprinted polymers.

Such polymer particles can also be used as a host matrix for the coordination of metal salts or
nanoparticles, which either allow to introduce additional functionality into the polymers or
guarantee stabilization of the metal particles preventing clustering and aggregation.!**”! These
composites are commonly prepared in two different ways which are referred to as in situ or ex situ
method. In the first, an existing polymer is modified with metal ions or metal nanoparticles, while
in the ex situ variant the monomer is polymerized in the presence of the nanoparticles or metal
salts.?®] In any case, functional groups are required within the monomers or polymers that feature
a high affinity for the corresponding metals. In particular, sulfur-containing polymers have raised

n,[29, 30

considerable attractio I and they have a high affinity to noble metals such as silver, gold,

31-35

platinum, but also other metals.[*'-%! Many literature examples are based on polymers comprising

sulfonates,*) thiolates,”) thiols,1*8**! or thioethers groups,*®#* which coordinate well with these
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metals. More recently inverse vulcanization using elemental sulfur has raised increasing attention

[45-47 48-51]

to create sulfur rich polymers,'*>#’! which can further be modified with metal nanoparticles.!
Vinyl sulfide monomers represent another interesting monomer class to prepare polymers with
high sulfur content by straightforward radical polymerization.>?! The poor availability of such
monomers is certainly a limitation, but it is still surprising that reports on emulsion, precipiation,
or dispersion polymerizations in aqueous medium are scarcely found in literature, considering the

potential to create stable dispersion metal composites in a straighforward and scalable process.

Based on our previous work on the radical polymerization of vinyl mercaptoethanol (VME), we
investigated in this contribution the possibility of directly generating stable polymer particles from
this sulfur-containing monomer.>*! The monomer itself is fully miscible with water up to a
concentration of 105.5 g L! (at 20 °C), which differs from common monomers used in emulsion
polymerizations. Consequently, polymerization in an aqueous system might feature more
characteristics of a precipitation polymerization, although features of an emulsion system might
still prevail. Different stabilizing agents, as well as different monomer concentrations, were tested
to investigate on the one hand their influence on possible coagulation of the particles and on the
other hand their influence on conversion and chain length. Subsequently, we examined the
coordination of silver and gold ions within the resulting particles and tested the formation of
corresponding nanocomposites to expand the possible range of applications. In particular, with
regard to the application of silver nanocomposites, many examples are known in the literature that
prove the antibacterial effect of the substances and thus suggest an application in the medical
field.*>") Gold nanocomposites, in turn, can also be used in medical applications such as

diagnostic imaging and cancer therapy,*®? but are also suitable for catalytic applications.!®3-6¢!

Results and discussion

Influence of surfactants

Vinyl mercaptoethanol and the corresponding polymer feature an amphiphilic character induced
by the hydrophilic hydroxy moiety and the more hydrophobic thioether group. While the monomer,
therefore, has still a rather high solubility in water, the polymer becomes insoluble already at low
degrees of polymerization. Nevertheless, the hydroxy groups still cause a significant interaction
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with water, and due to the polar character, we assume a high degree of swelling of the polymer in
water, which makes suitable stabilization of corresponding particles challenging. The first
polymerization experiments were all performed at a monomer concentration of 0.22 g/mL, which
exceeds the solubility limit. We further used the water-soluble initiator 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (V-50). Considering that phase-separated monomer
droplets are formed in this case, the process certainly resembles some features of an emulsion
polymerization although the high solubility might induce most characteristics of a precipitation
polymerization. Several different stabilizing reagents are established for heterogeneous
polymerizations, which are necessary to prevent coagulation of the particles.'!! In consequence,
we first examined the polymerization of VME dispersed in water containing 1wt% of different
surfactants. At first, one of the most common stabilizing reagents, sodium dodecyl sulfate (SDS),
was tested. Surprisingly, this surfactant had no significant effect on the stability of the dispersion,
since precipitation occurred almost instantaneously with the first polymers formed (Figure 1). The
results were comparable to the control experiment without any surfactant. Further variations of the
conditions resulted in no improvement (data not shown). To exclude that the anionic character of
the surfactant induces instability by interacting with the positively charged initiator, we further
tested neutral stabilizers. Therefore, polyethylene glycol (PEG) based Tween™ 80 and Triton™
X-100 were examined and it seems that these surfactants with alkyl chains are also not suitable to
produce stable particles (Figure 1). We assume that the aliphatic tails of these surfactants are
generally incompatible with the polymer which we relate to the presence of the still rather polar

hydroxy groups.

In consequence, we further selected surfactants comprising more similar polar groups which were
considered to form secondary interactions such as hydrogen bonds with the hydroxyl group of
VME and, thus, ensure a better stabilization. Besides the triblock copolymer Pluronic™ F127,
commercially available polyvinyl pyrrolidone (PVP 40 000) and polyvinyl alcohol (PVA 31 000)
were examined. Unfortunately, Pluronic™ F127 and PVP did not live up to expectations because
the resulting particles sedimented still quickly and were not completely redispersible. Nevertheless,
some improvements were observed for PVP compared to the previously described surfactants,
since the full sedimentation appears slightly delayed and at least a part of the particles was

redispersible (for details about conversion and molar mass distribution see SI Table S6 and Figure
4
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S1). The DLS-measurements in water performed directly after polymerization confirmed a very
broad size distribution of particles with sizes >400 nm for all used surfactants (SI Figure S2). The
largest aggregates were formed with SDS (= 900 nm), while only minimal smaller aggregates were
observed with the other three surfactants (400 to 700 nm).

a)
V-50, surfactant *

x-Sy H,0, 80 °C, 5 h S

b)

Oh

Figure 1: Photographs of samples taken at different timepoints after the polymerization of
VME with different surfactants to illustrate the sedimentation behavior over the time; the
first image was taken immediately after polymerization.
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PVA, on the other hand, proves to be the best stabilizing reagent for this system, because the
particles sediment only slowly and are completely redispersible. This behavior could not be
observed with any other surfactant. However, even in this case, the DLS-measurements revealed
sizes in the range of micrometers (SI Table S7, Figure S3). Since the correlogram already give
indications of aggregates that are located outside of the measurable range, a very broad distribution
can be assumed. Nevertheless, redispersible dispersions are formed with PVA and SEM images
prove the spherical shape of the particles formed in the emulsion at a PVA content as low as 1wt%
(Figure 2d). However, due to the soft nature of the polymer, only collapsed particle structures
could be recorded in the SEM images. Subsequently, we investigated the influence of the PVA
content as well as the monomer concentration on the conversion, the chain length, and on the
stability of the particles. From the data summarized in Figure 2, it can be deduced that the
polymerization at 1wt% and 2wt% PV A is very similar, as similar conversion rates and molar mass
distributions were obtained. The molar mass distribution reveals a bimodal distribution, which is
another indication of a mixed polymerization process. However, a slight difference was observed
when the PVA content was increased to 4wt%. Both reaction rate and molar mass increase, which
might reflect a more heterogeneous character of the system. Interestingly and contrary to our
expectations, the DLS-measurements revealed that larger particles are formed at the increased
content of PVA (Figure S3), which indicates an upper limit even for this surfactant to create stable
dispersions. SEM-images prove again the presence of spherical particles (Figure 2d) but also

confirm broad size distribution of the particles also with higher amount of PVA.
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Figure 2: a) Photographs of samples taken at different timepoints after the polymerization of
VME with different content of PVA to illustrate the sedimentation behavior (the arrows
indicate the edge of the formed sediment, if present), b) plot of In(mo/m) vs. reaction time, c¢)
SEC (DMAc (+ 0.21wt% LiCl), PMMA standards) traces of the emulsion polymers after S h
with different amount of PVA, and d) SEM-images of the particles with 1wz% and 2wt%
PVA.
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Decreasing the monomer concentration had no major impact on the behavior of the polymerization.
At lower concentrations, the polymerization rate is decreased (SI Table S8 and Figure S4), but
this appears related to dilution rather than any effect of confinement in emulsion particles. At a
concentration of 0.06 g mL™!' the monomer fully dissolves in water turning the system into a pure
precipitation polymerization. Like the experiments at higher concentrations, redispersible particles

are formed, although these appear to sediment slightly faster compared to the previous samples.

We further analyzed the thermal properties of the prepared polymers. A decomposition temperature
of approximately 270 °C and a glass transition temperature of about 15 °C (SI Table S9, Figure
S6) were determined, which are close to the previous measured values for polymers prepared in
bulk or solution.[*¥ The rather low glass transition might further correlate with the tendency of the
particles to agglomerate and fuse together. Overall, stabilization of the particles proved to be
difficult, which, as mentioned in the beginning, is mainly due to the amphiphilic character of the
monomer and the resulting polymers. Nevertheless, the addition of PVA provided some stability

and redispersible microparticles are formed, even though the size distribution was broad.
Coordination of silver ions (Ag*@PVME) and formation of silver composites (Ag@PVME)

The coordination of various metals or ions is a feature induced by various sulfur compounds, and
we considered our dispersions an interesting candidate to create such composites. Initially, we
focused on silver ions and the formation of silver nanoparticles within the polymer dispersions.
Silver is known to coordinate well with sulfur, and the resulting ion- or metal-loaded polymer
particles might be interesting as antibacterial material similar to widely applied silver
nanoparticles. It turned out that a direct polymerization in the presence of silver nitrate or acetate
and the resulting pre-arrangement of the monomer induced a strong coagulation and was therefore
discarded (data not shown). Consequently, we pursued a two-step process, in which polymer
particles were first formed as described above (surfactant: PVA) and silver ions were later added

to the purified polymer particles.

Different amounts (0.02, 0.04 and 0.1 eq.) of silver ions compared to the sulfur atoms in the
polymer were added and then dialyzed to remove the excess of non-coordinated silver ions. The

successful incorporation of the silver ions into the particles was evaluated by inductively coupled
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plasma mass spectrometry (ICP-MS) measurements. The analysis revealed that the addition of an
increased amount of silver ions at the beginning also resulted in increased incorporation into the
polymer particles (SI Table S10 for details). At an amount of 0.02 and 0.04 equivalents of silver
ions, the determined silver ion concentration in the particles is close to the maximum possible
concentration, i.e., almost all silver ions are bound to the sulfur. However, for 0.1 equivalents the
values deviate which indicates an oversaturation of the particles with silver and an excess of silver
ions is removed during purification. Although 0.1 equivalents appear low considering the strong
affinity of the sulfur compounds, it has to be kept in mind that silver ions might coordinate with
several sulfur atoms and the particles might not be fully penetrable once the surface is saturated

with silver ions.

In addition, the influence of the silver ions on the emulsions with different PVA content was also
investigated. Interestingly, the silver ions appear to have a stabilizing effect on the particles, as
sedimentation was retarded, and DLS-measurements also confirmed a change of size (see SI
Figure S7). An agglomeration of particles might be prevented by the positive charge of the silver
ions and the associated repulsion. A positive net charge was confirmed by zeta potential
measurements (see SI Figure S8) and smaller size distributions are observed. It seems that the best
stability can be achieved with a PVA content of 1w#% and the silver ions, while faster
sedimentation can again be observed for example with 4w% or more PVA. Higher amounts of
PV A might prevent full incorporation of the silver ions covering the particle surface and a larger
amount of silver ions remains then in solution. This assumption is supported by the SEM-images,
where coagulation of the silver salts can be observed in the dried sample, but this occurs partly in
the polymer particle and partly outside the polymer particle (SEM-images for dispersion with 1wt%
and 2wt% PVA see Figure 4 and SEM-images for dispersion with 4w#% and 8wt% PVA see SI

Figure S9). For this reason, the emulsion with 1wt% was further investigated.
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Figure 3: SEM images of a) PVME@Ag" with 1wt% PVA, and b) PVME@Ag" with 2wt%
PVA.

The stability of the silver ion complexes in the polymer particles was further analyzed over one
week. First, we determined the silver concentration of the sample with 0.04 eq. of silver after initial
dialysis (three days) of the particles to ensure the removal of any excess of free silver ions. Then,
the emulsion was transferred into a controlled dialysis setup and the filtrate was analyzed every
24 h over six days by ICP-MS measurements. This total silver content decreased slightly over the

time indicating already a release of silver ions. A closer look at the filtrate samples taken every day
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confirmed a linear increase of the accumulated silver ions within the dialysis water over the six
days (Figure 4). Due to the inhomogeneity of the dialysis water, there may be deviations between
the concentration values determined for the dialysis water and the concentration loss in the dialysis

tube. Nevertheless, a continuous release of silver ions can be observed.
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Figure 4: Schematic representation of the release experiment (top) and cumulated amount of
released silver ions in the filtrate over one week.

Since the polymer emulsions were able to coordinate silver ions, we further tested the possibility
to create silver nanoparticles inside the polymer emulsions by reduction of the coordinated silver
ions. However, the choice of a suitable reducing agent proved to be a major challenge. Initial
attempts using conventional reducing agents such as sodium borohydride failed and led to
coagulation of the silver and the polymer particles. We consider the rapid formation and
competitive coordination of the borohydride salts might cause this instability of the solution, since
the coordination of the silver ions in the polymer particle is not sufficiently strong. A gentler
reducing agent is ascorbic acid. However, even in this case, silver nanoparticles appeared randomly
distributed throughout the sample and both free silver nanoparticles and silver nanoparticles
coordinated to the polymer could be detected (SI Figure S10). Nevertheless, the emulsion appeared

more stable compared to sodium borohydride. Interestingly, an alternative and mild pathway
11
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opened up during our experiments. Leaving untreated samples on the lab bench in open light
induced a color transition of the samples from white to brown indicating the in-situ formation of
silver nanostructures. We further followed this route using sunlight to induce the reduction. UV-
Vis spectra of highly diluted solutions revealed a clear shift of the absorbance of the emulsion to
higher wavelengths, which further confirmed the formation of silver nanoparticles (SI Figure S11).
Kept in sunlight, all emulsions remained stable and only a very slow sedimentation occurred over
time. Furthermore, the silver nanoparticles appeared uniformly distributed among the polymer
particles as shown by TEM and SEM images of the particles (Figure 5 and SI Figure 12, DLS
data Figure S13). An explanation for the reduction of silver ions by sunlight might be related to
the chemical nature of the polymer particle. In this case, the sulfide groups in the repeating unit
might act as reducing agents and themselves become oxidized to the corresponding sulfoxide.
However, we were not able to directly detect the oxidized product in the composite, despite
intensive efforts. Nevertheless, this experiment revealed a straightforward way to create silver

nanoparticles within the given polymer emulsions.

Sunlight

v

Ag*@PVME Ag@PVME

Figure 3: Schematical representation of the reduction of Ag*@PVME within the polymer
particles (left) and corresponding TEM-image of the reduced sample Ag@PVME (right).

As mentioned above, silver nanoparticles are frequently used in antimicrobial coatings or
materials.’4>7-¢7] The effect is often related to a continuous release of small amounts of silver ions
into the environment, which interfere with microbial growth.>® % 1 To elucidate whether the

polymer particles with silver ions or silver nanoparticles are suitable for antibacterial application,
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the growth of E. coli and S. aureus was studied in the presence of the different emulsions (Figure
6a). The pure PVME emulsion showed no antibacterial effect, resulting in unaffected bacterial
growth over 24 hours. The modified samples, on the other hand, revealed a significant antibacterial
effect. Ag"@PVME lead to a strong reduction of bacterial numbers in case of E. coli and S. aureus
after 4 hours of incubation and is maintained up to 24 h. Interestingly, the emulsions with silver
nanoparticles were not as effective as the coordinated ions and did not show a clear antibacterial
effect under the applied test conditions, which is in contrast to common silver nanoparticle-based
systems. We attribute this to the fact that the antibacterial effect is related to the continuous release
of silver ions, which was confirmed for Ag"@PVME. In case of the silver nanoparticles, the silver
content in the test sample with the nanoparticle preparation was significantly lower than in the
Ag"@PVME test sample and the required oxidation of the metallic silver might be suppressed or
the silver ions were too strongly bound to the polymer emulsions.[’”! We finally compared our
silver ion containing polymer particles with the benchmark substance Irgaguard B 6000 (Figure
6b, for details see Table S11), which is an antimicrobial agent based on a inorganic silver
glass/zeolite composite. At 4 hours incubation, the effect of Ag"@PVME on S. aureus is slightly
diminished compared to the control, but after 24 hours a similar effect is observed, despite the
system has not been optimized for this application. More detailed studies might help to improve

the effect, but this was beyond the scope of this study.
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Figure 4: a) Results of the tests on antibacterial effects (S. aureus: blue, E.coli: green) induced
by the pure PVME emulsion, the emulsion containing silver ions (Ag‘@PVME), and
emulsions comprising silver nanoparticle (Ag@PVME) after 4 h (light color) and 24 h (dark
color) of coincubation and b) Zoomed graph of the results on antibacterial effect for
Ag"*@PVME in comparison to a benchmark.

Synthesis of gold composites (Au@PVME)

Besides silver, other noble metals and their ions are known to coordinate well with sulfur
compounds. We therefore tried to extent our approach to gold, focusing again on an in situ
formation of polymer integrated nanoparticles. Initially, we tested potassium Au(IIl) chloride as
precursor, but this did not lead to stable dispersions. The addition of chloroauric acid, however, did
not cause coagulation and a homogeneous distribution of the gold salt could be confirmed by TEM

and SEM images (Figure 7). Again, we tested different reducing agents to induce the
14
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transformation into metallic gold. However, a broad distribution of gold particles and limited
incorporation into the polymer was observed like for the experiments with silver. Consequently,
we again tested a light-induced reduction, which resulted in an increasing coloration of the sample
turning purple-brown. Interestingly, the subsequent analysis by TEM and SEM revealed slight
deformations on the surface of the resulting polymer particles (Figure 7¢) and confirmed the
successful integration of the gold into the polymer. The deformations are most likely a result of the
reduction and a homogenous distribution of the initial precursor throughout the outer layers of the
polymer particles. We again speculate that the light induces an oxidation of the sulfur in the
polymer while the gold precursor is reduced. Overall, the particles appear stable, although a more
rapid sedimentation is observed, which we relate to the limited repulsion by charges and an
increased density induced by the metallic gold. The polymer particles modified with gold
(Au@PVME) are nevertheless still well redispersible if agitated rendering the system an interesting
and easily accessible scaffold for integration of noble metal catalysts, which is currently further

investigated.
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Figure 5: a) TEM-image of AuClsy @PVME, b) SEM-image of AuCls@PVME, c¢) TEM-
image of Au@PVME, and d) SEM-image of Au@PVME.

Conclusion

In summary, we investigated the possibility of an emulsion polymerization of the electron rich S-
vinyl monomer vinyl mercaptoethanol (VME) testing various surfactants. The monomer itself has
a solubility in water (105.5 g/L) but the polymer becomes insoluble. Due to the high solubility of

the monomer the process resembles characteristics of a precipitation polymerizations although
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monomer droplets are present at higher concentrations. The stabilization of the resulting polymer
particles appeared to be a major challenge in the system. Various added surfactants had no or only
limited visible effect on the stability of the formed dispersion, which we relate to the amphiphilic
character of the polymer structure comprising hydrophilic hydroxyl-groups next to the hydrophobic
thioether groups and the aliphatic backbone. Nevertheless, stable dispersions were obtained
applying PV A as surfactant, which might be able to coordinate to the hydroxy groups. In contrast
to common emulsion polymerizations, particles of few to several micrometers were obtained
depending on the amount of added surfactant. This result again reflects that the process is more
related to a precipitation polymerization than a real emulsion system. With a stable dispersion at
hand, we further investigated the potential of the particles to coordinate metal ions, particularly of
noble metals. First, the coordination of silver ions was examined and both the actual incorporation
of silver ions into the particle and the release over time were studied. Up to an amount of 0.04
equivalents of silver ions compared to sulfur in the polymer, almost all of the silver ions were
incorporated and complexed. Placed in deionized water, the silver ions are continuously released
over one week, although the rate is very low. Higher equivalents of silver ions cannot be fully
coordinated within the polymer dispersions which indicates that penetration into the polymer
particles might be hampered. We further investigated whether metal silver can be formed with the
polymer particles from the ion complexes. However, common reducing agents led to agglomeration
of the particles and only a limited amount of silver remained coordinated within the polymer.
Interestingly, simple irradiation with sunlight resulted in the formation silver nanoparticles, which
is presumably due to the fact that the polymer particle itself acts as a gentle reducing agent. In this
case, the distribution of silver throughout the polymer particle was more homogeneous and stable
dispersions were obtained. Considering a potential antibacterial effect of silver nanoparticles, we
further analyzed the effect of our different systems on the growth of E. coli and S. aureus. In
contrast to the pure emulsion, the dispersion comprising coordinated silver ions displayed a strong
suppression of bacterial growth almost compatible to an optimized benchmark system. However,
the system containing reduced silver nanoparticles had only a minor effect. We relate this to a
limited formation of free silver ions by oxidation, which would be required for an antibacterial
effect. In addition to silver, we also tested the coordination of gold as another noble metal. Adding

chloroauric acid, stable dispersions were formed where the gold ions appear well distributed
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throughout the polymer particles. The subsequent reduction in sunlight again turned out to be the
best method to create metallic gold within the polymer particles. This approach led to micrometer
sized polymer dispersions comprising a uniform coverage with metallic gold on the surface.
Overall, the presented straightforward approach to create dispersions of the sulfur-rich polymer
PVME may open interesting avenues to create host matrices for various metal ions and metal
nanoparticles. The resulting dispersions are stable or can easily be redispersed under agitation and

the metal particles are accessible at the surface.
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Coordination of noble metals in poly(vinyl mercaptoethanol) particles

prepared by precipitation/emulsion polymerization
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Experimental part

Materials and Methods

All reagents and solvents were commercially purchased from Sigma-Aldrich, TCI Chemicals, abcr,
or were provided by BASF SE and were used without further purification. Table S1 summarizes

the molar masses and other important properties of the surfactants used.
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Table S1: Overview of the molar masses of the different used surfactants.

Surfactant Molar mass [g mol!] Hydrolysis
Triton™ X-100 ~ 625 -
Tween™ 80 ~1 300 -
Pluoronic™ F-127 ~12 600 -
PVP 40 000 -
PVA 31000 86.7 to 88.7mol%

"H-NMR spectra were measured with a Bruker spectrometer (300 MHz) equipped with an Avance
I console, a dual 'H and '*C sample head and a 60 x BACS automatic sample changer. The chemical
shifts of the peaks were determined by using the residual solvent signal as a reference and are given
in ppm in comparison to TMS. Deuterated solvents were commercially purchased from EURISO-

TOP GmbH.

Size-exclusion chromatography (SEC) of polymers was performed on an Agilent system (series
1200) equipped with a PSS degasser, a GI310A pump, a G1362A refractive index detector and a
PSS GRAM 30 and 1000 column with DMAc (+ 0.21wt% LiCl) as eluent at a flow rate of
I mL/min. The column oven was set to 40 °C and poly(methyl methacrylate) (PMMA) standards

were used for calibration.

The differential scanning calorimetry (DSC) measurements were performed on a DSC 204 F1
Phoenix® from Netzsch under a nitrogen atmosphere with a heating rate of 10 K/min. The thermal

gravimetric analysis (TGA) was carried under nitrogen using a Netzsch TG 209F1 Iris®.

Dynamic light scattering (DLS) correlograms were measured on a ZetaSizer Nano ZS (Malvern,
Herrenberg, Germany) equipped with a He—Ne laser with a wavelength of A = 633 nm at a
scattering angle of 173°. All measurements were conducted in triplicate at 25 °C after an

equilibration time of 10 s and an acquisition time of 30 s.

Scanning electron microscopy (SEM) imaging was performed with a Sigma VP Field Emission
Scanning Electron Microscope (Carl-Zeiss AG, Germany) using the InLens detector with an

accelerating voltage of 6 kV. For the sample preparation, the dispersed samples were applied on a
2
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mica substrate by drop casting and dried over a few hours. Then the samples were coated with a
thin layer of platinum via sputter coating (CCU-010 HV, Safematic, Switzerland) before the
measurement. The contrast of the images was increased afterward to make the aggregates more

visible.

For transmission electron microscopy (TEM), dispersed samples were applied on an ultra-thin
carbon-coated grid by the drop-on-grid method. The samples were imaged using a probe-corrected
Themis Z® 3.1 machine (Thermo-Fisher, Waltham, USA) in High-Angle Annular Dark-Field
(HAADF) Scanning Transmission Electron Microscopy (STEM) mode. Data were analyzed using
the Velox 2.1x software. Particle size was manually analyzed with Imagic IMS software (Imagic

Bildverarbeitung AG, Glattbrugg, Switzerland).

ICP-MS samples were previously filtered and acidified with 2% HNO3. The measurements were

performed on 8900 Triple Quadrupole ICP-MS (FA. Agilent, Waldbronn, Deutschland).

Antibacterial tests:

Test organisms: Escherichia coli DSM 682 (E. coli), Staphylococcus aureus ATCC 6538 (S.

aureus).
Test emulsions: PVME, Ag" @PVME and Ag@PVME (with ascorbic acid)

Culturing: Two passages of the test organisms were done on Tryptic Soy Agar (TSA) for 24 h at
36 °C (+/- 1 °C). Cell material of the second passage was transferred to Tryptic Soy Broth (TSB)

for preparation of the inoculation culture (incubation for 24 h at 36 °C).

Test procedure: 290 pL of each sample was transferred in a deep-well microtiter plate. Then 10 pL
of inoculum was added to each sample resulting in approximately 3.0 x 10E6 cfu mL! sample
respectively. After mixing each sample with the pipette tip the plate was covered with an adherent
film and incubated at 36 °C. After contact times of 4 h and 24 h sampling was done after the
following description for each sample: 50 pL. were spread directly onto TSA containing neutralizer
via Drigalski spatula, another 50 pLL were diluted 1:10 in Saponin-Neutralizer, after 20 min
neutralizing time 50 uL were plated out onto TSA with a spiral plater, further 1:10 dilutions were

performed in deionized water and plated out onto TSA. The TSA plates were incubated for 48—
3
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72 hours at 36 °C prior to counting the colonies and calculating the colony forming units (cfu) per

mL sample.

General procedure for the kinetic experiments of the aqueous polymerizations:

2-(Vinylthio)ethanol (4.0 g, 38.3 mmol), the corresponding surfactant, two drops of
tetrabutylammonium chloride (internal standard) and water (volume: 11.95 mL) were added in a
microwave vial and stirred for 5 min at 40 °C to homogenize the solution. Before polymerization
a sample was taken as starting point control. Afterwards, the solution was cooled, and a 10wt%
stock solution of V-50 (0.206 g, 0.760 mmol) was added. The dispersion was purged with nitrogen
for 20 min and then immersed into an oil bath at 80 °C and stirred (800 rpm) for 5 h. Samples at
regular time intervals were taken over the course of the reaction to monitor the progress of the

reaction.

General procedure for the synthesis of a larger batch of PVME dispersion:

2-(Vinylthio)ethanol (20 g, 192 mmol), PVA (200 mg) and V-50 (1058.2 mg, 3.90 mmol) were
dispersed water (volume: 69 mL) in a round flask and the dispersion was purged with nitrogen for
20 min and then stirred (800 rpm) at 80 °C for 6 h. Afterwards, dialysis (MWCO: 3.5 to 5 kDa)
was performed against deionized water for three days including two exchanges of the surrounding

water.

General procedure for the silver ion release experiments:

PVME dispersions (concentration: 142.1 mg mL™') and a freshly prepared AgNO;-stock solution
(amounts used in the different experiments are given in Table S1) were added to a vial and the
dispersion was stirred for 24 h at room temperature. Afterwards, the dispersion was filled into a
dialysis tube, (MWCO: 3.5 to 5 kDa), deionized water was added, and the sample was purified
against 700 mL of deionized water for three days including two water exchanges to remove an
excess of silver ions. A sample of the dispersion was subsequently taken and analyzed via 1CP-
MS-measurements. The dialysis tube was then transferred into fresh water and another sample was

taken from the dispersion after 7 d and analyzed by ICP-MS. In case of R2, daily samples were



94  also taken from the filtrate over the course of six days. Quantities of the used chemicals are

95  summarized in Table S2.

96  Table S2: Overview of the quantities of chemicals used for release experiments.

CEmulsion Memulsion Mygno3 CagNoO3 Eq.of  myuer
[mg/mL]* [mg] [mg] stock Agvs. [mg]
solution sulfur
[mg mL™"]
R1 142.0 2019.7 9.6 4.8 0.02 2000
R2 142.0 2004.9 17.7 8.8 0.04 2026
R3 142.0 2008.8 442 22.2 0.1 2208

2 Gravimetrically determination of the concentration.

97

98  General procedure for the preparation of Ag@PVME:

99  Ascorbic acid as reducing agent: A freshly prepared AgNOs solution was added to the emulsion
100  and stirred for 3 h, then dialyzed (MWCO: 3.5 to 5 kDa) against deionized water for one day. 5 mL

101  of ascorbic acid solution were subsequently added, and the solution was stirred overnight under

102 exclusion of light. The resulting dispersions were again purified by dialysis (MWCO: 3.5 to 5 kDa)

103 against deionized water for three days including two water exchanges. Quantities of the used

104  chemicals are summarized in Table S3.

105  Table S3: Overview of the quantities of chemicals used for synthesis of AGNP@PVME with

106  ascorbic acid.

CEmulsion  MEmulsion Magno3 Cagnoz (mg  Eq.of  my, cyystock  Eq.of
[mg/mL]? [mg] [mg] mL1] stock Ag'vs. [mg] solution  Ag'vs.
solution sulfur [mg mL']  sulfur

57.0 5000 44.1 8.8 0.1 45.7 9.1 0.1

2 Gravimetrically determination of the concentration.

107
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Reduction in sunlight: A freshly prepared AgNO3 solution was added to the PVME-emulsion and
stirred for 3 h, subsequently dialyzed (MWCO: 3.5 to 5 kDa) against deionized water for one day.
Subsequently, the sample was diluted with deionized water, and the solution was stirred for three
days at room temperature in sunlight. The dispersions were again purified by dialysis MWCO: 3.5
to 5 kDa) against deionized water for three days including two water exchanges. Several batches

were prepared for all experiments, which are summarized in Table S4.

Table S4: Overview of the quantities of chemicals used for synthesis of AgNP@PVME in
sunlight.

Batch CEmuision ~ MEmulsion MagnNo3 CagNo3 Myater Eq. of

[mg mL']*  [mg] [mg] [mg mL1] [mg] Ag'vs.

stock solution sulfur
B1 (1% PVA) 68.97 5000 56.2 11.2 5000 0.1
B2 (1% PVA) 142.0 2000 17.7 8.8 2026 0.04
B3(1% PVA) 115.4 2000 33.2 16.6 2000 0.1
B4 (2% PVA) 102.3 2000 30.4 15.2 2000 0.1
B5 (4% PVA) 217.4 2000 58.1 29.1 2000 0.1
B6 (8% PVA) 199.15 2000 50.5 253 2000 0.1

# Gravimetrically determination of the concentration.

General procedure for the preparation of Au@PVME:

A freshly prepared HAuCls solution were added to the PVME-emulsion and stirred for 3 h, then
dialyzed (MWCO: 3.5 to 5 kDa) against deionized water for one day. Afterwards deionized water
was added, and the solution was stirred for three days at room temperature in sunlight. The particles
were purified by dialysis (MWCO: 3.5 to 5 kDa) against deionized water for three days in the
sunlight including two water exchanges. Quantities of the used chemicals are summarized in Table

S3.



124 Table S5: Overview of the quantities of chemicals used for synthesis of AuUNP@PVME in
125  sunlight.

Batch  Cpmuision  MEmuision  Maucia Caucia Myaer  Eq. of Au”
[mg mL-1]? [mg] [mg] [mg mL-] stock [mg] vs. sulfur
solution
Cl 57.0 5000 44.1 8.8 5000 0.1

2 Gravimetrically determination of the concentration.
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Results

Influence of surfactants

Table S6: Conversions and average molar masses of the aqueous polymerizations with

different surfactants.

Surfactant Conversion [%]? Molar mass [g mol']P pP
without 92 13 600 1.68
SDS 93 10 200 1.84
Triton™ X-100 89 12 400 1.78
Tween™ 80 93 11 900 1.43
Pluoronic™ F-127 93 10 700 1.70
PVP 93 10 600 1.54

@ Determination via 'H-NMR (300 MHz, DMSO-de)-spectroscopy via standard.

> SEC (DMAc (+ 0.21wt% LiCl), PMMA standards) after 5 h.

a)
— without surfactant
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a 0,8
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Figure S1: SEC (DMAc (+ 0.21wt% LiCl), PMMA standards) traces of the polymers after
the aqueous polymerization with 1w¢% of different surfactants.
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135

136  Figure S2: a) Correlograms and b) intensity distributions of the polymer particles after
137  polymerization with different surfactants (DLS measurements in water).

138



139  Influence of PVA content

140  Table S7: Conversions, molar masses and particle sizes of the emulsion polymerizations with
141  different amount of PVA.

PVA Conversion Molar mass bP Z- average PDI¢ Z-average PDI

[we%] [Y]* [g mol']® [nm]* [nm] ¢
1 93 7820 1.85 1180 0.64 1870 0.28
2 92 8170 1.80 1080 0.32 890 0.46
4 97 9470 2.24 3140 0.13 1210 0.71
8 97 9480 2.22 5640 0.04 4350 0.29

4 Determination via 'H-NMR (300 MHz, DMSO-dg)-spectroscopy after 5h with a standard.
b Determination via SEC (DMAc (+ 0.21wt% LiCl), PMMA standards) after 5 h.
¢ Determination via DLS — measurements before purification.

4 Determination via DLS — measurements after purification via dialysis.

10
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Figure S3: a) Correlograms and b) intensity distributions of the polymers after
polymerization with different amounts of PVA and c) correlograms and d) intensity
distributions after purification of the polymers with different amounts of PVA (DLS

measurements in water).
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148  Table S8: Conversions, and molar masses of the polymerizations with 1wz% PVA.

Concentration Conversion [%]? Molar mass [g mol ']’ pP
[g mL]

0.22 93 15500 1.75

0.11 89 13 500 1.6

0.06 76 10 800 1.36

2 Determination via 'H-NMR (300 MHz, DMSO-de)-spectroscopy after 5 h via standard.

b Determination via SEC (DMAc (+ 0.21w% LiCl ), PMMA standards) after 5 h.

149
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Figure S4: SEC (DMAc (+ 0.21wt% LiCl), PMMA standards) traces of the kinetic samples
taken after 15 min, 35 min, 1 h, 2 h, 3 h, 4 h and S h of the polymerization at a monomer
concentration of a) 0.22 g/mL, b) 0.11 g/mL, c) 0.06 g¢/mL and d) the plot of In(mo/m) vs.

reaction time.
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156
157  Figure S5: 'TH-NMR spectra (300 MHz, DMSO-ds) of the purified polymer.

158  Table S9: Thermal properties of the polymers prepared at different initial monomer
159  concentrations with 1wt% PVA.

Concentration [g mL] Ta [°C]? Tg [°C]P
0.22 271 14.9
0.11 272 13.0
0.06 271 13.7

2 Determination from TGA — measurements.

® Determination from DSC — measurements.

14
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160

161  Figure S6: a) TGA data (N2) and b) DSC data of PVME prepared at different initial monomer
162  concentrations.

163

164  Coordination of silver ions (Ag"'@PVME)

165  Table S10: Data from silver ion release experiments.

Exp. Eq. of Cag+[mg/mL] CEmulsion Cag+[mg/mL] theo. max.
AgNOs (pre- after [mg mL] after 7 d of Cag+[mg mL]
weigth) purification®  after 7d of dialysis? after 7 d of
dialysis® dialysis?
R1 0.02 0.15 4.2 0,136°¢ 0.086
R2 0.04 0.225 43 0.167 0.168
R3 0.1 0.378 6 0.321 0.561

2 Determination via ICP — MS measurements.
b Gravimetrically determination of the concentration.

¢ Deviation due to inhomogeneity of the sample.

d Calculation with the determined concentration of the emulsion and the preweighted eq. of the silver salt.

15
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Figure S7: a) Correlograms and b) intensity distributions of samples Ag*@PVME (B3-B6)
with different amounts of PVA (DLS measurements in water).
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Figure S8: Zeta-potential of Ag*@PVME (B3) measured in water.
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8wit% PVA

173
174  Figure S9: SEM images of Ag"@PVME a) B5 and b) B6.
175
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176  Formation of silver composites (Ag@PVME)

177

178  Figure S10: a) SEM image of Ag@PVME prepared with ascorbic acid as reducing agent and
179  b) corresponding TEM image.
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Introduction

Oxa-Michael polyaddition of vinylsulfonylethanol
for aliphatic polyethersulfonesf

Nicole Ziegenbalg,®® Ruth Lohwasser, Giovanni D'Andola,® Torben Adermann® and
Johannes C. Brendel @ *2®

Polyethersulfones are an interesting class of polymers for industrial applications due to their unusual pro-
perties such as a high refractive index, flame-retardant properties, and high temperature and chemical re-
sistance. The common aromatic polymers however require high temperatures for processing, while
alternative aliphatic polyethersulfones remain overall scarce in the literature with only oligomeric materials
being reported so far. Nevertheless, these materials have similar promising properties to those observed
for their aromatic equivalents. Here, we describe the reactivity of a novel AB-type monomer vinylsulfonyl-
ethanol, which enables a successful and straightforward synthesis of aliphatic polyethersulfones. Various
organic and inorganic catalysts were tested, and the kinetics of the resulting polymerizations were exam-
ined. Rapid conversions were observed resulting in polymers with molar masses in the range of 2000 to
4000 g mol™ within a few minutes. A closer characterization of the resulting polymers revealed that all
organic catalysts initiate the polymerization process by a nucleophilic addition to the vinyl group, even if
strong but sterically hindered bases are used. Inorganic bases in turn seem to deprotonate the hydroxy
groups to initiate the polymerization, as the vinyl end groups are preserved. The resulting polymers are
characterized by excellent heat resistance with degradation temperatures >300 °C in air, which is signifi-
cantly higher than previous observations for other aliphatic polyolefinsulfones. Further analysis reveals a
semi-crystalline nature of the polymer if processed from solvents although recrystallization appears to be
kinetically hindered. With the possibility to prepare the starting material vinylsulfonylethanol by a straight-
forward method and on a large scale, such polymers become easily accessible using the described prepa-
ration routes, while the beneficial thermal properties of the polymer may open up interesting opportu-
nities for their application.

required thiols remain an obstacle in large scale production
which is related to their unpleasant odor, their sensitivity to

At the end of the 19™ century Arthur Michael studied the 1,4
addition of stabilized carbanions to a-,f-unsaturated carbonyl
compounds, which set the basis for one of the most useful syn-
thetic methods in organic chemistry."™ In recent years,
Michael additions were not only used for the synthesis of
small intermediates®® and natural products® "' but also for
the synthesis'>™*® and modification'®™® of polymers. In par-
ticular, the thiol-Michael polyaddition is often used due to the
high reactivity of the monomers.”® Despite their reactivity the

“Laboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller
University Jena, HumboldtstrafSe 10, 07743 Jena, Germany.

E-mail: johannes. brendel@uni-jena.de
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tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1py00256b

This journal is © The Royal Society of Chemistry 2021

oxidation, and their high reactivity as nucleophiles. As an
alternative, the oxa-Michael addition gained increasing atten-
tion since alcohols are more accessible and stable compared to
thiols, but the reduced nucleophilicity, of course, renders the
development of suitable reaction conditions more challenging.

Considering polymerizations based on this oxa-Michael
addition, reports remain very scarce due to this limited reactiv-
ity. Although in general alcohols are convenient in terms of
preparation and storage, until now, only two different
approaches for oxa-Michael polyadditions have been reported.
In one case, hydroxyl functionalized acrylates*' > are used,
which require rather harsh reaction conditions (>80 °C) for a
successful polymerization. An interesting alternative approach
to improve the yield and reactivity lies in the use of vinyl sul-
fones or sulfoxides, which are among the most reactive
Michael-acceptors. In these reactions divinyl sulfones/divinyl
sulfoxides are combined with different bivalent alcohols result-
ing in an AA/BB-type polyaddition."**"*° For example, Strasser
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et al. reported a copolymerization of divinyl sulfone and ethyl-
ene glycol catalyzed by 4-dimethylaminopyridine (DMAP) at
room temperature.”” However, the obtained molar masses
remained rather low (<800 g mol™') and only oligomers are
formed, which might be related to the tendency of the inter-
mediates to form cyclic by-products. Nevertheless, their results
confirm that oxa-Michael polyadditions can result in the for-
mation of polymers under relatively mild conditions applying
the more reactive vinyl sulfone monomers. The resulting poly-
ethersulfones represent an attractive class of materials due to
their high polarities, excellent chemical resistance,>**! flame
retarding properties,®* and high refractive indices.>?

Nevertheless, an inherent challenge of an AA/BB-type poly-
addition is the application of exact equimolar amounts of the
respective monomers which is crucial to obtain high degrees
of polymerization.>**> An alternative attempt to the above-
described reaction of divinyl sulfone and dialcohols therefore
lies in the design of a similar reactive AB-type monomer. A
promising candidate is vinylsulfonylethanol, which contains
both a Michael acceptor and Michael donor. However, appli-
cations of vinylsulfonylethanol can only be found sporadically
in the literature®®?” which is most likely related to a limited
large-scale availability of this compound. Synthetic routes may
start from thiodiglycol but then either require a selective
mono-dehydration or proceed via toxic halogenated
derivatives.*® *® An alternative synthesis is based on vinylmer-
captoethanol (VME), which is readily oxidized to the corres-
ponding sulfone. The first reported reactions to form VME
used vinyl bromide, which was converted to the desired inter-
mediate using the corresponding sodium thiolate as the
nucleophile.’ More recently, an efficient direct vinylation of
mercaptoethanol could be demonstrated following the well-
established protocols for vinyl compounds according to
Reppe,*"** enabling a cost-effective access to VME on an
industrial scale.****

With the key intermediate VME being made available by
BASF SE, the aim of this work was to develop an efficient oxi-
dation process to prepare the AB-type monomer vinylsulfony-
lethanol and evaluate its ability to form aliphatic polyethersul-
fones in a straightforward oxa-Michael polyaddition. In this
regard, several potential catalysts were screened to initiate the
polymerization. Further in-depth investigations of selected
polymerizations were conducted to provide more information
on the underlying polymerization mechanism. The resulting
polymers were finally examined to determine their compo-
sition and properties.

Results and discussion
Synthesis of the monomer

Starting from vinylmercaptoethanol, the direct oxidation was
attempted with hydrogen peroxide (1 eq.) and sodium tung-
state (Na,WO,) as a catalyst, which should first give the corres-
ponding sulfoxide and finally the sulfone. While the sulfoxide
is formed rather quickly and does not necessarily require a

4338 | Polym. Chem., 2021,12, 4337-4346
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catalyst, the full conversion to the sulfone requires elevated
temperatures (60 °C). However, it was observed that a careful
adjustment of the reaction temperature is required to reduce
undesired side reactions which include among others the
uncontrolled polymerization. Therefore, the addition of small
amounts of a radical scavenger, e.g. hydroxyanisol, was found
to prevent any undesired polymerization of the vinyl groups.
The NMR signals of the vinyl bands shifted from § = 6.42 and
5.13 ppm to § = 6.93 and 6.18 ppm, respectively, indicating a
successful and complete oxidation (see Fig. 1, for the "*C-NMR
spectrum see ESI Fig. S1f). Following this procedure, the
product is obtained directly with high purity (>96%) and quan-
titative yields without the need for further purification after
quenching the excess of hydrogen peroxide over manganese(iv)
oxide.

Despite the presence of a strong Michael acceptor in conju-
gation with a primary hydroxyl group, the obtained AB-type
monomer is stable for more than a year if stored at 4 °C. No
signs of side reactions or additions between these complemen-
tary groups are observed.

Oxa-Michael polyaddition - bulk polymerizations

After the successful oxidation of VME, various potential cata-
lysts were tested for the oxa-Michael polyaddition in bulk. Two
different mechanisms are reported in the literature to initiate
the polymerization (see Scheme 1).%° The first one is character-
ized by a nucleophilic addition to the double bond and a sub-
sequent intra- or intermolecular proton transfer to initiate the
reaction cascade. The second possibility is a base-catalyzed
mechanism, where the hydroxyl group is directly deproto-
nated. Subsequently, in both mechanisms, the resulting nega-
tively charged oxygen can attack the vinyl group of another
monomer molecule, which is then followed by another intra-
or intermolecular proton transfer.

All selected catalysts (Fig. 2) are commercially available
and have demonstrated the ability to catalyze Michael

H20,
. Os
\/s\/\OH

Al
]

3 [PPm]

1 s 4
Y oM,

Fig. 1 *H-NMR spectrum (300 MHz, DMSO-de, 298 K) of vinylmercapto-
ethanol (red) and vinylsulfonylethanol (black).
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Scheme 1 Base-catalyzed and nucleophile-catalyzed mechanisms of the oxa-Michael addition of vinylsulfonylethanol.
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Fig. 2 Organic and inorganic catalysts (with the corresponding pK,-values®2~°6) used for the oxa-Michael polyaddition.

20,26,27,45-51 e to the fact that some of these cata-

additions.
lysts can react both as the nucleophile and base, classification
is done according to their organic and inorganic nature
(Fig. 2).

The first bulk polymerizations were initiated by addition of
the monomer to pre-weighed amounts of the catalysts (0.1
eq.). The exact equivalents of the active catalyst could not be
determined in most cases, as the solid catalysts did not com-
pletely dissolve over the course of the reaction. Nevertheless,
in all cases, a change in color was observed and the viscosity
increased significantly after only a few minutes indicating a
successful polymerization. More detailed investigations using
NMR spectroscopy confirmed the formation of a polymer by
oxa-Michael polyaddition as exemplarily displayed for the
Cs,CO;-catalyzed reaction after 1 h (Fig. 3, the NMR spectra of
the other reactions can be found in the ESI, Fig. S371). To deter-
mine the conversion of the functional vinyl groups, the corres-

This journal is © The Royal Society of Chemistry 2021

ponding signal of the =CH, moiety (§ = 6.21 ppm) was com-
pared to the -CH,-signal in the polymer backbone (5§ =
3.42 ppm) (for further information see ESI, Fig. S2%).

After 24 h conversions of the vinyl group of >94% were
obtained for all tested polymerizations, which confirms the
high reactivity of the monomer (Table 1). In general, there are
few differences in the conversion and chain length within the
kinetics of the polymerizations with different catalysts (see
ESI, Fig. S4/5/67). Interestingly, dispersities between 1.2 and
1.5 were observed for the final polymers, which are relatively
low compared to those from other step growth reactions. The
low values might be related to the relatively low molar masses
or the formation of cyclic structures, which cannot be excluded
during the reaction. In addition, the final samples (24 h) were
characterized by MALDI-ToF-MS. The obtained number
average molar masses were lower compared to the SEC values,
in particular for the carbonate catalyst samples. Interestingly,

Polym. Chem., 2021,12, 4337-4346 | 4339
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Fig. 3 IH-NMR spectrum (300 MHz, DMSO-dg, 298 K) of the Cs,COs-
catalyzed polymerization mixture after 1 h.

much better signal-to-noise ratios were obtained for the poly-
mers catalyzed by the organic compounds and a closer look
revealed that the main signals can only be assigned if the cata-
lyst is added to the polymer either as a salt or as a covalently
bound product (Fig. S8-S147t). The different possibilities were
further investigated on the purified polymers (vide infra).
These unexpected differences between the samples also indi-
cate that some polymers might only be insufficiently ionized,
which limits the accuracy of the determination of M, by
MALDI-ToF-MS.

A closer look at the kinetic samples reveals differences
between the bulky PPh; and the other catalysts in the first few
minutes of the reaction. A retarded initiation due to the steric
demand of the phenyl groups of PPh; was observed. However,
as soon as this initiation period is overcome, a fast propa-
gation of the polymerization occurs and conversions of >95%
are achieved within 1 hour. Interestingly, the liquid catalyst
DBU did not result in a significant increase in the reaction
rates compared to the other polymerizations, although it
appeared to fully mix with the monomer and thus the amount
of available catalyst should theoretically be higher.

The course of the reaction was further monitored by SEC
measurements. PEG-standards were used for calibration of the

View Article Online
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SEC and, therefore, these values will not reflect the absolute
molar mass values, but could provide a good approximation
due to the structural similarity of the polymers. In all cases, a
continuous increase of the molar mass with the reaction time
(Fig. S5/S61) was observed. Interestingly, the samples catalyzed
by DBU and PPh; revealed rather high molar masses already in
the early stage of the polymerization. This could be a result of
the better miscibility of the first but contrasts with the
expected evolution of a typical AB-type polycondensation. For
polymerizations that follow such a mechanism and under
neglection of by-products, it is possible to use the Carothers
equation to estimate the expected degree of polymerization X,
for a specific conversion p according to:>’

_ 1

Xn = 1=, (1)

Plotting the measured M, versus the conversion allowed a
direct comparison with the theoretical expected molar masses
according to the Carothers equation (eqn (1)) as exemplarily
shown for PPh; and Cs,COj; in Fig. 4 (the other polymeriz-
ations are given in the ESI, Fig. S77).

The direct comparison of the obtained molar masses with
the theoretical values according to eqn (1) reveals clear differ-
ences for several polymerizations, which cannot be only
related to deviations caused by the calibration of the SEC with
PEG. In particular, the final molar mass of the polymers
obtained from the organic catalysts is expected to be one order
of magnitude larger according to theory. Therefore, we assume
that a significant ratio of cyclic products is formed during
these reactions. A comparison of the "H-NMR spectrum of the
polymer and the commercially available compound 4,4-dioxo-
1,4-oxathiane was performed and the signals were found to
overlap partially (see ESI, Fig. S32}). With increasing size of
the cyclic structures, their signals will be more shifted towards
the observed polymer signal and, thus, impede a clear differ-
entiation. In contrast, the inorganic bases resulted in overall
lower final conversions but similar number average molar
masses, which are closer to the theoretical values calculated
from the Carothers equation. Nevertheless, cyclic by-products
cannot be excluded in these cases.

For a more detailed characterization of the final polymers,
a second batch of polymers was prepared and quenched by
addition of trifluoroacetic acid (TFA) after the polymerization.

Table 1 Conversions, number average molar masses (M,,) and dispersities (D) of oxa-Michael polyaddition of vinylsulfonylethanol after 24 hours

Polymer Catalyst Conversion® [%)] M, [g mol™"] (theo.)” M, [g mol™"] (SEC)° pe M, [g mol™"] (MALDI)*
P1 PPh; 99 13620 3670 1.50 2050
P2 TEDA 98 6810 2330 1.38 1990
P3 DMAP 97 4540 2570 1.46 1880
P4 DBU 99 13 620 2200 1.58 2150
P5 TBD 99 13620 3360 1.28 2310
P6 K,CO3 95 2720 2070 1.38 1040
pP7 Cs,CO;3 96 3400 2890 1.45 1770

“TH-NMR (300 MHz, DMSO-ds, 298 K) after 24 h, determination via vinyl groups. ” Determination with the Carothers equation. ° SEC (DMAc
(+0.21 wt% LiCl), PEG standards) after 24 h. ¢ Determination from MALDI-ToF-MS spectra.

4340 | Polym. Chem., 2021,12, 4337-4346

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1py00256b

Published on 03 May 2021. Downloaded by Thueringer Universitats Landesbibliothek Jena on 10/14/2022 9:16:00 AM.

Polymer Chemistry

View Article Online

Paper

a) 20000 — PPh_- catalyzed polymerization b) 8000 — Cs,CO,- catalyzed polymerization
= M_(SEC) = M_(SEC)
seon] ® M_ (theo.) e M_(theo)
6000 -
S 12000 5
£ £
k=) k=) 4000 4
=" 8000 { s
2000 4

4000

095 006 007 098 099
conversion

100 066 072 078 084 090 096

conversion

Fig. 4 Plot of M,, versus conversion for the (a) PPhs-catalyzed polymerization and (b) Cs,COs-catalyzed polymerization.

Subsequently, the material was precipitated in methanol to
remove the excess catalyst, any unreacted monomer, or small
oligomeric cycles. The obtained molar masses were found to
be comparable to those of the first batch (see ESI, Table S5
and Fig. S331). However, the precipitation and purification of
the compounds allowed us to use vapor pressure osmometry
to determine the absolute molar masses (ESI Fig. S271). The
exemplarily determined molar mass for the sample prepared
with K,CO; of 2110 g mol™" confirms the good approximation
of the SEC measurements (M, = 2230 g mol™'). The NMR-
spectra of these purified polymers displayed clear signals for
the vinyl end groups as depicted in Fig. 5 for Cs,CO; and PPh;
(see ESI Fig. S15-281 for the other NMR spectra and
MALDI-ToF-spectra). The inorganic bases are therefore con-
sidered to follow the above-mentioned process of deprotona-
tion of the hydroxyl groups and a subsequent addition to the
vinyl units. However, further signals are visible in the case of
the organic compounds, which indicates the presence of the
remaining catalyst. Therefore, these samples were not con-
sidered for analysis by vapor pressure osmometry, as the

DMSO

L

e,

DMSO

H,0
1oy -
8 7 5 5 4 3 2

3 [ppm]

remaining catalyst units affect the results. A closer look at the
sample initiated by PPh; reveals that the signals are slightly
shifted compared to the pure catalyst (see ESI for representa-
tive spectra, Fig. S157). Also, a protonation of PPh; can be
excluded as the acid strength of TFA is not sufficient for the
protonation of PPh;. We therefore conclude that this polymer-
ization is mainly initiated by a nucleophilic addition of PPh;
to the reactive vinyl bond followed by a proton transfer as
described above. This process is corroborated by the low basi-
city of this catalyst excluding a deprotonation of the hydroxyl
groups. PPh; and the other organic compounds can therefore
be considered to act as initiators instead of catalysts, although
they might still be partially recovered by substitution reactions.
For simplicity we stick to the term catalyst in the following.
This irreversible addition further explains the observed devi-
ations from the Carothers equation (1) in the case of this com-
pound, as it disrupts the exact equimolarity of the AB-type
monomer.

Assuming an irreversible addition of PPh;, the presence of
vinyl end groups also proves an intermolecular proton transfer

+ Osaz0 # 05 .0 4 5
1 N2 N~

&
\{S\/\O{/\{SE/\O*H

Fig. 5 'H-NMR spectrum (300 MHz, DMSO-ds, 298 K) of the purified polymer obtained with PPhs (P1, red) and the purified polymer obtained with

Cs,COs3 (P7, black).
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during the reaction and not only an intramolecular proton
transfer, which could have been imagined considering the
favorable arrangement of the groups. Interestingly, similar
results are obtained for the nitrogen-based compounds which
is particularly surprising for sterically very demanding or non-
nucleophilic bases such as DBU or DMAP. Besides the NMR
analysis, further MALDI-ToF-MS measurements confirm the
presence of the respective cationic end groups. These results
support a mechanism based on a first nucleophilic addition of
the catalyst which is in agreement with previous results
obtained by Strasser et al.>®*” In contrast to the phosphonium
moiety formed by PPh;, the respective nitrogen compounds
represent more reactive leaving groups making these end
groups more susceptible to nucleophilic substitutions. In
these cases, intramolecular reactions should be more favored,
because of an attractive interaction between the negatively
charged oxygen atom of the end of the chain after the proton
transfer and the positively charged nitrogen atom at the begin-
ning of the chains (Scheme 2). Therefore, the formation of
cyclic compounds might be enhanced in these cases, which
explains the observed lower final molar masses for DMAP- or
TEDA-catalyzed systems compared to the ones using PPhs,
despite similarly high conversions. Unfortunately, viscosity
measurements could not provide a clear indication for the
enhanced cyclization in these cases (see ESI Fig. S30/317).
Even the mass spectra cannot unambiguously prove the pres-
ence of the cycles because the cycles have the same molar
masses as the corresponding linear polymers with the vinyl
end groups. Interestingly, the formation of the corresponding
thioxane sulfone from an activated monomer does not seem to
occur frequently, as confirmed by comparison of the NMR-
spectra of the kinetic samples with that of the commercially
available compound (Fig. S327). Despite the favored six-mem-
bered structure, the addition of a second monomer seems to
be preferred. Unfortunately, no other favored ring-sizes could
be further identified in the NMR-spectra.

A closer look at the MALDI measurements further revealed
the presence of a second peak series for several samples (see
ESI Fig. S16-29%). In the case of the inorganic bases, the
different series can be assigned to the different attached ions
(Na" or K"). However, the use of PPh;, TEDA, DMAP, and TBD
resulted in a second peak series, which cannot be explained by
the different ions present. Interestingly, this second peak
series is shifted by m/z values of 18 for all samples prepared
with the nitrogen compounds, which corresponds to a release
of water and most likely arises from a modification of the end

(@] .
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group of the polymers. Considering the increased acidity of
the methylene groups next to the sulfone moiety an elimin-
ation of the resulting hydroxyl end group might occur during
the course of the reaction in the presence of an excess of the
applied bases. As a result an additional vinyl group is formed
which might still participate in the polyaddition. The PPh;-
catalyzed polymers, however, are different, since here the
second and much more pronounced peak series is shifted by
m/z values of 44 towards higher masses compared to the main
series. This increase of molar mass could not be unequivocally
assigned to a specific species. The mass difference corres-
ponds to the addition of an ethylene oxide unit, which could
only arise from a very unlikely hydrolysis of a sulfone unit and
a C-S bond breakage. Another possibility is the incorporation
of a single CO, molecule into the chain, which could be cata-
lyzed by the phosphonium end group as reported for similar
compounds, but usually requires increased CO, pressure. We
therefore cannot unambiguously explain this second series for
PPh; in the current stage, but further studies are in prepa-
ration to test the influence of different conditions.

Oxa-Michael polyaddition - solution polymerizations

A critical aspect during the previously described bulk polymer-
izations is the limited solubility of many catalysts and sub-
sequently the indeterminable quantity of catalyst which
initiates the polymerization process. In consequence, the most
effective catalysts were further tested in solution. DMSO was
chosen as the solvent due to the good solubility of the poly-
mers and most catalysts. The inorganic catalysts, however,
were not soluble under these conditions and therefore not con-
sidered in these tests. PPh;, DMAP and DBU were selected as
organic catalysts and a monomer concentration of 3.3 M was
chosen for the following experiments. The DBU- and PPh;-
catalyzed polymerizations show similarly high conversions and
chain lengths after 1 h (see Fig. 6 and ESI Fig. S35T). However,
it is noticeable that the conversion after 5 min is again signifi-
cantly lower for PPh; (64%) in comparison to DBU (91%),
which is similarly related to the steric demand and the result-
ing retardation in the initiation step. The conversions after 1 h
are already >93% and hardly change with further reaction
time, which is in agreement with the obtained SEC traces and
the determined molar masses at the different time points in
solution. Due to the high conversions, the typical step-growth
behavior for the PPh; and DBU-catalyzed polymerization
cannot be identified unequivocally in the SEC data. However,
the polymerization catalyzed by DMAP represents an exception

Scheme 2 Possible mechanism for the formation of cycles in the case of the DMAP-catalyzed polymerization.
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Fig. 6 (a) Conversion versus reaction time and (b) M,, versus conversion for different polymerizations in solution.

with conversions being significantly lower over the course of
the reaction. In this case it was possible to monitor the con-
tinuous increase of the chain length with reaction time, reveal-
ing the typical progress expected for a step growth mechanism
(Fig. 6b). In theory, the formation of cyclic byproducts should
be enhanced in solution compared to the bulk polymerizations
due to the increased dilution of the reactive groups. However,
the similarities in the determined molar masses of the
different polymers did not imply an increase in the occurrence
of shorter cyclic polymers. Nevertheless, cyclic products still
occur but the exact ratios could still not be quantified, and
similar to the previous bulk polymerizations no preferential
ring size could be determined either.

Furthermore, the polymerization at different monomer con-
centrations was tested using DBU as the catalyst (see ESI,
Fig. S34 and S357) but all conversions remained at similar
levels revealing no significant influence of the concentration.
Interestingly, the reaction rate appears higher in comparison
to the bulk polymerization which is most likely related to the
lower viscosity of the solution promoting the polymerization
and conversion.

With the guaranteed homogeneous reaction conditions in
solution, it was possible to investigate the influence of the
catalyst quantity on the polymerization. In a first experiment,
the impact of reduced amounts of PPh; on the final polymer
length was evaluated, since for the bulk polymerizations we
speculated that the amount of attached catalyst as the end
group might cause a deviation of the stoichiometry of the reac-
tive end groups and thus cause reduced molar masses com-
pared to theory. However, the SEC analysis of the different
polymerizations after 24 h did not reveal any significant differ-
ences in the molar mass of the polymers (Fig. S367). A more
detailed examination of the NMR-spectra after precipitation
revealed an increase of vinyl and hydroxy end groups com-
pared to bound PPh; with decreasing catalyst content
(Fig. S377). Consequently, the unequal stoichiometry obtained
by the addition reaction of the catalyst is not the main limit-
ation for the chain length and other factors such as reactivity
must be taken into account. Similar molar masses were

This journal is © The Royal Society of Chemistry 2021

further obtained with different amounts of DBU as catalyst
(compare Fig. S35¢ with Fig. S38%). Interestingly, the kinetic
analysis revealed conversions already exceeding 85% after 1 h
even with such low amounts of catalyst. We therefore moni-
tored the progress of the reaction directly in the NMR instru-
ment and the spectra were recorded every minute over
35 minutes. For comparison, the course of the reaction was
similarly monitored for DMAP as another exemplarily chosen
catalyst. For each time point conversions were calculated as
indicated above (Fig. 7). In general, a higher amount of catalyst
resulted in faster polymerization. The kinetics for DMAP
revealed a moderate reaction rate, which further decreases
with time, most likely due to an increasing viscosity in the con-
centrated solution impeding the movement of the chains. A
conversion of 49% for the 0.1 eq. DMAP catalyzed polymeriz-
ation can be observed after 35 minutes, which correlates with
the previous results. In comparison, the stronger base DBU
results in a much faster polymerization and conversions of
>80% are observed in less than 5 min for 0.1 eq. of catalyst.
Even with half the amount of catalyst the reaction rate is still
very high, displaying a similar course. Only with a low catalyst
amount of 0.03 eq. a significant reduction of the polymeriz-
ation rate is observed, which nevertheless leads to high conver-
sions of >70% after 35 minutes.

Properties of the polymers

Commercial polyether sulfones based on aromatic units are
particularly valued for their high thermal and chemical resis-
tance. However, the high glass transition temperatures require
high processing temperatures.”® Aliphatic equivalents have
barely been studied in this context. The available references
report on potential elimination reactions and release of sulfur
dioxide which occurred already at rather low temperatures for
similar  poly(olefin  sulfones).*>*®  Surprisingly, thermo-
gravimetric analysis (TGA) of the herein synthesized precipi-
tated polyvinylsulfonylethanol shows degradation tempera-
tures Tp (5 wt% loss, air) of more than 300 °C for polymers
that had been prepared with inorganic bases (Fig. 8, see ESI
Fig. S397 for the TGA-data of the other polymers and the

Polym. Chem., 2021,12, 4337-4346 | 4343
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Fig. 8 TGA-data of the polymers P4 and P7.

measurements in N,) even if the molar masses are consider-
ably lower than those of commercial aromatic polyether sul-
fones (M, > 10000 g mol™"). Interestingly, the stability is sig-
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Fig. 9 (a) DSC-traces of P1 with different heating and cooling segments,

after precipitation and melting.
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nificantly affected by the applied catalyst and the conditions,
as the organo-catalyzed polymerizations in bulk yield materials
with lower degradation temperature. As NMR and mass spec-
trometry confirmed the presence of catalyst moieties as the
polymer end groups, one hypothesis is that these units influ-
ence the thermal stability of the polymers and catalyze their
thermal degradation. However, if the same polymerizations
were conducted in solution, a high stability is maintained,
which is especially noticeable for the PPh; catalyzed sample.
In contrast to the sample polymerized in bulk the Ty (5 wt%
loss, N,) is shifted by almost 100 °C and the stability becomes
similar as for the polymers prepared with inorganic bases. A
comparison of the NMR-spectra of the precipitated polymers
prepared in bulk or solution (Fig. S417) did not corroborate an
enhanced degradation by catalyst derived end groups as
similar amounts of PPh; are found in both samples. The
difference in stability must therefore be based on a structural
difference, which could not be identified yet. In all cases,
except for the PPhs-based materials, a nearly complete
decomposition is observed with almost no residual side pro-

bl
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(b) XRD-spectrum of P1 after precipitation, and (c) XRD-spectrum of P1
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ducts left behind at temperatures above 400 °C. We assume a
depolymerization by a retro Michael addition which can be
accelerated by the remaining strong bases in the materials.®!
Nevertheless, a more detailed analysis is required to identify
the volatile compounds expelled during the degradation.

In contrast to the aromatic polyethersulfones, the glass
transition temperature (Tg) of the presented polymers is con-
siderably lower with values between 10 and 22 °C and no
major differences were found between the polymers from bulk
and those from solution polymerization (Fig. S39, S40 and
Tables S5, S61). However, the first heating cycle in the differen-
tial scanning calorimetry (DSC) revealed a strong endothermic
signal at 70 °C indicating a melting point (Fig. 9a). Indeed, the
purified and precipitated polymers appear rather brittle con-
sidering the low T, which corroborates a semi-crystalline
nature. However, no recrystallization was observed even at very
low cooling rates of 0.1 K min™" (Fig. 9a) or extended anneal-
ing for 24 h at 50 °C (Fig. S427), which hints at a kinetic inhi-
bition of the crystallization from the melt. The semi-crystalline
nature of the polymers could be confirmed by X-ray powder
diffraction (XRD)-measurements (Fig. 9b) giving sharp and
strong signals indicative of a highly crystalline polymer. These
sharp signals disappear when measuring the material after
melting and only a broad signal corresponding to an amor-
phous halo remains, which clearly proves the absence of any
recrystallization in the bulk (Fig. 9¢).

Conclusion

A novel aliphatic polyethersulfone was successfully prepared
by oxa-Michael polyaddition using a variety of organic and in-
organic catalysts. In contrast to previous reports based on an
AA/BB-type polyaddition, the AB-type monomer vinylsulfonyl-
ethanol was used. Vinylsulfonylethanol is conveniently pre-
pared from vinylmercaptoethanol in quantitative yields by oxi-
dation with hydrogen peroxide using readily scalable pro-
cedures. The unique combination of a strong Michael acceptor
(vinyl sulfone) and a Michael donor (aliphatic alcohol) within
this AB-type monomer leads to a long shelf-life at 4 °C on the
one hand, and high reactivity in oxa-Michael polyaddition, if
triggered by moderate to strong organic or inorganic bases.
Interestingly, even sterically hindered amine bases and PPh;
appear to react by a nucleophilic addition to the vinyl sulfone
moiety and a subsequent intra/intermolecular proton transfer.
Polymers with average molar masses between 2000 g mol ™"
and 4000 g mol™" were obtained despite nearly quantitative
conversions of the vinyl end groups in the case of highly reac-
tive organic catalysts. This deviation from the theory according
to Carothers is most likely related to the formation of cyclic
structures or a partially irreversible addition of the organic cat-
alysts. The obtained molar masses are clearly lower than those
of commercial aromatic polyethersulfones with molar masses
exceeding 10 000 ¢ mol™". Nevertheless, the resulting polymers
revealed an unexpected good thermal stability with decompo-
sition temperatures exceeding 300 °C for the inorganic carbon-

This journal is © The Royal Society of Chemistry 2021
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ate catalyzed materials. In contrast to common aromatic poly-
ethersulfones, the glass transition temperatures of the ali-
phatic polyethersulfones are much lower ranging from 10 to
20 °C and they feature a semi-crystalline nature with a melting
point at 70 °C. The latter can however only be observed for
materials processed from solvents, while a recrystallization
from the melt appears to be kinetically hindered. Overall, the
described aliphatic polyethersulfones represent an attractive
class of materials with an unexpected good stability and inter-
esting thermal properties, which certainly require more
detailed investigations. With straightforward access to the
monomer vinylsulfonylethanol, the polymer can conveniently
be prepared on larger scales and a thorough investigation of
the mechanical properties is expected to open up opportu-
nities for industrial applications.
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Experimental part

Materials and Methods

All reagents and solvents were commercially purchased from Sigma-Aldrich, TCI Chemicals, and
abcr. and were used without further purification. Vinylmercaptoethanol was provided by BASF

SE.

"H-NMR spectra were measured with a Bruker spectrometer (300 MHz) equipped with an Avance
I console, a dual 'H and 13C sample head and a 60 x BACS automatic sample changer, and a Bruker
spectrometer (400 MHz) equipped with an Avance III console, a BBFO sample head, and a 60 x
BACS automatic sample changer. The chemical shifts of the peaks were determined by using the
residual solvent signal as a reference and are given in ppm in comparison to TMS. Deuterated

solvents were commercially purchased from EURISO-TOP GmbH.

Size-exclusion chromatography (SEC) of polymers was performed on an Agilent system (series
1200) equipped with a PSS degasser, a GI310A pump, a G1362A refractive index detector and a
PSS GRAM 30 and 1000 column with DMAc (+ 0.21 wt.% LiCl) as eluent at a flow rate of 1
mL/min. The column oven was set to 40 °C and poly(ethylene glycol) (PEG) standards were used

for calibration.

Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) measurements were
carried out using an Ultraflex III ToF/ToF instrument (Bruker Daltonics) equipped with an Nd-
YAG laser. All these spectra were measured in the positive mode using alpha-Cyano-4-

hydroxycinnamic acid (CHCA) as a matrix.

The differential scanning calorimetry (DSC) measurements were performed on a DSC 204 F1
Phoenix from Netzsch under a nitrogen atmosphere with a heating rate of 10 K/min. The thermal

gravimetric analysis (TGA) was carried under nitrogen using a Netzsch TG 209F1.

The density and viscosity measurements were carried out on a Density meter: DMA 4100 M and
an AMVn (Automated Micro Viscometer) from Anton Paar. A glass capillary with a diameter of
0.9 mm and a 0.3pu-gold plated ball (density 7.484 g/cm?) with a diameter of 0.794 mm was used.

All viscosity measurements were performed in DMSO.

2



The X-ray diffraction (XRD) measurements were performed on the STOE Transmission

Diffractometer System STADI P with Cu-K,, radiation (40 kV, 15 mA, L = 1.5406 A).

The vapor pressure osmometry measurements were performed on the Vapor Pressure Osmometer
K—7000 from Knauer. A calibration with PEG-standard (M,, =2800 g/mol) was executed and the
polymer was measured in 4 different concentration. An extrapolation of the measurements data

reveals the absolute molar mass of the polymers.
Synthetic procedures

Vinylsulfonylethanol: Vinylmercaptoethanol (30.00 g, 288 mmol, 1 eq.), sodium tungstate (0.04
g, 0.12 mmol, 0.0004 eq.) and hydroxyanisol (0.05 g, 0.40 mmol, 0.001 eq.) were dispersed in
water (15 mL). Afterwards, 50% hydrogen peroxide solution (19.61 g, 288 mmol, 1 eq.) was added
dropwise so that 40 °C was not exceeded. Then the solution was stirred for 1 h at 40 °C.
Subsequently, 50% hydrogen peroxide solution (19.61 g, 288 mmol, 1 eq.) was added dropwise at
40 °C and then the solution was stirred overnight at 60 °C. Finally, manganese oxide was added,

the solution was centrifuged and the solvent was removed in a gas flow at 40 °C.

'H-NMR (300 MHz, DMSO): § [ppm] = 6.93 (dd, J = 16.2, 9.8 Hz, 1H), 6.18 (dd, J = 12.7, 8.9
Hz, 2H), 5.06 (s, 1H), 3.74 (s, 2H), 3.24 (s, 2H).

13C-NMR (75 MHz, DMSO) & [ppm] = 138.09, 128.30, 56.19, 54.84.

General procedure for the bulk-polymerizations: Vinylsulfonylethanol (1 eq.) was added to the
respective catalyst (0.1 eq.) and the reaction was agitated for 24 h at 40 °C. To monitor kinetics
samples were taken at different time points. To quench the catalyst an excess of TFA was added.
For purification, the polymer was subsequently dissolved in DMSO, precipitated in methanol and

dried under vacuum. Details of the applied amounts can be found in Table S1.

Table S1: Applied amount of monomer and catalysts for the bulk polymerizations.

Polymer Catalyst Meatatyst [€] Neatalyst [Mmol] Muponomer [E] Nponomer [ MMOI]
P1 PPh; 0.39 1.47 2.01 14.73
P2 TEDA 0.17 1.48 2.00 14.70
P3 DMAP 0.18 1.48 2.00 14.68



P4 DBU 0.22 1.47 2.00 14.68

PS TBD 0.20 1.47 2.01 14.73
P6 K,CO; 0.20 1.47 2.00 14.69
P7 Cs,COs 0.48 1.47 2.00 14.68

General procedure for the solution polymerization: The catalyst was dissolved in DMSO.
Vinylsulfonylethanol (1 eq.) was added to the respective catalyst and the reaction was agitated for
24 h at 40 °C. To monitor kinetics samples were taken at different time points. To quench the
catalyst an excess of TFA was added. For purification, the polymer was subsequently dissolved in
DMSO, precipitated in methanol and dried under vacuum. Details of the applied amounts can be

found in Table S2.

Table S2: Applied amount of monomer and catalysts for the solution polymerizations.

Polymer Catalyst Meagalyst Neatalyst Myponomer Nimonomer Mpyso
[mg] [mmol] [mg] [mmol] [mg]

P8 PPh; 58.0 0.22 302.9 2.22 471.1
P9 PPh, 29.1 0.11 310.2 2.28 474.6
P10 PPh; 15.1 0.06 310.1 2.28 470.3
P11 DMAP 26.9 0.22 303.1 2.22 476.0
P12 DBU 34.1 0.22 301.2 2.21 4754
P13 DBU 34.1 0.22 306.5 2.23 341.7
P14 DBU 34.1 0.22 301.0 2.21 171.0
P15 DBU 10.1 0.07 302.8 2.22 474.9
P16 DBU 33 0.02 307.0 2.26 476.0

General procedure for the kinetic experiments in the NMR (solution-polymerizations using
DBU as catalyst): Vinylsulfonylethanol (200 mg, 1.47 mmol, 1 eq.) and DBU were each dissolved
in 0.15 mL DMSO-d4. The solution was mixed in an NMR-tube and inserted into the preheated
NMR-instrument at 40 °C. Every minute, an "H-NMR-spectrum was measured. Details of the

applied amounts of catalyst are listed in Table S3.

Table S3: Applied amount of DBU for the NMR-experiments.

mcatalyst [mg] ncatalyst [mm01] Eq

22.4 0.15 0.10




11.1 0.07 0.05
6.7 0.04 0.03
2.2 0.01 0.01

General procedure for the kinetic experiments in the NMR (solution-polymerizations using
DMAP as catalyst): DMAP was dissolved in 0.3 mL DMSO-d¢. Vinylsulfonylethanol (200 mg,
1.47 mmol, 1 eq.) and the DMAP-solution were mixed in an NMR-tube and heated to 40 °C in an
NMR-instrument. Every minute, an 'H-NMR-spectrum was measured. Details of the applied

amounts of catalyst are listed in S4.

Table S4: Applied amount of DMAP for the NMR-experiments.

Meggaryst [Mg] Neagaryst [MMmo] Eq.
18.0 0.15 0.10
8.9 0.07 0.05
5.4 0.04 0.03
1.7 0.01 0.01
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Figure S1: a) 'TH-NMR (300 MHz, DMSO-d¢) spectrum and b) 3C-NMR (75 MHz, DMSO-
de) spectrum of vinylsulfonylethanol.



Determination of conversion

The conversion of the end-groups was determined from the comparison of the NMR spectra before
and after the reaction. Setting the integral of the signal at = 6.21 ppm to 2, which reflects protons
in residual monomer and end-group, the integral of the second signal at 6 = 3.42 ppm, which
comprises only protons of the polymer chain, can be used to determine the conversion according

to

. I(polymer signal 3')/2
conversion =

I (end - group monomer signal 1) + I(polymer signal 3')/2

The chemical shift of the water signal depends on the concentration of the compounds. Because of
this, there may be an overlap between the water signal and the polymer signal at d = 3.42 ppm. If
this is the case, the other polymer signal 6 = 3.80 ppm was used for the determination of the
conversion. This signal comprises the protons of the polymer chain and the monomer and so the

conversion was determined according to the following equation:

. I(polymer signal 4 - 2)/2
conversion =

I (end - group monomer signal 1) + I(polymer signal 4 - 2)/2
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Figure S2: a) "TH-NMR (300 MHz, DMSO-d;) spectrum of the Kinetic sample of the K,COs-
catalyzed polymerization after 3 h and b) "TH-NMR (300 MHz, DMSO-dg) spectrum of the

kinetic sample of the PPh;-catalyzed polymerization after 3 h.
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Figure S3: '"H-NMR (300 MHz, DMSO-dg) spectra of the polymerization with different
catalysts after 1 h.
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Figure S5: SEC (DMAc (+ 0.21 wt.% LiCl), PEG standards) traces of the kinetic samples
taken after S min, 1 h, 3 h and 24 h of the polymerization catalyzed with a)
triphenylphosphine, b) TEDA, ¢) DMAP, d) DBU, e) TBD.
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Figure S6: SEC (DMAc (+ 0.21 wt.% LiCl), PEG standards) traces of the kinetic samples

taken after S min, 1 h, 3 h and 24 h of the polymerization catalyzed with a) K,COj3, and b)
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Figure S7: Plot of M, versus conversion (red: theoretically values according to Carothers
equation; black: experimental data from SEC measurements) for the polymerizations
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Figure S8: a) MALDI-ToF-spectrum of PPh;s-catalyzed polymer after 24 h; b) Enlarged
section of the MALDI ToF-spectrum of PPh;-catalyzed polymer after 24 h; c¢) potential
chemical structures of detected species.
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Figure S9: a) MALDI-ToF-spectrum of TEDA-catalyzed polymer after 24 h; b) Enlarged
section of the MALDI ToF-spectrum of TEDA-catalyzed polymer after 24 h; c) potential

chemical structures of detected species.
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Figure S10: a) MALDI-ToF-spectrum of DMAP-catalyzed polymer after 24 h; b) Enlarged
section of the MALDI ToF-spectrum of DMAP-catalyzed polymer after 24 h; ¢) potential
chemical structures of detected species.

16



a b
} 50000 - ) 50000 - 2057.4 |
2193.5
40000 4 M, =2148.0 g/mol 40000 4
£ 30000 £ 30000 A
w w
= =
2 2
= 50000 4 = 0000 4
10000 - ”‘ h 10000 - H
Ll |. AW | l L Al N N \ I|L
0 T T T T T T 1 0 T T T 1
1000 1500 2000 2500 3000 3500 4000 2050 2100 2150 2200 2250
Molar mass [g/mol] Molar mass [g/mol]
C
) ]

and/or

2057.4 g/mol

Figure S11: a) MALDI-ToF-spectrum of DBU-catalyzed polymer after 24 h; b) Enlarged
section of the MALDI ToF-spectrum of DBU-catalyzed polymer after 24 h; c) potential
chemical structures of detected species.
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Figure S12: a) MALDI-ToF-spectrum of TBD-catalyzed polymer after 24 h; b) Enlarged
section of the MALDI ToF-spectrum of TBD-catalyzed polymer after 24 h; c) potential

chemical structures of detected species.
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Figure S13: a) MALDI-ToF-spectrum of K,COs-catalyzed polymer after 24 h; b) Enlarged
section of the MALDI ToF-spectrum of K,COs;-catalyzed polymer after 24 h; c) potential
chemical structures of detected species.
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Figure S14: a) MALDI-ToF-spectrum of Cs,COs-catalyzed polymer after 24 h; b) Enlarged
section of the MALDI ToF-spectrum of Cs,CO;-catalyzed polymer after 24 h; c) potential
chemical structures of detected species.
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Purified Polymers (2" batch)

Polymer P1 (PPh;):

TH-NMR (300 MHz, DMSO-d) & [ppm] = 7.99 — 7.71 (m), 6.98 (dd, J = 16.6, 10.0 Hz), 6.31 —
6.17 (m), 5.08 (s), 3.81 (t, J = 5.2 Hz), 3.43 (t, ] = 5.3 Hz).

58\/\0{”\/81 oJrﬂH
3
R O A
PPh,
DMSO
1!
_,__,.Na s H,0
2 1 5

o [ppm]

Figure S15: "TH-NMR-spectrum (300 MHz, DMSO-dg) of P1 (black) and PPh; (red).
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Figure S16: a) MALDI-ToF-spectrum of P1; b) Enlarged section of the MALDI ToF-
spectrum of P1; c) potential chemical structures of detected species for P1 with
consideration of the 'H-NMR spectrum.
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Polymer P2 (TEDA):

'H-NMR (300 MHz, DMSO-dq) 5 [ppm] = 6.98 (dd, J = 16.6, 10.0 Hz), 6.22 (dd, ] = 13.3, 8.0 Hz),

5.09 (t, J = 5.0 Hz), 3.81 (t, J = 5.2 Hz), 3.43 (t, ] = 5.2 Hz), 3.26 (t, J = 5.8 Hz), 3.05 (s).
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Figure S17: TH-NMR-spectrum (300 MHz, DMSO-dg) of P2.
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Figure S18: a) MALDI-ToF-spectrum of P2 b) Enlarged section of the MALDI ToF-
spectrum of P3 ¢) potential chemical structures of detected species for P2 with
consideration of the 'H-NMR spectrum.
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Polymer P3 (DMAP):

'H-NMR (300 MHz, DMSO-dy): 5 [ppm] = 8.28 (s), 7.08 — 6.89 (m), 6.22 (dd, J = 13.3, 8.4 Hz),
5.08 (t,J = 5.0 Hz), 3.80 (t, ] = 5.2 Hz), 3.42 (t, ] = 5.2 Hz).
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Figure S19: 'H-NMR-spectrum (300 MHz, DMSO-dg) of P3.
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Figure S20: a) MALDI-ToF-spectrum of P3 b) Enlarged section of the MALDI ToF-
spectrum of P3 c) potential chemical structures of detected species for P3 with
consideration of the 'H-NMR spectrum.
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Polymer P4 (DBU):

'H-NMR (300 MHz, DMSO-dg) & [ppm] = 7.10 — 6.91 (m), 6.22 (dd, J = 13.3, 8.1 Hz), 5.09 (t, J =
4.9 Hz),3.81 (t, ] = 5.2 Hz), 3.43 (t, ] = 5.3 Hz).
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Figure S21: 'H-NMR-spectrum (300 MHz, DMSO) of P4.
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Figure S22: a) MALDI-ToF-spectrum of P4 b) Enlarged section of the MALDI ToF-
spectrum of P4 c) potential chemical structures of detected species for P4 with
consideration of the "TH-NMR spectrum.
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Polymer PS5 (TBD):

'H-NMR (300 MHz, DMSO-dg) & [ppm] = 6.98 (dd, J = 16.6, 9.9 Hz), 6.22 (dd, J = 13.3, 8.0 Hz),
5.09 (s), 3.81 (t, J=5.1 Hz), 3.43 (t, ] = 5.3 Hz).
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Figure S23: TH-NMR-spectrum (300 MHz, DMSO-dg) of P5.
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Figure S24: a) MALDI-ToF-spectrum of PS b) Enlarged section of the MALDI ToF-
spectrum of P5 c) potential chemical structures of detected species for P5 with
consideration of the 'H-NMR spectrum.
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Polymer P6 (K,CO3):

'H-NMR (300 MHz, DMSO-d¢) & [ppm] = 6.98 (dd, J = 16.6, 10.0 Hz), 6.22 (dd, J = 13.3, 8.1 Hz),
5.09 (t, J=4.9 Hz), 3.81 (t, J = 5.1 Hz), 3.43 (t, ] = 5.1 Hz).
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Figure S25: TH-NMR-spectrum (300 MHz, DMSO-dg) of P6.
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Figure S26: a) MALDI-ToF-spectrum of P6 b) Enlarged section of the MALDI ToF-
spectrum of P6 c) potential chemical structures of detected species for P6.
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Figure S27: Plot of the vapor pressure osmometry measurement (PEG M,, = 2800 g/mol was
used for the calibration)
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Polymer P7 (Cs,CO3):
"H-NMR (300 MHz, DMSO-dy) 8 [ppm] = 6.98 (dd, J = 16.6, 10.0 Hz), 6.22 (dd, J = 13.3, 8.0 Hz),
5.09 (t,J=5.0Hz), 3.81 (t,J =5.2 Hz), 3.43 (t, ] = 5.2 Hz).
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Figure S28: 'TH-NMR-spectrum (300 MHz, DMSO-dy) of P7.
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Figure S29: a) MALDI-ToF-spectrum of P7 b) Enlarged section of the MALDI ToF-
spectrum of P7 c) potential chemical structures of detected species for P7.
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Figure S30: Huggins (black dots and line) and Kraemer (red dots and line) plots for the
viscosity measurements of different concentrations of a) P1 b) P2 c¢) P3 d) P4 e) PS in DMSO.
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Table S5: SEC-data and thermal properties of the purified polymers.

Polymer M, (SEC) b2 M, (MALDI) 5% mass 5% mass T, [°C] ¢
[g/mol] & [g/mol] ® loss [°C]¢  loss [°C]¢
P1 3750 1.49 1890 213 213 13.6
P2 2750 1.40 1790 295 281 14.5
P3 2750 1.41 1680 265 261 10.3
P4 3120 1.40 2080 217 217 21.7
P5 3200 1.56 2230 217 224 18.6
P6 2230 (2110) f 1.56 1780 310 298 17.1
P7 2730 1.64 1680 318 313 12.6

2 SEC (DMAc (+ 0.21 wt.% LiCl), PEG standards); ® Determination from MALDI-ToF-spectra; ¢ Determination
from TGA measurements (N,); ¢ Determination from TGA measurements (Air); ¢ Determination from DSC

measurements;  the absolute M, for P6 was exemplarily determined by vapor pressure osmometry.
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a) 10 —P3 (DMAP) b) 104 o
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o o
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i N
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Molar mass [g/mol] Molar mass [g/mol]

Figure S33: SEC (DMAc (+ 0.21 wt.% LiCl), PEG standards) traces of the purified
polymers a) P1-P5 and b) P6/P7.
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Figure S34: Conversion vs. reaction time for polymerizations with different monomer
concentrations (catalyst: DBU)
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Figure S35: SEC (DMAc (+ 0.21 wt.% LiCl), PEG standards) traces of the kinetic samples
taken after S min, 1 h, 3 h and 24 h of the polymerization catalyzed with a) PPh; (3.3 M) b)
DMAP (3.3 M), ¢) DBU (3.3 M), d) DBU (4.0 M), e) DBU (5.7 M) in DMSO.

39



PPh,- catalyzed polymerization (3.3 M)
10 S —01eq.
——005eq.
a) 0.8 —— 003 eq.
>
T 061
]
©
£ 04
)
=
02
0.0 4

T T
1000 10000
Molar mass [g/mol]

Figure S36: SEC (DMAc (+ 0.21 wt.% LiCl), PEG standards) traces of the kinetic samples
taken after 24 h of the polymerization catalyzed with PPh; in DMSO.
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Figure S37: TH-NMR (300 MHz, DMSO-dg) spectra of the PPh;- catalyzed polymers with
different amounts of PPh; after precipitation.
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a) b) DBU- catalyzed polymerization (0.03 eq.)
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Figure S38: a) Conversion vs. reaction time for different polymerizations: comparison of
different amount of catalyst (catalyst: DBU) b) SEC (DMAc (+ 0.21 wt.% LiCl), PEG
standards) traces of the kinetic samples taken after 1 h, 3 h and 24 h of the polymerization
catalyzed with 0.03 eq. DBU in DMSO.
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Thermal properties of the polymers
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Figure S39: a) TGA-data of the polymers P1-PS (N,) b) TGA-data of the polymers P6/P7
(N,) ¢) TGA-data of the polymers P1-P5 (Air) d) TGA-data of the polymers P6/P7 (Air) e)
DSC-data of the polymers P1-P5 f) DSC-data of the polymers P6/P7.
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Table S6: SEC-data and thermal properties of the purified polymers.

Polymer 5% mass loss [°C] P T, [°C] ¢
P8 311 17.8
P11 253 9.2
P12 252 18.2

a Determination from TGA measurements (N,) ® Determination from DSC measurements.
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Figure S41: 'TH-NMR (300 MHz, DMSO-d6) spectra of the PPh;- catalyzed polymers
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Coordination of Noble Metals in Poly(vinyl

mercaptoethanol) Particles Prepared by

Precipitation/Emulsion Polymerization

Nicole Ziegenbalg, Hans F. Ulrich, Steffi Stumpf, Philipp Mueller, Jiirgen Wiethan,
Janette Danner, Ulrich S. Schubert, Torben Adermann, and Johannes C. Brendel*

S-Vinyl monomers react readily in radical polymerizations resulting in
polymers with interesting features such as enhanced refractive indices,
increased thermal stability, or the ability to coordinate various metals. Among
them, vinyl mercaptoethanol (VME) can be produced in industrial scale, but
the poor solubility of the resulting homopolymer limits its application. In this
contribution, polymerizations of the monomer are investigated in water
forming a heterogeneous system. The good solubility of the monomer in
water imparts the system with mixed characteristics between a precipitation
and an emulsion polymerization. Evaluating various surfactants, only
polyvinyl alcohol (PVA) is found to create stable dispersions, although
micrometer-sized particles are formed with a broad size distribution.
Nevertheless, the particles are able to coordinate silver or gold ions. Attempts
to reduce the noble metal ions by commercial reducing agents fail. However,
exposure to sunlight unexpectedly results in a controlled reduction of the
metal ions and the formation of composite particles. Silver ion-containing
dispersions demonstrate strong antibacterial properties, while the effect is
diminished in the corresponding composite. Overall, the
precipitation/emulsion polymerization of VME represents a promising
pathway to stable sulfur-rich polymer dispersions with the ability to
coordinate metal ions or form reactive metal composites.

precipitation!®®  polymerizations are of-
ten preferred over homogeneous poly-
merization techniques (bulk or solution
polymerization).l' In particular, water-
based reaction media are used, since they
offer the benefit of good heat dissipa-
tion, are environmentally benign, and cause
only low costs. Furthermore, polymers with
higher molar mass and faster polymer-
ization rates can be obtained due to the
confinement of the active radicals.''"13] In
addition, there is the possibility to pro-
duce micro- and nanoscale-sized particles
and materials instantaneously. The proper-
ties of the resulting suspensions or disper-
sions can be altered by varying the parti-
cle size, particle surface chemistry or their
composition.l"*1¢] Such particles are used,
for example, as paints,['’! coatings,'®1]
adhesives,[?" or imprinted polymers.[21-2]
Such polymer particles can also be used
as a host matrix for the coordination of
metal salts or nanoparticles, which either
allow to introduce additional functionality
into the polymers or guarantee stabilization
of the metal particles preventing clustering
and aggregation.?*?’] These composites

1. Introduction

In large-scale production, heterogeneous radical polymer-
ization techniques such as emulsion,['"% suspension,’! or

are commonly prepared in two different ways which are referred
to as in situ or ex situ method. In the first, an existing polymer is
modified with metal ions or metal nanoparticles, while in the ex
situ variant the monomer is polymerized in the presence of the
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nanoparticles or metal salts.”®! In any case, functional groups
are required within the monomers or polymers that feature a
high affinity for the corresponding metals. In particular, sulfur-
containing polymers have raised considerable attraction,!?*3]
and they have a high affinity to noble metals such as silver, gold,
platinum, but also other metals.31-*] Many literature examples
are based on polymers comprising sulfonates,*®! thiolates,*’]
thiols,®®#] or thioethers groups,*®* which coordinate well
with these metals. More recently inverse vulcanization using
elemental sulfur has raised increasing attention to create sulfur-
rich polymers,[*=*1 which can further be modified with metal
nanoparticles.**11 Aqueous dispersions of materials with high
sulfur content are often based on ring opening polymerizations
or step growth polymerizations.’?* Interestingly, aqueous
emulsion, precipitation, or dispersion polymerizations of
thioether-containing vinyl monomers have so far scarcely been
reported in literature, despite the industrial relevance of the pro-
cesses and the convenient access to ready dispersions.>>*¢) In
particular, vinyl sulfides should enable access to polymers with
high sulfur content by corresponding radical polymerization
techniques,®’] but to the best of our knowledge no dispersion
processes based on these monomers have been reported, yet.
Keeping the potential in mind to create stable dispersions of
sulfur-rich polymers in a straightforward and scalable process,
we here aimed at establishing suitable conditions for the het-
erogeneous polymerization of vinyl mercaptoethanol (VME)
as an industrially available S-vinyl monomer. In this regard,
peculiarities of these monomers have to be kept in mind, such
as the sensitivity to oxidants,>®! but once suitable conditions are
established they could be transferred and applied to other vinyl
sulfides.

VME has a similar reactivity as (meth)acrylates, but in com-
parison the vinyl group is considered electron rich.**! Unfortu-
nately, the low solubility of the polymer severely limits any pos-
sible applications. Establishing suitable conditions for heteroge-
neous polymerization processes has, therefore, further potential
to circumvent this issue and create a processible material. The
monomer itself is fully miscible with water up to a concentration
of 105.5 g L~ (at 20 °C), which differs from common monomers
used in emulsion polymerizations. Consequently, polymeriza-
tion in an aqueous system might feature more characteristics of
a precipitation polymerization, although features of an emulsion
system might still prevail at sufficient monomer concentrations.
Since only limited information was available on heterogenous
processes using such monomers, we first investigated different
stabilizing agents and different monomer concentrations. Their
influence on possible coagulation of the particles was evaluated
and kinetics of the polymerization were analyzed. As a first proof
of concept, we further extended the study to test a potential coor-
dination of silver and gold ions within the resulting particles and
the subsequent formation of nanocomposites by reduction of the
coordinated ions. With regard to potential applications, such sil-
ver nanocomposites are frequently tested for their antibacterial
effect.[0-6%] We therefore examined the activity of our particles
in first experiments, which revealed an unexpected behavior of
particles with coordinated ions and corresponding composites.
Gold nanocomposites, in turn, can also be used in medical appli-
cations such as diagnostic imaging and cancer therapy,[®-%¥ but
are also suitable for catalytic applications.[®-72]
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2. Results and Discussion

2.1. Influence of Surfactants

VME and the corresponding polymer feature an amphiphilic
character induced by the hydrophilic hydroxy moiety and the
more hydrophobic thioether group. While the monomer, there-
fore, has still a rather high solubility in water, the polymer
becomes insoluble already at low degrees of polymerization.
Nevertheless, the hydroxy groups still cause a significant in-
teraction with water, and due to the polar character, we as-
sume a high degree of swelling of the polymer in water, which
makes suitable stabilization of corresponding particles challeng-
ing. The first polymerization experiments were all performed
at a monomer concentration of 0.22 g mL™!, which exceeds
the solubility limit. We further used the water-soluble initia-
tor 2,2’-azobis(2-methylpropionamidine) dihydrochloride (V-50).
Considering that phase-separated monomer droplets are formed
in this case, the process certainly resembles some features of an
emulsion polymerization although the high solubility might in-
duce most characteristics of a precipitation polymerization. Sev-
eral different stabilizing reagents are established for heteroge-
neous polymerizations, which are necessary to prevent coagula-
tion of the particles.'!l In consequence, we first examined the
polymerization of VME dispersed in water containing 1 wt.% of
different surfactants. At first, one of the most common stabilizing
reagents, sodium dodecyl sulfate (SDS), was tested. Surprisingly,
this surfactant had no significant effect on the stability of the
dispersion, since precipitation occurred almost instantaneously
with the first polymers formed (Figure 1). The results were com-
parable to the control experiment without any surfactant. Further
variations of the conditions resulted in no improvement (data not
shown). To exclude that the anionic character of the surfactant in-
duces instability by interacting with the positively charged initia-
tor, we further tested neutral stabilizers. Therefore, polyethylene
glycol (PEG) based Tween 80 and Triton X-100 were examined
and it seems that these surfactants with alkyl chains are also not
suitable to produce stable particles (Figure 1). We assume that
the aliphatic tails of these surfactants are generally incompatible
with the polymer which we relate to the presence of the still rather
polar hydroxy groups.

In consequence, we further selected surfactants comprising
more similar polar groups which were considered to form sec-
ondary interactions such as hydrogen bonds with the hydroxyl
group of VME and, thus, ensure a better stabilization. Besides
the triblock copolymer Pluronic F127, commercially available
polyvinyl pyrrolidone (PVP, 40 000 g mol?) and polyvinyl al-
cohol (PVA, 31 000 g mol?) were examined. Unfortunately,
Pluronic F127 and PVP did not live up to expectations because
the resulting particles sedimented still quickly and were not
completely redispersible. Nevertheless, some improvements
were observed for PVP compared to the previously described
surfactants, since the full sedimentation appears slightly delayed
and at least a part of the particles was redispersible (for details
about conversion and molar mass distribution see Table S6 and
Figure S1, Supporting Information). Interestingly, the molar
masses of the polymers (10 600 g mol™!, 2 mol% initiator V-50,
40 °C) are much lower compared to the polymers prepared in
bulk (95 000 g mol™ 1 mol% initiator azobisisobutyronitrikle

© 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

ASULIIT SuoWWo)) dAnea1)) ajqeorjdde oy £q pautoAoS aie sa[onIe Y oSN JO SA[NI 10§ AIRIqIT AUI[UQ AD[IA| UO (SUOHIPUOI-PUE-SULIA) /WO’ KO[IM’ ATeIqjoul|uo//:sdyy) SUonIpuo)) pue SWLd [, oY) 39S ‘[£702/20/81] uo Areiqry auruQ Kofip\ ‘pun -s1ensioatupn Suuny ] £q 6££002207 dorw,/Z00 [0 [/10p/wod Kofim Kreiqrjautjuo//:sdny woiy papeojumo( ‘€ ‘€70 ‘SE6£1TS1



ADVANCED
SCIENCE NEWS

M

Chemistry ana Physics

www.advancedsciencenews.com

a)
V-50, surfactant *

NS on

H,0,80°C,5h S\L

Pluronic™ F127:

Oh 2h 24 h

Figure 1. Photographs of samples taken at different timepoints after the
polymerization of VME with different surfactants to illustrate the sedimen-
tation behavior over the time; the first image was taken immediately after
polymerization.

(AIBN), 55 °C).5% The lower molar masses must be a conse-
quence of either a retarded propagation rate or an increased
termination rate. While water should enhance the propagation
rate of radical polymerizations in homogenous solutions,”?! the
precipitation might hamper the diffusion of monomer to the
reactive chain end and increase the probability of termination
reactions in the local confinement. Therefore, the kinetic chain
length might be restricted once precipitation occurs. However,
it has to be kept in mind that the reaction conditions differ
significantly from the reported bulk polymerizations. Dynamic
light scattering (DLS) measurements in water performed directly
after polymerization confirmed a very broad size distribution of
particles with sizes >400 nm for all used surfactants (Figure S2,
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Supporting Information). The largest aggregates were formed
with SDS (=900 nm), while only minimal smaller aggregates
were observed with the other three surfactants (400 to 700 nm).

PVA, on the other hand, proves to be the best stabilizing
reagent for this system, because the particles sediment only
slowly and are completely redispersible. This behavior could not
be observed with any other surfactant. However, even in this case,
the DLS measurements revealed sizes in the range of microm-
eters (Table S7 and Figure S3, Supporting Information). Since
the correlogram already give indications of aggregates that are
located outside of the measurable range, a very broad distribu-
tion can be assumed. Nevertheless, redispersible dispersions are
formed with PVA and scanning electron microscopy (SEM) im-
ages prove the spherical shape of the particles formed in the dis-
persion at a PVA content as low as 1 wt.% (Figure 2d). How-
ever, due to the soft nature of the polymer, only collapsed particle
structures could be observed in the SEM images. Subsequently,
we investigated the influence of the PVA content as well as the
monomer concentration on the conversion, the chain length, and
on the stability of the particles. From the data summarized in Fig-
ure 2, it can be deduced that the polymerization at 1 wt.% and
2 wt.% PVA is very similar, as similar conversion rates and mo-
lar mass distributions were obtained. The molar mass distribu-
tion reveals a bimodal distribution, which is another indication
of a mixed polymerization process. However, a slight difference
was observed when the PVA content was increased to 4 wt.%.
Both reaction rate and molar mass increase, which might reflect
a more heterogeneous character of the system. Interestingly and
contrary to our expectations, the DLS measurements revealed
that larger particles are formed at the increased content of PVA
(Figure S3, Supporting Information), which indicates an upper
limit even for this surfactant to create stable dispersions. SEM
images prove again the presence of spherical particles (Figure 2d)
but also confirm broad size distribution of the particles also with
higher amount of PVA.

Decreasing the monomer concentration had no major impact
on the behavior of the polymerization. At lower concentrations,
the polymerization rate is decreased (Figure 3a) but this appears
related to dilution rather than any effect of confinement in emul-
sion particles. Similarly, the average molar masses of the poly-
mers decrease, which correlates well with the decreased propa-
gation rate at the lower concentration (Figure S4 and Table S8,
Supporting Information). At a concentration of 0.06 g mL™! the
monomer fully dissolves in water turning the system into a pure
precipitation polymerization. Since no significant changes were
observed when crossing from a dispersed to a homogenous start-
ing solution, we conclude that overall all polymerizations feature
more characteristics of precipitation polymerizations rather than
those of an emulsion system. The homogenous starting solution
at a concentration of 0.06 g mL™' enabled a closer look at the
kinetics of the particle formation, since no concealing scatter-
ing from monomer droplets occurs. Although some datapoints
appear somewhat scattered, which is most likely to different de-
grees of particle sedimentation in the samples, the scattering in-
tensity or the derived count rate, respectively, increases continu-
ously over 2 h until it saturates. A similar trend can be observed
for the average size of the particles, although this data has to be
taken with more care, since stronger deviations due to partial
sedimentations are more likely. It is noteworthy to mention that

© 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

O(1 ‘€ ‘€70T ‘$E6E1TST

:sdny woy papeoy

ASULIIT Suowwo)) dAnear)) dqeorjdde oy £q pausoaoS aie sa[onIe Y Losn Jo sa[nI 10§ A1RIqIT AUI[UQ AJ[IAY UO (SUOHIPUOI-PUE-SULIA) /WO’ K[1M’ ATelqioul|uo//:sd)y) Suonipuo)) pue sud [, ay) a3 ‘[£270z/20/81] uo Areiqry aurjuQ Aofip ‘pun -signsioatun soSuumy ] £q 6££002207 dorW/Z00 1 0 [/10p/wod Ko[im 4.



ADVANCED
SCIENCE NEWS

M
Chemistry ana Physics

www.advancedsciencenews.com

a)

1wit%
PVA

2wit%
PVA

4wt%
PVA

8wit%
PVA

d)

1wt% PVA

www.mcp-journal.de

b) 40, = 1wit%PVA
o 2wt% PVA
351 4 4wt% PVA = x
304 v 8wit% PVA 4
L |
254 Y . -
E 0] 4 .
=2
E v
=4 1,54
"
—! L}
1,0 e
051 "
’ X
[ ]
004 =
_015 | T T T T T T
0 50 100 150 200 250 300
time [min]
c)
— 1wit% PVA
— 2wit% PVA
— 4wit% PVA
— 8wit% PVA
1000 10000 100000

Molar mass [g/mol]

2wit% PVA

Figure 2. a) Photographs of samples taken at different timepoints after the polymerization of VME with different content of PVA to illustrate the sedimen-
tation behavior (the arrows indicate the edge of the formed sediment, if present), b) plot of In(mg/m) versus reaction time, c) SEC (DMAc (+0.21 wt.%
LiCl), PMMA standards) traces of the emulsion polymers after 5 h with different amount of PVA, and d) SEM images of the particles with 1 wt.% and

2 wt.% PVA.

particle formation occurs instantly with first conversion of the
monomer, which again reflects the characteristics of a precipita-
tion polymerization and the limited solubility of the polymer in
water. Although the size of the resulting particles seems to in-
crease with further progress of the polymerization, quite large
particles (>2 um) are already formed after 10 min of polymeriza-
tion. Over time, coagulation might further cause particle growth

Macromol. Chem. Phys. 2023, 224, 2200379 2200379 (4 of 11)

but the increase in scattering intensity is certainly due to an in-
crease of overall particle concentration.

We further analyzed the thermal properties of the prepared
polymers. A decomposition temperature of approximately 270 °C
and a glass transition temperature of about 15 °C (Table S9 and
Figure S6, Supporting Information) were determined, which are
close to the previous measured values for polymers prepared in
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Figure 3. a) Polymerization kinetics at different monomer concentrations and b) derived count rates as well as average sizes of particles at different

time points (obtained from DLS measurements in water).

bulk or solution.® The rather low glass transition might further
correlate with the tendency of the particles to agglomerate and
fuse together. Overall, stabilization of the particles proved to be
difficult, which, as mentioned in the beginning, is mainly due
to the amphiphilic character of the monomer and the resulting
polymers. Nevertheless, the addition of PVA provided some sta-
bility and redispersible microparticles are formed, even though
the size distribution was broad.

2.2. Coordination of Silver lons (Ag* @PVME) and Formation of
Silver Composites (Ag@ PVME)

The coordination of various metals or ions is a feature induced
by various sulfur compounds, and we considered our dispersions
an interesting candidate to create such composites. Initially, we
focused on silver ions and the formation of silver nanoparticles
within the polymer dispersions. Silver is known to coordinate
well with sulfur, and the resulting ion or metal loaded polymer
particles might be interesting as antibacterial material similar
to widely applied silver nanoparticles. It turned out that a direct
polymerization in the presence of silver nitrate or acetate is not
possible, and the resulting pre-arrangement of the monomer in-
duced a strong coagulation, which why it was discarded (data not
shown). Consequently, we pursued a two-step process, in which
polymer particles were formed as described above (surfactant:
PVA) and silver ions were subsequently added to the purified
polymer particles.

Different amounts (0.02, 0.04 and 0.1 eq.) of silver ions com-
pared to the sulfur atoms in the polymer were added and then
dialyzed to remove the excess of non-coordinated silver ions.
The successful incorporation of the silver ions into the particles
was evaluated by inductively coupled plasma mass spectrometry
(ICP-MS) measurements. The analysis revealed that the addition
of an increased amount of silver ions at the beginning also re-
sulted in increased incorporation into the polymer particles (Ta-
ble S10, Supporting Information, for details). At an amount of
0.02 and 0.04 equivalents of silver ions, the determined silver ion
concentration in the particles is close to the maximum possible
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concentration, i.e., almost all silver ions are bound to the sulfur.
However, for 0.1 equivalents the values deviate which indicates an
oversaturation of the particles with silver and an excess of silver
ions is removed during purification. Although 0.1 equivalents ap-
pear low considering the strong affinity of the sulfur compounds,
it has to be kept in mind that silver ions might coordinate with
several sulfur atoms and the particles might not be fully penetra-
ble once the surface is saturated with silver ions.

In addition, the influence of the silver ions on the emulsions
with different PVA content was also investigated. Interestingly,
the silver ions appear to have a stabilizing effect on the parti-
cles, as sedimentation was retarded, and DLS measurements also
confirmed a change of size (Figure S7, Supporting Information).
An agglomeration of particles might be prevented by the pos-
itive charge of the silver ions and the associated repulsion. It
seems that the best stability can be achieved with a PVA con-
tent of 1 wt.% and the silver ions, while faster sedimentation can
again be observed for example with 4 wt.% or more PVA. Higher
amounts of PVA might prevent full incorporation of the silver
ions covering the particle surface and a larger amount of silver
ions remains than in solution. This assumption is supported by
the SEM images, where coagulation of the silver salts can be ob-
served in the dried sample, but this occurs partly in the polymer
particle and partly outside the polymer particle (SEM images for
dispersion with 1 wt.% and 2 wt.% PVA see Figure 4 and SEM
images for dispersion with 4 wt.% and 8 wt.% PVA see Figure
S8, Supporting Information). For this reason, the dispersion with
1 wt.% was further investigated.

The stability of the silver ion complexes in the polymer par-
ticles was further analyzed over one week. First, we determined
the silver concentration of the sample with 0.04 eq. of silver after
initial dialysis (three days) of the particles to ensure the removal
of any excess of free silver ions. Then, the dispersion was trans-
ferred into a controlled dialysis setup and the filtrate was analyzed
every 24 h over six days by ICP-MS measurements. The total sil-
ver content decreased slightly over the time indicating already a
release of silver ions. A closer look at the filtrate samples taken
every day confirmed a linear increase of the accumulated silver
ions within the dialysis water over the six days (Figure 5). Due to
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PVME

Figure 4. SEM images of a) PYME@Ag' with 1 wt.% PVA, and b)
PVME@Ag™ with 2 wt.% PVA.

the inhomogeneity of the dialysis water, there may be deviations
between the concentration values determined for the dialysis wa-
ter and the concentration loss in the dialysis tube. Nevertheless,
a continuous release of silver ions can be observed.

Since the polymer emulsions were able to coordinate silver
ions, we further tested the possibility to create silver nanopar-
ticles inside the polymer emulsions by reduction of the coordi-
nated silver ions. However, the choice of a suitable reducing agent
proved to be a major challenge. Initial attempts using conven-
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Figure 5. Schematic representation of the release experiment (top) and
cumulated amount of released silver ions in the filtrate over one week.

tional reducing agents such as sodium borohydride failed and led
to coagulation of the silver and the polymer particles. We consider
the rapid formation and competitive coordination of the borohy-
dride salts might cause this instability of the solution, since the
coordination of the silver ions in the polymer particle is not suf-
ficiently strong. A gentler reducing agent is ascorbic acid. How-
ever, even in this case, silver nanoparticles appeared randomly
distributed throughout the sample and both free silver nanopar-
ticles and silver nanoparticles coordinated to the polymer could
be detected (Figure S9, Supporting Information). Nevertheless,
the emulsion appeared more stable compared to sodium boro-
hydride. Interestingly, an alternative and mild pathway opened
up during our experiments. Leaving untreated samples on the
lab bench in open light induced a color transition of the samples
from white to brown indicating the in situ formation of silver
nanostructures. We further followed this route using sunlight to
induce the reduction. Therefore, the samples were kept behind
a double-glazed window at room temperature for overall 3 days
to induce the reaction. UV-vis spectra of highly diluted solutions
revealed a clear shift of the absorbance of the emulsion to higher
wavelengths, which further confirmed the formation of silver
nanoparticles (Figure S10, Supporting Information). Kept in sun-
light, all emulsions remained stable and only a very slow sedi-
mentation occurred over time. Furthermore, the silver nanoparti-
cles appeared uniformly distributed among the polymer particles
as shown by transmission electron microscopy (TEM) and SEM
images of the particles (Figure 6; Figure S11, DLS data Figure
S13, Supporting Information). An explanation for the reduction
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Figure 6. Schematical representation of the reduction of Agt @PVME within the polymer particles (left) and corresponding TEM image of the reduced

sample Ag@PVME (right).

of silver ions by sunlight might be related to the chemical na-
ture of the polymer particle. In this case, the thioether groups in
the repeating unit might act as reducing agents and themselves
become oxidized to the corresponding sulfoxide. As a control ex-
periment a silver nitrate solution was kept under identical en-
vironmental conditions but in the absence of the polymer. No
change of color was observed in this case, supporting the theory
that the silver ions must interact with the polymer to induce the
reaction. In an attempt to analyze the changes on the particles
induced by the reaction, we investigated the zeta potential of the
pure emulsion and the emulsions modified with silver ions and
silver nanoparticles (Figure S12, Supporting Information). Un-
fortunately, in all cases a positive zeta potential was observed and
the modification of the particles with silver ions had only a neg-
ligible effect on the measurements. The positive zeta potential of
the initial dispersions can be attributed to the presence of cationic
polymer end groups, which are introduced by the applied initia-
tor. Therefore, we were not able to detect any oxidized groups in
the composite and verify the proposed mechanism.

In further experiments, we altered the conditions to determine
the effect of the reaction environment on the reaction. In addi-
tion to the treatment by sunlight, we tested UV-irradiation (UV-
cube) or irradiation by a daylight lamp (color spectrum: 400 nm
to 800 nm) lacking the UV spectrum (Figure S14, Supporting In-
formation). In the first case, a color change was observed after
one hour of irradiation, but at the same time agglomeration of
the particles occurred at the bottom of the vial. The increased
temperatures and the intense radiation generated in the UV cube
seems to negatively affect the stability of the particles (Figure S14,
Supporting Information), which is why we did not pursue this
study further. The daylight lamp (Intensity: 10 000 lux at 10 cm
distance), on the other hand, appears to induce a more controlled
reaction and a color change could be observed after 24 h, while
the dispersion remained stable. Unfortunately, an extended reac-
tion time of three days could not be realized due to overheating
of the lamp, but the experiment confirmed that UV-light appears
not to be necessary to induce the reaction. Although further in-
vestigations are required to reveal the exact mechanism of this
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reaction, the easily accessible irradiation with visible light or sun-
light represents a convenient route to stable dispersions of silver
nanocomposites on polymers.

As mentioned above, silver nanoparticles are frequently used
in antimicrobial coatings or materials.[%0-6374 The effect is of-
ten related to a continuous release of small amounts of sil-
ver ions into the environment, which interfere with microbial
growth.[627576] To elucidate whether the polymer particles with
silver ions or silver nanoparticles are suitable for antibacterial ap-
plication, the growth of E. coli and S. aureus was studied in the
presence of the different emulsions (Figure 7a). The pure PVME
emulsion showed no antibacterial effect, resulting in unaffected
bacterial growth over 24 h. The modified samples, on the other
hand, revealed a significant antibacterial effect. Agt@PVME
leads to a strong reduction of bacterial numbers in case of E. coli
and S. aureus after 4 h of incubation and is maintained up to 24 h.
Interestingly, the emulsions with silver nanoparticles were not as
effective as the coordinated ions and did not show a clear antibac-
terial effect under the applied test conditions, which is in contrast
to common silver nanoparticle-based systems. We attribute this
to the fact that the antibacterial effect is related to the continu-
ous release of silver ions, which was confirmed for Agt @PVME.
In case of the silver nanoparticles, the silver content in the test
sample with the nanoparticle preparation was significantly lower
than in the Ag* @PVME test sample and the required oxidation
of the metallic silver might be suppressed or the silver ions were
too strongly bound to the polymer emulsions.l””! We finally com-
pared our silver ion containing polymer particles with the bench-
mark substance Irgaguard B 6000 (Figure 7b; for details see Table
S11, Supporting Information), which is an antimicrobial agent
based on an inorganic silver glass/zeolite composite. At 4 h incu-
bation, the effect of Ag* @PVME on S. aureus is slightly dimin-
ished compared to the control, but after 24 h a similar effect is
observed, despite the system has not been optimized for this ap-
plication.

In summary, the slow release of silver ions from the polymer
particle induces a significant antibacterial effect without the need
to create a silver nanocomposite. In contrast, the reduced sam-
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Figure 7. a) Results of the tests on antibacterial effects (S. aureus: blue,
E.coli: green) induced by the pure PYME emulsion, the emulsion contain-
ing silver ions (AgT @PVME), and emulsions comprising silver nanoparti-
cle (Ag@PVME) after 4 h (light color) and 24 h (dark color) of coincubation
and b) zoomed graph of the results on antibacterial effect for Ag* @PVME
in comparison to a benchmark.

ples containing metallic silver had almost no antibacterial effect.
The strong coordination of the silver and an inhibition of a reox-
idation of Ag(0) to Ag(I) might prevent the release of ions, which
are essential to induce the antibacterial effect in other composite
materials. More detailed studies could certainly improve the effi-
ciency of the here presented materials, but this was beyond the
scope of this study.

2.3. Synthesis of Gold Composites (Au@ PVME)

Besides silver, other noble metals and their ions are known to co-
ordinate well with sulfur compounds. We therefore tried to extent
our approach to gold, focusing again on an in situ formation of
polymer-integrated nanoparticles. Initially, we tested potassium
Au(III) chloride as precursor, but this did notlead to stable disper-
sions. The addition of chloroauric acid, however, did not cause co-
agulation and a homogeneous distribution of the gold salt could
be confirmed by TEM and SEM images (Figure 8). Again, we
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tested different reducing agents to induce the transformation
into metallic gold. However, a broad distribution of gold particles
and limited incorporation into the polymer was observed like for
the experiments with silver. Consequently, we again tested a light-
induced reduction, which resulted in an increasing coloration of
the sample turning purple-brown. Interestingly, the subsequent
analysis by TEM and SEM revealed slight deformations on the
surface of the resulting polymer particles (Figure 8c) and con-
firmed the successful integration of the gold into the polymer.
The deformations are most likely a result of the reduction and
a homogenous distribution of the initial precursor throughout
the outer layers of the polymer particles. We again speculate that
the light induces an oxidation of the sulfur in the polymer while
the gold precursor is reduced. Overall, the particles appear sta-
ble, although a more rapid sedimentation is observed, which we
relate to the limited repulsion by charges and an increased den-
sity induced by the metallic gold. The polymer particles modified
with gold (Au@PVME) are nevertheless still well redispersible
if agitated rendering the system an interesting and easily acces-
sible scaffold for integration of noble metal catalysts, which is
currently further investigated.

3. Conclusion

In summary, we investigated the possibility of an emulsion poly-
merization of the electron-rich S-vinyl monomer vinyl mercap-
toethanol (VME) testing various surfactants. The monomer it-
self has a solubility in water (105.5 g L~!) but the polymer be-
comes insoluble. Due to the high solubility of the monomer the
process resembles characteristics of a precipitation polymeriza-
tions although monomer droplets are present at higher concen-
trations. The stabilization of the resulting polymer particles ap-
peared to be a major challenge in the system. Various added sur-
factants had no or only limited visible effect on the stability of
the formed dispersion, which we relate to the amphiphilic char-
acter of the polymer structure comprising hydrophilic hydroxyl-
groups next to the hydrophobic thioether groups and the aliphatic
backbone. Nevertheless, stable dispersions were obtained apply-
ing PVA as surfactant, which might be able to coordinate to the
hydroxy groups. In contrast to common emulsion polymeriza-
tions, particles of few to several micrometers were obtained de-
pending on the amount of added surfactant. This result again
reflects that the process is more related to a precipitation poly-
merization than a real emulsion system. With a stable dispersion
at hand, we further investigated the potential of the particles to
coordinate metal ions, particularly of noble metals. First, the co-
ordination of silver ions was examined and both the actual incor-
poration of silver ions into the particle and the release over time
were studied. Up to an amount of 0.04 equivalents of silver ions
compared to sulfur in the polymer, almost all of the silver ions
were incorporated and complexed. Placed in deionized water, the
silver ions are continuously released over one week, although the
rate is very low. Higher equivalents of silver ions cannot be fully
coordinated within the polymer dispersions which indicates that
penetration into the polymer particles might be hampered. We
further investigated whether metal silver can be formed with the
polymer particles from the ion complexes. However, common re-
ducing agents led to agglomeration of the particles and only a
limited amount of silver remained coordinated within the poly-
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Figure 8. a) TEM image of AuCl,” @PVME, b) SEM image of AuCl,” @PVME, c) TEM image of Au@PVME, and d) SEM image of Au@PVME.

mer. Interestingly, simple irradiation with sunlight resulted in
the formation of silver nanoparticles, which is presumably due
to the fact that the polymer particle itself acts as a gentle reduc-
ing agent. In this case, the distribution of silver throughout the
polymer particle was more homogeneous and stable dispersions
were obtained. Considering a potential antibacterial effect of sil-
ver nanoparticles, we further analyzed the effect of our different
systems on the growth of E. coli and S. aureus. In contrast to
the pure dispersion, the dispersion comprising coordinated sil-
ver jons displayed a strong suppression of bacterial growth al-
most compatible to an optimized benchmark system. However,
the system containing reduced silver nanoparticles had only a mi-
nor effect. We relate this to a limited formation of free silver ions
by oxidation, which would be required for an antibacterial effect.
In addition to silver, we also tested the coordination of gold as
another noble metal. Adding chloroauric acid, stable dispersions
were formed where the gold ions appear well distributed through-
out the polymer particles. The subsequent reduction in sunlight
again turned out to be the best method to create metallic gold
within the polymer particles. This approach led to micrometer-
sized polymer dispersions comprising a uniform coverage with
metallic gold on the surface. Overall, the presented straightfor-
ward approach to create dispersions of the sulfur-rich polymer
PVME may open interesting avenues to create host matrices for

Macromol. Chem. Phys. 2023, 224, 2200379 2200379 (9 of 11)

various metal ions and metal nanoparticles. The resulting disper-
sions are stable or can easily be redispersed under agitation and
the metal particles are accessible at the surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Experimental part
Materials and Methods

All reagents and solvents were commercially purchased from Sigma-Aldrich, TClI Chemicals, abcr, or were
provided by BASF SE and were used without further purification. Table S1 summarizes the molar masses
and other important properties of the surfactants used.


mailto:johannes.brendel@uni-jena.de

Table S1: Overview of the molar masses of the different used surfactants.

Surfactant Molar mass [g mol™] Hydrolysis
Triton™ X-100 ~ 625 -
Tween™ 80 ~1 300 -
Pluoronic™ F-127 ~12 600 -
PVP 40 000 -
PVA 31000 86.7 to 88.7mol%

'H-NMR spectra were measured with a Bruker spectrometer (300 MHz) equipped with an Avance |
console, a dual *H and C sample head and a 60 x BACS automatic sample changer. The chemical shifts
of the peaks were determined by using the residual solvent signal as a reference and are given in ppm in
comparison to TMS. Deuterated solvents were commercially purchased from EURISO-TOP GmbH.

Size-exclusion chromatography (SEC) of polymers was performed on an Agilent system (series 1200)
equipped with a PSS degasser, a G1310A pump, a G1362A refractive index detector and a PSS GRAM 30
and 1000 column with DMAc (+ 0.21wt% LiCl) as eluent at a flow rate of 1 mL/min. The column oven was
set to 40 °C and poly(methyl methacrylate) (PMMA) standards were used for calibration.

The differential scanning calorimetry (DSC) measurements were performed on a DSC 204 F1 Phoenix®
from Netzsch under a nitrogen atmosphere with a heating rate of 10 K/min. The thermal gravimetric
analysis (TGA) was carried under nitrogen using a Netzsch TG 209F1 Iris®.

Dynamic light scattering (DLS) correlograms were measured on a ZetaSizer Nano ZS (Malvern,
Herrenberg, Germany) equipped with a He—Ne laser with a wavelength of A = 633 nm at a scattering
angle of 173°. All measurements were conducted in triplicate at 25 °C after an equilibration time of 10 s
and an acquisition time of 30 s.

Scanning electron microscopy (SEM) imaging was performed with a Sigma VP Field Emission Scanning
Electron Microscope (Carl-Zeiss AG, Germany) using the InLens detector with an accelerating voltage of 6
kV. For the sample preparation, the dispersed samples were applied on a mica substrate by drop casting
and dried over a few hours. Then the samples were coated with a thin layer of platinum via sputter
coating (CCU-010 HV, Safematic, Switzerland) before the measurement. The contrast of the images was
increased afterward to make the aggregates more visible.

For transmission electron microscopy (TEM), dispersed samples were applied on an ultra-thin carbon-
coated grid by the drop-on-grid method. The samples were imaged using a probe-corrected Themis Z®
3.1 machine (Thermo-Fisher, Waltham, USA) in High-Angle Annular Dark-Field (HAADF) Scanning
Transmission Electron Microscopy (STEM) mode. Data were analyzed using the Velox 2.1x software.
Particle size was manually analyzed with Imagic IMS software (Imagic Bildverarbeitung AG, Glattbrugg,
Switzerland).



ICP-MS samples were previously filtered and acidified with 2% HNOs. The measurements were
performed on 8900 Triple Quadrupole ICP-MS (FA. Agilent, Waldbronn, Deutschland).

Antibacterial tests:

Test organisms: Escherichia coli DSM 682 (E. coli), Staphylococcus aureus ATCC 6538 (S. aureus).
Test emulsions: PVME, Ag'@PVME and Ag@PVME (with ascorbic acid)

Culturing: Two passages of the test organisms were done on Tryptic Soy Agar (TSA) for 24 h at 36 °C (+/-
1 °C). Cell material of the second passage was transferred to Tryptic Soy Broth (TSB) for preparation of
the inoculation culture (incubation for 24 h at 36 °C).

Test procedure: 290 pL of each sample was transferred in a deep-well microtiter plate. Then 10 pL of
inoculum was added to each sample resulting in approximately 3.0 x 10E6 cfu mL™ sample respectively.
After mixing each sample with the pipette tip the plate was covered with an adherent film and incubated
at 36 °C. After contact times of 4 h and 24 h sampling was done after the following description for each
sample: 50 pL were spread directly onto TSA containing neutralizer via Drigalski spatula, another 50 plL
were diluted 1:10 in Saponin-Neutralizer, after 20 min neutralizing time 50 uL were plated out onto TSA
with a spiral plater, further 1:10 dilutions were performed in deionized water and plated out onto TSA.
The TSA plates were incubated for 48—72 hours at 36 °C prior to counting the colonies and calculating
the colony forming units (cfu) per mL sample.

General procedure for the kinetic experiments of the agueous polymerizations:

Vinyl mercaptoethanol (2-(Vinylthio)ethanol, 4.0 g, 38.3 mmol), the corresponding surfactant, two drops
of tetrabutylammonium chloride (internal standard) and water (volume: 11.95 mL) were added in a
microwave vial and stirred for 5 min at 40 °C to homogenize the solution. Before polymerization a
sample was taken as starting point control. Afterwards, the solution was cooled, and a 10wt% stock
solution of V-50 (0.206 g, 0.760 mmol) was added. The dispersion was purged with nitrogen for 20 min
and then immersed into an oil bath at 80 °C and stirred (800 rpm) for 5 h. Samples at regular time
intervals were taken over the course of the reaction to monitor the progress of the reaction.

General procedure for the synthesis of a larger batch of PVME dispersion:

Vinyl mercaptoethanol (2-(Vinylthio)ethanol, 20 g, 192 mmol), PVA (200 mg) and V-50 (1058.2 mg, 3.90
mmol) were dispersed water (volume: 69 mL) in a round flask and the dispersion was purged with
nitrogen for 20 min and then stirred (800 rpm) at 80 °C for 6 h. Afterwards, dialysis (MWCO: 3.5 to 5 kDa)
was performed against deionized water for three days including two exchanges of the surrounding
water.

General procedure for the silver ion release experiments:

PVME dispersions (concentration: 142.1 mg mL™) and a freshly prepared AgNOs-stock solution (amounts

used in the different experiments are given in Table S1) were added to a vial and the dispersion was
3



stirred for 24 h at room temperature. Afterwards, the dispersion was filled into a dialysis tube, (MWCO:
3.5 to 5 kDa), deionized water was added, and the sample was purified against 700 mL of deionized
water for three days including two water exchanges to remove an excess of silver ions. A sample of the
dispersion was subsequently taken and analyzed via ICP-MS-measurements. The dialysis tube was then
transferred into fresh water and another sample was taken from the dispersion after 7 d and analyzed by
ICP-MS. In case of R2, daily samples were also taken from the filtrate over the course of six days.
Quantities of the used chemicals are summarized in Table S2.

Table S2: Overview of the quantities of chemicals used for release experiments.

CEmulsion MEmuision mAgN03 cAgNOB Eq. of Ag+ Mmyqter
[mg mLJ? [mg] [mg] stock vs.sulfur  [mg]
solution
[mg mL™]
R1 142.0 2019.7 9.6 4.8 0.02 2000
R2 142.0 2004.9 17.7 8.8 0.04 2026
R3 142.0 2008.8 44.2 22.2 0.1 2208

® Gravimetrically determination of the concentration.

General procedure for the preparation of Ag@PVME:

Ascorbic acid as reducing agent: A freshly prepared AgNO; solution was added to the emulsion and
stirred for 3 h, then dialyzed (MWCO: 3.5 to 5 kDa) against deionized water for one day. 5 mL of ascorbic
acid solution were subsequently added, and the solution was stirred overnight under exclusion of light.
The resulting dispersions were again purified by dialysis (MWCO: 3.5 to 5 kDa) against deionized water
for three days including two water exchanges. Quantities of the used chemicals are summarized in Table
S3.

Table S3: Overview of the quantities of chemicals used for synthesis of AgNP@PVME with ascorbic acid.

CEmulsign MEnuision Mygno3 CagNo3 [mg Eq. of Mmyy Cay stock Eq. of
[mg mL™T [mg] [mg] mL™] stock Ag'vs. [mg] solution[mg  Ag'vs.
solution sulfur mL] sulfur

57.0 5000 441 8.8 0.1 45.7 9.1 0.1

® Gravimetrically determination of the concentration.

Reduction in sunlight: A freshly prepared AgNO; solution was added to the PVME-emulsion and stirred
for 3 h, subsequently dialyzed (MWCO: 3.5 to 5 kDa) against deionized water for one day. Subsequently,
the sample was diluted with deionized water, and the solution was stirred for three days at room
temperature in sunlight. The dispersions were again purified by dialysis (MWCO: 3.5 to 5 kDa) against
deionized water for three days including two water exchanges. Several batches were prepared for all
experiments, which are summarized in Table S4.

4



Table S4: Overview of the quantities of chemicals used for synthesis of AgNP@PVME in sunlight.

Batch CEmulsion MEmutsion Magno3 Cagnosz [mgmL Mgy Eq. of Ag’

[mg mLJ? [mg] [mg] 1] stock solution [mg] vs. sulfur
B1 (1% PVA) 68.97 5000 56.2 11.2 5000 0.1
B2 (1% PVA) 142.0 2000 17.7 8.8 2026 0.04
B3(1% PVA) 115.4 2000 33.2 16.6 2000 0.1
B4 (2% PVA) 102.3 2000 30.4 15.2 2000 0.1
B5 (4% PVA) 217.4 2000 58.1 29.1 2000 0.1
B6 (8% PVA) 199.15 2000 50.5 25.3 2000 0.1

® Gravimetrically determination of the concentration.

General procedure for the preparation of Au@PVME:

A freshly prepared HAuCl, solution were added to the PVME-emulsion and stirred for 3 h, then dialyzed
(MWCO: 3.5 to 5 kDa) against deionized water for one day. Afterwards deionized water was added, and
the solution was stirred for three days at room temperature in sunlight. The particles were purified by

dialysis (MWCO: 3.5 to 5 kDa) against deionized water for three days in the sunlight including two water

exchanges. Quantities of the used chemicals are summarized in Table S5.

Table S5: Overview of the quantities of chemicals used for synthesis of AUNP@PVME in sunlight.

Batch CEmulsit{n MEnmulsion Myycia CAufM— Myqter Eq- of Au+ vs.
[mg mL™)? [mg] [mg] [mg mL™] stock [mg] sulfur
solution
Cc1 57.0 5000 44.1 8.8 5000 0.1

® Gravimetrically determination of the concentration.



Results

Influence of surfactants

Table S6: Conversions and average molar masses of the aqueous polymerizations with different surfactants.

Surfactant Conversion [%]° Molar mass [g mol™]® p°
without 92 13 600 1.68
SDS 93 10 200 1.84
Triton™ X-100 89 12 400 1.78
Tween™ 80 93 11 900 1.43
Pluoronic™ F-127 93 10 700 1.70
PVP 93 10 600 1.54

? Determination via ‘H-NMR (300 MHz, DMSO-dg)-spectroscopy via standard.
® SEC (DMAC (+ 0.21wt% LiCl), PMMA standards) after 5 h.

a) b)
—— without surfactant —— Triton® X-100
1,04 SDS 1.04 — TWeen® 80
Pluronic® F-127

o 98- a 087 —PVP
g o PVA
D 06+ B 061
N N
© ©
£ 04+ g 0.4 4
2 S

0,2 0.2

0,0 4 0.0 +

10000 100000 10000 100000
Molar mass [g/mol] Molar mass [g/mol]

Figure S1: SEC (DMAc (+ 0.21wt% LiCl), PMMA standards) traces of the polymers after the aqueous polymerization with 1wt%
of different surfactants.
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Figure S2: a) Correlograms and b) intensity distributions of the polymer particles after polymerization with different

surfactants (DLS measurements in water).



Influence of PVA content

Table S7: Conversions, molar masses and particle sizes of the emulsion polymerizations with different amount of PVA.

PVA [wt%] Conversion Molar mass [g p° Z- average PDI°  Z-average PDI®
[%]° mol™]° [nm]° [nm]*
1 93 7820 1.85 1180 0.64 1870 0.28
2 92 8170 1.80 1080 0.32 890 0.46
4 97 9470 2.24 3140 0.13 1210 0.71
8 97 9480 2.22 5640 0.04 4350 0.29
® Determination via "H-NMR (300 MHz, DMSO-dg)-spectroscopy after 5h with a standard.
® Determination via SEC (DMAC (+ 0.21wt% LiCl), PMMA standards) after 5 h.
“ Determination via DLS — measurements before purification.
? Determination via DLS — measurements after purification via dialysis.
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Figure S3: a) Correlograms and b) intensity distributions of the polymers after polymerization with different amounts of PVA
and c) correlograms and d) intensity distributions after purification of the polymers with different amounts of PVA (DLS

measurements in water).



Table S8: Conversions, and molar masses of the polymerizations with 1wt% PVA.

Concentration [g mL™] Conversion [%]° Molar mass [g mol™]°® p°
0.22 93 15500 1.75
0.11 89 13 500 1.6
0.06 76 10 800 1.36

? Determination via "H-NMR (300 MHz, DMSO-dg)-spectroscopy after 5 h via standard.
® Determination via SEC (DMACc (+ 0.21wt% LiCl), PMMA standards) after 5 h.

a) 1 wt% PVA - Emulsion: concentration 0.22 gmL™" b) 1 wt% PVA - Emulsion: concentration 0.11 g mL"
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Figure S4: SEC (DMAc (+ 0.21wt% LiCl), PMMA standards) traces of the kinetic samples taken after 15 min, 35 min, 1 h, 2 h, 3
h, 4 h and 5 h of the polymerization at a monomer concentration of a) 0.22 g mL?, b) 0.11 g mL™, and c) 0.06 g mL™.
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Figure S5: "H-NMR spectra (300 MHz, DMSO-d;) of the purified polymer.

Table S9: Thermal properties of the polymers prepared at different initial monomer concentrations with 1wt% PVA.

Concentration [g mL™] T4 [°CT T, [°C]°
0.22 271 14.9
0.11 272 13.0
0.06 271 13.7

® Determination from TGA — measurements.

® Determination from DSC — measurements.

a) b)
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Figure S6: a) TGA data (N,) and b) DSC data of PVME prepared at different initial monomer concentrations.
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Coordination of silver ions (Ag' @PVME)

Table S10: Data from silver ion release experiments.

Exp. Eq.of AgNO;  c4q4[mgmL’] CEmulsion Cag+[mg mL] theo. max.
(pre-weight) after [mg mL"] after after 7 d of Cag+Img mL?]
purification® 7 d of dialysis” dialysis® after 7 d of
dialysisd
R1 0.02 0.15 4.2 0,136°¢ 0.086
R2 0.04 0.225 4.3 0.167 0.168
R3 0.1 0.378 6 0.321 0.561

® Determination via ICP — MS measurements.

b Gravimetrically determination of the concentration.

¢ Deviation due to inhomogeneity of the sample.

4 Calculation with the determined concentration of the emulsion and the preweighted eq. of the silver salt.
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Figure S7: a) Correlograms and b) intensity distributions of samples Ag" @PVME (B3-B6) with different amounts of PVA (DLS
measurements in water).
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Figure $8: SEM images of Ag' @PVME a) B5 and b) B6.
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Formation of silver composites (Ag@PVME)

Figure S9: a) SEM image of Ag@PVME prepared with ascorbic acid as reducing agent and b) corresponding TEM image.
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Figure $10: UV-Vis spectra of Ag' @PVME (R2) and Ag@PVME (B2) synthesized in sunlight.
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Figure S11: SEM image of Ag@PVME (B2).
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Figure $12: Zeta-potential of a) PVME, b) Ag' @PVME (B3) and c) Ag@PVME (B3) measured in water.
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Figure S13: a) Correlograms and b) intensity distributions of Ag@PVME (B3-B6) with different amounts of PVA (DLS

measurements in water).
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Figure S14: Influence of different reaction environment for the reduction of silver ions.
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Table S11: Data of the antibacterial tests.
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Exp. Contact time [h] S. aureus ATCC 6538 [cfu E. coli DSM 682 [cfu
mL] mL"]
Pure emulsion (PVME) 4 4.2E+05 1.0E+05
24 >6.0E+06 >6.0E+06
Ag'@PVME 4 3.5E+04 <20
24 8.0E+01 <20
Ag@PVME 4 1.6E+05 3.8E+05
24 >6.0E+05 >6.0E+05
Irgaguard B 6000 4 <20 <20
(benchmark) 24 <20 120
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