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Poly(sulfur ylides): a new class of zwitterionic
polymers with distinct thermal and solution
behavioury
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Zwitterionic polymers have emerged as an important class of hydrophilic polymers and found widespread
applications not only in biomedical science but also in nanotechnology as antifouling coatings, drug
delivery vesicles and electronic conductors. For such applications, new structural forms of zwitterionic
polymers with distinct functions are in high demand. However, to this day, their design is mostly limited to
polybetaine and polyampholyte scaffolds, bearing a stoichiometric amount of positive and negative
charge either in a single repeating unit or across the polymer, respectively. Here, we report on the syn-
thesis and characterization of poly(sulfur ylides), a rarely encountered class of zwitterionic polymers and
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demonstrate that this new form of zwitterionic polymers displays not only a remarkable stability but also
distinct solution and thermal behavior. We show that the readily available poly(sulfur ylides) are a valuable
addition to the chemical toolbox of polymeric materials and have the potential to become an attractive
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Introduction

Polymers with a stoichiometric amount of positive and negative
charges are called zwitterionic polymers. Such zwitterionic poly-
mers have found widespread applications in the field of bio-
medical sciences because of their stimuli responsive nature.'
Most zwitterionic polymers can either be classified as polybe-
taines or polyampholytes, in which the oppositely charged moi-
eties are either located in a single repeating unit, or statistically
distributed alongside the polymer chain, respectively (Fig. 1).*”
New applications of such zwitterionic polymers including anti-
fouling coatings, drug delivery vesicles and phase separators
make new forms of zwitterionic polymers indispensable.®®
Recent efforts to develop new polymeric zwitterionic structures
have focused predominately on developing polybetaines with
new forms of cations or anions. For example, Brown et al
demonstrated that phosphonium cation bearing polybetaines
are readily available forms of zwitterionic polymers displacing
the frequently used ammonium cation.’

While the effort to develop structurally diverse zwitterionic
polymers has led to the design of several new polybetaines and
polyampholytes, poly(ylides) are a rarely encountered class of
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alternative to polybetaines and polyampholytes.

zwitterionic polymers. Ylides — zwitterionic structures in which
the negative charge is adjacent to the positive charge - are valu-
able building blocks in organic chemistry.’®** Despite the wide
use of ylides in small molecule chemistry, only very few reports
of polymeric ylides exist. In these rare examples, polymeric
ylides were formed as either reactive intermediates or precur-
sors for subsequent reactions."*® The high reactivity of ylides
attributes to the small number of reported poly(ylides), and con-
sequently reduces their potential for applications in both the
field of material science and biomedicine. Yet, we expect that
poly(ylides) offer a great potential, considering their strong
dipole moment, chemical versatility, and strong electrostatic
interactions. Given these considerations, we sought to expand
the chemical toolbox of zwitterionic polymers with a readily
available and chemically diverse class of poly(ylides), namely
poly(sulfur ylides). Here, we report on the synthesis and charac-
terization of such poly(sulfur ylides) and show that their poly-
meric properties make them a valuable alternative to the fre-
quently utilized polybetaines and polyampholytes (Fig. 1).

Results and discussion

We hypothesized that it is essential to chemically stabilize ylides
in order to access poly(ylides) with enhanced stability and broad
use for biomedical applications. To prove our hypothesis that
poly(ylides) can be formed using stabilized ylide functionalities,
we decided to investigate nitrile stabilized sulfur ylides, which

This journal is © The Royal Society of Chemistry 2022
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Fig. 1

(A) Poly(sulfur ylides) can be classified as poly(ylides), a rarely encountered sub-class of zwitterionic polymers. In strong contrast to the fre-

quently employed polybetaines and polyampholytes, poly(ylides) have a negative charge adjacent to a positive charge. (B) Ylide monomer 1 was syn-
thesized from vinyl benzoic acid and sulfonium salt 2 (55%); T3P = propanephosphonic acid anhydride. (C) Ylide monomer 1 was copolymerized

with styrene using RAFT agent 3 to give PS-co-P(SY).

were recently employed as remarkable stable building blocks in
peptide chemistry.">'” The reported nitrile-stabilized sulfur
ylides are not only of high stability but are also characterized by
high polarity, a major motivation for the design of zwitterionic
polymers. At the outset of our research, we synthesized readily
accessible styrenic sulfur ylide monomer 1 starting from vinyl
benzoic acid and sulfonium salt 2."*'° First, we investigated the
copolymerization of bench stable monomer 1 with styrene using
reversible addition—fragmentation chain transfer (RAFT)
polymerization. Monitoring the progress of polymerization with
"H NMR revealed a controlled copolymerization of styrene and
sulfur ylide monomer 1.

Encouraged by these results, we synthesized a small library
of representative copolymers with varying fractions of styrene
and sulfur ylide (SY) units, ranging from Fgy ~ 0.1 to Fgy ~ 0.5
(Table 1). The polymerizations were carried out using RAFT
agent 3 and AIBN at elevated temperatures. We intended to
demonstrate that polymers with larger molecular weight M,

This journal is © The Royal Society of Chemistry 2022

Table 1 Synthesized copolymers PS-co-P(SY) (see ESIt for exact
conditions)

Code X,°  Fsy'  wsy MpP[kDa] M, °[kDa] B’
PS-co-P(SY)4 39 010 020 46 3.4 1.09
PS-co-P(SY) 5 49 0.20 0.36 6.2 3.3 1.08
PS-co-P(SY) 6 41 0.30  0.49 5.9 n/a n/a
PS-co-P(SY) 7 104 0.50 0.69 17.8 n/a n/a
PS8 74 0 0 7.7 7.1 1.08
PS-b-P(SY) 9 86 0.15 0.27 10.4 7.1 1.06

“Degree of polymerization X, is determined by 'H NMR. ? Fraction F
of ylide monomer (SY) in copolymer as determined by "H NMR. For
readability, the values of Fsy are rounded and the exact values are dis-
played in the ESL} “ Weight content w of ylide monomer (SY) in copoly-
mer. “Molecular weight M, determined by 'H NMR. °Molecular
weight M,, determined by SEC. /Polydispersity as determined by SEC.
n/a = analysis by SEC not applicable. Note: for PS-co-P(SY) with increas-
ing amount of ylide monomer, the determined value for molecular
weight M,, and P differs from 'H NMR because THF was no longer con-
sidered as good solvent.
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and high Fsy are also accessible and synthesized PS-co-P(SY) 7
(Fsy = 0.5 and M,, = 17.8 kDa). For comparison of the polymeric
properties, we also synthesized one corresponding polystyrene
homopolymer PS 8. Moreover, PS 8 was also utilized as a
macro-RAFT agent to access block-copolymer PS-b-P(SY) 9.
Analysis with size exclusion chromatography (SEC) revealed
that the obtained copolymers displayed narrow polydispersity D
(<1.10) and could be synthesized with high level of control. When
purifying and analysing PS-co-P(SY), we readily observed that this
class of poly(sulfur ylide) displayed properties distinct from poly-
styrene. Size exclusion chromatography in THF indicated a
decreasing hydrodynamic radius for PS-co-P(SY) with increasing
proportion of the ylide monomer, even by slight increase in X,, as
observed for PS-co-P(SY) 4 and PS-co-P(SY) 5. This finding suggests
that THF cannot be considered a good solvent anymore for copo-
lymers bearing sulfur ylide moieties. Indeed, we observed that
polymers with higher Fgy (>0.3) were insoluble in THF.
Interestingly, copolymers with high Fsy become fully
soluble in THF/water mixtures (1:1, v:v), which indicates a
strong amphiphilic character between polymer backbone and
sulfur ylide side chains. We tested the solubility in different
solvent systems (ESI Table S11) and observed that poly(sulfur
ylides) indeed prefer solvent systems of large polarity. This
solution behavior of poly(sulfur ylides) led us to question if
this new class of zwitterionic polymers could act as emulsion
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stabilizer due to its strong amphiphilic behavior, a common
characteristic of zwitterionic polymers.® To test our hypothesis,
we dissolved 0.5 mg mL™" of PS-co-P(SY) 7 in a water/CHCl;
mixture (3:1, v:v). After vortexing of the mixture, an oil-in-
water droplet emulsion was formed, which remained stable for
several months (Fig. 2A). In contrast to PS-co-P(SY) 7, block
copolymer PS-b-P(SY) 9 was utilized to stabilize water-in-oil
droplets, which also remained stable for a prolonged time,
thus demonstrating that already very low concentrations of
sulfur ylides containing zwitterionic copolymers are sufficient
for stabilizing emulsions for a prolonged time.

While defining polymeric ylides as zwitterionic polymers is
discussed controversially in the field, the here reported poly
(sulfur ylides) effectively prove that this class of polymers can
display a key character of zwitterionic polymers, namely high
hydrophilicity.”® Indeed, the high polarity observed for this
class of sulfur ylide, which is stabilized by being placed in the
a-position of a carbonyl moiety and conjugated to a nitrile,
strongly suggests a zwitterionic structure.

One can imagine that the strong amphiphilic character of
sulfur ylide containing block-copolymers can be utilized for
the fabrication of polymeric nanostructures via self-assembly.
Such polymeric self-assemblies including micelles and poly-
mersomes have found wide-ranging applications, for example
as tools in drug delivery or as nanoreactors.”"**> To prove this
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Fig. 2

(A) Emulsion of oil-in-water droplets (CHCls in water) stabilized by PS-co-P(SY) 7 (20x magnification). Schematic illustration of hydrophilic

and hydrophobic parts of poly(sulfur ylides). While the polymer backbone is strongly hydrophobic, the ylide side chains display strong hydrophilicity.
(B) Dynamic light scattering on PS-co-P(SY) 9 displays a size distribution of ~67 nm.
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hypothesis, we investigated the behavior of block-copolymer
PS-b-P(SY) 9 in aqueous solutions. Indeed, dynamic light scat-
tering (DLS) indicates that PS-b-P(SY) 9 forms self-assemblies
with size distribution of ~67 nm in aqueous environments
(Fig. 2B and ESIf). In addition, the presence of stable self-
assemblies was confirmed with TEM images, which indicate a
similar size distribution (ESIt). While further studies are
essential to determine the exact nature of the observed self-
assemblies, these results suggest that poly(sulfur ylides) hold
great promises in the field of self-assembly.

In addition to the distinct solution behavior, the remark-
able stability of poly(sulfur ylides) should be noted. Since
stability is a crucial property for many applications of poly-
mers, we investigated the chemical stability of such zwitter-
ionic polymers under strongly acidic and basic aqueous
environments. Finally, we tested the stability of poly(sulfur
ylides) towards treatment with TFA as an organic acid under
anhydrous conditions. We did not observe any degradation for
PS-co-P(SY) 5 under these conditions, which demonstrates the
remarkable chemical stability of poly(sulfur ylides) (ESI
Fig. S27).

Besides the solution behavior, for many applications the
thermal behavior of zwitterionic polymers is crucial. For that
reason, we turned our attention to the thermal behavior of
sulfur ylide composing copolymers and investigated their
influence on glass transition temperatures (7), a major charac-
teristic of polymeric materials. For certain zwitterionic poly-
mers higher T, have been observed, which is attributed to
restricted cooperative backbone segmental motion.>® We per-
formed differential scanning calorimetry (DSC) analysis on
copolymers 4-7 and observed a rapidly increasing T, for copo-
lymers with increasing Fsy (Fig. 3 and ESIY). For example, PS-
co-P(SY) 4 with Fgy ~ 0.1 exhibits a significantly higher T,
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Fig. 3 (A) Representative DSC traces of polymers 4 and 5 with a heating
rate of 10 K min~™. (B) The glass transition temperatures of polymers 4-7
show a close alignment with the Fox equation.
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(117 °C) compared to unmodified PS 8 (87 °C). This trend con-
tinues also for copolymers with higher fraction of ylide moi-
eties; for example, PS-co-P(SY) 7 with Fsy ~ 0.5 displays a T, at
178 °C. By plotting T, against the weight fraction wgy of the
corresponding copolymers, a close alignment with the Fox
equation is revealed, which indicates a truly random copoly-
mer (Fig. 3). In addition, the good fit of the Fox-equation was
confirmed by determining the T, of polystyrene homopolymer
8 by extrapolation (88 °C), which matches the experimental
value (87 °C). We also performed multiple repetitive heating/
cooling cycles on these zwitterionic polymers and observed no
indication of a change in the thermal behavior over time. In
summary, the thermal behavior of this new class of poly
(ylides) shows that sulfur ylides cannot only be used for pre-
cisely tailoring the glass transition temperature of polymers
but also over a broad range of temperatures.

Conclusions

Poly(ylides) are a rarely encountered class of zwitterionic poly-
mers. Here, we report on the synthesis and characterization of
a new form of poly(ylides), namely poly(sulfur ylides) and their
distinct solution and thermal behavior, including their strong
amphiphilic character and high glass transition temperature.
These distinct polymeric properties, together with their facile
synthesis and remarkable chemical stability, make poly(sulfur
ylides) an attractive alternative to existing zwitterionic poly-
mers. We believe that this class of readily available and
remarkably stable form of poly(ylides) will significantly extend
the chemical toolbox of zwitterionic polymers, and we envision
that poly(sulfur ylides) find widespread applications, not only
in chemistry but also in biomedical research, nanomedicine
and material science.
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