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Using water as a monomer in polymerization reactions presents a unique and exquisite strategy towards
more sustainable chemistry. Herein, the feasibility thereof is demonstrated by the introduction of the
oxa-Michael polyaddition of water and divinyl sulfone. Upon nucleophilic or base catalysis, the
corresponding aliphatic polyethersulfone is obtained in an interfacial polymerization at room
temperature in high yield (>97%) within an hour. The polyethersulfone is characterized by relatively high

molar mass averages and a dispersity around 2.5. The polymer was tested as a solid polymer electrolyte
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were prepared by a melt process in a solvent-free manner. The polymer electrolyte containing 15 wt%
LiTFSI featured an oxidative stability of up to 5.5 V vs. Li/Li* at 45 °C and a conductivity of 1.45 x
1078 S cm™ at room temperature.
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Introduction

Water, covering around 71% of the earth's surface, is the world's
most abundant natural resource." While the upcycling and
polymerization of natural resources such as CO, has been of
high interest in polymer synthesis over the last decades,’ the use
of water as a polymerizable substance has not yet been studied
extensively. However, water is the epitome of a green monomer,
being sustainable, environmentally friendly, non-toxic, abun-
dant, and cheap. Water has only been employed in some
multicomponent polymerization reactions in which three or
more starting materials are combined in one step.* Typical
examples comprise the formation of polyamides by combining
diisocyanides, bis(bromoalkyne)s and water,* or by using ben-
zoxazines, isocyanides and water.” The synthesis of poly(N-
acylsulfonamide)s with alkynes, sulfonyl azides, isatins and
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water has also been reported.® However, in these studies, water
is used among multiple components and does not cause a direct
linkage in the backbone of the polymer. To the best of our
knowledge, water functioning as one of two monomers has not
been studied so far in any polymerization reaction. The concept
thereof is intriguing.

When selecting a reaction type for polymerizing water, the
oxa-Michael addition is worth considering. Copolymerization of
diols with difunctional Michael acceptors such as divinyl
sulfone or diacrylates is a common process.” However, water
could also be regarded as the simplest oxygen based Michael
donor which is able to form two bonds. Indeed, water is used as
a Michael donor in Michael reactions even on an industrial
scale as in the addition of water to acrolein yielding 3-hydrox-
ypropanal.® The addition of water to a,B-unsaturated ketones,
for instance, catalyzed by trialkyl phosphines,® amino acids, or
indium(m) salts'* is known. Furthermore, a double Michael
addition of water has been described in the synthesis of 2-cya-
noethyl ether from acrylonitrile and aqueous NaOH.'*> However,
the oxa-Michael addition of water is rather an exception since
water is more often used as an inert solvent in Michael reac-
tions.>** Moreover, by using water in a polyaddition reaction
one might anticipate at least two major challenges. Firstly, an
equimolar amount of monomers is required to obtain reason-
able molar masses (as the reaction presumably proceeds via
a step-growth mechanism) and adjusting the stoichiometry is
difficult. Secondly, reactive Michael donors are desired as water
displays a lower nucleophilicity than alcohols.”®** To obtain
reasonable molar masses a high yield in each reaction step is
necessary. Accordingly, the highly reactive difunctional Michael

© 2022 The Author(s). Published by the Royal Society of Chemistry
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acceptor divinyl sulfone (DVS),'® which previously showed high
reactivity with alcohols in oxa-Michael polymerization,"” was
selected. The desired aliphatic polyethersulfone (PES) resulting
from the potential polyaddition of water and DVS'® has recently
been reported by Brendel and coworkers.*® They used a different
but similar synthetic route performing the oxa-Michael poly-
addition of 2-hydroxyethyl vinyl sulfone, priorly prepared by the
oxidation of vinylmercaptoethanol. Herein, we present the use
of water as a monomer in the oxa-Michael polyaddition with
DVS. The obtained aliphatic polyethersulfone was further tested
as a solid polymer electrolyte, which was prepared in a solvent-
free manner.

Results and discussion

Since base or nucleophilic catalysis is typically needed for oxa-
Michael additions to proceed in a useful speed at ambient
temperatures,” the investigation started with a screening of
different nucleophiles and bases. It is to note that DVS and
water are hardly miscible and form a two phase system.
Therefore, DVS and water were employed in a molar ratio of
1:10 and 5 mol% of the catalyst (in respect to DVS) was added
to the stirred reaction mixture at room temperature. Only upon
stirring and thus, increasing the interface between water and
DVS, polymerization proceeds, finally resulting in the formation
of a precipitate. The reaction was monitored via 'H-NMR
spectroscopy (by dissolving an aliquot of the reaction mixture
in DMSO-d; and assessing the conversion of the double bonds)
after 1 h and 24 h. In all cases, the formation of the desired
polymer (PES) together with an anticipated cyclic side product,
1,4-oxathiane 4,4-dioxide (1), was observed (Table 1, for details
see ESIt). Results with nucleophiles such as 4-dimethylamino-
pyridine (DMAP) or quinuclidine (ABCO) showed above 90%
double bond conversion after already one-hour reaction time
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(Table 1, entry 1, 2). By changing the bicyclic ABCO to a simple
tertiary amine, such as triethylamine (TEA), the double bond
conversion significantly decreased (74%; Table 1, entry 3). In
case of N,N-diisopropylethylamine (DIPEA) hardly any conver-
sion could be observed after 1 h (Table 1, entry 4). Because of its
bicyclic structure, ABCO shows the highest nucleophilicity. TEA
and DIPEA, however, are much weaker nucleophiles due to
increased steric hindrance and thus, the reactivity decreases.”®
Moreover, 1,1,3,3-tetramethylguanidine (TMG), often described
as non-nucleophilic base, showed high efficiency (97% conver-
sion after 1 h; Table 1, entry 5). In Michael additions, however,
guanidines have also been reported to react as nucleophiles
with the Michael acceptor.** With triphenyl phosphine (PPhj)
a purely nucleophilic catalyst was tested (Table 1, entry 6). The
poor solubility of PPh; in water might explain its weaker
performance compared to other nucleophiles. 1,8-Diazabicyclo
[5.4.0Jundec-7-ene (DBU) proved to be a less suitable catalyst
in this reaction, presumably due to quick hydrolysis under the
employed conditions (Table 1, entry 7).>>>* With potassium tert-
butoxide (KOBu) or sodium hydroxide a much higher share of
the cyclic side product 1 was observed. Moreover, a slightly
lower double bond conversion compared to runs with nucleo-
philes like DMAP or TMG was achieved (Table 1, entry 8, 9). In
the following, different reaction parameters (Table 2) were
studied for DMAP and TMG catalyzed reactions. Moreover,
KO'Bu was investigated further to include a purely basic catalyst
for comparison. Besides the double bond conversion, size
exclusion chromatography (SEC) was used to assess the molar
mass characteristics of the polymers. The reference PES
synthesized with 5 mol% DMAP at room temperature (Table 2,
entry 1) featured number and weight average molar masses (M,,
M,) of 5.3 and 13.3 kg mol™" and a dispersity of 2.5. In
comparison, Brendel and coworkers reported number average
molar masses between 2.2 and 3.7 kg mol ™" (P = 1.3-1.6) for the

Table 1 Polymerization of water and divinyl sulfone catalyzed by nucleophiles or bases®

\ 7/
Q0 cat. Q0 S
\/SV/ + H0 S\/\O +
n O

DVS PES 1
Entry Catalyst DB conversion at 1 h [%] Side product 1 at 1 h [%]° DB conversion at 24 h [%]° Side product 1 at 24 h [%]°
1 DMAP 97 2 99 2
2 ABCO 91 2 98 4
3 TEA 74 4 74 6
4 DIPEA 6 <1 57 3
5 T™G 97 4 98 4
6 PPh; 47 2 92 3
7 DBU 48 4 58 4
8 KO'Bu 89 26 94 27
9 NaOH 78 14 91 14

“ Molar ratio of DVS : H,O : catalyst = 1: 10 : 0.05; no extra solvent used; reaction stirred at room temperature. ” Double bond conversion is
calculated from "H-NMR spectra by setting signal intensities for protons from double bonds in relation to the intensities for emerging ethylene
groups (see ESI for details). © Percentage of 1 in relation to all ethylene groups.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Screening of reaction parameters”
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Catalyst (loading Water T DB conversion Side product
Entry [mol%]) [equiv.] [°c] at 1 h [%]° 1at 1 h[%] M,, [kg mol '] M, [kg mol bB*
1 DMAP (5) 10 23 97 2 13.3 5.3 2.5
2 DMAP (10) 10 23 98 2 11.7 4.6 2.5
3 DMAP (2) 10 23 79 4 8.5 3.4 2.5
4 TMG (5) 10 23 97 4 11.5 4.4 2.6
5 TMG (2) 10 23 98 2 11.8 4.9 2.4
6 KO'Bu (5) 10 23 89 26 2.7 1.3 2.1
7 DMAP (5) 20 23 91 2 13.3 4.6 2.9
8 DMAP (5) 100 23 76 7 7.5 3.2 2.3
9 KO'Bu (5) 100 23 81 13 3.0 1.7 1.7
10 DMAP (5) 10 4 72 2 16.6 5.2 3.2
11 DMAP (2) 10 40 93¢ 3 10.2 4.2 2.4
12 DMAP (5) 10 40 99¢ 3 7.6 3.5 2.2
13 DMAP (2) 10 80 99° 16 1.1 0.5 2.2
14 DMAP (5) 10 80 >99° 20 n.d. n.d. n.d.
15 TMG (2) 10 80 >99° 32 0.7 0.4 1.8
16 KO'Bu (5) 10 80 >99¢ 72 n.d. n.d. n.d.

“ No extra solvent used; reaction stirred at given temperature. ? Double

bond conversion is calculated from "H-NMR spectra by setting signal

intensities for protons from double bonds in relation to the intensities for emerging ethylene groups (see ESI for details). © Double bond
conversion after 30 min; after 1 h full conversion was observed.  Percentage of 1 in relation to all ethylene groups. ¢ Determined by size
exclusion chromatography in LiBr/DMSO relative to PMMA standards after >24 h reaction time (double bond conversion was in all cases higher

than 95%).

same polymer prepared from 2-hydroxyethyl vinyl sulfone
(measured in LiCl/N,N-dimethylacetamide based on conven-
tional calibration using poly(ethylene oxide) standards).*
Increasing the catalyst loading of DMAP to 10 mol%, led to
a slight reduction in molar mass averages (Table 2, entry 2).
Likewise, a reduction of the catalyst loading to 2 mol% DMAP
gave even lower molar mass averages, which is in line with
a lower double bond conversion in this case. With 5 mol% TMG,
the molar mass averages are also slightly lower (Table 2, entry 4)
than those of reference PES, which is the consequence of a more
pronounced shoulder in the low molar mass range. However,
results with 2 mol% TMG are competitive with those obtained
for 5 mol% DMAP in terms of the molar mass averages and the
double bond conversion. In all cases described so far, side
product 1 only formed in small amounts. Performing the reac-
tion with 5 mol% base (Table 2, entry 6) gave PES with distinctly
lower molar mass averages compared to nucleophile catalyzed
reactions. Furthermore, the influence of the amount of water
was investigated. Increasing the amount of water from 10 to 20
equiv. (Table 2, entry 7) led only to a somewhat lower double
bond conversion and slight tailing at the low molar mass peak
end. However, using 100 equiv. water decreased the double
bond conversion to only 76%, while SEC curve shift to a larger
elution volume, which is reflected in reduced molar mass
averages of the product (Table 2, entry 8). Additionally, the
share of 1 was higher (7%). Using base catalysis and 100 equiv.
water (Table 2, entry 9) low conversion of 81%, high share of 1
(13%), and low molar mass averages of the product were ob-
tained. Finally, the influence of the temperature was assessed.
At a low temperature of 4 °C the reaction is slower resulting in
a double bond conversion of 72% after 1 h. Nevertheless,
a polymer with high molar mass averages and somewhat
broader molar mass distribution was obtained (Table 2, entry

6922 | Chem. Sci., 2022, 13, 6920-6928

10). Increasing the temperature to 40 °C resulted in the
formation of shorter polymer strands in comparison to room
temperature experiments (Table 2, entries 11 and 12). The share
of 1 stayed unaltered under these reaction conditions. Doubling
the reaction temperature to 80 °C led to a significant decrease in
the molar mass averages. Predominantly OH-terminated oligo-
mers (Fig. S31) accompanied by high shares of side product 1
were obtained. In case of using KO'Bu at 80 °C a mixture of 72%
1 and 28% bis(2-hydroxyethyl)sulfone (HES) formed after
30 min reaction time. Upon further heating HES is fully con-
verted into 1. This transformation presumably proceeds via
elimination of water at elevated temperatures and under basic
conditions.> In summary, PES is preferably formed at low
temperature with nucleophiles as catalysts. At elevated
temperatures and particularly if catalyzed by base, the forma-
tion of 1 and short hydroxy terminated oligomers is preferred.

Detailed characterization of PES obtained from entry 1 in
Table 2 by NMR spectroscopy and matrix-assisted laser
desorption ionization time of flight mass spectrometry (MALDI-
TOF MS) revealed very similar results as reported for PES ob-
tained from 2-hydroxyethyl vinyl sulfone.” In "H-NMR spec-
troscopy, the oxa-Michael repeating unit gives rise to two
triplets at 3.81 ppm and 3.42 ppm. As end groups 4-dimethy-
lamino pyridinium (8.28, 7.04 ppm), alcohol units (3.78, 3.26
ppm) and vinyl groups (7.00-6.94, 6.25-6.19 ppm) were
observed (Fig. S4t1). MALDI-TOF MS confirmed the presence of
all end groups identified by NMR spectroscopy (Fig. S12+) and 4-
dimethylamino pyridinium end-capped species (m/z =
1329.26 Da, 1347.27 Da) were found as the most abundant
series. In case of TMG catalysis, results of MALDI-TOF MS
suggest that TMG is acting as nucleophile in the reaction.
Additionally, PES species terminated by the hydrolysis products
of TMG, dimethyl amine and 1,1-dimethyl urea,> were observed

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc02124b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 May 2022. Downloaded on 2/12/2026 8:14:19 PM.

(cc)

Edge Article

(Fig. S15%). Thus, the lower molar mass obtained in the TMG
catalyzed reaction (Table 2, entry 4) might be explained. PES
originating from KO‘Bu catalyzed reactions (Table 2, entry 6) is
terminated by either two vinyl or a vinyl and a hydroxyl end-
group (Fig. S177).

In a next step, the reaction progress was investigated with 10
equiv. water, room temperature and 5 mol% DMAP as reaction
conditions. As shown in Fig. 1a and b, DVS is quickly consumed.
The first species which can be observed by NMR spectroscopy
(after 25 s reaction time) comprise the DMAP adduct with DVS,
very small amounts of 1 and as major product the trimer made
of two equivalents of DVS and one equivalent of water (Fig. 1a).
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Interestingly, 2-hydroxyethyl vinyl sulfone (or the according
alkoxide) could not be observed. Between 3 to 6 min the initially
heterogeneous reaction mixture becomes homogeneous. At this
stage, mainly vinyl sulfone terminated oligomers are present.
After 10-15 min reaction time, the formation of an oily
precipitate was noted. Only about 2-3% of DVS is not consumed
and oligomerization has proceeded (Fig. 1a and b). As time goes
on, the oligomers grow into a polymer indicated by a downfield
shift of the oxa-Michael repeating unit towards 3.81 ppm
(Fig. 1a and S207). After about 45 min the initially oily precipi-
tate has turned into an off-white, brittle solid. Cycle 1 can be
detected from the very beginning and its share is only
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Fig. 1 (a) 'H-NMR spectra and photographs of the reaction vessel

t [min]

at indicated time; reaction conditions in every case: molar ratio of

DVS : H,O : catalyst =1: 10 : 0.05; no extra solvent used; reaction stirred at room temperature; (b) reaction progress showing the development
of the relative amount of different chemical entities over time (DMAP catalyzed); (c) normalized refractive index responses in SEC chromato-
grams show different profiles of peak shifting towards lower elution volume (increase in molar mass) with reaction time for DMAP and KO'Bu

catalyzed reactions.
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marginally increasing over time (Fig. 1b). In case of base
catalysis with 5 mol% KO‘Bu a slower double bond conversion
and a higher share of 1 evolving over time was detected
(Fig. S231). In this case, no interim homogenization of the
reaction mixture was observed and precipitation occurred only
after approx. 2.5 h reaction time. Monitoring the evolution of
the molar masses over time revealed a distinctly faster increase
of the molar masses in case of DMAP catalyzed reactions
compared to KO'Bu catalyzed ones (Fig. 1c). Moreover, the
reaction was performed as a 1 M solution of DVS in dimethyl
sulfoxide in the presence of 10 equiv. water and 5 mol% DMAP

base catalysis (A):

@
KOBu + H,0: M = K2

nucleophilic catalysis (B):

View Article Online
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at room temperature. After 1 h the same products, detected
already after 25 s in the solvent-free reaction, were observed
(Fig. S287). This illustrates the importance of undiluted reaction
conditions for obtaining a fast polymerization.
Mechanistically, for the polymerization of DVS and water in
the first step hydroxide ions need to be formed either by a base
(Scheme 1, A) or by a nucleophile (B). In the latter case,
hydroxide is generated upon the addition of the nucleophile to
the Michael acceptor, forming a basic zwitter-ionic species that
subsequently is protonated by water.”*® In other words, both
base and nucleophilic catalysis generate hydroxide ions but

® @ - A
DVS +H,O + Nu: M = Ny~ "7
E MAIN PROPAGATION PATHWAY 1\ MINOR PROPAGATION PATHWAY
E " in presence of nucleophiles :
E O\/O @@ EE \\ // E
: xS FHO M ' G i B E
: H AorB it j T B 5
E \\ 7/ HZO \\S// E E @ \ //O E
PSPy = [ j He— SN0 i
P oc A MOH N N . E s
; , DVS [\ 15 L Dvs |} :
: H20 y: 55 HO | :
: 0 0 0.0 : 0 0 5
" \ /7 \ 7/ o® i \ 7/ \// '
] [} @@ !
; \/SMO/\/S% fHO M G RS oS
: D ' F o
+ hydroxide addition '
a ° o e
E W\ /p —>HO C)\\S//O —2> ()\\S/p OH -Hzo \\S//O ) E
: S T - IO -~ shah o + D e T
: DVS addition
E \ // o DVS, i\ //O O\\ /O H20 O\\S//O O\\S/p +@OH E
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Scheme 1 Mechanistic understanding of the reaction.

6924 | Chem. Sci,, 2022, 13, 6920-6928

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc02124b

Open Access Article. Published on 23 May 2022. Downloaded on 2/12/2026 8:14:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

different cations are present, e.g. K' (in case of KO’Bu) or the
presumably much softer nucleophile derived cation shown in
Scheme 1 as B. In any case, the hydroxide is reacting with DVS to
form the alkoxide C. The alkoxide C immediately undergoes
oxa-Michael reaction with another DVS generating, together
with another equivalent of water, the polymeric unit D and
hydroxide. Alternatively, C might react by an intramolecular
oxa-Michael reaction resulting in 1 and hydroxide upon
protonation with water. However, in case of nucleophilic
catalysis 1 might also be obtained by an intramolecular nucle-
ophilic substitution reaction of the zwitter-ion E. E originates
from the oxa-Michael addition of the hydroxide to the vinyl
group in ion-pair B. Subsequently, upon addition of DVS and
protonation by another water molecule, the first member of the
homologous series of ion-pairs F is formed. However, this
propagation pathway can be considered as less important
compared to the main propagation pathway (Scheme 1).

Based on this mechanistic sketch several peculiarities of the
reaction need to be discussed. The first question is why excess
of water allows for the formation of a polymer instead of
causing hydroxy terminated oligomers as one would expect. An
explanation could be the immiscibility of DVS and water. Thus,
most likely an interfacial polyaddition reaction takes place in
which stoichiometry is adjusted at the interface and excess of
water does not interfere with the polymerization.>” For a deeper
insight, the reaction of methyl vinyl sulfone and excess of water,
two miscible reagents, was studied. Upon addition of 5 mol%
DMAP (or KO'Bu) bis-(2-methanesulfonyl-ethyl) ether is ob-
tained as the only product (Fig. S29-S347). Similarly, as afore-
mentioned, the reaction of acrylonitrile in alkaline water yields
the corresponding ether derivative.'” Accordingly, the poor
miscibility of DVS and water as explanation is not sufficient.
Studying the reaction of DVS and D,O (DMAP or KO'Bu cata-
lyzed) via NMR spectroscopy revealed in the first step partial
deuteration of the internal carbon atom of the vinyl group
(Scheme S17). In the end, PES completely deuterated in o-
position to the sulfone-group formed (Fig. S38-5S417). Without
the addition of a catalyst, no deuterium is incorporated into the
vinyl group. These findings show that the attack and the elim-
ination of the hydroxide are fast, reversible processes, i.e. C is in
equilibrium with the vinyl species. Upon the reaction of the
alkoxide C with another DVS towards D, C is withdrawn from
this equilibrium. The higher reactivity of alkoxide C in oxa-
Michael reactions compared to hydroxide is plausible. Alkox-
ides are believed to be better nucleophiles than hydroxide and
the corresponding alcohol of C is at least about 3.8 orders of
magnitude more acidic than water (Table S27).>® Accordingly,
a hydroxide will most likely undergo a fast acid base reaction
with alcohol-terminated species, forming the corresponding
alkoxide and water. The alkoxide will then react further with
DVS.* Moreover, Gibbs' free energies of model substrates were
calculated using highly accurate Coupled-Cluster (CCSD(T))
methods at the basis set limit. Results suggest that oxa-Michael
products of DVS and alcohols are thermodynamically more
stable than 2-hydroxyethyl vinyl sulfone or HES formed by the
addition of water to DVS (Fig. S427).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The second question is why the polymerization catalyzed by
base is slower compared to its nucleophilic catalyzed version. A
first hypothesis that zwitter-ion terminated species (e.g. E) are
preferably growing was discarded, because of the findings from
monitoring the early steps of the reaction (Fig. 1a). Instead, it is
likely that ion-pairs B or the higher homologues F act as phase
transfer catalysts.>® As expected, without stirring, hardly any
reaction takes place in either phase of the biphasic reaction
mixture (Fig. S451). Investigating the two phases by 'H-NMR
spectroscopy (after shaking of the NMR tube) revealed that
reaction products are mainly observed in the water phase,
which is not surprising since the active species are of ionic
nature. Additionally, a cloudy colorless precipitate, most likely
PES, forms in the aqueous phase over time. Based on these
findings, it is hypothesized that ion-pairs B and F facilitate the
transfer of DVS (and later of vinyl species D) into the aqueous
phase in which those species immediately trap alkoxide C (or
higher homologues of C). The formed neutral species are then
either soluble in the DVS phase or precipitate from the water
phase. Thus, a back reaction is impeded. With this assumption,
also an explanation for the preferential formation of side
product 1 in the basic regime at low temperature (Table 2, entry
6) and the higher share of 1 in DMAP catalyzed reactions with
more water (Table 2, entry 8) becomes available. Formation of 1
is competing with the formation of the polymer and becomes
more important the lower the DVS (or D) concentration is in the
water phase. If a low amount of DVS (or D) is present, an
intramolecular reaction is favored. However, at a later stage of
the reaction, intramolecular cyclisation leading to larger cyclic
oligomers is less probable but still conceivable. At a higher
temperature of 80 °C (Table 2, entries 13-16) DVS and water are
miscible and the outcome of the reaction is drastically changed
due to an imbalanced stoichiometry. The excess of water favors
the formation of cycle 1 and hydroxy terminated oligomers,
most probably because the equilibrium under homogenous
conditions is rather on the side of well water soluble species like
HES, 1, B or F (Fig. S497). Furthermore, 1 can be prepared by
reacting HES at 80 °C with catalytic amounts of base within 24 h
in virtually quantitative yield (Fig. S50%), illustrating the
reversibility of the oxa-Michael reaction of water with DVS.
Similarly, base catalyzed depolymerization of related polymers
has been described in literature, supporting the claims on
reversibility made here.*

Thermal properties and use in
a polymer electrolyte

PES prepared from water and DVS exhibits very similar thermal
properties compared to the recently disclosed PES made from 2-
hydroxyethyl vinyl sulfone.” Differential scanning calorimetry
(DSC) revealed a glass transition temperature (Ty) around room
temperature (determined from the second heat run with
20 °C min~", Fig. S511). In the first heat run a broad endo-
thermic signal around 80 °C is observed indicating melting,
which is no longer observed in the following heating and
cooling runs. X-ray powder diffraction (XRD) measurements
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Fig. 2 Photograph of dried, crude, semi-crystalline PES (left) which is blended with 15 wt% LiTFSI and subsequently heated at 120 °C forming
a homogenous melt (middle). From the melt, free-standing amorphous SPE membranes are punched (right).

confirmed that in the original, brittle state the polymer is semi-
crystalline and after melting the material is amorphous
(Fig. S527). From thermogravimetric analysis (TGA) of the semi-
crystalline material a mass loss of 2-3% until 150 °C was
observed and 5% mass loss occurred at 184 °C. After the expo-
sure of PES to 120 °C for 1 h to obtain an amorphous sample,
the material revealed a higher thermal stability. Negligible mass
loss until 150 °C and 5% mass loss at 210 °C were observed
(Fig. S53f). Thus, melting of the initially obtained, semi-
crystalline material goes in hand with some mass loss.

The polymer's low melting point and amorphous character
of the solidified melt motivated us to prepare solid polymer
electrolytes (SPE) with lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) as salt.** Interestingly, despite the appealing
properties of sulfone based liquid electrolytes, in particular
their wide electrochemical window, the application of poly-
ethersulfones as SPEs is rare.*® A recent study on poly(ether-
thioethers) including poly(ether-sulfoxide) and poly(ether-
sulfone) with varying methylene spacers shows advances in
this field.** Further, a theoretical study showed that a copolymer
with alternating sulfonyl and ethylene oxide repeating units
with LiTFSI as salt allows for a higher cation transference
number than the standard SPE poly(ethylene oxide) (PEO), as
the affinity of sulfonyl group for TFSI™ is increased.** Free-
standing membranes of the SPE (Fig. 2) were prepared under
solvent-free conditions by simply melting crude (semi-
crystalline) PES together with LiTFSI at 120 °C. The finely
grounded, dried polymer (without work-up) was mixed thor-
oughly with varying amounts of LiTFSI salt (0-20 wt%) inside
a glovebox. In the following, the mixture was melted on a Teflon
plate in an oven at 120 °C overnight.

Thereby, a soft, slightly sticky, formable material was ob-
tained. After pressing, membranes of the SPE, which could
easily be peeled off the Teflon plate, were cut (12 mm diameter,
0.9-1.0 mm thickness). XRD spectra of both, the melted poly-
mer and the SPE membrane, look alike (Fig. S567). The absence
of reflections related to LiTFSI crystals indicates a uniform
distribution of Li salt in the polymer. Thermal stability was
studied by TGA and DSC (Fig. S57 and S587t). Again, the SPE
shows similar properties to the melted polymer (without salt).
The glass transition temperature of the SPE determined by DSC
is slightly lower than of melted PES (7.6 °C against 13.3 °C).
Thermal stability is identical as the material with LiTFSI is also
stable up to 210 °C (mass loss 5%).

6926 | Chem. Sci,, 2022, 13, 6920-6928

The Li-ion conductivity of such membranes with and without
added LiTFSI as conductive salt was evaluated by electro-
chemical impedance spectroscopy. PES without the addition of
LiTFSI can be regarded as an insulator at room temperature
(Fig. S59at). Even after the addition of 5 wt% LiTFSI neither
a DC plateau nor an electrode polarization is observable. Only
with 10 wt% LiTFSI a considerable Li-ion conductivity of 7.14 x
107° S cm™ ' is observed. The highest Li-ion conductivity of 1.45
x 107% S em™" at room temperature was achieved by adding
15 wt% LiTFSI to PES. This conductivity is close to values of PEO
(without any additives such as plasticizers), which are typically
in the range of 1077 to 10" % S em ™" at room temperature.*® Any
further increase in the salt concentration does not lead to
a significant improvement in the Li-ion conductivity. In
a second step, the temperature dependency of the conductivity
of the sample containing 15 wt% LiTFSI was studied in the
range from 25 to 100 °C (Fig. S59b¥). The determined activation
energy turned out to be 1.02 eV. At 70 °C a conductivity of 1.6 X
107® S em™! is obtained. The temperature dependent Li-ion
conductivity follows an Arrhenius behavior and no indication
of an abrupt change in the Li-ion conductivity is observed by
increasing the temperature (Fig. S59ct). Further, the electro-
chemical stability of polymer electrolytes is a key parameter in
terms of their application in solid-state lithium metal batteries.
Accordingly, the stability of PES containing 15 wt% LiTFSI was
investigated by cyclic voltammetry using a stainless-steel elec-
trode and lithium metal as the reference electrode. Oxidative
stability up to 5.5 V vs. Li/Li" was found at 45 °C (Fig. S617),
which exceeds the oxidative stability of conventionally used PEO
polymer electrolytes (about 4 V).*” The combination of high
electrochemical stability and appealing conductivity as well as
the solvent-free membrane preparation makes a potential
application of PES as polymer electrolyte in high voltage lithium
metal batteries interesting. However, further studies are needed
to optimize its properties and to study the lithium dendrite
suppression capabilities of this polymer electrolyte or its ionic
dynamics and transference number.

Conclusion

For the first time water was used as a monomer in a poly-
addition reaction with DVS. Initially expected challenges con-
cerning the need for equimolar amounts of monomers and
issues in terms of low reactivity of water were overcome. Excess

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc02124b

Open Access Article. Published on 23 May 2022. Downloaded on 2/12/2026 8:14:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

of water is tolerated due to an interfacial polymerization and
most likely the favorable behavior of zwitterions as phase
transfer catalysts in case of nucleophilic catalysis. Addition of
hydroxide to DVS, a highly reactive Michael acceptor, is directed
towards the formation of PES as formed alkoxides can imme-
diately react with DVS in the presence of water. Moreover, due to
precipitation of the polymer the equilibrium is shifted. Thus, we
were able to synthesize aliphatic polyethersulfones (PES) with
number molar mass averages of around 5 kg mol " and a dis-
persity of about 2.5 at room temperature using base or nucle-
ophilic catalysis. Additionally, the formed PES was studied as
solid polymer electrolyte. Free-standing polymer electrolyte
membranes were obtained in a solvent-free manner by dis-
solving lithium bis(trifluoromethanesulfonyl)imide in the melt
of PES. The polymer electrolyte revealed Li-ion conductivities of
10 % and 107° S em ' at room temperature and 70 °C, respec-
tively, and is stable up to 5.5 V versus Li/Li" at 45 °C.
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