7 ROYAL SOCIETY

Polymer
PP OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Exploiting retro oxa-Michael chemistry in

{ '.) Check for updates ‘
polymers¥
Cite this: Polym. Chem., 2023, 14,

651

@b Sysanne M. Fischer, (92

€ David Pahovnik = < and

Karin Ratzenbock, 2 P Johanna M. Uher,
David Edinger,®® Viktor Schallert,*® Ema Zagar,
Christian Slugovc (2 ¥

One way to obtain recyclable polymeric materials is to include reversible bonds in polymers. Herein, we
study the reversibility of the oxa-Michael reaction and explore its scope and limitations in simple model
systems and further in linear polymers as well as in polymer networks. The results show that the retro
oxa-Michael reaction of sulfone, acrylate or acrylonitrile based adducts is considerably fast at elevated
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temperatures (>100 °C) if Bronsted bases (e.g. KOH) are used as catalysts. Under these conditions, alco-
hols can easily be exchanged in oxa-Michael adducts within minutes. Furthermore, poly(ether)s derived
from oxa-Michael reactions can be depolymerized into small fragments in the presence of alcohols and

rsc.li/polymers show self-healing characteristics in networks.
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Introduction

With a global recycling rate of plastics as low as 9% in 2019,"
multiple strategies from mechanical recycling to chemical re-
cycling or upcycling need to be targeted to increase the re-
cycling rate. Whereas in chemical recycling the polymer is
degraded into its monomer,”> by upcycling new molecules,
polymers or materials are obtained.® Thus, implementing
reversible reactions in polymer chemistry is key for forming
recyclable materials. Upon depolymerization of polymers,
building blocks suitable for subsequent polymerization can be
obtained. Recently, a lot of research has been performed in the
field of covalent adaptable networks (CANs) or vitrimers,
which undergo reversible reactions under external stimuli
such as pH, heat or UV light. Regarding Michael addition reac-
tions, dynamic covalent exchange for thiol and amine-based
Michael adducts has been reported. Reversibility is generally
triggered by a base’ and/or elevated temperatures.” The
dynamic nature of thiol bonds has been demonstrated for
small molecules,’® e.g. by the transfer of a thiol from a ketone
to an acrylate product at 90 °C” (Scheme 1) or by the exchange
of thiophenol with mercaptoethanol in a thiol-ketone or thiol-
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maleimide adduct at 90 °C.>® Moreover, a dynamic exchange
of thia-Michael polymer networks is reported.”® Examples
include thiol-maleimide linkers in RAFT-based materials,
thiol-acrylate linkers in covalently crosslinked polyester net-
works or thiol-vinyl sulfone linkers in the polymeric network
formed by radical polymerization.®'® These materials exhibit
reshaping and self-healing abilities at temperatures ranging
from 90 to 100 °C. In addition, networks solely built up by the
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reactions in small molecules and the schematic representation of herein
discussed retro oxa-Michael reaction.
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thiol-Michael reaction with a cinnamonitrile derivative show
self-healing behaviour from 60 °C onward.'! Moreover, revers-
ible thiol-yne crosslinking was demonstrated by the group of
Du Prez.'” Regarding retro aza-Michael reactions, typically
high temperatures (>150 °C) are required. Alternatively, for
specific aza-Michael adducts, the retro-Michael reaction can
also be promoted by the use of solvents at room temperature
or catalysts (base) at 60 °C."* Already in 1944, the reverse reac-
tion of a diethanolamine-acrylonitrile adduct to diethanola-
mine and poly(acrylonitrile) was demonstrated at 150 °C
(Scheme 1)." Recent model studies show the amine transfer of
an amine-alkylacrylate adduct to benzyl acrylate in the temp-
erature range of 100-160 °C without an additional catalyst."®
This finding was further used to build CANs based on f-amino
ester, which can then be reprocessed at 150 °C due to retro
aza-Michael and transesterification reactions.”> Another
example combines pH-sensitive amidation and heat-sensitive
dynamic aza-Michael addition in CANs.'® Moreover, dynamic
amino-yne click chemistry at 130 °C was reported in CANs."”

In contrast, reports on the utilization of retro carba-
Michael'® and in particular retro oxa-Michael reactions in
polymer chemistry are scarce. The reversibility of the oxa-
Michael reaction is rather discussed as a major drawback in
small molecule synthesis’® and decomposition products
caused by the retro oxa-Michael reaction were observed.>
More explicitly, evidence for the reversibility of the oxa-
Michael reaction is indicated by the exchange of methanol in
f-methoxy ketone with d-methanol in the presence of PMe;.>!
Similar studies show that the addition of deuterated methanol
to a vinyl ketone is reversible as deuterium is incorporated in
the a-position of the vinyl.>> Our group recently demonstrated
that the attack and elimination of hydroxide to a vinyl sulfone
is a fast, reversible process. By using deuterated water, we also
observed partial deuteration of the vinyl.>* Examples for apply-
ing the retro oxa-Michael reaction include the evaporation of
water from hydroxy ethyl sulfone derivatives at room tempera-
ture under basic conditions (pH = 8.5) to obtain reactive vinyl
groups which can then further react with alcohols.>* However,
this is described to be a very slow process, taking several days.
In contrast, at 80 °C, 1,4-oxathiane 4,4-dioxide could be pre-
pared selectively from bishydroxy ethyl sulfone under basic
conditions within 24 h by the loss of water.”® Moreover,
methylene malonate derivatives can be blocked with Michael
donors such as alcohols or thiols. By the reverse Michael reac-
tion, the alkene is liberated upon heat treatment (>200 °C).
This allows either the deconstruction of polymers or the
alkene can further take part in cross-linking and such formu-
lations can be used in eg. thermally activated coatings.*
However, no systematic study on the retro oxa-Michael reaction
is available.

Therefore, we herein report a detailed study of the reversi-
bility of the oxa-Michael reaction for simple model systems,
identifying the ideal reaction conditions. The retro oxa-
Michael reaction was demonstrated by showing the exchange
of the alcohol in oxa-Michael adducts (Scheme 1). In other
words, the retro oxa-Michael reaction is followed by the
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addition of another alcohol to the newly formed Michael
acceptor giving a new oxa-Michael adduct. Furthermore,
we demonstrate the scope and some limitations of the use of
the retro oxa-Michael reaction in polymers and polymer
networks.

Results and discussion
Retro oxa-Michael reaction in small molecules

To obtain a general understanding of the retro oxa-Michael
reaction and its required conditions, simple oxa-Michael
model compounds were synthesized in the first step. Vinyl sul-
fones were preferred over acrylates as Michael acceptors,
because in the case of the latter, transesterification occurs as a
competing side reaction.>® Model structures were synthesized
from methyl vinyl sulfone and the respective alcohols under
solvent-free conditions at room temperature with potassium
hydroxide (KOH) as a catalyst (see the ESIf). In the initial
study, a mixture of the benzyl alcohol adduct 1 and 3 equiv. of
allyl alcohol was used to evaluate different catalysts for the
reverse oxa-Michael reaction (Fig. 1a). As for the oxa-Michael
addition of alcohols Lewis or Brensted base -catalysis is
required,””*® we expected that in the retro oxa-Michael reac-
tion also a catalyst would be necessary. Various catalysts
(10 mol% with respect to 1) ranging from pure Bronsted bases
to pure Lewis bases were screened at a temperature of 140 °C
and the conversion towards 2 was monitored by "H-NMR spec-
troscopy after 1 h and 24 h. In the presence of strong Bronsted
bases such as KOH, potassium tert-butoxide (KO‘Bu) and the
phosphazene base 1-tert-butyl-2,2,4,4,4-pentakis-(dimethyl-
amino)-2A°,4)>-catenadi-(phosphazen) (P,-‘Bu), about 60% of
the newly formed adduct 2 could be detected after 1 h
(Fig. 1b). The remaining 40% were unreacted 1. Additionally,
free benzyl alcohol was observed in the reaction mixture,
whereas methyl vinyl sulfone could not be detected. This indi-
cates that methyl vinyl sulfone is only intermediately formed
and is quickly trapped by the excessive alcohol. The use of the
distinctly weaker Bronsted base sodium carbonate (Na,CO3) as
a catalyst resulted in a much slower reaction, as only 6% con-
version towards 2 was noted after 1 h, which further increased
to 46% after 24 h. Using catalysts that are Lewis bases and con-
siderably strong Brgnsted bases at the same time led to
differing results. While 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) gave similar conversions to the discussed pure strong
Brensted bases, the use of 1,1,3,3-tetramethylguanidine (TMG)
resulted in only 23% conversion towards 2 in 24 h (14% in
1 h). The similar basicity of DBU (pK, = 13.5 + 1.5) and TMG
(pK, = 13.0 = 1.0) cannot explain their diverging perform-
ance.” Instead it is conceivable that DBU is less prone to
degradation than TMG under the given reaction conditions.*®
Less basic catalysts triethylamine (Et;N), 1,4-diazabicyclo
[2.2.2]octane (DABCO) and triphenyl phosphine (PPh;) are
almost or completely inactive in catalysing the retro oxa-
Michael reaction under the studied conditions. The same
applies to the uncatalysed reaction as no evidence for a reverse

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2py01345b

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

Open Access Article. Published on 04 2566. Downloaded on 11/6/2569 14:25:23.

(cc)

Polymer Chemistry

a)

N

caa

+ 3 \/\OH
cat. H
N

\/\0/\/3\ 5

' (:TAOH+2§VADH

KOH

c) 100

80 °C 120°C 140°C

< i

180 °C

Conversion [%]

Fig. 1

View Article Online

Paper

b) 100
Brensted Lewis
bases bases
80
X 60
= Bat1h
2 Bat24n
2 40
[e]
o
2 : ::
Q Q Q
[&] (] o
07 < o o
oL = c =
= A = | IO Z 0 O
o o Q @ o £ ©
DLNQQ%QEME&S
-4 é c
d) 100
DBU
80 °C 120°C 140°C 180 °C

= O

60 4

404

Conversion [%]

204

1 h

24 h
15 min BN
24 h
15 min RN

== = = R~ =
— - < - <
€ N € N
) 0
- -

(a) Chemical equation of the test reaction; (b) catalyst screening for the conversion of 1 towards 2; reaction conditions: 0.10 equiv. catalyst, 3

equiv. allyl alcohol, 140 °C for either 1 h or 24 h; (c) temperature screening for the conversion of 1 towards 2; reaction conditions: 0.05 equiv. KOH,
3 equiv. allyl alcohol, conversion after 15 min, 1 h or 24 h; (d) temperature screening for the conversion of 1 towards 2; reaction conditions: 0.10

equiv. DBU, 3 equiv. allyl alcohol, conversion after 15 min, 1 h or 24 h.

reaction could be observed after heating for 24 h at 140 °C.
The study confirms the necessity of a Brensted-basic catalyst
for performing the retro oxa-Michael reaction with reasonable
speed at the temperature under investigation. The catalyst is
believed to deprotonate the C,-atom next to the electron with-
drawing group, in this case the sulfone. The corresponding
carbanionic species in the following eliminates the corres-
ponding alkoxide and forms the respective alkene.
Nucleophilic substitution is a conceivable mechanistic alterna-
tive for the formation of 2 from 1 under the used reaction con-
ditions. However, allyl benzyl ether or 2-(methylsulfonyl)
ethanol, the other potential products of a nucleophilic substi-
tution reaction, have never been observed in any of the herein
presented reactions. Thus, a nucleophilic substitution mecha-
nism is unlikely to take place. After 24 h, the ratio of 1 to 2
changed slightly in favour of 1. A gradual loss of the relatively
volatile allyl alcohol (bp = 97 °C vs. benzyl alcohol: bp =

This journal is © The Royal Society of Chemistry 2023

205 °C) over time might cause a readjustment of the equili-
brium between 1 and 2.

For further screenings, KOH and DBU were chosen as the
preferred catalysts. P,-'Bu was not further investigated as it
shows no advantage over KOH and is much more expensive
and toxic. DBU was considered as an interesting alternative as
it is a liquid and thus has advantages over the solid KOH
under certain circumstances. Lower catalyst loadings (2 and
5 mol% with respect to 1) were studied for KOH and DBU
(Table S27). In the case of KOH, the best results were obtained
with 5 mol% with 65% conversion to 2 after 1 h. Lower catalyst
loadings diminish the retro oxa-Michael reaction. In the case
of DBU, a loading of 10 mol% (56% of 2 after 1 h) outperforms
5 mol% (44% of 2 after 1 h). In the following, either 5 mol%
KOH or 10 mol% DBU was used to assess the impact of the
reaction temperature. The aforementioned reaction was
additionally performed at 80, 120, 140 and 180 °C with
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5 mol% KOH or 10 mol% DBU. The results are depicted in
Fig. 1c and d and show the conversion to product 2 after
15 min, 1 h and 24 h. For KOH, equally good conversions are
obtained at 120 °C and 140 °C. A slightly worse conversion was
observed at 180 °C. Even at 80 °C, the retro oxa-Michael reac-
tion takes place; however, at a slower pace. Moreover, the
maximum conversion is already reached at 120 °C after
15 min. As the retro oxa-Michael reaction occurred fast with
KOH, the reaction progress was monitored in shorter intervals
at 140 °C (Fig. S15%). It was already found that after a reaction
time of 1 min, 65% conversion to 2 is obtained. Thus, the
retro oxa-Michael reaction is a considerably fast reaction under
KOH catalysis at elevated temperatures. In contrast, with the
amidine base DBU, longer reaction times and higher tempera-
tures are needed to reach similar conversions. At 80 °C, hardly
any reverse reaction occurs and also at 120 °C and 140 °C the
reverse reaction is distinctly slower than with KOH. The results
at 180 °C show trends similar to those with KOH.

To elucidate the impact of different alcohols in the retro
oxa-Michael reaction, Michael adducts with primary alcohols
of allylic (1 and 2) or aliphatic (3 and 4) nature and secondary
alcohols (5) were screened in the exchange reaction with allyl
alcohol, benzyl alcohol, 1-butanol, 2-methylpropan-1-ol or
cyclopentanol. The alcohol was added in excess (3 equiv.) and
the reaction was carried out with 5 mol% KOH at 140 °C. The
results after reaction times of 15 min and 24 h are depicted in
the heatmap plot shown in Fig. 2a. As a first result, it can be
seen that in most experiments, the equilibrium is already
reached within the first 15 min as the conversion towards the
exchanged products does not significantly change after a reac-
tion time of 24 h. Secondly, the alcohol exchange is the lowest
with compound 5 as the starting material and gradually
increases from row to row in Fig. 2a reaching the highest

View Article Online

Polymer Chemistry

exchange with adduct 2. In the next step, the corresponding
equilibrium constants (K) were calculated based on the values
obtained after a reaction time of 24 h. The equilibrium con-
stants for the forward reaction and the corresponding reverse
reaction are shown in Fig. 2b. In the case of the reaction of
allyl alcohol, benzyl alcohol or 1-butanol with the corres-
ponding adducts 1-3, the equilibrium can be reached from
either side of the exchange reaction. In contrast, 2-methyl-
propan-1-ol and cyclopentanol show a different behaviour.
Depending on the starting point, different equilibrium con-
stants are noticed, i.e. an ideal behaviour is not observed. For
example, the reaction of adduct 5 and allyl alcohol results in a
Ks_., of 0.004 (reverse reaction: K,_ 5 = 250) while the reaction
of adduct 2 with cyclopentanol gives a K,_,5 of 2.74 (reverse
reaction: Ks_, = 0.365). In the following, DFT calculations of
Gibbs free energies were performed. The thereby determined
equilibrium constants (for details on the calculations, see ESI,
Fig. S16%) revealed values between 0.5 and 2 for all combi-
nations. Accordingly, it can be assumed that the conversion of
4 and 5 towards their exchange products is more hindered
compared to the formation of 4 and 5 from adducts 1-3 with
2-methylpropan-1-ol or cyclopentanol. In the latter cases, the
expected equilibrium concentrations are reached. The reason
for the observed misfit is yet unknown but might be due to a
deactivation of the base by an unidentified side reaction
before the equilibrium was reached. The screening demon-
strates that not each alcohol component is equally suited for
providing the desired reversible exchange reaction.

In the following, we wanted to demonstrate the retro oxa-
Michael reaction of acrylate-based models as especially in oxa-
Michael polymerizations, acrylates are widely used.***" Benzyl
3-(benzyloxy)propanoate (6) was reacted with 3 equiv. of allyl
alcohol at 140 °C with KOH or DBU as the catalyst (Fig. 3 and
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(a) Heatmap plot visualizing the conversion towards the respective product by the exchange of the alcohol by retro oxa-Michael reaction;

reaction conditions: alcohol (3 equiv.), 140 °C, 5 mol% KOH, monitored after 15 min (upper, left corner) and after a reaction time of 24 h (lower, right
corner); (b) matrix visualizing the corresponding equilibrium constants given for the forward (K) and the reverse reactions (K™1); colour code: green =
good correlation (deviation of K and K! less than factor 3); brown = fair correlation (deviation of K and K~* more than factor 3 but less than factor

15) and red = poor correlation (deviation of K and K~* more than factor 15).
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Fig. S207). The three products resulting from the retro oxa-
Michael reaction and transesterification (6a-6¢) could be
observed by "H-NMR spectroscopy (Fig. S191). For acrylates,
DBU seems to be a more efficient catalyst in the retro Michael
reaction. However, still only 20% of the newly formed allyl
alcohol Michael adducts (6a and 6b) could be observed after a
reaction time of 1 h, whereas two to three times as much trans-
esterification occurred (6b and 6c¢, Fig. 3). Over 24 h, further
retro Michael reaction took place leading to 35% of the newly
formed oxa-Michael product. Instead, with KOH only about
10% of Michael adducts 6a and 6b were observed after 1 h,
and the conversion did not increase significantly over time.
The amount of transesterification products was similar to the
case of DBU (Fig. S20t). The results show that the retro oxa-
Michael reaction can take place with a variety of Michael
acceptors. However, in the case of acrylates, transesterification
is an omnipresent side reaction.

Besides exchanging the alcohol in oxa-Michael adducts, the
transfer of alcohol from one to another Michael acceptor was
monitored by investigating a 1:1 mixture of methyl vinyl
sulfone derived adduct 1 and 3-(allyloxy)propanenitrile (7).
Scrambling of the adducts occurred already within a reaction
time of 15 min at 140 °C in the presence of 0.05 equiv. of
KOH. The corresponding allyl alcohol adduct of methyl vinyl
sulfone 2 as well as the corresponding benzyl alcohol adduct
of acrylonitrile were identified (Fig. S21 and Scheme S17).
Moreover, the free Michael acceptors, methyl vinyl sulfone and
acrylonitrile, were observed together with the free alcohols.
Scrambling as described above could also be observed in a
1:1 mixture of methyl vinyl sulfone derived adduct 1 and ((2-
(allyloxy)ethyl)sulfonyl)benzene (8) (Scheme S27). The corres-
ponding products as well as free vinyl sulfones and alcohols
were noted by 'H-NMR spectroscopy (Fig. S221). These find-

This journal is © The Royal Society of Chemistry 2023
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ings further support the claim that the exchange reaction pro-
ceeds via the retro oxa-Michael reaction, which is a dissociative
mechanism.

Retro oxa-Michael reaction in polymerisation

To further study the reversibility in polymers, poly(ether-
sulfone)s and poly(ether-ester)s were synthesized by oxa-
Michael reactions. Polyl and poly2 were prepared by reacting
divinyl sulfone with ethylene glycol or (Z)-2-butene-1,4-diol,
respectively, at room temperature over 24 h with 5 mol% KOH
as a catalyst (see the ESIT).*> Moreover, 2-hydroxyethyl acrylate
was polymerized according to a modified literature procedure
(see the ESIt) with 5 mol% DBU at room temperature (denoted
as poly3).”” In the case of polyl, the catalyst was removed by
acidic work-up. The samples poly2 and poly3 were used
without further purification. Depolymerisation of polyl pre-
pared from divinyl sulfone and ethylene glycol®* was studied
by adding an excess of benzyl alcohol (3 equiv.) and 5 mol%
KOH to the polymer and heating the mixture to 140 °C under
stirring. After a reaction time of 1 h, depolymerisation to bis(2-
benzyloxyethanyl)sulfone and free ethylene glycol was noted
by NMR spectroscopy (Fig. S25 and S267). In contrast, if no
catalyst was added and polyl was solely stirred with benzyl
alcohol at 140 °C, no depolymerisation took place and poly1l
was unaffected (Fig. S27 and S28t). However, etherification of
benzyl alcohol to dibenzyl ether was observed under these con-
ditions. According to the literature, at 120 °C and under acidic
conditions, etherification of benzyl alcohol can take place.*®
As in polyl the catalyst was removed by an acidic work-up
(ESI}); traces of acid might have catalysed the etherification of
the alcohol. Thus, oxa-Michael polymers can easily be depoly-
merized into small molecules albeit not into their monomer
divinyl sulfone.

In the next step, the thermal stability of oxa-Michael poly-
mers in the presence and absence of a base was investigated.
Polyl was synthesized with various catalysts (5 mol%) includ-
ing Brensted bases (KOH and KO'Bu) and Lewis bases (DMAP
and PPh;) (see the ESI for detailsf). Thermal degradation of
the obtained polymers (still including the initial catalyst) was
studied by thermogravimetric analysis (TGA) using a heating
rate of 10 °C min~". In the case of KOH and KO'Bu, a mass
loss of 5% was observed at 194 + 1 °C (Fig. 4a). As evident
from the first derivative of the curve shown in Fig. 4b,
decomposition starts at about 160 °C and continues until
about 300 °C. At 340 °C and 260 °C, two further inflection
points were observed, pointing to at least three different degra-
dation mechanisms (Fig. 4b). Polyl obtained from nucleo-
philes was slightly more stable with a mass loss of 5% at
215 °C and 232 °C with PPh; and DMAP, respectively (Fig. 4a
and Table S31). In these analyses also three different degra-
dation processes are indicated, albeit most of the degradation
occurred at temperatures above 300 °C. For comparison, poly1l
was purified to remove the basic catalyst (KOH). Thereafter,
polyl exhibited a much higher thermal stability with a degra-
dation onset around 320 °C. The inflection point of the by far
most important degradation was found at 360 °C. A minor

Polym. Chem., 2023, 14, 651-661 | 655
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140 °C in the presence of KOH and stirring for 24 h at 25 °C (4).

mass loss of purified polyl around 100 °C is due to the solvent
traces in the polymer resulting from purification (Fig. S237).
The solvent could not be removed completely under high
vacuum. However, harsher drying conditions were not applied
because heat treatment prior to the TGA measurement might
lead to ambiguous results.

A similar degradation behaviour, i.e. accelerated decompo-
sition in the presence of Lewis or Bronsted bases used in the
preparation of the polymer, has been reported for the oxa-
Michael polymer of vinylsulfonylethanol.>* It can be concluded
that Brensted bases cause the decomposition of the polymers
at lower temperatures and polymers prepared via Lewis base
initiation have sufficient Brensted-basic character due to the
presence of zwitterionic species that show a similar effect. The
results suggest that the retro oxa-Michael reaction occurs in
the presence of Bronsted bases. However, the Brensted-base
catalysed degradation of alkyl sulfones via carbon-sulphur
bond cleavage is also known and might be responsible for the
other observed degradation steps.>® Furthermore, it has to be
considered that using different catalysts might result in
different polymer architectures, which in turn might cause
different TGA results. Accordingly, the features of the TGAs of
polyl prepared with PPh; or DMAP are not necessarily exclu-
sive due to the above-mentioned Bregnsted-basic character of
the materials.

To gain further information on the decomposition pro-
cesses, differently treated polymer samples were investigated
by size exclusion chromatography (SEC) and matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS). A base-free sample of polyl characterized by
a number average molar mass (M,) of 1750 g mol™" and a dis-
persity (P) of 1.7 was heated for 1 h at 140 °C whereupon no
significant change in M, or D was noted (Fig. 4c). Thereafter,
10 mol% KOH (with respect to the repeat unit) was added to
polyl and the mixture was heated for 1 h at 140 °C. By this pro-
cedure, the polymer’s M, value was significantly reduced to
930 g mol™" (P = 1.4). Upon stirring the same sample for 24 h
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at room temperature, no further change in the molar mass or
dispersity was observed (Table S4t). Another polymer, namely
poly2 prepared from divinyl sulfone and (Z)-2-butene-1,4-
diol,”®*> showed a similar behaviour. Upon the first thermal
treatment in the presence of KOH, the M,-value decreased
from 1530 g mol™" (P = 3.2) to 1100 g mol™" (P = 2.6, Fig. S29
and Table S5f). Two subsequent heat treatments (1 h at
140 °C, followed by 1 h at 25 °C) resulted in no further signifi-
cant changes of M, or D. Accordingly, it can be assumed that
the retro oxa-Michael reaction is reversible under these con-
ditions. The decrease in mass observed after the first heat
cycle might be due to a few yet unknown repeat units, which
lead to irreversible chain breakage under basic conditions. To
further elucidate the origin of the molar mass reduction upon
heating, poly2 samples before and after thermal treatment in
the presence of KOH were investigated by MALDI-TOF MS
(Fig. S30 and S31%). Before MALDI-TOF MS analysis, each
sample was quenched upon the addition of acetic acid. Poly2
(before any heat treatment) is terminated by vinyl sulfone and
alcohol end groups as expected. Oligomer chains terminated
twice by (Z)-butenediol were found to be the most abundant
species. Peculiarly, the second most abundant series showed
acetylation of one of the hydroxyl end groups, which results
from quenching with acetic acid. The presence of the acetate
ester group was also confirmed by 'H-NMR spectroscopy
(Fig. S327). New series terminated by sulfinic acid and vinyl
ether groups were identified in poly2 after the heating cycle in
the presence of KOH (Fig. S31%). Such end groups can be
traced back to the base catalysed thermal decomposition of ali-
phatic sulfones.>**® Accordingly, reduction in the molar mass
(detected by SEC) in the case of polyl and poly2 is most likely
not a result of a retro oxa-Michael reaction, but rather of an
irreversible thermal carbon-sulphur bond cleavage in a yet un-
identified repeat group.

Similar experiments were performed with an acrylate-based
polymer, namely the homopolymer of 2-hydroxyethyl acrylate
(HEA, denoted poly3) prepared with DBU as the catalyst. As

This journal is © The Royal Society of Chemistry 2023
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shown before, DBU is the preferred catalyst for the retro-
Michael reaction of acrylates. Thus, another 5 mol% DBU was
added to poly3 and the reaction mixture was stirred at 140 °C
for 1 h. The SEC analysis shows a decrease in M, from the
initial 1810 g mol™* (P = 1.8) to 570 g mol™* (P = 1.3) after
heating (Fig. $S331). The 'H-NMR spectrum of the degraded
sample revealed the presence of free ethylene glycol, unreacted
acrylate groups and Rauhut-Currier repeat units when com-
pared to the corresponding "H-NMR spectrum of poly3 before
the heating step (Fig. $351).>” Afterwards, at room temperature
no increase in M, was noted over a period of 2 weeks. A poss-
ible explanation for this observation could be the formation of
macrocycles. A further possible degradation reaction might be
the saponification of the ester groups with residual water.
However, by "H-NMR and IR spectroscopy no carboxylic acid
formation could be identified. Moreover, Rauhut-Currier units
formed by two acrylates are no longer accessible for oxa-
Michael reactions. Therefore, the stoichiometry is shifted in
favour of the alcohol eventually leading to shorter polymer
strands. Finally, the observation of the Rauhut-Currier units
prompts the question why such equivalent groups were not
detected in divinyl sulfone-based polymers polyl and poly2. It
can be speculated that such a divinyl sulfone derived repeat
group is a better Michael acceptor than the acrylate-derived
Rauhut-Currier unit and might still react with alcohols. Thus,
divinyl sulfone-based oxa-Michael polymers might undergo
branching and those branching points might be particularly
labile under basic conditions and elevated temperatures.

Self-healing/reprocessing of an oxa-Michael network

Experiments with linear polymers indicate a fast, reversible
oxa-Michael reaction at high temperatures under basic con-
ditions. In polymer networks such a behaviour is interesting
as it enables self-healing or reprocessability. Therefore, the
oxa-Michael polymer network poly4 was synthesized with
divinyl sulfone, triethanolamine and DBU as the catalyst at
80 °C and was post-cured at 140 °C. The slightly yellow, flexible
polymer was characterized by IR spectroscopy, TGA and differ-
ential scanning calorimetry (DSC). The IR spectra and thermal

a) b)

-

{0)5 48]
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\[\/\O/\/ \/\O/\/ :}:n

poly4

Fig. 5

poly4 prepared with
10 mol% DBU & cut
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properties of poly4 cured at 80 °C and post-cured at 140 °C are
identical (Fig. S417). Its degradation onset temperature with a
mass loss of 5% (T4 959) is 215 + 8 °C and the glass transition
temperature (Tg) is between 5 and 8 °C (Fig. S42 and S437).
The network is insoluble in dichloromethane, dioxane and
toluene and the highest swelling is observed in dichloro-
methane (106%) compared to 16-17% swelling in the other
solvents. Accordingly, the sol-gel analysis was carried out with
dichloromethane revealing a soluble fraction of poly4 of
approx. 3-4 wt%. Oligomers terminated with vinyl groups and
unreacted divinyl sulfone were identified in the extract
(Fig. S407).

To demonstrate the self-healing properties of the oxa-
Michael polymers, poly4 was cut into pieces (3-4 mm). It was
then placed in a round mould in an aluminium plate and was
pressed at 140 °C for 1 h with 50 bars in a hot press. After
pressing, a uniform disk was obtained (Fig. 5).

Based on the retro-Michael reaction and its dynamic behav-
iour, the material can be reprocessed and healed again at elev-
ated temperatures. With 10 mol% DBU, better healing could
be observed than that with 5 mol% DBU (Fig. S44f) as the
retro oxa-Michael reaction is promoted. Similar effects for
different catalyst loadings have been reported for other
materials.’” The materials’ thermal and spectroscopic pro-
perties do not change upon reprocessing (Tq o590, = 220 °C, Ty =
3 °C) (Fig. S42 and S437). The procedure of cutting poly4 into
pieces and reprocessing it in the hot press was in total
repeated three times. In all cases, a uniform, self-healed disk
was obtained. However, after the third time, new IR bands
could be observed (Fig. S457%), pointing to sulfinic acids as
already observed by MALDI-TOF MS for linear polymers.

The dynamic properties of poly4 were further investigated
by rheometry. Stress relaxation measurements by applying a
strain of 1% with a normal force of 1 N were carried out.
Thermally activated network rearrangement allowed for the
relaxation of the applied stress in the temperature range from
170 to 200 °C resulting in a temperature dependent viscous
flow (Fig. 6a) exhibiting a relatively high flow activation energy
(E,) of 173 + 13.4 k] mol ™" (Fig. 6b). As discussed by Elling and

c)

healed poly4 after
heat press treatment
140 °C, 1 h, 50 bar

(@) Membrane of poly4 prepared from 1 equiv. divinyl sulfone, 0.66 equiv. triethanolamine and 0.10 equiv. DBU; (b) photograph of a cut

membrane of poly4 placed in mould; (c) photograph of a membrane of poly4 obtained from cut pieces shown in b after hot press treatment

(140 °C, 1 h, 50 bar).

This journal is © The Royal Society of Chemistry 2023

Polym. Chem., 2023, 14, 651-661 | 657


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2py01345b

Open Access Article. Published on 04 2566. Downloaded on 11/6/2569 14:25:23.

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

(cc)

View Article Online

Paper Polymer Chemistry
10° 7
8 i o
E, = 172.8+13.4 kJ mol' S ——
7 Bk
= 10°
[C]
&1 x 180°C
d ——Cycle 1
Cycle 2
——Cycle 3
51§
0.0 ‘ ; ‘ . , R T TR 10* . r . . !
0.1 1 10 100 1000 10000 210 2.12 2.14 2.16 2.18 2.20 2.22 2.24 2.26 0.1 1 10 100 1000 10000
time [s] 1000/T [K') time [s]
Fig. 6 (a) Normalized stress—relaxation curves obtained from poly4 at temperatures ranging from 170 to 200 °C with 1/e (dotted line) used for the

determination of the characteristic relaxation time (z*); (b) fitting of the relaxation times (*) vs. temperature data by the Arrhenius equation for
poly4; (c) non-normalised stress—relaxation curves obtained from poly4 measured repeatedly at a temperature of 180 °C.

Dichtel, the observed Arrhenius relationship between tempera-
ture and relaxation time is not in contradiction to a dissocia-
tive mechanism in the bond breaking process.*® The initial
stress relaxation values (G,) differ only marginally between the
different temperatures (Fig. S46 and S47) meaning that any
decline in relaxation modulus over time is mainly influenced
by bond reformation rather than by the thermal properties of
the residual material.

Repeated stress relaxation experiments were conducted
with the same sample at 180 °C to study the effect of reproces-
sing on the viscoelastic behaviour. Between the measurements,
the sample was dismantled at room temperature and reposi-
tioned in the rheometer. With each processing cycle, a sub-
sequent increase in the relaxation time (Fig. 6¢) and no signifi-
cant drop in the modulus (also evident from the frequency
sweep tests, Fig. S481) were observed. Such a behaviour indi-
cates a loss in reprocessability and is likely caused by an
advancing decomposition of the catalyst DBU. Thermal
decomposition of DBU under similar conditions has been
reported.®®

Conclusion

The reversibility of the oxa-Michael reaction can be utilized to
build covalent adaptable networks which we herein demon-
strated by reprocessing an oxa-Michael derived polymer
network made from divinyl sulfone and triethanolamine. In
general, the retro oxa-Michael reaction is Brensted base cata-
lysed and fast at elevated temperatures (>100 °C). This could
be shown by alcohol exchange reactions in model studies of
oxa-Michael adducts based on sulfones, acrylonitrile and acry-
lates. In the case of acrylates as Michael acceptors, transesteri-
fication is a concurring reaction. Studying the retro oxa-
Michael reaction of soluble polymers revealed a molar mass
reduction upon heat treatment. It was traced back to a minor
irreversible side-reaction, which is most likely caused by the
concurring carba-Michael reactions leading to Rauhut-Currier

658 | Polym. Chem., 2023, 14, 651-661

repeat units. Moreover, in the presence of a base, oxa-Michael
polymers degrade at lower temperatures and can be depoly-
merized into small fragments in the presence of alcohols.
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