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Introduction

Strands vs. crosslinks: topology-dependent
degradation and regelation of polyacrylate
networks synthesised by RAFT polymerisationt

Frances Dawson,? Touseef Kazmi,® Peter J. Roth {2 ® and Maciej Kope¢ () *?
Degradable poly(n-butyl acrylate) networks were synthesised by reversible addition—fragmentation chain
transfer (RAFT) polymerisation using a cleavable disulfide diacrylate crosslinker or a cleavable comonomer,
dibenzolc,eloxepine-5(7H)-thione (DOT). Through the analysis of gelation kinetics, equilibrium swelling
ratio and storage modulus, it was found that incorporation of the degradable units in both cases did not
significantly impact the mechanical properties of the prepared gels compared to non-degradable con-
trols. While both types of networks were found to readily degrade, either by thiol—-disulfide exchange or
aminolysis, they produced degradation fragments of different topology, namely monodisperse linear
chains in the case of degradable crosslinkers and branched polydisperse fragments in the case of degrad-
able strands. A simple oxidation of thiols to disulfide bonds in air at 30 °C was successfully used to repoly-
merise both types of degraded fragments back to solid networks through multiple degradation/regelation
cycles. Interestingly, the branched, disperse fragments from degradation of the DOT-containing networks
repolymerised more readily and produced networks with properties closer to the original material. This is
in contrast to polyacrylate gels made by conventional free radical polymerisation (FRP) which do not
degrade through cleavable crosslinks, only through cleavable strands. However, these networks cannot
successfully reform after degradation. Furthermore, the apparent dependence of the regelation efficiency
on topology of the degraded fragments can open a pathway to better understand reprocessing and re-
cycling of crosslinked polymer networks.

In addition to cleavable/reversible bond chemistry, their
location within the network also significantly affects degrad-

Crosslinked polymers such as thermosets, elastomers and
polymer gels are indispensable engineering materials, with
their covalently crosslinked structure responsible for excep-
tional mechanical and thermal properties. However, this cross-
linked structure also makes recycling of these materials chal-
lenging." In order to afford degradable or reprocessable cross-
linked polymers, labile bonds, e.g. based on covalent dynamic
chemistry or noncovalent interactions, can be installed into
the network structure, and cleaved by some external
stimulus.> Beyond recyclable thermosets, degradable and/or
reversible crosslinks enable many advanced applications of
polymer networks, such as drug delivery systems, or self-
healing materials.®™®

“Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, UK.
E-mail: mk2297@bath.ac.uk

bSchool of Chemistry and Chemical Engineering, University of Surrey, Guildford,
Surrey GU2 7XH, UK

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3py01008b

5166 | Polym. Chem., 2023, 14, 5166-5177

ability. For example, degradable units can either be installed
in the primary chains (strands) of the polymer network, or
within the crosslinks. Indeed, using polydicyclopentadiene
synthesised by ring opening metathesis polymerisation
(ROMP) Johnson et al. have shown both theoretical and experi-
mental evidence that networks with cleavable strands are more
readily degradable than those with cleavable crosslinks."”

The influence of network topology becomes even more pro-
nounced for gels synthesised by free radical polymerisation
(FRP). In principle, using a crosslinker with a labile bond
incorporated into it should be a simple method of making a
degradable network. However, it is apparent that both poly-
merisation technique and monomer choice can affect the
degradability of the resulting networks. For example, disulfide-
containing crosslinkers have been used to impart degradability
into poly(acrylamide)-based hydrogels synthesised by FRP.'""?
In contrast, there are also reports of crosslinked poly(N-iso-
propylacrylamide),”® poly(methyl methacrylate)'* and poly
(hydroxyethyl acrylate)'® networks not degrading when syn-
thesised by conventional FRP despite possessing cleavable
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crosslinkers. This is thought to be due to their clustered
heterogeneous structure resulting from the kinetics of FRP
which produces very high molecular weight, intermolecularly
crosslinked chains right from the onset of the reaction."®"”

On the other hand, networks made by reversible deactivation
radical polymerization (RDRP) techniques have a more hom-
ogenous structure due to the mechanism of controlled chain
growth without formation of microgel clusters.'®'® This structure
allows gels containing cleavable crosslinkers to degrade when
made by RDRP.'*'>?° This difference was shown in work by
Konkolewicz, Matyjaszewski et al., where polyacrylate gels con-
taining disulfide crosslinker degraded when synthesised by RDRP
techniques, but not when synthesised by FRP.'®> The use of RDRP
techniques has also allowed for preparation of vinyl-polymer-
based vitrimers as demonstrated by Leibler and Sumerlin with
respective co-workers.>"*

Another strategy to produce degradable vinyl polymers is to
install cleavable units in the polymer backbone using radical
ring-opening (co)polymerisation (rROP). Recently, the thionolac-
tone dibenzo[c,e]oxepine-5(7H)-thione (DOT) has been used as a
cleavable comonomer for a variety of monomers, including
acrylates,”® > acrylamides,”**”*®* maleimides®® and styrene.'**°
DOT has also been shown to be compatible with a variety RDRP
techniques: reversible-addition fragmentation chain transfer
(RAFT),>***" atom-transfer radical polymerization (ATRP)** and
nitroxide-mediated polymerisation (NMP).*" The thioester linkage
formed by the DOT copolymerisation can be cleaved by various
nucleophiles such as primary amines or strong bases. In
addition, DOT can be incorporated into crosslinked polymer net-
works as shown by our group?® and Guillaneuf et al. for polyacry-
lates® as well as by Johnson and Guillaneuf and their respective
co-workers for polystyrene.***

Recently, we have reported the synthesis and degradation of
crosslinked poly(n-butyl acrylate-DOT) networks synthesised by
FRP, with a critical DOT to crosslinker ratio of 4:1 for com-
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plete degradation.”® This showed that the cleavable comono-
mer approach was more suited to impart degradability into gel
networks made by FRP than a cleavable crosslinker approach.

Around the same time, Kiel et al. reported the use of DOT
copolymerised with styrene or tert-butyl acrylate to make
degradable linear polymers that could be repolymerised
through thiol oxidation to reform the polymer at near identical
molecular weight.*® Crosslinked networks containing DOT
were also shown to successfully degrade under basic con-
ditions, however these were not repolymerised.

Generally, all DOT-containing networks reported to date
have been made by FRP, but the effect of DOT on the synthesis
of crosslinked networks by RDRP has not been investigated. In
this work, RAFT polymerisation was used to prepare model
poly(n-butyl acrylate) (PBA) networks containing either cleava-
ble crosslinks using a disulfide diacrylate (DSDA) crosslinker
(Scheme 1) or cleavable strands using DOT (Scheme 2). The
effect of each of these strategies on polymerisation kinetics,
mechanical properties and degradability of the networks were
investigated. Furthermore, these degradation methods pro-
duced thiol-functional fragments, allowing their reoxidation
back to solid crosslinked networks. The comparison of the
regelation efficiency of fragments with different topology pro-
vided valuable insights for the future design of recyclable
networks.

Results and discussion
Synthesis of PBA gels with disulfide crosslinker

To first assess how disulfide crosslinkers impart degradability
to polyacrylate networks, PBA gels were synthesised with both
a degradable (2,2"-dithiodiethanol diacrylate, DSDA) and non-
degradable (1,6-hexanediol diacrylate, HDDA) crosslinker at
two different crosslink densities, namely 2 mol% and 4 mol%
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Scheme 1 Synthesis of PBA networks containing disulfide crosslinker (DSDA) by RAFT polymerisation and their degradation by thiol—disulfide

exchange with dithiothreitol (DTT).
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Scheme 2 Synthesis of PBA-DOT networks by RAFT polymerisation and their degradation by aminolysis with isopropylamine.

vs. the monomer (Scheme 1). To compare the effect of using
RDRP vs. conventional FRP on how the PBA gels degrade,
samples of each crosslink density and type was synthesised
using both RAFT polymerisation (Table 1) and FRP
(Table S17).

For polymerisations with 2-(dodecylthiocarbonothioylthio)-
2-methylpropionic acid (DDMAT) as the RAFT agent (DPgurgec =
100), the reactions before the gel point were monitored by 'H
NMR showing linear first order kinetics in all cases (Fig. 1).
Despite thorough purification procedures applied both
monomer and crosslinkers, an induction period was observed
in the reactions with DSDA (both RAFT and FRP). However,
after the induction time polymerisations with DSDA were vir-
tually identical as those with HDDA. The time for gelation was
recorded, and the monomer conversion past gel point was esti-
mated by linear regression of the semilogarithmic kinetic plot.
Although the gel times for the DSDA-containing gels were
longer than for the HDDA analogues, the gel point conversions
were similar, if slightly lower. This extended gelation time is
due to an induction time in the PBA-DSDA reactions.

When designing a degradable polymer network, the aim is
to install degradable units into the network without compro-
mising the material’s mechanical properties. For gels syn-
thesised by FRP, there was no difference in equilibrium swell-

ing ratio (ESR) or rheological behaviour between the two types
of crosslinker used (Table S1 and Fig. S1). However, for gels
synthesised by RAFT polymerisation, the shorter chain length
and more homogeneous network structure allowed for the
effect of the disulfide bonds on the mechanical properties of
the networks to be visualised (Fig. 2). For 2 mol% crosslinker
loading, the PBA-DSDA2 sample had a lower storage modulus
(G") value at 0.1 rad s™" of 1.3 + 0.4 kPa, compared to 3.5 + 0.9
kPa of the corresponding PBA-HDDA2 sample. The gel fraction
for the PBA-DSDA2 gel was relatively low, so a significant sol
fraction was present in the sample which may have a plasticis-
ing effect. In addition, the DSDA-containing networks at both
2 and 4 mol% loadings showed a larger frequency dependence
in their storage modulus than the corresponding HDDA gel.
This is consistent with other networks containing reversible
covalent bonds in environments where the mechanism of
reversibility is accessible.***’
reversible covalent nature in basic conditions,*® and in our
system the polymerisation/gelation solvent anisole could be
acting as a mild base to facilitate the disulfide-thiol exchange,
which would explain the observed frequency dependence.
Namely, at low angular frequencies, the timescale probed was
longer than the timescale of the disulfide/thiol exchange, so
the network had time to restructure and exhibit more flow-like

Disulfides are known to show

Table 1 Summary of synthesis and properties of PBA networks synthesised by RAFT polymerisation, with DSDA or HDDA crosslinker

Sample Mol% crosslinker Gelation time“ (min) Estimated acrylate conversion at gel point” ESR° Gel fraction? (%)
PBA-DSDA2 2% DSDA 155 0.69 13.2 £ 0.2 65 +3.2
PBA-HDDA2 2% HDDA 110 0.76 13.7 £ 1.2 73 +1.3
PBA-DSDA4 4% DSDA 125 0.39 6.1 £0.5 86 +1.4
PBA-HDDA4 4% HDDA 73 0.48 6.3 £0.1 88 +2.1

“ Defined as the moment when the reaction mixture lost mobility upon inversion. ? Acrylate conversion estimated from gelation time and pre-
vious conversion measurements prior to gelation. All reactions were conducted for 24 h. © Average value from triplicate measurements of gel equi-
librium swelling ratio (ESR), determined gravimetrically by swelling in excess THF for 24 hours. ESR = Mgyolien/Madry- 4 Average value from triplicate
measurements for different parts of a gel, determined by weighing a fully formed dried gel and solids extracted from the gel upon washing in

THEF (501); % GF = Mgei/(Mgel + Mgor) X 100%.
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Fig. 1 Conversion plots (left) and first-order semi-logarithmic kinetic plots (right) for RAFT polymerisations of PBA-DSDA and PBA-HDDA networks.
The final point on each data set (open symbol) is the estimated acrylate conversion at the gel point from gel times and through linear regression of
the kinetic plots. [BA] : [DDMAT] : [AIBN] : [X] =100:1:0.2:2 or 4, X = DSDA or HDDA. BA : anisole 1:1 v/v; 65 °C, 24 h.
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Fig. 2 Characterisation of PBA-DSDA and PBA-HDDA networks: shear sto|
and ESR of gel samples in THF (right).

behaviour, thus reducing the elastic response.>* At shorter time-
scales ie., at higher angular frequencies, the timescale of the
kinetically labile crosslinks was too long to be relevant, and the
networks had a similar G’ value as the networks with HDDA with
the same average crosslink density. The increased fluid-like prop-
erty of networks containing DSDA was also evident by their
higher phase angle than the corresponding HDDA network
(Fig. S27). The difference in G’ and phase angle between the two
types of networks was less prevalent at higher crosslink densities.
In comparison, the ESRs are very similar between networks with
DSDA and HDDA, made by both RAFT and FRP, as this measure-
ment was at equilibrium with the average effective crosslink
density being the same (Fig. 2 and Table S171).

Degradation of DSDA containing gels synthesised by FRP and
RAFT

Degradation of the DSDA containing networks was carried out
using a 25 mg mL~" dithiothreitol (DTT) solution in DMF at

This journal is © The Royal Society of Chemistry 2023

rage modulus, G', of as-synthesised gel discs by oscillatory rheology (left)

65 °C for 24 hours, according to previously published pro-
cedure. As expected, the two gels synthesised by RAFT fully
degraded under these conditions, whereas the FRP-made gels
did not and macroscopic gel fragments were still present in
the vial after attempted degradation. This clearly shows that
the homogeneous network structures achieved by the con-
trolled growth of polymer chains in RAFT allowed the disulfide
bond cleavage to fully degrade the network. The FRP samples
did show partial degradation, as the 2% DSDA and 4% DSDA
FRP-made gels lost 18% and 9% of their original mass,
respectively (Table 2 and Fig. 3). This incomplete degradation
could either be due to not enough of the disulfide units being
cleaved or due to other structures such as entanglements
holding the remaining network together. To evaluate the clea-
vage of the disulfide units, the ESR of the FRP networks was
measured before and after the degradation procedure. The
ESR increased from 6 to 21 for 2% DSDA and from 4 to 14 for
4% DSDA, indicating a considerable reduction in effective

Polym. Chem., 2023, 14, 5166-5177 | 5169
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Table 2 Degradation results for PBA-DSDA networks synthesised by RAFT and FRP

Polymerisation method Mol% crosslinker” Macroscopic degradation” Mass loss‘ (%) M, % (g mol™) p?

RAFT 2% DSDA Yes 100 14700 1.09
4% DSDA Yes 100 14 000 1.10

FRP 2% DSDA No 18 +£0.4 — —
4% DSDA No 9+0.8 — —

“PBA-HDDA networks showed <1% mass loss for all samples. ” Determined visually-macroscopic degradation successful when no solids
remained after degradation. “Measured gravimetrically by washing and drying remaining solids after degradation. % mass loss = (mar, —
Mty deg)/Mary X 100%. When full macroscopic degradation was observed, the mass loss was assumed to be 100%. 4 Measured by GPC; no GPC

trace observed for partially degraded samples.

100 4 L
2% DSDA
;; 80 4 4% DSDA |
? 60. i 2% DSDA
o 4% DSDA
n
g 40 4 3
=
20 4 L
1
RAFT FRP 10 12 14 16

Retention time (mins)

Fig. 3 Degradation of PBA-DSDA gels by 25 mg mL™ DTT solution in DMF. Left: Mass loss % referenced to original mass of dry gel sample before
degradation. 100% mass loss corresponds to macroscopic degradation of gel to soluble fragments. Right: GPC traces of soluble fragments from fully

degraded PBA-DSDA RAFT networks.

crosslink density of the remaining gel (Fig. S31). This suggests
that a significant number of the disulfide units were cleaved,
but the entangled polymer strands in the clusters likely pre-
vented the material from dissolving. However, it is also poss-
ible that dense microgel clusters present in the FRP networks
prevented solvent/DTT penetration and therefore cleavage of
some disulfide bonds.>” Gels made by both FRP and RAFT
containing HDDA were also submitted to this procedure as a
control, and they all showed <1% mass loss and no change in
ESR after degradation.

As the gels synthesised by RAFT fully degraded at both
crosslink densities, the solutions containing the degraded
fragments were analysed by GPC. The fragments of both
samples had very similar molecular weights and dispersity,
around 14 000 ¢ mol™" with P ~ 1.10, which is consistent with
a targeted DP of 100 (i.e, My, neo at full conversion = 13200 g
mol ™). As the cleavable units were located in the crosslinks,
the degraded fragments were structurally very similar to linear
PBA chains synthesised by RAFT with no crosslinker present,
which had a M,, of 13500 g mol™" and a P = 1.14 (Fig. S41).
This confirms that the structure of networks synthesised by
RAFT are highly uniform, in line with previously published
results.">?°

5170 | Polym. Chem., 2023, 14, 5166-5177

Synthesis of PBA-DOT gels by RAFT

In order to prepare networks with degradable strands, a series
of PBA gels were synthesised with a DOT content of 0-5 mol%
vs. BA, with a targeted DP of 100 (Scheme 2). A constant cross-
link density of 2 mol% was chosen to ensure consistent gela-
tion under RAFT conditions. A parallel reaction with no cross-
linker was used to monitor BA and DOT conversion, and the
polymerisations were carried out for 24 h to maximise
conversion.

At all DOT loadings, the RAFT polymerisation was well con-
trolled showing first order kinetics and similar measured M,
to theoretical values. The GPC traces of the linear polymers
were all monomodal with low dispersities (1.14-1.25), with a
high molecular weight shoulder appearing in the peaks at
24 hours reaction time likely due to some coupling occurring
at near-complete monomer conversion (Table 3 and Fig. 4).

We previously reported the effect of DOT on the gelation of
n-butyl acrylate (BA) in FRP.”® Increasing the DOT content
increased the gelation time and significantly reduced the
molecular weight of the polymer. This effect was rationalized
through the slower propagation rate of the benzyl radical on
the DOT unit compared to the BA unit, with the rate of termin-

This journal is © The Royal Society of Chemistry 2023
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Table 3 Summary of synthesis and characterisation of PBA-DOTx-L linear polymers after 24 hours reaction time, where x = 0—-5 mol%
Acrylate conversion Acrylate conversion M, theo b Mh.6ec©

Sample DOT mol% at 24 hours® at 100% DOT conversion® (g mol™) (g mol™) pe
PBA-L 0 0.98 — 12900 13 500 1.14
PBA-DOT2-L 2 0.88 0.70 12100 12 000 1.17
PBA-DOT3-L 3 0.95 0.73 13200 11200 1.15
PBA-DOT4-L 4 0.93 0.76 13200 11100 1.17
PBA-DOT5-L 5 0.87 0.73 12 600 9500 1.25

“Acrylate and DOT conversion measured using 'H NMR. ”Theoretical M, calculated using measured monomer conversions at 24 hours.

“Measured by GPC.
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Fig. 4 Left: Conversion plots for PBA-DOT-L linear polymers. Closed markers indicate BA conversion, open markers indicate DOT conversion.
Right: GPC traces for PBA-DOT linear polymers after 24 h reaction time. [BA] : [DOT] : [DDMAT] : [AIBN] = 100:x:1:0.4, x = 0, 2, 3, 4, 5. BA: anisole

1:1v/v, 65°C.

ation remaining unchanged. The chains produced were
shorter which delayed the point of gelation, and the overall
polymerisation rate was slower which further increased the
time taken to reach the gel point.

Herein, when the networks were produced by RAFT, the
gelation time also increased with increasing DOT loading
(Table 4). The rate of polymerisation in the presence of DOT
was visibly slower than for pure BA, but all reactions reached
between 87 and 95% BA conversion after 24 hours. Gel points
were then estimated by comparing gelation times with rates
recorded for corresponding linear reactions, and found to be
similar, as was expected given the same crosslinker content.
This suggests that even though gelation time increased with
more DOT, the gel points stayed roughly the same.

Indeed, GPC analysis of the linear polymers made by RAFT
showed only a minimal reduction in M, with increasing DOT
loading (Table 3 and Fig. 4). This is clearly the effect of revers-
ible deactivation by the RAFT agent, which prevents termin-
ation despite the lower reactivity of the DOT radical. Thus, in
RAFT the delayed gelation time is exclusively due to slower
polymerisation rate and not termination and/or any side poss-
ible reactions (e.g., branching).

This journal is © The Royal Society of Chemistry 2023

Furthermore, it is known that DOT reacts preferentially in
the copolymerisation with acrylates, forming a slight gradient
structure.”>*® For each DOT loading the conversion of butyl
acrylate at the point where all the DOT has reacted was
between 70-76%.

The physical properties of the networks were analysed by
rheology and swelling (Fig. 5). As previously shown with RAFT-
synthesised gel networks, the storage modulus is frequency
dependent. The storage moduli at 0.1 rad s~ for 0-4 mol%
DOT loadings were fairly similar, however at 5 mol% DOT this
reduced significantly but did converge on the other samples’
values at high frequencies. This is likely due to the lower M,
and longer gelation time which may result in a less-developed
gel with more fluid-like behaviour. The ESR values for the net-
works were largely similar, with PBA-DOT5 sample having a
slightly higher value. Overall, incorporation of DOT into the
PBA network had little impact on the physical properties of the
gels, at least up to 5 mol% DOT loading.

Degradation of PBA-DOT RAFT gels

Degradation of the DOT-containing gels was carried out using 5.8
M isopropylamine in THF based on our previous work.”*?” After

Polym. Chem., 2023, 14, 5166-5177 | 5171
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Table 4 Summary of synthesis and properties of RAFT-made
PBA-DOTx-G gels with 2 mol% of HDDA crosslinker, where x =
0-5 mol%

Gel Acrylate Gel
DOT time”  conversion fraction?

Sample mol%  (min) atgel point®  ESR (%)
PBA-G 0 60 0.86 10+ 0.4 83 +1.7
PBA-DOT2-G 2 135 0.82 11+2.5 78+2.4
PBA-DOT3-G 3 165 0.86 10+ 0.8 77 £2.9
PBA-DOT4-G 4 180 0.87 11+0.5 76 £2.6
PBA-DOT5-G 5 220 0.77 13+1.0 79 £1.0

“Defined as the moment when the reaction mixture lost mobility upon
inversion. ® Estimated from parallel linear PBA-DOT kinetic measure-
ments. “ Average value from triplicate measurements of gel equilibrium
swelling ratio (ESR), determined gravimetrically by swelling in excess
THF for 24 hours. ESR = Mgyolien/Mdry- dAverage value from triplicate
measurements for different parts of a gel, determined by weighing a
fully formed dried gel and solids extracted from the gel upon washing
in THF (sol); % GF = mye/(mge + Mso1) X 100%.

24 hours in the solution at room temperature, the PBA-G and
PBA-DOT2-G samples remained solid, whereas the samples with
higher DOT loading fully degraded into solution (Table 5).

The remaining gels were washed and dried, then weighed
to determine the mass loss. As expected, the control PBA-G gel

T

-
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@
o
e
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"o 2% DOT
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{ 4% DOT
s 5%DOT
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*

0.1 1 10
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lost very little mass, below 3%-likely due to removal of any
remaining sol. The PBA-DOT2-G sample lost 54 + 1.7% of its
original mass, and its ESR increased from 11 + 2.5 to 28 + 0.3,
indicating a significant amount of the network was cleaved
(Fig. 6 and S5t). PBA-DOT3-G, PBA-DOT4-G and PBA-DOT5-G
samples all fully degraded; however, the fragments of
PBA-DOT3-G could not be filtered through a 0.45 pm PTFE
filter and therefore analysed by GPC. This suggests that
PBA-DOT3-G is close to the critical DOT loading for degra-
dation of this system.

Compared to the DOT: crosslinker ratio needed to degrade
gels made by FRP of 4 : 1,>> the amount of DOT needed relative
to crosslinker is much lower to degrade the RAFT gels, namely
3:2. Undoubtedly, this is another manifestation of a better
homogeneity of polymer networks prepared by RDRP tech-
niques. The degraded fragments were analysed by GPC, and
the traces had a high P and broad, multimodal distribution,
indicative of significant branching (Fig. 6). As the network is
cleaved through the polymer backbone, the crosslinks remain
intact and produce branched fragments. Indeed, when linear
PBA-DOT copolymers were degraded, the fragments were more
monomodal with the M, of the degraded fragments are
similar, namely 4600-5500 g mol ™" and dispersities tending
towards the most probable distribution (P = 1.74-2.03, Fig. S6

2 3 4
DOT loading (mol%)

Fig. 5 Characterisation of PBA-DOT-G networks: shear storage modulus, G', of as-synthesised gel discs by oscillatory rheology (left) and ESR of gel

samples in THF (right).

Table 5 Degradation results of PBA-DOTx-G networks, where x = 0—-5 mol%

Macroscopic Mass loss upon M,, of degraded D of degraded
Sample DOT mol% degradation” degradation” (%) fragments® (g mol™") fragments®
PBA-G 0 No 2.7+0.6 — —
PBA-DOT2-G 2 No 54 +1.7 5300 4.86
PBA-DOT3-G 3 Yes 100 — —
PBA-DOT4-G 4 Yes 100 5500 7.26
PBA-DOT5-G 5 Yes 100 4600 5.26

“ Determined visually; macroscopic degradation successful when no solids remain after degradation. ® Measured gravimetrically by washing and
drying remaining solids after degradation. When full macroscopic degradation was observed, the mass loss was assumed to be 100%. * Measured

by GPC.
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Fig. 6 Degradation of PBA-DOT gels by isopropylamine/THF solution. Left: Mass loss % referenced to original mass of dry gel sample before degra-
dation. 100% mass loss corresponds to macroscopic degradation of gel to soluble fragments. Right: GPC traces of soluble fragments from degraded
PBA-DOTXx networks. No trace was recorded for PBA-DOT3 degraded fragments as the solution could not be filtered for GPC analysis.

and Table S27), in line with previously reported DOT-contain-
ing polymers.***®

It has been shown that DOT is incorporated preferentially
into the PBA-DOT copolymer, and so the final section of the
chain contains no cleavable units. Considering this, it is poss-
ible that increasing the degree of polymerisation of the
network chains while retaining the same DOT: crosslinker
ratio could lead to this final fragment becoming insoluble due
to its high molecular weight. To investigate this, networks with
[BA]: [DDMAT]: [DOT]: [HDDA] ratios of 200:1:4:2 and
500:1:4:2 were synthesised to give networks with a targeted
DP (of the primary chains) of 200 and 500 respectively
(Table S3 and Fig. S71).

The two higher DP networks both degraded with isopropyl
amine; however, the DPeyeec = 500 sample’s fragments could
not be analysed by GPC due to their size. The GPC traces for
degraded fragments of the DPiyreec = 200 sample were also
multimodal with large P, having fragments with roughly
double the molecular weight of the DPygee = 100 sample
(Table S4 and Fig. S87). As the higher DP networks have larger
fragments and the DPg,gec = 500 could not be filtered, it does
suggest that as the DP increases higher, there may be a point
where the networks no longer degrade. However, it should be
pointed out that even though this sample contained only
0.8 mol% of DOT vs. the monomer, it still underwent full
macroscopic degradation. Indeed, the corresponding linear
polymers with higher DPy,¢ all degraded as efficiently as the
DPiyrgee = 100 ones, despite the progressively lower DOT
content (Table S5 and Fig. S97). This indicates that the DOT
loading as an additive can be minimised significantly by
increasing the length of the polymer chain while retaining
similar degradation properties.

Regelation studies

As shown so far, incorporating degradability into poly(n-butyl
acrylate) networks synthesised by RAFT polymerisation can be

This journal is © The Royal Society of Chemistry 2023

achieved by using a disulfide crosslinker or DOT as a cleavable
comonomer. However, the fragments produced from the
degradation of the comonomer or crosslinker are structurally
very different, therefore next we were interested if that differ-
ence in fragments’ topology may affect their ability to repoly-
merise back to a solid network.

Thiol-functional fragments offer a route to reforming the
network through oxidation to disulfide linkages (Fig. 7 and
8).'"1231 The fragments produced by degrading PBA-DSDA
gels through dithiol addition already contain multiple thiol
functionalities per chain, and the reforming of these disulfide
linkages has been shown in hydrogels for medical
applications.""'? In contrast, the degradation of PBA-DOT gels
with isopropyl amine produces only one thiol end group per
DOT repeat unit. However, using a thiol-functional amine can
install a thiol functionality on each end of the degraded frag-
ment, which can also be oxidised to form disulfide linkages.
This has been recently shown by Kiel et al. where DOT was
copolymerised with styrene to made degradable linear poly-
mers, which were degraded with cysteamine and repoly-
merised through oxidation with I,/pyridine.*® In the case of
our PBA-DOT networks, I, was not a suitable oxidising agent
due to the viscosity of the network fragments and precipitation
of I, at highly concentrated polymer solution. Instead, oxi-
dation in air promoted by base has been shown to successfully
oxidise thiols to disulfides, and this method was chosen for
further studies.®®

First, the dry networks were degraded with 1.5 equivalents
(vs. the degradable bonds) of either 2,2'-(ethylenedioxy)dietha-
nethiol (EDDET) or cysteamine for DSDA or DOT-containing
networks, respectively, in DMF. The fragments were then
quenched with AcOH to preserve the thiol functionality and
precipitated from cold methanol/water (90:10 v/v) to remove
excess degradation agent and/or side products. For regelation,
pyridine was added as a base to promote disulfide formation,
and the fragment solutions were heated in air at 30 °C, to evap-
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Fig. 8 Degradation and regelation scheme for PBA-DOT networks. Images of PBA-DOT3 sample.

orate the residual solvent off and to simultaneously oxidise the
thiols to disulfide linkages.

PBA-DSDAx gel networks with 2-5 mol% DSDA were
degraded using EDDET (instead of DTT used previously), preci-
pitated from methanol/water, then heated at 30 °C in air with
pyridine to attempt regelation. The regelation was successful
for samples with 4 and 5 mol% DSDA, whereas gels with lower
crosslink loadings produced viscous liquids rather than solid
gels. The ESRs of the successfully regelled networks were
measured to be higher than pre-degradation, indicating a loss
in overall crosslink density (Table S61 and Fig. 9). This implies

5174 | Polym. Chem., 2023, 14, 5166-5177

that not all the disulfide linkages are reformed under these
conditions, preventing networks with a lower crosslink density
(PBA-DSDA2) from reaching the critical number of crosslinks
for gelation when they are repolymerised (on average one
crosslink per chain as dictated by the Flory-Stockmeyer
theory).>>*® A second degradation/regelation process was suc-
cessfully performed for PBA-DSDA4 and PBA-DSDA5 networks,
with the latter retaining its ESR, however this was still higher
than before first degradation. Additionally, the PBA-DSDA2
network was successfully reformed when the regelation was
attempted at a higher temperature (65 °C), for 48 hours and

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 ESRs before and after two degradation/regelation cycles of PBA-DSDA networks (left) and PBA-DOT networks (right).

with double the amount of pyridine. This suggests that with
the optimisation of reaction conditions, materials with a range
of crosslink densities could be reformed after degradation.

PBA-DOTx gels at 3, 4 and 5 mol% loading were degraded
using cysteamine and 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) catalyst, before heating in air at 30 °C with pyridine to
form disulfide linkages. All three samples successfully regelled
into a solid disc, and their ESRs were measured. The reformed
PBA-DOT samples swelled with an ESRs of 27-32, compared to
10-13 prior to the degradation/regelation process (Table S6}
and Fig. 9). After regelation, the PBA-DOT networks contain di-
sulfide linkages instead of the original thioesters (see Fig. 8);
the second degradation was then performed using EDDET and
all three samples successfully regelled after this 2" degra-
dation. Interestingly, the ESRs of the networks after the
second cycle returned to values close to the ESRs prior to any
degradation (ESRs of 10-18), suggesting retention of a similar
network connectivity and crosslinking density, despite being
prepared by a different polymerisation mechanism (RAFT vs.
step-growth for regelation). This resembles the remarkable
‘molecular weight memory’ effect demonstrated by Kiel et al.
by repolymerising DOT-containing linear polymers.*°

Noteworthy, while regelation of the PBA-DOT networks was
easily achieved when left in air at 30 °C, some samples were
found to spontaneously regel when left in the methanol/water
mixture in the fridge overnight, although they were generally
not as developed as those made at elevated temperature
(Fig. S107).

In addition, a sample containing 4 mol% DOT and 1 mol%
HDDA was synthesised using conventional FRP, which was
then successfully degraded using the cysteamine/DBU method
described above. These fragments could not regel using either
the standard conditions of 30 °C or at an elevated temperature
of 65 °C, both with the addition of 1.2 equivalents of pyridine.
Likely, the more homogenous network structure in RAFT-made
gels is critical to impart efficient reversibility.

The apparent easier regelation of the PBA-DOT networks
can be explained by analysing the topology and dispersity of

This journal is © The Royal Society of Chemistry 2023

the degraded fragments. Degraded PBA-DSDA networks
produce essentially linear chains with low B, which require on
average more disulfide bonds to be reformed to reach the criti-
cal number of crosslinks and consequently the gel point.**™*?
Thus, if the total number of reversible bonds is small, as in
PBA-DSDA2, the imperfect efficiency of thiol oxidation and
some intramolecular cyclisation will prevent gelation. In con-
trast, highly branched, polydisperse degradation fragments
obtained by cleaving strands in PBA-DOT networks require
fewer bonds to be reformed to reach the gel point, and there-
fore facilitate network reversibility as well as produce gels with
properties more similar to the original materials.

Interestingly, samples with lower DOT loadings (ie.,
PBA-DOT3) produce reformed gels with ESRs closer to their
original values compared to the higher DOT loading
(PBA-DOT5) sample. Using a minimum amount of DOT to
achieve degradation is both economical with respect to the
amount of comonomer needed and beneficial for targeted
regelation of the network. In contrast, networks with the
minimum amount of DSDA were the least effective at regelling,
and higher DSDA loadings are required to produce consistent
network reformation.

Conclusions

In summatry, reversible poly(n-butyl acylate) networks were syn-
thesised by RAFT polymerisation using either disulfide cross-
linker or degradable comonomer. Whereas disulfide crosslinkers
are ineffective at making networks fully degradable when syn-
thesised by FRP, the use of RAFT polymerisation affords degrad-
ability networks at a range of crosslinking densities. The frag-
ments produced by degradation of the crosslinks are similar
structurally to linear poly(n-butyl acrylate) chains synthesised by
RAFT, with relatively high M,, and low dispersity. However, due to
this low dispersity, regelation of PBA-DSDA networks proved less
efficient, as a significant number of crosslinks need to reform to
hit the critical crosslink density.
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We have previously shown the use of DOT comonomer to
make gels synthesised by FRP degrade, and the current work
shows that when synthesising networks by RAFT polymeris-
ation, much less DOT is needed to make the networks fully
degrade (namely, DOT: crosslinker ratio = 3:2) due to their
more homogeneous network structures. The degraded frag-
ments have lower molecular weight and higher b than the di-
sulfide-containing network fragments and are significantly
branched. This makes reforming the network far easier as the
original crosslinks remain intact after degradation and the
fragments have a higher D, resulting in more facile regelation.
Indeed, the DOT-containing networks returned to very similar
equilibrium swelling ratios after two degradation/regelation
cycles showing restoration of the original crosslinking density.
This work underscores the importance of network topology,
polymerisation method, location of degradable units and the
structure of the degradation products when designing recycl-
able thermosets or reversibly crosslinked polymers.
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