Enhanced Viscosity Control in Thermosets Derived from Epoxy and

Acrylate Monomers based on Thermoreversible Aza-Michael Chemistry

Stéphanie Engelen,” Filip Van Lijsebetten,” Resat Aksakal, * Johan M. Winne* ¢ and Filip E. Du

3
Prez?

“ Polymer Chemistry Research group, Centre of Macromolecular Chemistry (CMaC) and
Laboratory of Organic Synthesis, Department of Organic and Macromolecular Chemistry,

Faculty of Sciences, Ghent University, Krijgslaan 281-84, Ghent, 9000, Belgium.

E-mail: Johan . Winne@UGent.be ; Filip.DuPrez@UGent.be

KEYWORDS. Covalent adaptable networks, epoxy, acrylate, tuneable viscosity, recyclable

thermoset

“For Table of Contents use only”

Industrially available
compounds
Viscosity drop - "(‘ ’1}" Y**”b Fully biobased
T oy

Veiveto!

-
i

. Epoxy-derived P

n=tG recyclable v .
thermosets ‘vj@\‘” s



mailto:Johan.Winne@UGent.be
mailto:Filip.DuPrez@UGent.be

ABSTRACT

Epoxies, epoxy acrylates, and acrylic resins account for a large portion of the thermoset market,
yet their inherently highly cross-linked nature prevents them from being reprocessed or recycled.
Herein, we present a simple reversible epoxy-based curing strategy that can address these issues.
First, an epoxy monomer is ring-opened with ammonia to result in f-hydroxy-amines through a
straightforward and scalable synthesis that we have demonstrated on multiple examples. The
epoxy-derived amines are then cured with bisacrylates, creating dynamic covalent f-amino ester
cross-linkages through a thermoreversible aza-Michael reaction. The resulting networks show a
very pronounced drop in viscosity in the temperature region of 150 to 180°C, which we were able
to attribute mainly to significant de-cross-linking of the amine and acrylate moieties, rather than
to activation of dynamic ester bond exchanges. Nevertheless, the materials do not fully liquify and
retain their structural integrity as a result of the very fast amine-acrylate rebonding kinetics. As a
result, cross-linked epoxy-based materials could be obtained with simultaneously enhanced
(re)processability at high temperatures and strongly inhibited deformation at lower temperatures
(<120°C). The protocol is demonstrated for both petrochemically-based building blocks (such as
bisphenol A), as well as for fully bio-based compounds (vanillin-epoxy and a Velvetol®-based
bisacrylate), showing its versatility. As a result of the widespread use of epoxy resins, the ease of
implementation and its interesting temperature window for debonding/rebonding, industrial

applications can be foreseen for this thermoreversible curing strategy.

INTRODUCTION

Many commercial thermosets that are used in coatings, adhesives and in structural components or

composites make use of epoxies, epoxy acrylates or acrylic resins, due to their ease of production,



low cost and high chemical resistance and dimensional stability.' Conventionally, epoxy
compounds are irreversibly cured with acid or amine hardeners, and epoxy acrylates are cured
using UV-radiation. However, due to the permanent covalently cross-linked structure of these
materials, these resins cannot flow and thus cannot be recycled or reshaped after they have been

synthesized, and any structural damage cannot be fully healed.*

Covalent adaptable networks (CANs), also referred to as dynamic polymer networks (DPNs),
contain cross-linked yet reconfigurable bonds that allow the network to rearrange within an
applicable temperature window. Because highly cross-linked thermoset materials and
corresponding composite materials are often disposed of after use, the field of CANs has grown
considerably in the last two decades by introducing a wide range of dynamic covalent bonds.>!°
A significant challenge in CAN manufacturing is to achieve low viscosities and fast network
rearrangement at a high yet reasonable temperature (below polymer degradation onset
temperature). Rapid thermoplastic-like flow within a short time frame, enabling continuous

manufacturing methods, has proven so far to be hard to reconcile while having acceptable

structural integrity (e.g. minimal creep and solvent resistance) at normal service temperatures.'!”
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In dissociative CANSs, such as the by now well-known furan-maleimide based polymer networks,
debonding is easily triggered, even at a low temperature, and also solvent swelling can readily
induce bond reversal (and thus polymer dissolution).!* ! On the other hand, in so-called
‘associative’ CANSs, or vitrimers, such premature undesired structural damage can be prevented
using a chemical strategy in which debonding is impossible or at least made much more unlikely,
as bond exchange reactions can be promoted without depolymerizing the network.!”?* Since

Leibler’s first report on polyester vitrimers derived from acid cured epoxies (Scheme 1A),*!



several alternatives have been proposed to increase the rate of the material flow, as typically only
a gradual decrease in viscosity can be achieved.!”?*”?” One attractive approach in this context is

the use of neighbouring group participation (NGP) to stimulate internal catalysis.?®32

Control of the rheological properties of vitrimer-like networks can be achieved, but mostly within
narrow application windows, and by using ‘exotic’ building blocks or catalysts that so far have not
found use in industrial polymer applications. Of particular interest is the dynamic curing system
that our group developed for epoxy-acrylates with amine hardeners, giving dynamic f-amino ester
(BAE) aza-Michael linkages (Scheme 1B).** Densely crosslinked materials could be obtained with
glass transition temperatures (Tg) ranging from -60 to 90 °C. Moreover, by the introduction of OH-
containing building blocks, faster reprocessing was observed. In all examples, the BAE linkages
included a tertiary amine, which is an internal catalyst for transesterification. Moreover, the BAE
linkages were shown to be thermoreversible, giving a more pronounced thermal response and a
high apparent activation energy (~150 kJ/mol). In comparison to the dissociative furan-maleimide
Diels-Alder chemistry, where the adducts lose their crosslinking and thus network connectivity
already at lower temperatures (< 120 °C),3*3° this recently developed and easily implementable
BAE chemistry especially allows to have this crosslinking drop at higher temperatures (> 160 °C),
making this dissociative chemistry more accessible and attractive for manufacturing approaches.*’
In follow-up studies, we reported biobased BAE-networks based on pripol and priamine?” and also
BAE-networks that have been combined with the vinylogous urethane associative chemistry.*
Subsequently, the BAE dynamic chemistry was implemented by Caillol, Ladmiral and co-workers,
where they aimed to speed up the reactivity rates of the corresponding materials by either the
incorporation of additional hydroxy-groups or fluorine neighbouring groups.**’ Further, Lee et

al. incorporated this dynamic chemistry in their materials by utilizing BPA-based acrylates and a



triamine crosslinker to obtain materials with shape memory and healing properties.*! While it is
clear that the BAE-chemistry has been picked up rapidly, its mechanistic understanding and the
control over the reactivity of the bonds should be improved. Several exchange pathways are
conceivable and further mechanistic investigations are required for their rational applications in

material design.
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Scheme 1. A. Leibler’s transesterification based epoxy vitrimers?'; B. Epoxy-based CANs using
amine hardeners as internal catalysts for transesterification, enhanced by a reversible 3-amino ester
(BAE) linkage (Taplan et al.).® C. The presented protocol shows a more pronounced debonding
behaviour of the BAE linkages, related to the influence of the B-hydroxyl moiety. The applied
amine and acrylate building blocks and a picture of the grinded and compression moulded material

are shown below.



In BAE chemistry, the reconfigurable bonds can relax external stresses via two pathways, namely
an associative trans-esterification and a dissociative (retro)-aza-Michael pathway. The associative
transesterification and dissociative (retro)-aza-Michael reactions can be differentially effected by
the network architecture as they rely on different reactive groups. In dynamic polymer networks,
neighbouring groups can have a profound influence on reactivity.?®#>#* In this context, we can
expect that the proximity of a relatively nucleophilic and acidic hydroxyl moiety can influence the
reactivity of BAE linkages. Thus, we here report our studies of ‘next generation’ BAE epoxy-
based networks (Scheme 1C), in which the epoxy-derived hydroxyl group is located at the B3-
position of the nitrogen. This approach is still very easily implemented on commercially available
and widely used monomer types, yet we can expect some pronounced effects from the relative

rearrangement of the reactive and neighbouring groups.

Our initial material design starts from a B-hydroxy-amine monomer that can be easily derived from
bisphenol A diglycidyl ether (DGEBA), which can be cross-linked using a bisacrylate compound.
This approach using only commercially available monomers actually allows additional optionality
in network design compared to the previous approach (Scheme 1B vs. 1C), as it does not require
a polyamine. Our study of the material properties and rheological behaviour show a more
pronounced and dominant contribution of the retro-Michael reactivity, which results in a
remarkable increase in thermal responsivity of the dynamic network behaviour. Moreover, a fully
bio-based dynamic material, derived from a vanillin-epoxy and a Velvetol® bisacrylate, could also

be prepared using the same approach.



RESULTS AND DISCUSSION

Synthesis of the CAN-series

To study the effect of the neighbouring B-hydroxyl group on the bond exchange reactivity of the
BAE moieties within an epoxy network (in transesterification and aza-Michael reversibility), a
series of materials have been prepared (Scheme 2). First, a reference material without any free
hydroxyl groups was prepared by reacting a mixture of m-xylylene diamine (1 equiv.) with a
bisacrylate of polypropyleneglycol (PPG-bisacrylate) (2 equiv.) with an average molecular weight

of 800, resulting in reference BAE networks (A) (orange box, Scheme 2).

Second, for the investigation of the effect of a neighbouring hydroxyl on BAE linkages, we
prepared an alternative bisamine, conveniently derived from the diglycidyl ether of bisphenol A
(DGEBA) through ring-opening with aqueous ammonia in a pressure tube. The resulting di(3-
amino-2-hydroxypropyl)ether of bisphenol A (DAHP-BA) (Synthetic protocol in SI), when
combined with the PPG-bisacrylate cross-linker in solution, resulted in materials that are further
referred to as epoxy-derived amine (EA) acrylate-cured networks EA-1, EA-2 and EA-3
(equimolar, excess and limiting amine-based formulations) (respectively 1, 1.2, 0.8 equiv. amine

to 2 equiv. acrylate) (blue box, Scheme 2).

Finally, an amine acrylate-cured based network was made that is entirely derived from bio-based
monomers (EA-Bio) (1 equiv. amine to 2 equiv. acrylate). For this, the diglycidyl ether of methoxy
hydroquinone, derived from vanillin, and its corresponding bisamine (DAHP-MHQ)* was cured
with a new bio-based bisacrylate, synthesized from Velvetol®, with an average molecular weight
of 1000 (green box, Scheme 2).*¢ Velvetol® is obtained from 100% bio-based 1,3-propanediol,

47,48

originating from corn sugar *’*°, while the vanillin derived epoxy compound can be obtained from



lignocellulosic biomass.* The synthesis of the bisacrylate version from Velvetol® was confirmed
with size exclusion chromatography (SEC), MALDI-TOF and '"H-NMR spectroscopy (Figure S2,

S4 and S5).

B » UL oo o

o~ Ao
DGEBA m-xylylenediamine — H

no neigbouring OH
l NH3.H,0 (25%) no transesterification

EA-1,2,3
)
“2N/\|/\°0/\(\NH2 ﬁll'o\r‘}*noj\&
OH OH o

DAHP-BA PPG-bisacrylate o
~A
— ArO/\OC\I'EI o
EA-Bio OH
OJ\/NHZ All,o\/\‘],o neigbouring OH
n \n/§ transesterification
H,N 0 o~ 0 o}
OH DAHP-MHQ Velvetol-bisacrylate

A
HO
\o:©\9°
Vanillin

Scheme 2. Schematic representation of this work: three different types of materials are obtained
by combining amines with PPG (800 g/mol) or Velvetol® (1000 g/mol) bisacrylates. The
compounds for the reference material (A-R) (1 equiv. amine to 2 equiv. acrylate) are described in
the orange box (upper right) and the ones of the key materials series (EA-1,2,3) (respectively 1,
1.2, 0.8 equiv. amine to 2 equiv. acrylate) in the blue box (middle). The green box represents the
used compounds for a fully bio-based version of the aforementioned materials (EA-Bio) (1 equiv.

amine to 2 equiv. acrylate).



The formulations of the three DAHP-BA-derived EA networks (EA-1, -2 and -3) were varied by
changing the ratios of the amines with respect to the acrylates (respectively using 1, 1.2 and 0.8
equiv. of amine to 2 equiv. acrylate). The amount of amine in a network formulation is indicated
with respect to the amount of acrylate used, and the monomer ratio is expressed in Table 1 also as
an ‘index’ to show how much acrylate is used relative to the amine. It should be noted that a
primary amine group can react with two acrylate functionalities, while a secondary amine can only
react with one acrylate moiety, with primary amines reacting faster than secondary amines for this
reaction as demonstrated earlier.*>>* An index of 100 refers to a 1:1 ratio where every primary and
secondary amine can in principle react with an acrylate functionality (2 mole of acrylates per 1
mole of amines), which constitutes a perfect network structure. Deviation of this index to either
side will lead to a decrease in cross-link density. An index of 83 thus refers to 0.83 mole of
acrylates per 0.5 mole of amines (or 1.0 mole of reactive N-Hs), and it will contain a lot of
unreacted secondary amine moieties, but very few free primary amines, and theoretically no free
acrylates. Conversely, an index of 125 refers to 1.25 mole of acrylate functions versus 0.5 mol of
amine functions (1.0 mole of reactive N-H’s) and is expected to contain an excess of free acrylates,
and almost no unreacted secondary amines. It should be noted that a network with an index of 50
would theoretically correspond to a fully linear polymer while a network with an index of 100 is
the most densely cross-linked one. This stoichiometry will affect the network topology and the

associated material flow.

Excess amines (> 1 equiv. or index 83) (material EA-2 and EA-4) can be expected to give some
additional cross-linking (‘higher index’) as a result of permanent amide bond formation to the ester
moieties, releasing some additional hydroxyl groups at the same time. Conversely, a relative

excess of acrylates and thus limiting amount of amines (amines < 1 equiv. or index 125) may give



a lower cross-link density, but could also result in additional secondary cross-links by thermal
oligomerisation of the acrylic bonds. In both cases, however, the main bulk of the cross-links are
expected to be made up from dynamic BAE aza-Michael linkages. The formation of irreversible
amide bond formation was confirmed through FTIR on a sample that had gone through prolonged

thermal treatment up to 180°C during rheological analysis (Figure S7).

Based on previous observations for vitrimers that are based on transesterification chemistry,?® we
expected ester exchange in the EA networks to be relatively slowed down by the absence of a
neighbouring hydroxyl group compared to previously reported networks (Scheme 1B), while we
envisaged that the BAE aza-Michael linkages could become more reactive due to the proximity of
the hydroxyl group to this reactive bond. In the A-R reference material, all bond exchanges should
be limited to aza-Michael reactivity, as no free hydroxyls are present to engage in
transesterification reactions. As an additional reference material to investigate the exact role of
hydroxyl moieties, we also prepared the same A-R reference material in which dodecan-1-ol is
added as a reactive diluent (A-Ron). Protic environments (or solvents) have indeed been found to

accelerate bond exchange reactions.**!-%2

All the experimental data gathered for the four EA networks and the two reference ‘pure BAE’
networks A-R and A-Ron are gathered in Table 1. The formulations were typically cured at 90 °C
for 12 hours and post-cured for 2 hours at 120 °C, while the reduction of the acrylate double bond
was qualitatively monitored with online-FTIR (signal at 1638 cm™) (Figure 1A, Figure S6). For
all networks displayed in Table 1, reprocessing was performed via compression moulding at 180

°C, under 4 metric tonnes for 1 hour.
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Figure 1. A. Structural characterization of the materials with FT-IR. B. DSC-analysis of the

recyclable thermosets based on acrylate (A) and epoxy-derived amine acrylate (EA) building

blocks.
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Table 1. Overview of the recyclable thermosets of acrylate (A) and epoxy-derived amine acrylate

(EA) building blocks and their corresponding thermal, soluble and rheological properties.

CAN Acrylate Eq. Tg® Tas%® Swelling  Soluble Ea® Niso'c  Nisosc + in order v’ Euoc
NH2 (°C) (°C)  ratiod  fraction! (kJmol"  (Pa (Pa of (mol  (s1)i
(index)? (wt.%)  (wt.%) D) s)f s)f  magnitudes m-3)h
A—-R PPG 1.0 -50 320 327 6 112.0+ 4.9 4.0 091 147.2 2.0
(100) 1.0 108 10° 106
A - PPG 1.0 -52 320 454 7 140.6 = 2.8 6.6 1.37 139.5 9.2
Ron (100) 1.9 108 10° 10
EA -1 PPG 1.0 -45 320 459 21 158.1 + 1.7 6.1 1.56 169.2 1.9
(100) 6.7 108 10° 107
EA -2 PPG 1.2 -50 321 431 20 146.0 + 7.9 29 1.56 175.9 1.5
(83) 5.7 107 10° 10
EA -3 PPG 0.8 -60 319 560 35 188.0+ 6.6 1.2 2.27 1915 3.8
(125) 7.0 107 100 107
EA -4 PPG 2.0 -38 313 290 4 126.6+ 3.1 3.1 1.01 1692 29
(50) 6.3 108 10° 10
EA — Velvetol 1.0 =727 325 - 254 1574 + 4.9 9.1 1.27 11.3 3.8
Bio ® (100) 5.5 106 107 107
Ref BPA 1.0 -40 340 425 14 180 + - - - - -
(100) 24

2 Stoichiometric details: equivalents of primary amine to 2 equivalents of acrylate and index details in brackets showing how much
acrylate is used relative to amine. ° Glass transition temperature (T) obtained from second heating (rate 10°C/min). ¢ TGA onset-
degradation temperatures for 5% weight-loss. 4 Swelling ratio and soluble fraction in THF for 24h at r.t. averaged from four sample
measurements. © E,, activation energy; determined in the high temperature region (180 -150 °C) where a linear viscosity profile is
present. { Viscosity n determined via equation 1. & The difference in order of magnitude was calculated from the difference in
logarithm of n(180 °C) and n(150 °C). " The crosslinking density determined from G’ modulus of frequency sweeps at 120 °C and
1 rad/s via v’= G’ /R T 'The creep rate at 40°C determined in the final 10% region of the creep measurement for a stress of 1000
Pa. Note that the creep viscosity can be calculated from this value by dividing the shear stress with the creep rate. “The material

with Velvetol® displays a melting temperature (Tm) at 6 °C, next to a Tg.

The two reference materials (A-R and A-Ron) were obtained from equimolar amounts of amine

and acrylate (A-R; 1 equiv. amine to 2 equiv. acrylate), with further addition of 0.2 equiv. of

12



dodecan-1-ol as a reactive ‘protic’ diluent in A—Ron. The network EA-1 was obtained with
equimolar amounts of both functionalities, similar to A-R. To investigate whether changes in
equivalents would alter the material properties, two additional EA materials were synthesised,
respectively EA-2 with an excess and EA-3 with a limiting amount of amines (resp. 1.2 and 0.8
equiv. amine to 2 equiv. of acrylate). A supplementary off-stoichiometric material EA-4 was
synthesised with 2 equiv. of amines to 2 equiv. of acrylate, thus a material in which the primary
amines will react predominantly with the acrylate groups. The bio-based amine acrylate cured
network was obtained using equimolar ratios only (EA-Bio), and was also characterized by a
slightly higher molar mass acrylate (1000 vs 800 g/mol). Besides the aforementioned materials, a
reference material (Ref) corresponding to Scheme 1B, i.e. a BAE network with BPA-based

133

bisacrylate and bisamine (Jeffamine), was adopted from the study of Taplan et al’” and was added

to Table 1.

Exchange pathways and material properties

The thermal analysis results are summarised in Table 1 and displayed in Figure 1B and Figures S8
- S10. Both reference materials (A-R and A-Ron) showed similar thermal properties for the glass
transition temperatures (Tg around -50°C) and the thermal degradation temperatures (Tas%). As
expected, the thermal properties of the EA-materials lie in a similar range as these reference
materials, as they are mainly built up from the same acrylate PPG backbone structure. Apart from
EA-4, the equimolar network EA-1 exhibits the highest T, (-45 °C). The lowest T (- 60 °C) was
observed for the material made with an excess of acrylates, as can be expected because of the
higher incorporated amount of PPG-backbone relative to the amines. The Velvetol® based network
(EA-Bio) showed an even lower T, which is readily ascribed to the higher flexibility of the

backbone. Isothermal TGA showed that there was no significant mass loss for the materials at 180
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°C (temperature in compression moulding of the EA networks) under N> flow for 120 minutes

(Figure S10).

Comparison of the synthesized networks in terms of swelling and gel fraction showed some
interesting trends. First of all, the addition of 10 mol% of the reactive diluent dodecan-1-ol has a
large effect on the swelling ratio in THF as the ratio increases significantly (A-R vs A-Ron). This
improved swelling is also seen in all EA networks, which contain a lot more hydroxyl moieties

(theoretically 100 mol%).

The crosslinking density (v’) of the materials (Table 1) was derived from the frequency sweeps
(Figure S38 — S44) at 120°C. A slightly higher v’ was obtained for EA-3 (191 mol m™), whereas

the alternative EA materials had similar crosslinking densities (~ 170 mol m™).

The very high swelling degree results in relatively high soluble fractions for the f-hydroxy-amine
cured networks, but not for the normal amine cured networks, which is in line with previous
observations in BAE-networks.*®3*4! The ‘neighbouring group effect’ of the hydroxyl can indeed
affect the kinetics and thermodynamics of the expected associative and dissociative network
rearrangement reactions, but can also give rise to new pathways. One particular option here is a
dissociative transesterification pathway, via the reversible formation of a seven-membered lactone
(Scheme 3). In contrast to previous BAE-cured networks, a transesterification equilibrium exist in
which chains are cleaved via ‘back biting’ of the hydroxyl onto the BAE moiety, resulting in
depolymerisation. The resulting lactone ring remains a dynamic ester bond, but can also give a
more pronounced de-cross-linking effect compared to previous formulations, explaining the higher
soluble fractions. Two supporting schemes are shown in Figure S13 and S14 in which the

differences in dissociation pathways are outlined for the two different amines.
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Scheme 3. Three possible reaction pathways are outlined. 1) Aza-Michael reaction of the primary
amine with the electrophilic acrylate, followed by a second Aza-Michael reaction, in which the
secondary amine reacts with a new acrylate; 2) Aza-Michael reaction, followed by direct
transesterification, in which the hydroxyl group, originating from the epoxy functionality, reacts
with a second acrylate. 3) An alternative dissociative exchange pathway: Aza-Michael reaction,
followed by transesterification via NGP-based cyclisation with the formation of an activated cyclic
ester and an alcohol. Supporting DFT calculations and computational details are provided in

Figures S65 and Figure S66.

In order to further investigate the difference in soluble fraction observed for normal amine-cured
acrylates and -hydroxy amine-cured acrylates, we investigated both the networks and the soluble
fractions that could be extracted from them. Using FTIR, there were no indications that the acrylate
groups were not fully consumed in the reference samples A-ref, but some minor residual
absorbance could be seen in the EA-networks, especially in the limiting amine EA-3 network
(Figure 1A and Figure S6). In conclusion, incomplete curing can be ruled out as a major factor
contributing to the high soluble fractions. Moreover, by immersing the EA-3 network (2 — 4 mm

diameter, £12 mg) in 40 mL of (anhydrous) THF, followed by removal of the material, evaporation
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of the soluble fraction and analysis with "H-NMR spectroscopy (Figure S11), only the acrylate
monomer was observed, with no trace of the amine hardener. For all soluble fractions, only the
acrylate monomer was observed (see SI). This observation indicated that the second addition
(which is known to be kinetically slower) is likely also thermodynamically more reversible. To
confirm this result, an equimolar amine acrylate cured material, with no excess of acrylates, was
synthesised with an easier to analyse ‘short chain’ dodecane diacrylate (rather than with PPG
diacrylate, SI EA-5). The soluble fraction was analysed via GC-MS (Figure S12). Again, the
acrylate compound could be retrieved as the only solubilized compound, next to some mono-
acrylate. This mono-acrylate with one OH- and one acrylate-functionality can be obtained by either
pathway 2 or 3, as can be observed in Scheme 3 (ROH). The result of the analysis of the soluble
fraction is in agreement with the fact that statistically every amine compound in the reaction
mixture is tetrafunctional, while the acrylate compound is bi-functional. An additional
confirmation was obtained by synthesising an EA material from 2 equiv. of amines and 2 equiv.
of acrylates (EA-4, Table 1). Indeed, this experiment showed that all acrylate moieties reacted and
a much lower soluble fraction of 4% was obtained for a swelling ratio of 290% in THF under
similar conditions. It is therefore concluded that one of the secondary amine-acrylate linkages are

more dynamic and more readily reversible than the primary amine-acrylate links.

Investigation of the kinetic and thermodynamic behaviour of the networks

To investigate the viscoelastic flow for the different types of networks, stress-relaxation was
measured at different temperatures. Whereas A-Ron showed, similarly to EA-1, a fast relaxation
behaviour at high temperatures, the behaviour of the relaxation modulus showed remarkable
differences (Figure 2). More specifically, the relaxation moduli of A-Ron and EA-1 at high and

low temperatures for both materials are very different from each other.
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Figure 2. Non-normalized stress-relaxation figures of network A-Ron and amine acrylate cured
networks EA-1, 2, 3, 4 from 180°C to 120°C. A much more pronounced dissociation can be

observed for the EA networks in comparison to the A-Ron network.

From the relaxation curves, it can be seen that the B-hydroxy-amine cured acrylate EA-1 is shifted
significantly to the dissociated state at high temperatures, much more than in the reference material
that has been cured with a normal amine (A-Rown). This result is in agreement with the higher
soluble fractions obtained for the EA materials (EA-1,-2,-3) compared to the reference materials.
Again, two possible dissociative mechanisms are expected to contribute to the drop of the
relaxation modulus: the retro-Aza Michael and the intramolecular transesterification pathway
(lactone forming de-cross-linking). Even more pronounced stress-relaxation curves, showing a
quite significant thermal de-cross-linking, can be seen for the off-stoichiometric networks EA-2

and EA-3. For material EA-4, the material with only primary amine-acrylate linkages, a less
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pronounced dissociative relaxation profile is observed, which is in accordance with the soluble

fractions (vide supra).

From the stress-relaxation (SR) measurements, where a stretched exponential Maxwell model was
used to fit the data (See Table S2 for stretching exponents, Figures S15 — S28 for (non)-normalized
SR-curves and for overlay at 180°C and 150 °C Figures S29 and S30), the apparent activation
energies (Ea.) were determined in the high temperature region (180 -150 °C) where a linear
viscosity profile is present (SI Figures S31 - S37). The highest value of apparent activation energy
is ascribed to material EA-3, with a thermal response that can be largely attributed to a drop in
cross-linking density and hence in relaxation modulus. This result is similar to our first report on
BAE-CANSs, where the OH-containing BAE materials with a similar Tg (Ref in Table 1) also had

a higher apparent activation energy.*?

Next, the rheological properties of the aforementioned materials were further investigated. From
the stress-relaxation measurements, the viscosity and its multiplying factors could be retrieved

according to Equation 1 (see Figure 3).

n=71x*G, [Equation 1]

According to the Maxwell relation, the change in material flow or viscosity can be attributed to
the relaxation dynamics 1 [T] and the modulus G [T] of the underlying dynamic chemistry.>> The
viscosity plot can be obtained from the Maxwell relation by multiplying the stress relaxation time
with the relaxation modulus, thus combining the kinetics (Arrhenius) and the thermodynamics
(Van ‘t Hoff) respectively. Whereas the relaxation kinetics represent the time needed for the

polymer chains to relax, the modulus is a measure for the crosslinking density of the material.
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Figure 3. By multiplying the relaxation time t (Arrhenius plot) and the relaxation modulus (Van
‘t Hoff plot), the viscosity (bottom figure) can be obtained. The Arrhenius plot (left figure) follows
a linear behaviour for all materials, whereas the Van ‘t Hoff plot (right figure) shows a steep

decrease in relaxation modulus, also noticeable in the viscosity plot.

The Arrhenius plot in Figure 3 shows that all materials follow a similar viscoelastic regime related
to a linear behaviour. Moreover, it is seen that at 180 °C, the EA materials show the shortest
relaxation times (EA-2 > EA-1 > EA-3 > EA-4), followed by the reference material with the protic

moiety (A-Ron) and finally the reference material A-R. At the lowest temperature, 150 °C, EA-2,

19



EA-4 and EA-1 showed the fastest relaxation times, followed by the reference materials while the
relaxation time of EA-3 was the highest. This is noteworthy as EA-3 had a short stress relaxation
time at the highest temperature, yet can slow down its reconfigurations at lower temperatures,
which is a desirable characteristic for CANSs in the context of creep resistance during use.'? The
very low creep rates at 40°C ( < 10%s™") and creep measurements of the materials can be retrieved
in Table 1 and in Figures S45-S56. Much lower creep rates are obtained compared to previous

dissociative networks, suggesting a slower permanent network deformation.**

Remarkable trends are observed from the Van ‘t Hoff plot in Figure 3. While the equimolar
materials (A-R, A-Ron and EA-1) show a very similar decrease in crosslinking density upon
temperature increase, a sudden viscosity drop is seen for the material EA-2 (2 equiv. acrylate to
1.2 equiv. amine), which is even more pronounced for the material EA-3 (2 equiv. acrylate to 0.8
equiv. amine). Note here that for material EA-4 (2 equiv. acrylate to 2 equiv. amine) in the Van’t
Hoff plot, the relaxation modulus remains merely unaltered over different temperature ranges, as
a result of the constant crosslinking density. This vitrimer-like behaviour indicates that the retro-
aza-Michael of the primary B—hydroxy-amines is less likely to happen compared to its secondary
analogues. In addition, this result is in line with the aforementioned lower soluble fractions
obtained for EA-4, where no decrosslinking occurs (even in swollen state) compared to the EA-1,

2, 3 series.

The remarkable drop in relaxation modulus in the Van’t Hoff plot is also manifested in the
viscosity plot because of multiplying factors T and Go. By altering the stoichiometry of the
networks, the viscosity difference between high and low temperatures (180 and 150 °C) can be
altered to reach over 2 orders of magnitude. Among the EA networks and the reference networks,

the largest drop in viscosity was seen for EA-3, followed by EA-2 and EA-1, A-Ron , EA-4 and
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A-R (see Table 1). Indeed, the difference in orders of magnitude of the viscosity of EA-1 is the
same as the one of EA-2 (1.56), indicating that an excess of amines (EA-2) is not having a major

influence on the viscosity (EA-1), while a deficient amount has a clear impact (EA-3).

For the bio-based EA-Bio network, with a higher MW backbone, lowering the crosslinking
density, it is observed that the thermal stability (after onset degradation) of the material with
Velvetol® slightly increased as expected from the high oxidative stability of the polyol (Table 1,
Figure S9). In addition to the low T, of -72 °C, the EA-Bio also demonstrated a melting
temperature at 6 °C, related to the Velvetol® backbone (Figure 1B, Figure S3). Equally to the EA
materials (EA-1, EA-2 and EA-3), this bio-based material showed high swelling ratios, comparable

soluble fractions and a large drop in viscosity upon heating in the 120-180°C range.

While the mechanical properties of the materials prepared in this manuscript are not competitive
with the conventional and usually high Ty epoxy-based thermosets (for tensile and adhesive
properties see SI figure S57-63 and S64 respectively), we strongly believe that this curing strategy

and its mechanistic insights on the rheological behaviour might be valuable for future applications.

CONCLUSION

Epoxy-derived amine acrylate cured networks could be obtained with remarkable increase in
thermal responsivity at high temperatures and simultaneously strongly inhibited deformation at
lower temperatures. Therefore, they are considered as a promising alternative to conventional non-
recyclable thermosets. We have shown innovative formulations for such dynamic networks in
which the viscosity is very responsive in a highly attractive temperature window for material
applications and polymer reprocessing (150-180°C), with steep viscosity profiles over that range,

an interesting feature for manufacturing approaches. While the solvent resistance of some of the
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EA-materials can still be optimized, for example by using a mixture of epoxy and non-epoxy-
derived amine monomers, as a result of the fast dissociation of the secondary amines in a swollen
state and the possibility for the formation of an activated ester, the overall properties of the
reference material were in good coherence with previous reports on BAEs, and the properties could
be enhanced by simply varying monomer stoichiometry. The materials showed excellent creep-
resistant properties. Furthermore, we showed that the material design could also be translated into
a sustainable and bio-based thermoset, by combining a vanillin-epoxy derivative with a Velvetol®
bisacrylate, showing that recyclable thermosets can be tuned into more circular materials by
utilizing bio-based resources. We conclude here that the tuneable stoichiometry and
thermoresponsive viscosity profiles offer a very practical opportunity for the manufacturing of
dissociative networks, while their solvent resistance remains an inherent challenge. Finally, we
believe that reversible aza-Michael chemistry could show a very promising profile and tuneability

through protic additives and/or polymer matrix fine tuning.
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