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Herein, we report a scalable synthesis of catalyst-free, covalent
adaptable networks (CANs) based on p-amino amides as dynamic
linkages. Rheological analysis of their dynamic behaviour shows a
remarkably high activation energy of around 300 kJ mol™. Hence,
the obtained elastomers can be (re-)processed at elevated temp-
eratures while possessing high creep resistance in a wide tempera-
ture window. Finally, in comparison with the much-studied
p-amino ester-based networks, this new generation of CANs incor-
porating amino amide motifs possess superior hydrolytic resis-
tance under both acidic and basic conditions.

The dramatic increase in plastic pollution has become one of
the greatest environmental challenges.’ While thermoplastic
materials are intrinsically (re-)processable at elevated tempera-
tures, repurposing or recycling the more dimensionally stable
thermoset materials, in which polymer chains are covalently
cross-linked, is far more cumbersome. Therefore, thermosets
typically end up as permanent waste after a single use.*®
Covalent adaptable networks (CANs) have emerged as a poten-
tial solution that can combine the high performance of ther-
mosets and (re)processability of thermoplastics in one single
material.”® Although CANs are also cross-linked by covalent
bonds, the dynamic nature of such bonds endows such
materials with the ability to flow with the application of
specific stimuli.'®* On the other hand, reversible linkages
within CANs often reduce their dimensional stability and
creep is thus observed due to the unfavoured premature
exchange under the use conditions.">'® Suppressing this
unwanted deformation at use temperatures therefore remains
one of the important challenges in merging academic research
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on CANs and industrial applications."”>* Among the different
approaches that have been introduced recently to limit the
undesired exchange (e.g., protected catalysts, modifying reac-
tive functional groups, etc.), the use of highly endothermic
retro-chemistry is one of the strategies showing the greatest
potential.**° Indeed, by introducing dynamic covalent chem-
istries that are characterized by a highly endothermic dis-
sociation, the exchange activation energy increases, thereby
shifting the exchange away from the application conditions.
Hence, an appropriate balance between (re)processability and
dimensional stability should be aimed for.*>"%3*

Recently, our research group introduced p-amino ester
chemistry in the context of dynamic networks.*” In this pio-
neering study, CANs were prepared from a large range of acry-
late and amine building blocks via the aza-Michael addition,
in which bonds can exchange without adding an external cata-
lyst, i.e. following an associative or/and a dissociative pathway
via transesterification in the presence of hydroxyl groups and
retro-Michael reactions, respectively. Subsequently, numerous
studies focusing on applying this promising dynamic chem-
istry platform have been conducted very recently in an effort to
fasten the exchange process and thus reduce the stress relax-
ation time, for example by modifying substituents or employ-
ing other neighbouring groups.**® On the other hand, poly-
meric materials including f-amino esters contain hydrolysable
esters (Fig. 1) and have therefore often been investigated for
their degradability.**™**
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Fig. 1 While previous research focused on p-amino esters,
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It can therefore be expected that the hydrolytic resistance of
the corresponding CANs will be limited to specific matrices
and conditions. Therefore, we aimed in this study to replace
the ester groups with much more stable amides and thus to
develop and investigate f-amino amide-based CANs (Fig. 1).
Herein, such CANs were hypothesized to possess a substantial
higher activation energy resulting in both very high creep resis-
tance and hydrolytic stability while still being (re)processable,
in turn bringing them close to real-life applications.

To investigate the reversibility of a f-amino amide moiety, a
model compound was first prepared via the aza-Michael
addition between readily available N-isopropylacrylamide and
N-methyl butylamine with the formation of the desired
B-amino amide compound 1 ("H NMR is reported in Fig. S17).
This was dissolved in different NMR tubes in DMSO-ds and
placed in separate oil baths heated at 180 °C, 160 °C, 140 °C
and 120 °C. "H-NMR spectra were collected before and after
heating for 16 h in order to determine the thermally activated
dissociation of such a dynamic pf-amino amide (Fig. 2). Up to
temperatures of 140 °C, there was no significant variation com-
pared to the NMR analysis of the pure model compound 1. In
contrast, at 160 °C, an 8% enhancement of the proton signals
in the area between 6.24 ppm and 5.51 ppm is clearly visible,
indicating the formation of the acrylamide double bonds via
the retro-aza-Michael reaction. In addition, the decreasing
intensity of proton f relative to Michael adduct 1, as well as the
appearance of proton d at 3.98 ppm, confirmed the dis-
sociation. Finally, the increase of the double bond integral
value at 180 °C (signals a to c) indicates a faster dissociation at
higher temperatures. All these observations confirm the rever-
sibility of the aza-Michael reaction on f-amino amides at
temperatures beyond 160 °C.

4.0 3.5 3.0 2.5 2.0
& (ppm)

Fig. 2 *H NMR stacking spectra of model compound 1 in DMSO-d; at
25 °C, 120 °C, 140 °C, 160 °C and 180 °C for 16 h.
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Generally, when investigating a suitable chemistry for
CANs, the scalability of the synthesis pathways should also be
considered as a function of the envisaged bulk-scale appli-
cation areas. Due to the lack of cheap, large-scale available
multifunctional acrylamide cross-linkers and the tedious syn-
thesis of acrylamides in general, which typically requires chro-
matographical purification,*>** the direct synthesis of p-amino
amide networks via aza-Michael addition is not suitable for
large-scale synthesis. Therefore, we focused on an earlier
reported procedure®® in which crosslinked materials were
made in two steps, ie. the preparation of amino-ester cross-
linkers, and then the subsequent amidation reaction with
various available amine-containing building blocks (vide infra).
Hence, to comprehensively investigate the temperature-depen-
dent nature of the aza-Michael addition and the subsequent
amidation reaction, model p-amino-amide compound 2 was
prepared by a one-pot reaction between the bulk chemicals
methyl acrylate and 2-ethyl hexylamine (Fig. 3a).

The reaction was monitored by performing an online atte-
nuated total reflection Fourier transform infrared (ATR-FTIR)
experiment at two temperatures: firstly at 50 °C for the aza-
Michael addition and then at 100 °C for the amidation step. In
the first step, the progressive disappearance of the C=C
stretching at 986 cm™" and the analogous increase of the C-N
stretching band at 1125 cm™" were observed (Fig. 3b top), indi-
cating that the reaction was completed after 2 h (Fig. 3b
bottom). The Michael-adduct structure was confirmed by 'H
NMR (Fig. S2t), which showed the complete consumption of
the methyl acrylate. Next, the amidation step was evaluated
using the same technique but increasing the temperature to
100 °C. In this stage, the focus shifted to the stretching band
at 1740 cm™' related to the ester carbonyl moiety, which
decreased over time, and to the steady increase of the corres-
ponding carbonyl of the amide bond at 1666 cm™'. At the
same time, the bending related to the amide N-H bond at
1540 cm™ " also supported the conversion of esters to amides
(Fig. 3c top). The observed FTIR signals reached a plateau after
30 h as depicted in Fig. 3¢ (bottom), indicating the full conver-
sion of the amino ester to the amino amide functionality. This
conclusion was further confirmed by "H NMR (Fig. S3). Based
on these initial results, as well as those previously reported in
the literature,”® we concluded that in the reaction between an
acrylate ester and amino derivative at 50 °C, the aza-Michael
addition is the only reaction observed, resulting in f-amino
esters, which subsequently undergo amidation at 100 °C with
the formation of f-amino amides.

From the viewpoint of scalability, several covalent adaptable
f-amino amide networks (BAA) were prepared by reacting a tet-
rafunctional cross-linker with f-amino ester moieties, obtained
through a straightforward aza-Michael addition (Fig. S4t) and
subsequently crosslinked with a series of readily available
amino-containing building blocks (Fig. 4a).

The cross-linking process was followed by ATR-FTIR, in
which the disappearance of absorption bands of the ester-car-
bonyl groups (at 1720 cm™") was simultaneously observed with
the increase of the amide-carbonyl absorbance band at

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Synthesis of model compound 2, (b) top: three-dimensional plot of time-resolved ATR-FTIR in the region of 1200 cm™ to 900 cm™ for
the aza-Michael addition step, bottom: plot of the intensity related to the followed peaks versus time. (c) Top: three-dimensional plot of time-
resolved ATR-FTIR in the region of 1800 cm™ to 1300 cm™ for the amidation reaction, bottom: plot of the intensity related to the followed peak

versus time.

1665 cm™', indicating the amidation of the ester to form the

targeted amide bonds (Fig. S51). The overall properties of the
obtained materials have been summarized in Table 1.
Although BAA-J and BAA-S showed soluble fractions above
10%, associated with a very high swelling ratio (>580%), BAA-P
showed a low soluble fraction (6.3%) with a swelling ratio of
350% in THF. Moreover, a wide range of glass transition temp-
eratures (T,) from —107 to —15 °C were obtained when using
different amine building blocks, which affect both the back-
bone mobility and cross-link density. In addition, thermo-
gravimetric analysis (TGA) showed a high degradation onset
temperature (Tgs¢,) ranging between 298 and 325 °C with no
significant mass loss (<3.5%) after a period of 2 h at 200 °C
under an air atmosphere, revealing sufficient stability for the
thermal (re-)processing (vide infra).

The dynamicity of the selected BAA-P was further examined
by rheology with stress relaxation experiments in a tempera-
ture range between 200 and 170 °C. A drop in the material’s
shear storage modulus (G') upon increasing the temperature
was clearly observed in non-normalized stress relaxation
curves (Fig. S6,t top), which revealed the decrease in the cross-
linking density. Indeed, a frequency sweep experiment con-

This journal is © The Royal Society of Chemistry 2024

firmed the partial de-cross-linking by showing a drop in the G’
value at higher temperatures, which is another indication of a
dissociative exchange of the dynamic amino-amide via revers-
ible (retro) aza-Michael reaction (Fig. S7t). In addition, the
elastic plateau modulus in frequency sweep experiments
remained almost unchanged at temperatures below 150 °C, yet
significantly dropped beyond 160 °C revealing the contribution
of the dynamic Michael adduct dissociation beyond that temp-
erature. In Fig. 4b, the normalized stress relaxation curves of
BAA-P (solid line) are reported in comparison with the corres-
ponding B-amino ester network BAE-P (dashed line, see the
ESI}). A high-temperature dependent dynamic behaviour was
observed in which the applied stress could be relaxed comple-
tely at elevated temperatures, favouring the (re)processability
with relaxation times of around 4 min at 200 °C. In addition,
an Arrhenius plot extracted from the characteristic stress relax-
ation time (z) was used to derive a high activation energy of
298 k] mol™", compared to the value of 213 k] mol™" found for
BAE-P (Fig. 4c).

Although TGA revealed a degradation onset temperature
(Tasw) of 325 °C, time sweep experiments at different tempera-
tures showed a slight increase in the storage modulus at temp-

Polym. Chem., 2024,15,11-16 | 13
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Fig. 4 (a) Preparation of p-amino amide containing CANs from a tetrafunctional crosslinker and Priamine 1074 (BAA-P), Jeffamine D400 (BAA-J) or
DMS-A11 (BAA-S); (b) normalized stress relaxation curves and (c) corresponding Arrhenius plots of BAA-P (red) and BAE-P (violet) networks; (d) dem-
onstration of (re)processing of BAA-P; (e) appearances and the corresponding soluble fractions of BAA-P samples after the hydrolysis tests under
different conditions (1 M HCl, deionized water, 1 M NaOH).

Table 1 Overall properties of the synthesized p-amino amide CANs with a range of amines

Network Amine Swelling ratio® (%) Soluble fraction® (%) Typsc” (°C) Tas% ° (°C) Miso 2002 1 ° (%) G’ (MPa)
BAA-P Priamine 350 +23 6.3 £0.7 -15 325 3.0 2.29
BAA-J Jeffamine 590 + 26 17.3+3.2 -25 298 3.5 0.43
BAA-S PDMS Al11 582 +17 13.8 1.5 -107 320 3.0 0.33
BAA-P R3 Priamine 292 +19 3.3+1.1 -7 326 — —

BAE-P (Ref) — 340 + 16 4.8 +2.2 —43 336 1.5 —

“Swelling ratio and soluble fraction obtained from a four-sample measurement in THF at RT for 24 h. ” Determined during the second heating
run by DSC with a heating and cooling rate of 10 K min~". “ Determined as an onset temperature for 5% mass loss observed by TGA using a
heating rate of 10 K min~'. ¢ Determined mass loss observed with the TGA isothermal mode at 200 °C for 2 h. ®Apparent plateau storage

modulus determined from frequency sweep measurements at 100 °C and 1 rad s~

14 | Polym. Chem., 2024,15, 1-16 This journal is © The Royal Society of Chemistry 2024
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eratures above 200 °C (220-260 °C), which could be ascribed to
the introduction of permanent cross-links as a result of homo-
polymerisation of the acrylamide groups created at the dis-
sociation stage (Fig. S8t). For this reason, the (re)processing
experiments have all been conducted at 180 °C. To demon-
strate the (re)processability, BAA-P was cut into small pieces
and pressed multiple times by compression moulding at
180 °C under 3 tons for 60 min.

The reprocessing ability of materials with dynamic amino-
amide linkages was demonstrated by executing 3 cycles
without observing significant changes in the appearance or
thermal properties (Fig. 4d and Table 1-BAA-P R3). Although
the stress relaxation of the third recycled sample slightly
slowed down and thus a higher activation energy was obtained
(Fig. S6,T bottom), the chemical structure observed by FTIR
remained unchanged during the recycling processes (Fig. S97).
In addition, tensile test results did not reveal significant
changes in mechanical properties after 3 cycles of remoulding
(Fig. S10%).

Finally, in order to investigate the dimensional stability, a
creep recovery experiment was carried out on BAA-P by apply-
ing 2 kPa shear stress for 5000 s, followed by a recovery period
of 3600 s at temperatures ranging from 50 to 110 °C
(Fig. S111). Despite the low T, of BAA-P (—15 °C), high creep re-
sistance was observed and the creep rates were below 107°%
s~' up to 100 °C with remaining strains being less than 0.05%
after one hour of recovery. Also, as mentioned earlier, the use
of amides instead of esters was expected to improve the chemi-
cal stability of the obtained materials. Therefore, hydrolysis
tests of BAA-P were carried out for up to 12 days under 4
different conditions: in deionized water, 1 M HCl, and 1 M
NaOH at room temperature and in deionized water at 100 °C.
All the results presented in Table S1} indicate soluble fractions
of less than 1% while the network maintained its structural
integrity (Fig. 4e and Fig. S12}). In comparison with the
f-amino ester network (Table 1-BAE-P), an overall high hydro-
Iytic resistance was observed for the f-amino amide network.
Indeed, BAA-P remained almost unchanged after two days in
boiling water whereas BAE-P lost its structural appearance
under comparable conditions (Fig. S13}). These results indi-
cate the potential dimensional resistance of such covalent
adaptable amino-amide networks under harsh conditions
(e.g., marine applications).

Conclusions

In this study, the temperature-dependent reaction between
acrylates and amines was first investigated with model studies,
in which the aza-Michael addition was exclusively observed at
50 °C, whereas the subsequent amidation (converting esters
into amides) efficiently proceeded at 100 °C. Additionally, the
dissociation of the resulting dynamic f-amino amide bonds
was found to occur at temperatures beyond 160 °C. By exploit-
ing this knowledge, a scalable synthesis of covalent adaptable
amino-amide networks using a multifunctional amino-ester

This journal is © The Royal Society of Chemistry 2024
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cross-linker and various bifunctional amine-containing build-
ing blocks was performed. The obtained amino-amide net-
works showed high thermal stability while rheological
measurements revealed a temperature-dependent stress relax-
ation with a high activation energy of around 300 k] mol ™", as
well as the ability of the networks to be (re)processed multiple
times without significant changes in properties. Moreover, the
presented materials showed excellent dimensional stability
with less than 0.05% of the remaining strain as observed in
creep measurements at 100 °C. Finally, in comparison with the
corresponding p-amino ester-based material, CANs also pre-
sented exceptional hydrolytic stability under acidic, basic and
neutral conditions for at least 12 days.
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