Bio-based, creep-resistant covalent adaptable

networks based on 3-amino ester chemistry

Lucas Stricker?, Christian Taplan’ and Filip E. Du Prez*

Polymer Chemistry Research group, Centre of Macromolecular Research (CMaC), Department of
Organic and Macromolecular Chemistry, Faculty of Sciences, Ghent University, Krijgslaan 281
S4-bis, Ghent B-9000, Belgium.

* E-Mail: filip.duprez(@ugent.be

KEYWORDS
Covalent adaptable networks, Recycling, Renewable resources, Creep resistant networks, f-amino

esters

ABSTRACT

For this study, creep resistant covalent adaptable networks were prepared making use of the
reversible f-amino ester chemical platform and starting from bio-based raw materials with an
overall bio-based carbon content of >90%. The investigated materials were synthesized with
different crosslinking densities in a solvent-free fashion. The applied building blocks consisted of

an easily obtained acrylate, based on a bio-based diol, and a commercially available bio-based



multifunctional amine. Following their synthesis, the materials were investigated with regard to
their thermal, thermo-mechanical and rheological properties, which were preserved after up to
three reprocessing cycles. Moreover, the obtained elastomers showed high thermal stability, in
combination with good reprocessability at 180°C and excellent creep resistance at elevated

temperatures up to 120°C.

INTRODUCTION

Nowadays life is unthinkable without the myriad of polymer materials that are used in our daily
lives in countless applications such as packaging, transportation, electronic devices, or numerous
other plastic-based materials."? Often, these polymer materials are playing a crucial role in these
kinds of applications ensuring high efficiency, low costs or allowing lightweight construction only
to name a few.>> Nevertheless, the increasing plastic pollution and the depletion of fossil resources
are huge economic and environmental issues, causing the need for efficient recycling methods and

sourcing of raw materials from renewable resources.®’

While thermoplastics are moldable and malleable when being heated and consequently offer in
principle facile recycling options, no such straightforward option is available for thermosetting
materials, which consist of a permanent three-dimensional covalent network. As a result of the
network structure however, thermosets offer superior properties compared to thermoplastics
enabling high chemical and mechanical durability and dimensional stability. Yet, it is exactly the
high resistance and the permanent character of the network structure that makes recycling very

challenging. Consequently, thermosets often go to waste or are being incinerated.® In the context



of the new plastics economy vision, the scientific community as well as the industry is seeking for

strategies to overcome the aforementioned issues of thermosetting materials.’

On the one hand, due to the finite fossil resources such as crude oil and gas, the demand for new,
more sustainable and renewable raw materials as functional building blocks for polymer materials
is significantly increasing.!® Consequently in recent years thermoset materials have been prepared
from vegetable oil,!""'?, eugenol'>!* lignin,'® vanillin,'® and isosorbide.!” With tailored molecular
design, these materials exhibit physical properties that are comparable to their petrochemical-
derived counterparts, showing promise in future applications. On the other hand, one strategy to
enhance recyclability of thermosetting materials is the implementation of reversible covalent
bonds in thermoset materials, making network rearrangements and potentially thermoplastic
behavior upon application of a stimulus possible.'®2! Although it was already reported decades
ago that cross-linked rubbers using disulfide bonds and silyl ethers showed the dissipation of stress
by thermally activated bond rearrangement,?> > only in recent years, more efforts were put on the
development of so-called covalent adaptable networks (CANs), fueled by the increasing plastic
pollution issue describe above.”?%?” Several dynamic chemical reactions have been reported

28-30

including disulfides , silyl ether exchange,’!*? trans(thio)esterification,>* ¢, transamination®’~

41-43 20,44

40, transalkylation, reversible cycloadditions, and others.* % Many of those chemistry

platforms have also been highlighted in recent reviews.?!#9-!

Recently, f-amino esters were reported as a thermally dynamic motif for the design of CANs.>>>*

These f-amino esters are readily prepared by abundantly available building blocks using the aza-
Michael reaction of an amine to an acrylate, making them a new promising motif to create dynamic
polymer materials, with good thermal and hydrolytic stability.>? Despite the fact that the aza-

Michael reaction was widely explored and studied previously, it was usually considered to create



permanent bonds in bulk materials.’>>® However, recently published studies showed that f-amino
esters undergo both dynamic aza-Michael reaction and — in the presence of free hydroxyl groups

— a catalyst-free transesterification.>>*

As described above, the development of recyclable and reprocessable covalently crosslinked
networks, as well as the construction of polymers from renewable resources, are both stimulated
by the economic and environmental problems associated with traditional thermoset materials.
Consequently, efforts to combine these two strategies in material design for sustainable thermosets
were already carried out with a focus on epoxy matrices®’ and accessible transamination-based
chemistry systems,’®>° A comprehensive overview of the state-of-the-art in combining
reprocessable and renewable research strategies in the area of CANs are described in a recent
review by Avérous and co-workers.® While several bio-based CANs have been reported recently,
it should be noted that these materials are often only partially bio-based or involve (multi-)step
derivatization of bio-derived raw materials into functional building blocks, decreasing the overall
sustainability. Additionally, many of the reported CANs are by far outcompeted by classical
thermosets with regard to long-term stability (e.g., hydrolytic and thermal stability). Finally, they
typically suffer from a limited creep resistance, which hampers their potential industrial

application.

In this context, we describe in this study f-amino ester-based CANs with excellent thermal stability
and, for low T materials, remarkable creep resistance while showing swift recyclability thanks to
the applied retro-aza-Michael chemical platform. Moreover, the investigated materials are
prepared starting from Pripol and Priamine, both fatty acid derived compounds, and commercial

building blocks, yielding an overall bio-based carbon content of at least 90%. By variation of the



ratio of amine to acrylate groups, CANs with different cross-linking densities were obtained. As

illustrated in Figure 1, every primary amine group can react with two acrylate groups.
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Figure 1. Representation of the f-amino ester network’s formation from a biobased diacrylate (1)

and Priamine (2), and of the rearrangement at elevated temperature.

It will be demonstrated that all materials are showing excellent thermal and rheological properties,
thanks to the robust exchange reactions, further showcasing the potential of f-amino ester
networks as sustainable CANs, which can be made from a broad set of commercially available

(bio-based) amines and acrylates.

EXPERIMENTAL SECTION

Materials.

Acryloyl chloride 97.0%, (contains <210 ppm MEHQ as stabilizer) was purchased from Sigma-

Aldrich. Tetrahydrofuran (THF), dichloromethane (DCM), anhydrous triethylamine 99.7%



(Et3N), and acrylic acid 98% (contains 180 to 220 ppm MEHQ as stabilizer) were purchased from
Acros Organics. Phenothiazine >98% and p-toluenesulfonic acid monohydrate >98% (pTsOH)
were purchased from TCI. Pripol 2033 and Priamine 1074 were kindly provided by Croda. All

reagents were used without further purification unless stated otherwise.

Instrumentation.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Advance Ultrashield
300 MHz spectrometer. Deuterated chloroform (CDCIl3) was used as the solvent in each sample.

Chemical shifts are given in parts per million (ppm).

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectra
were measured using a Perkin-Elmer Spectrum1000 FTIR infrared spectrometer with a diamond

ATR probe.

Thermogravimetric analyses (TGA) were performed with a Mettler Toledo TGA/SDTAS851e

instrument under nitrogen atmosphere at a heating rate of 10 K-min™! from 25 to 800°C.

Differential scanning calorimetry (DSC) analyses were performed with a Mettler Toledo

instrument 1/700 under nitrogen atmosphere at a heating rate of 10 K-min™! from -100 to 100°C.

Rheology experiments were performed on an Anton Paar MCR 302. The experiments were
performed in parallel plate geometry using 8 mm sample disks. Unless otherwise specified, the
experiments were performed using a normal force of 1 N, an oscillating frequency of 1 rad-s™!, and
a strain of 1% was applied. For all rheology experiments, the applied stress comprised the linear

viscoelastic region at the measured temperatures.



For stress relaxation experiments, a strain of 1% respectively was applied to the material and the
relaxation modulus (G(t)) was followed over time at a constant temperature. The obtained

characteristic relaxation time (1*) was used to calculate an activation energy.

Creep experiments were performed by applying no strain for a duration of 300 s, which was
followed by applying 2 kPa shear stress for 3600 s and a recovery period of 3800 s at 80 °C, 100 °C
and 120 °C. Creep recovery measurements were preceded by a measurement at 80 °C to remove a

possible thermal history.

Dynamic mechanical analysis (DMA) was performed on a DMA/SDTAS861e from Mettler-
Toledo utilizing two round samples (each ca. 1.75 mm (T) and 8.0 mm (D)) for application in the
1

shear clamp. A temperature ramp was performed from -100 °C to +100 °C at a rate of 3 K-min

with a displacement amplitude of 2 um, a force amplitude of 5 N and a regular frequency of 1 Hz.

Reprocessability. To reprocess the network, the CAN was broken into pieces and placed into a
rectangular mold (A, 70 mm X 40 mm % 2 mm; B, 30 mm % 15 mm x 2 mm) for compression
molding. This assembly was placed in a 180 °C (Materials BAE-4, BAE-3.5, BAE-3, BAE-2.5)
or 150°C (Material BAE-2) preheated compression press for 1 min under 0.5 metric tons of
pressure. Then the pressure was increased to 4 tons and kept constant for an additional 59 min.
After 60 min of pressing in total, the sample was carefully removed from the mold while still

heated and in its elastic state.

Swelling tests were performed by immersing a sample of 40—60 mg in 3 mL of THF at room
temperature for 5 days, and the swelling ratio was calculated using equation (1). Afterwards the
samples were dried under vacuum for 2 days at 70°C. The soluble fraction was calculated using

equation (2).



swelling ratio (%) = 100 x =0 (1)

1

soluble fraction (%) = 100 X W 2)

4

with m;j, ms, and mq being the initial, swollen, and dry mass, respectively.
Synthesis Methods:

Synthesis of Pripol 2033 acrylate (1). Method A: Pripol 2033 (20 g, 37.25 mmol, 1 eq.) was
dissolved in DCM (100 mL) and cooled to 0°C in an ice-bath. To this solution EtsN (15 mL,
108 mmol, 2.9 eq.) and acryloyl chloride (6.69 mL, 82 mmol, 2.2 eq.) were added sequentially.
The solution was stirred for 1 h at 0°C and then allowed to warm to room temperature overnight.
Water (50 mL) was added to quench remaining acryloyl chloride and the layers were separated.
The organic layer was washed with aq. HCI (1M, 2 x 100 mL), ag. NaHCO3 (3 x 100 mL) and
brine (100 mL) and dried over MgSO4. Removal of the solvent in vacuo yielded the desired Pripol

acrylate (1) as yellowish liquid (24 g, quantitative yield).

Method B: A round-bottom flask was charged with a mixture of Pripol 2033 (4 g, 7.45 mmol,
1 eq.), acrylic acid (3.1 mL, 44.7 mmol, 6 eq.), MgSO4 (100 wt%), pTsOH (26 mg, 0.15 mmol,
0.02 eq.) as catalyst and phenothiazine (0.05 g) to inhibit spontaneous polymerization. The mixture
was heated to 100 °C for 24 h. After cooling to room temperature, DCM (50 mL) was added, the
resulting suspension was filtered, and the filtrate was washed with NaHCO3 (2 x 50 mL) to remove
the excess of acrylic acid. After drying over MgSQO4 and drying in vacuo the desired Pripol acrylate

(1) was obtained as orangish liquid (3.12 g, 4.84 mmol, 65 % yield).



H NMR (300 MHz, CDCls) § = 6.40 (dd, J= 17.3, 1.6 Hz, 2H), 6.12 (dd, J= 17.3, 10.4 Hz, 2H),
5.81 (dd, J=10.4, 1.6 Hz, 2H), 4.15 (t, J = 6.7 Hz, 4H), 1.66 (p, J = 7.1 Hz, 4H), 1.27 (m, 40H),
0.87 (m, 6H) ppm. 1*C NMR (75 MHz, CDCls) 5 = 166.50, 130.54, 128.83, 64.88, 32.08, 29.86,

29.68,29.42,28.78, 26.09, 22.85, 14.27 ppm.

Synthesis of f-amino ester materials. For the preparation of the materials in this study the bis-
functional Pripol acrylate 1 (typically 4 g, 1 eq.) and bis-functional Priamine 1074 2 (1 eq. (BAE-
2), 0.875 eq. (BAE-2.5), 0.75 eq. (BAE-3), 0.625 eq. (BAE-3.5) or 0.5 eq. (BAE-4)) were mixed
in a polypropylene cup using a DAC 150.1 FVZ speed mixer (typical conditions of mixing: 2 min
with a speed of 2500 rpm). The obtained homogenous solution was cured at 70°C for 48 h to
complete network formation. Hereafter, the polypropylene vial was broken, the sample was
removed, broken into pieces, and pressed separately in steel molds, following the aforementioned

reprocessing procedure.

RESULTS AND DISCUSSION

Monomer and material synthesis. As initial step in this study, the bio-based acrylate monomer
(1, Figure 1) was synthesized in a straightforward and scalable one-step procedure from Pripol
2033. For that, a well-established procedure was used by simply reacting Pripol 2033 with a slight
excess of triethylamine and acryloyl chloride in dichloromethane. Followed by an aqueous work-
up, the desired acrylate (1) could then be isolated in quantitative yield and with extremely high

purity in a scalable fashion (see Figure S1 and S2 for NMR spectra). While this method gives



excellent results in terms of yields, purity, and possible scalability, it uses chlorinated solvents and
toxic reagents. This, combined with the formation of hydrochloric acid as side product, reduces

the sustainable aspect of this synthetic procedure.

As a consequence, we investigated the possibility of synthesizing Pripol acrylate (1) using a
much more sustainable synthesis procedure that was recently reported for terpenoid-based
acrylates by our group.®! In this method, the synthesis starts from the alcohol precursor and acrylic
acid, and only requires the use of a drying agent and a catalyst without the need for additional
solvents. Additionally, water was found to be the only side product, therefore, this method was
considered as being the most sustainable for the synthesis of several acrylates according to the
CHEM21 green metrics toolkit. While in the previous study monofunctional acrylates were
synthesized in good yields after a vacuum distillation work-up (60-80%), some adaptations had to
be done for the synthesis of the Pripol acrylate (1). Indeed, the resulting bis-acrylate could not be
isolated by a simple vacuum distillation due to its high boiling point. Therefore, the reaction had
to be pushed to full conversion with a larger excess of acrylic acid (3 eq. per OH) in order to allow
the isolation of the acrylate by a simple aqueous work-up. In this manner, the desired acrylate
could be isolated in good yields (65%). While this procedure yielded the desired acrylate (1), the
'"H-NMR analysis also showed some additional signals at ~4.45 and ~2.70 ppm (Figure S3) from
unwanted side products, hence resulting in a significantly lower purity compared to the method
using acryloyl chloride. This result shows that a more sustainable synthesis of the Pripol-based
acrylate (1) is possible, but it would need further optimization to avoid side products. Thus, in
what follows, only the Pripol acrylate (1) obtained from the method involving acryloyl chloride
was used for material preparation to exclude the potential influence of side products on the material

properties of the f-amino ester networks.
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After the successful synthesis of the Pripol acrylate (1), the f-amino ester-based networks could
be prepared in analogous fashion to our previously published procedure by simply mixing the
acrylate monomer (1) and the readily available bio-based bis-amine Priamine 1074 (2) in different
ratios and curing at 70°C for 48 hours via the aza-Michael reaction, yielding elastic materials that
could be easily reprocessed in transparent plates (Figure 1). The ratio of bis-acrylate (1) and bis-
amine (2) has been chosen from 1:0.5 - representing a densely crosslinked network, since every
amine can in principle react with two acrylate moieties — up to 1:1, which would create a linear
polymer in the ideal case (Figure 1 left side). All of the obtained materials investigated in this
study are composed of 90 to 92% bio-based carbon content, with the remaining 8 to 10% fossil-
based carbon originating from the acrylate functionality. Although considerable effort has been
put into the development of environmentally friendly and safer synthesis methods of acrylates,
there is so far a lack of bio-based acrylating agents.%? It should be noted that much research is
ongoing to derive also acrylic acid industrially from bio-based raw materials such as lactic acid,
which could further maximize the bio-content of such CANs.®* During this study, the resulting
materials are named according to the average expected reactions of the diamine (2) to the diacrylate
(1). In composition BAE-2, an equimolar ratio of Priamine 1074 (2) (expectedly reacting twice)
and Pripol-based diacrylate (1) is used, while BAE-4 contains an equimolar amount of amino-
protons (expected functionality of Priamine 1074 is four in this case) to acrylates in the reaction

mixture.

Material characterization. Initially, network formation and thermal properties of the synthesized
BAE materials were investigated. An overview of the corresponding results is listed in Table 1
and Figure 2. Completion of curing was confirmed by ATR-FTIR spectroscopy, showing the

vanishing of the C=C band of the acrylate at 1650 cm™ and the typical shift of 10 cm™ of the C=0
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band from 1725 cm™ to 1734 cm™ confirming the consumption of the acrylate groups when
forming the corresponding f-amino ester network (Figure 2a). Network formation was additionally
verified by swelling experiments in THF, yielding low soluble fractions for BAE-4, BAE-3.5 and
BAE-3 of around 2%. For network BAE-2.5, a slightly higher soluble fraction (~5%) was obtained
due to the lower crosslinking density. Although in theory the equimolar composition of diacrylate
(1) and diamine (2) in BAE-2 should only result in a linear and fully soluble polymer and thus not
yield a three-dimensional network, only a soluble fraction of 22% has been measured (see Table
1). This could be explained by a partial double aza-Michael addition on the same amine, yielding
a crosslinking point, or by the presence of a small number of side-reactions such as amidation. In
these cases, hyperbranched or loosely crosslinked networks/materials are obtained. As expected,
a similar trend was observed in the swelling degree of the materials, yielding values of ~200% for
BAE-4, BAE-3.5 and BAE-3, while BAE-2.5 (~320%) and BAE-2 (~800%) show significantly
higher swelling ratios with decreasing crosslinking density (Table 1). In identical fashion,
hydrolysis tests were performed by immersing ~20 mg of BAE-3 in 3 mL of demineralized water
for 24 h at room temperature, as well as 100°C, followed by drying the samples in a vacuum oven
at 120 °C and determining the respective soluble fraction and swelling ratio. As a result of their
hydrophobic matrix, the materials remained visibly intact even in boiling water, showing
moderately low swelling ratios of ~23% in either case and remarkably low soluble fractions
(<0,3%), showcasing that hydrolytic stability for such activated esters may be preserved when

embedded in a hydrophobic polymer matrix.

The glass-transition temperature (Tg) of the materials was around -50 °C (Figure 2b) when taken
from the midpoint of the transition determined by differential scanning calorimetry (DSC) and

around -35°C when obtained from the maximum of tan(d) using dynamic mechanical analysis
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(DMA) (Figure S4 and Table 1). The Tgs remained almost identical across the different materials

independently from the varying crosslinking densities (vide infra).

a) veo

Transmittance

s

iveee

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm™)

= Priamine 1074(2) = Pripolacrylate(1) — BAE-4
—— BAE-3.5 — BAE-3 — BAE-2.5
—— BAE-2
b)
\ BAE-4
° N——
?’ —— BAE-3.5
3 D
[ BAE-3
© N
/7]
I
\\/,_.—— BAE-2.5
— BAE-2
N —
-0 -70 -50 -30 -10 10 30 50 70 90
Temperature (°C)
c)
100 -
i R D
= —— BAE-4
5, 80 -
] —— BAE-35
=
2 %01 —— BAE3
£
b —— BAE-25
® 40 :
N
e —— BAE-2
£ 20
2 ---- Taosn
0 - . - .
0 200 400 800 800

Temperature (°C)

13



Figure 2. Material characterization. IR spectra of the monomers (1 and 2) and investigated
polymer networks (a); DSC (b) and TGA (c) temperature ramp thermograms of polymer networks

BAE-2 to BAE-4.

Thermogravimetric analyses (TGA) displayed onset degradation temperatures (Tqg-95%) in the range
of 330—350 °C (Figure 2c and Table 1), which is well beyond the processing temperature and is

confirming the high thermal stability of BAE-materials reported previously.>

Table 1. Overview of physical properties of f-amino ester-based CANS.

soluble  swelling ,

Equiv. ratio Tepsc TepMA Td-95% . 80°C
CAN of monomer (0 C) (C)° fra(;tlgn deogrie (MPa)’
1) : Q) (%) (%)

BAE-2 1:1 -50 -37 330 22 790 0.074
BAE-2.5 1:0.875 -50 -36 345 5.3 320 0.447
BAE-3 1:0.75 -49 -36 350 1.6 220 1.00
BAE-3.5 1:0.625 -49 -34 345 1.9 180 1.62
BAE-4 1:0.5 -51 -34 345 2.8 200 1.64

3Glass transition temperature measured via DSC (Tgpsc). °Glass transition temperature measured
via DMA (Tgpma) and determined by the maximum of tand. “TGA onset temperatures after 5%
weight loss (Tq.95%). “Obtained after swelling for 5 days in THF and redrying. “Obtained after
swelling in THF for 5 days at rt. ‘Storage modulus (G’) taken from DMA measurements at 80°C.

Dynamic Properties of f-Amino Ester Materials. After assessing the thermal properties of the
materials, a rheological characterization of the CANs was performed to investigate their dynamic
material properties. In what follows, only the dynamic properties of BAE-2.5 to BAE-4 are
discussed in detail, since the initial characterization (vide supra) clearly showed that BAE-2 is as

expected only a loosely crosslinked, hyperbranched system and thus not a thermoset-like material.
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Nevertheless, for the sake of completeness and to confirm this assumption, the characterization of

BAE-2 can be found in the supporting information (Figures S4a, S6, S7a and Table S1).

Stress relaxation experiments were performed, showing that all tested materials exhibited stress-
relaxation at 180°C, which is linked to the retro-aza-Michael reaction.’>>* Full stress-relaxation
data of each of the materials can be found in the supporting information (Figures S5-S6). A
comparison of the obtained relaxation times for the different networks at 180°C showed an
increase in relaxation times with higher crosslinking degrees from ~250 s for BAE-2.5 to 2200 s
for BAE-4 (Figure 3a). The trend of slower stress-relaxation with increasing cross-linking density
was already shown in other CAN-systems such as vinylogous urethane based vitrimers.*® Overall,
in stress-relaxation measurements with varying temperatures, a strong temperature dependence
was observed that, when evaluated with an Arrhenius model, translated to activation energies of
117-216 kJ mol™! (Figure S5-S6). It was previously reported that f-amino ester CANs exhibit
remarkable creep resistance, yet smooth reprocessability, which can be attributed to this high

temperature dependence.
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Figure 3. Comparison of relaxation times of the networks at 180°C (a) and exemplified elevated

temperature creep behavior of BAE-4 (b).

Indeed, the herein investigated networks BAE-4 to BAE-2.5 show very low creep rates at
elevated temperature upon application of 2 kPa shear stress for 60 minutes (Figure 3b, S7 and
Table S1). In previous publications on creep resistant dynamic networks, the residual strain and/or
the strain rate were used to evaluate their creep performance. However, reporting residual strain
can be misleading because it is heavily dependent on the cross-linking density, applied stress, and
measurement recovery time. Also, the determination of the "true" residual strain can be difficult
in practice, since it is an asymptomatic value. In contrast, the creep rate (€) gives an indication on
how fast permanent deformation will occur in the polymer network and moreover, the validity of
this value can be easily checked by confirming that the strain deformation has entered the steady-

state regime.®* A more detailed theoretical description on this matter can be found in a previous
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publication from our group by Van Lijsebetten et al..®> While creep behavior of the BAE networks
is thus discussed here using creep rates (€), the residual strain values are reported for sake of
completeness in the supporting information (Table S2). In this context, the strong creep resistance
of the crosslinked polymer networks (BAE-4 to BAE-2.5) is demonstrated by very low creep rates
(€) at 80°C (~130°C above their Ty) in the range of zero measurable creep rate (BAE-4) to
5.0 «10° (%es™") (BAE-2.5) and increases with decreasing crosslinking density. Even at higher
temperatures the materials showed, especially for such elastomeric CANs, remarkably strong creep
resistance with only very low creep rates of 5.0 #10¢ (100°C, BAE-4) to 5.0 <107 (%ss™) (Figure
S7, Table S1). Such values are comparable to the creep rates of earlier reported creep resistant

CANSs, however at significantly higher temperatures above their respective Tg.%

Reprocessing. To demonstrate that the bio-based p-amino ester-based networks can be
reprocessed several times while maintaining their material properties, BAE-3 was compression
molded three times at 180°C and using 4 metric tons for 60 minutes, further referred to as Ro for
the virgin material and as Ri, Ro, and R3 for the sample that is reprocessed 1, 2 or 3 times,
respectively. The material showed excellent remolding ability after each cycle of cutting and
remolding, yielding a fully transparent and homogenous plate (Figure S11). After each cycle, the
thermal properties of the materials were assessed by DSC, TGA and chemical network structure
by ATR-FTIR measurements (Figure S8). Additionally, samples Ro and Rz were subjected to
rheological characterization in order to evaluate their stress-relaxation and creep characteristics

(Figure 4, Figure S9, Figure S10 and Table S1).
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Figure 4. Comparison of stress relaxation (a) and creep measurements (b) of BAE-3 R¢ and Ra.

Infrared spectroscopy measurements of the material after each reprocessing cycle did not show
any additional signals or intensity changes in the spectra, indicating no major changes in the
chemical composition and thus network integrity of BAE-3 (Figure S8a). During DSC-analysis, a
slight increase in the T from -49°C to -44°C was found (Figure S8b), while TGA-analysis showed
that the thermal onset temperature remained high with a slight decrease from 350°C to 340°C
(Figure S8c). The small change in Ty and Taegse is attributed to the dissociative exchange
mechanism, which allows for side-reactions (amidation) or partly incomplete rearrangement of the
acrylate and amine functionalities at high temperatures. Nevertheless, the overall properties of the

network are maintained well after three reprocessing cycles.
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In addition, when looking at the rheological properties, reprocessability of BAE-3 was further
confirmed by stress-relaxation and creep measurements of Ro and Rz (Figure 4 and Figure S9-
S10). The stress-relaxation measurements resulted in similar relaxation times at 180°C (705 s vs.
770 s) and 170°C (3130 s vs. 3380 s). Similar results were obtained by creep measurements after
the performed reprocessing cycles. The determined creep rates remained below 5 10 (%.s!) and
at similar levels before and after reprocessing at both 80°C and 100°C (Table S1). At 120°C, the
determined creep rates displayed even the same values of 1.3¢10° (%ss™). Thus, the overall
extremely low creep rates of the investigated CAN remain at a high level after reprocessing,
underpinning the suitability of this chemistry platform for the creation of sustainable, creep

resistant elastomers.

CONCLUSION

In this study, f-amino ester containing CANs were made starting from fatty acid derived
compounds (pripol and priamine), yielding around 90% bio-based carbon content. Besides their
sustainable character, they also show promising material properties and extremely low creep rates,
while still allowing reprocessing/recycling over multiple cycles and maintaining the material
properties. The remarkable inherent suppressed creep of these rubbery materials, even at
temperatures up to 120°C, should be highlighted as low creep resistance is usually considered a

major drawback of CANSs, limiting their industrial breakthrough.

The straightforward preparation of f-amino ester-based CANs from a large variety of readily
available (sustainable) building blocks by simply mixing acrylates and amines allows the design

of a range of materials with tailored properties. This easy preparation, in combination with the
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inherent robustness, hydrolytic resistance, suppressed creep at elevated temperatures and the
dynamic character of f-amino esters, makes the corresponding CANs quite promising for further
application research in the area of sustainable and recyclable thermoset materials. For example,
they could be implemented in applications ranging from coatings and adhesives up to bulk

thermosetting materials.
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Synopsis:

Elastomeric covalent adaptable networks with more than 90% bio-renewable carbon exhibit

remarkably low creep rates, even at elevated temperatures.
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