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ABSTRACT: In this study, f-amino esters, prepared by the aza-
Michael addition of an amine to an acrylate moiety, are
investigated as building blocks for the formation of dynamic
covalent networks. While such amino esters are usually considered
as thermally nondynamic adducts, the kinetic model studies
presented here show that dynamic covalent exchange occurs via
both dynamic aza-Michael reaction and catalyst-free transester-
ification. This knowledge is transferred to create f-amino ester-
based covalent adaptable networks (CANs) with coexisting
dissociative and associative covalent dynamic exchange reactions.
The ease, robustness, and versatility of this chemistry are
demonstrated by using a variety of readily available multifunctional
acrylates and amines. The presented CANs are reprocessed via
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either a dynamic aza-Michael reaction or a catalyst-free transesterification in the presence of hydroxyl moieties. This results in
reprocessable, densely cross-linked materials with a glass transition temperature (T,) ranging from —60 to 90 °C. Moreover, even for
the low T, materials, a high creep resistance was demonstrated at elevated temperatures up to 80 °C. When additional f-hydroxyl
group-containing building blocks are applied during the network design, an enhanced neighboring group participation effect allows
reprocessing of materials up to 10 times at 150 °C within 30 min while maintaining their material properties.

B INTRODUCTION

Current times are often referred to as the plastic era in which a
life without polymer materials is unimaginable. However,
plastic pollution accompanying the technological advance-
ments is becoming an ever increasing issue."”” In particular, one
important polymer material category, referred to as thermoset-
ting materials, which was intentionally designed to be
dimensionally stable and to provide high chemical and
mechanical durability, is nowadays in the focus of research
toward sustainable end-of-life options. Indeed, despite their
superior properties compared to thermoplastics, thermosets are
very challenging to recycle and consequently often simply go
to waste or are being incinerated.> Therefore, the scientific
community proposed strategies to implement reversible
covalent bonds into the thermoset compositions, which
allowed the creation of three-dimensional covalent networks,
yet with reversible cross-linking points making reprocessing
upon a stimulus possible.*™°

The introduction of covalent adaptable networks (CANs)
followed a tradition in science and chemistry to consider
molecules and reactions from the past as inspiration to solve
current problems and push scientific boundaries.” In fact,
already decades ago, it was reported that cross-linked rubbers
using disulfide bonds and silyl ethers showed thermally
activated dynamic behavior and thus enabled the creation of
reprocessable covalent networks.”~'' In more recent years,
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scientists put much research effort in exploring additional
covalent dynamic reactions.'”™** For CANs, applicable
dynamic covalent reactions are for instance reversible cyclo-
additions,”'>'¢ disulfide’”™*° or silyl ether <exch;1nge,21’22
transalkylation,>* > trans(thio )esterification,”***” transamina-
tion”®™>* of various reactive centers, and others.>*™*’

Many of those chemistry platforms have also been
highlighted in recent reviews."”** Some of them apply
concepts of internal catalysis or neighboring group partic-
ipation (NGP) to accelerate or enable exchange in the first
place.” This was for instance applied in the context of the
aforementioned silyl ether exchange by using a y-positioned
amino moiety”" and also, for transesterifications, by leveraging
a p-hydroxyl group.’ Also, introducing a carboxylic or a
sulfonic acid group in proximity of an ester group was found to
promote a dissociative transesterification mechanism when
terephthalate esters were applied.””"” Modifying the nucleo-
phile in the exchange reaction by making using of f-amino
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modified alcohols also allowed tailoring of the dynamic
behavior.**

Two coexisting mechanistic pathways were reported when
thiols were used to create thioesters, i.e., an associative and
dissociative one.” Other chemical reactions allow for two
coexisting mechanistic pathways,”® making use of different
exchange chemistries separately,50 adjusting the dissociation
rate with varying substituents,”' or combining dissociative with
associative exchange reactions elegantly using thiols.”>>* Yet
combining associative and dissociative dynamic covalent
chemistries in a straightforward fashion is rather rare. Recently,
Dichtel and Elling raised the question of whether the use of a
solely associative exchange mechanism is desirable in view of
material design constraints to meet current processing
challenges.>*

In this context, here a strategy is presented based on the aza-
Michael addition of amines to acrylates (Scheme 1). First, the

Scheme 1. Display of an Aza-Michael Addition between
Amines and Acrylates with the Formation of a f-Amino
Ester That Provides Possibilities for Associative and
Dissociative Covalent Dynamic Chemistries
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created activated esters promote catalyst-free transesterification
with alcohol groups as associative exchange mechanism, with
the advantage of maintaining cross-linking points and a gradual
decrease in viscosity. In addition, the formed aza-Michael
adducts allow for a reversible, dissociative breaking point on
the electrophilic side of the dynamic unit. Moreover, possible
side reactions, originating from, e.g, amidation reactions, are
not expected to harm the reprocessability of the network, since
an acrylamide is expected to be more prone to undergo
reversible aza-Michael reaction and the released alcohol is
available for transesterification. All of this is achieved in a
straightforward fashion and thus provides an opportunity to
use a myriad of readily available acrylate, amine, and alcohol
functionalities.

The aza-Michael reaction was widely explored and studied in
the context of biomaterials and investigated as for instance
degradable polymer materials, for gene delivery, or as
precursors for thermosetting resins.” =7 Yet interestingly,
apart from applying a specifically designed cross-linker,” the
aza-Michael reaction is usually considered to create permanent
bonds in bulk materials and was applied for creating
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permanently cross-linked reference materials.”’ Hence, to the
best of our knowledge, f-amino esters were not explored in
CANs despite their vast application potential.

B RESULTS

Model Reactions of f-Amino Esters. The first research
question was to investigate whether a f-amino ester can
undergo thermally activated dynamic covalent exchange and by
which mechanisms this could occur. For this purpose, N-
methylbutylamine was reacted with 2-ethylhexyl acrylate to
form 2-ethylhexyl 3-(butyl(methyl)amino)propanoate (1)
(Figure 1 and Figure S1). This model compound 1 was
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Figure 1. (2) Reaction scheme describing the catalyst-free dynamic
exchange with (i) the transesterification of the f-amino ester 1 with
benzyl alcohol and (ii) the dynamic (retro) aza-Michael reaction with
benzyl acrylate. (b) Arrhenius plots of the monitored reactions
obtained by following the decay of 1 as a function of time at each of
the investigated temperatures.

obtained with a 95% yield after purification. Afterward, kinetic
experiments were conducted in bulk at various temperatures in
the presence of an excess of either benzyl alcohol or benzyl
acrylate to check for transesterification or dynamic aza-Michael
reaction, respectively (Figure 1). This excess allowed us to
push the system kinetically to a pseudo-first-order reaction so
that linearity during the first time points, from which the
reaction constants are obtained, was maintained.

‘When monitoring thermally activated transesterification, the
f-amino ester 1 was combined with 12 equiv of benzyl alcohol
(reaction 1 in Figure la). This reaction was monitored via 'H
NMR by following the disappearance of the signal at 3.91 ppm
belonging to 1 and the appearance of the signal at 3.42 ppm
attributed to the newly formed 2-ethylhexyl alcohol. NMR
spectra corresponding to the kinetic study at 100 °C are
provided in the Supporting Information (Figure S2). Notably,
the reappearance of the proton signals between 5.70 and 6.30
ppm, corresponding to the acrylate of the respective amino
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Table 1. Overview of Composition and Physical Properties of #-Amino Ester-Based CANs

CAN acrylate amine Typsc” (°C) Tyos” (°C)
BAE-1 TMPTA Jeffamine =57 315
BAE-2 TMPTA Priamine -13 275
BAE-3 TMPTA MBCA 62 280
BAE-1-OH PTA Jeffamine -59 330
BAE-2-OH PTA Priamine -2 300
BAE-3-OH PTA MBCA 93 295

“DSC

THE.

soluble fraction® (%)  swelling degreed (%) Eyow (KJ mol ™) G (MPa)
15 ERN) 163 + 12 0.45 + 0.05
3.0 85 170 + 14 0.96 + 0.01
e 45 153+ 6 1.38 + 0.02
5.8 295 242 + 8 0.72 + 0.01
2.4 65 110 + 4 1.16 + 0.01
e 15 184 + 7 0.89 + 0.05

§lass transition temperature ( TgDSC) YTGA onset temperatures after 5% weight loss (Td 9s5%)- “Obtained after Soxhlet extraction for 24 h in
Obtained after swelling in THF for 7 days at rt. “No soluble fraction detectable. JObtained from a time sweep measurement at 120 °C.

ester, is detected and pointing to a thermally reversible
behavior of the aza-Michael-adduct (vide infra). Monitoring
different temperatures, ranging from 80 to 140 °C, resulted in a
kinetic plot that demonstrates the possibility for the f-amino
ester 1 to undergo thermally activated, catalyst-free trans-
esterification (Figure 1b and Figure S4a).

Furthermore, because 1 provides a tertiary amine and upon
dissociation also a secondary amino moiety, for which a
catalytic effect was earlier described to catalyze the trans-
esterification for epoxy networks,”” the transesterification of 1
was tested in the presence of either a tertiary or a secondary
amine as external catalyst. Therefore, S mol % of N,N-
diisopropylethylamine (DIPEA) or dibutylamine was added to
the reaction mixture and the reaction was monitored at 120
°C. The obtained reaction rates were not found to be strikingly
different in the presence of these catalysts, thus not justifying
the use of an external catalyst (Figure S3).

Since the appearance of the acrylate signals was detected at
100 °C in the original model study, in a next step the
possibility for the f-amino ester 1 to undergo a dynamic aza-
Michael reaction was investigated in a temperature window
from 100 to 160 °C (Figure SS). In order to target the same
exchange reaction product 2, the reaction was conducted with
benzyl acrylate. Yet, to avoid the influence of the acrylates’
homopolymerization at such elevated temperatures, the
amount of benzyl acrylate was decreased to 6 equiv. In the
monitored temperature window, the exchange rate to form f-
amino ester 2 appeared to be slower than via the trans-
esterification mechanism (Figure 1b and Figure S4b). This
slow exchange rate of the aza-Michael reaction might be
explained by the stability of the adduct, originating from the
addition of an amine to an acrylate. At lower temperatures, the
readily formed adduct is favored; hence dynamic exchange is
unlikely, while at increased temperatures the equilibrium of the
(retro) aza-Michael reaction is shifted to the dissociated state,
as expected for an addition—elimination type of dynamic
covalent exchange reactions.”* However, the exchange via the
dynamic aza-Michael reaction follows a higher temperature
dependency, as also expressed by the activation energies of 35
+2KkJ mol™' and 75 + 6 ky mol ™! calculated for the monitored
transesterification and dynamic aza-Michael reaction, respec-
tively (Figure 1b). Interestingly, while the exchange rates are
very slow at 100 °C, they become moderately high at higher
temperatures with a strong temperature dependence as shown
with an Arrhenius plot. The fact that f-amino esters undergo
dynamic bond exchanges at elevated temperatures, via both an
associative and dissociative dynamic bond exchange, was
intriguing and unique in the context of CANs (vide infra) as
this would allow for potential coexistence of both mechanisms
at material processing temperatures.
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f-Amino Esters-Based Covalent Adaptable Networks.
This conceptually demonstrated catalyst-free dynamic covalent
exchange chemistry was translated to the design of CANS.
Therefore, several f-amino ester-based networks (BAE) were
synthesized via the aza-Michael addition of small and
macromolecular multifunctional primary amines (4,4'-
methylenebis(cyclohexylamine) (MBCA), Jeffamine D2000,
and Priamine 1074) with two types of multifunctional,
technical grade acrylates (trimethylolpropane triacrylate
(TMPTA) and pentaerythritol triacrylate (PTA)) for which
the radical stabilizer was not removed (Table 1).

PTA provided additional hydroxyl groups, which allowed the
investigation of the BAEs with or without pendent OH-groups
(referred to as BAE-X-OH and BAE-X, respectively). Network
synthesis was conducted in bulk, targeting stoichiometric
amounts of amine protons to acrylates (Figure 2a).
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R' = CHj3, or OH
Priamine 1074
or

70°C
48h

H,N NH,
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Figure 2. (a) Reaction scheme of the formation of f-amino ester
networks. (b) A reprocessed TMPTA/Jeffamine D2000 (BAE-1)
sample, leveraging the retro aza-Michael reaction as covalent dynamic
chemistry.

https://doi.org/10.1021/jacs.1c03316
J. Am. Chem. Soc. 2021, 143, 9140-9150


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03316?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03316?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03316?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03316?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c03316?rel=cite-as&ref=PDF&jav=VoR

Journal of the American Chemical Society

The mixtures were cured at 70 °C for 72 h for Jeffamine
D2000 (BAE-1, BAE-1-OH) and 48 h for Priamine 1074
(BAE-2, BAE-2-OH) and MBCA (BAE-3, BAE-3-OH)
containing networks (Table 1). The conversion was checked
via ATR-FTIR (Figure S6) and network formation verified via
swelling tests and Soxhlet extraction with THF (Table 1).
Swelling ratios in THF increased when lowering the cross-
linking density and ranged from 455% (BAE-1) to 15% (BAE-
3-OH). As expected, when considering hydrogen bonding, the
additional hydroxyl groups in PTA-based CANs consistently
resulted in lower swelling degrees. In addition, even for
Jefftamine-based materials showing high swelling ratios,
relatively low soluble fractions were obtained. Moreover, no
soluble fraction was detected for BAE-3 and BAE-3-OH, which
is ascribed to the high cross-linking density of these materials.

Time sweep experiments were performed at 120 °C to limit
the influence of a dissociation process that is linked to a retro
aza-Michael reaction (vide infra). The elastic shear modulus
(G’, Table 1), associated with the cross-link density, follows
the same trend as obtained from the swelling degree and T,
(Figure S7). The only apparent exception to this trend is the
lower G'-value for BAE-3-OH in comparison to the Priamine
cross-linked network (BAE-2-OH) and to the TMPTA cross-
linked reference materials (BAE-3). This is ascribed to the fact
that the temperature difference between the T, of BAE-3-OH
(93 °C) and the temperature chosen for the rheological
experiments (120 °C) is much smaller than for the other
materials.

Each of these polymer networks was used to demonstrate
the possibility of creating thermally reprocessable cross-linked
materials on the basis of both catalyst-free dynamic trans-
esterification and dynamic aza-Michael reaction. Hence, they
were compression molded into a plate, exemplified for BAE-1
(Figure 2b) and BAE-3 (Figure S8) at 180 °C, a temperature
well below the degradation temperature, within 1 h and with
an applied pressure of 2—4 tons. A reference network, obtained
by UV-cured pentaerythritol triacrylate in the absence of f-
amino esters, was not reprocessable, even after 2 h of hot
pressing at 180 °C (Figure S9) and was therefore not suitable
for stress relaxation measurements.

The reprocessable materials displayed T, values from —60 to
90 °C, as measured by differential scanning calorimetry (DSC)
(Table 1 and Figure S10). It should be noted that PTA based
CANs displayed a higher T, than their non-hydroxyl group
containing counterpart CANs based on TMPTA, as expected
from the additional hydrogen bond interactions. TGA-analysis
displayed a degradation onset temperature (Tj.955) in a range
of 275-330 °C (Table 1, Figure S11), well beyond the
processing temperature. Besides, the multifunctional amine
compounds with a boiling point beyond processing temper-
atures are expected to remain part of the network. This is
exemplified with BAE-3-OH (Ty9s, = 295 °C), in which the
isothermal mass loss was determined to be less than 1.5%
weight loss after 1 h at 200 °C (Figure 3, black line).

Moreover, when low molecular mass primary amines, i.e.,
butylamine, octylamine, and 2-ethylhexylamine, were used as
reaction partner (with stoichiometric amounts of amine
protons to acrylates) to form dynamic f-amino ester networks,
they did not only show an earlier onset temperature in a TGA
temperature ramp (Figure 3ab) but also demonstrated a
dramatically higher amount of mass loss under similar
isothermal conditions (Figure 3c). This observation confirms
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Figure 3. (a) Aza-Michael-based polymer networks originating from
PTA and different amines. (b) TGA showing an earlier onset
temperature after 5% wt loss between 230 and 240 °C for butyl-,
octyl-, and 2-ethylhexylamine in comparison to the less volatile
4,4'methylenebis(cyclohexylamine) (295 °C). (c) Representation of
the weight loss versus time of the polymer networks under isothermal
conditions at 200 °C in the course of 1 h.

the retro aza-Michael reaction occurring in such bulk materials,
as demonstrated in the model study described above.
Dynamic Properties of f-Amino Ester Based Materi-
als. Rheological characterization of the created CANs was
performed to investigate the dynamic material properties. First,
when stress relaxation experiments were performed, it was
observed that each of the networks displayed stress relaxation
at 180 °C (Figures S12—S15). Additionally, a higher exchange
rate (linked to faster stress relaxation) was detected when a
hydroxyl group bearing acrylate (i.e., PTA) was used compared
to TMPTA in elastomeric materials. As even in similar
systems®® differences in, for example, cross-link density or
polarity were reported to influence the dynamic exchange,
including variation of the flow activation energy, the applied
variations among the materials make it difficult to describe a
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trend at this stage. Nonetheless, in the herein presented
system, dynamic aza-Michael and transesterification were
concurrently occurring at elevated temperatures, and elasto-
meric materials with pendent hydroxyl groups displayed a
faster exchange rate, as exemplified with BAE-1 (Figure 4a).
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Figure 4. (a) Stress relaxation of elastomeric dynamic networks based
on Jeffamine D2000 BAE-1 (red) and BAE-1-OH (black) at 180 °C.
(b) Respective Arrhenius plot derived activation energy of flow,
obtained from measurements at 180—150 °C. (c) Creep recovery
experiments performed at 80 °C with a remaining permanent
deformation of 0.02%.

This is in line with reported studies, which showed that a
synergetic effect is typically observed when multiple dynamic
chemistries are implemented in a material.””*" Besides, when
stress relaxation experiments were performed at different
temperatures for the obtained materials, a high temperature
dependence was observed, resulting in a flow activation energy
(Ey(fow)) of 110—240 KJ mol™" (Table 1). Such high
temperature dependent dynamic behavior favors the creation
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of dynamic, yet creep resistant elastomers,” as very recently
reported with addition-type reprocessable elastomers.®*

Hence, because of the high activation energy derived from
the respective Arrhenius plots (i.e., 163 + 12 k] mol™" and 242
+ 8 kJ mol™* for BAE-1 and BAE-1-OH, respectively) (Figure
4b), both elastomers demonstrated strong creep resistance at
elevated temperatures (50 and 80 °C). Indeed, upon exposure
to 2 kPa shear stress for 20 min, the materials displayed merely
~0.01% (50 °C) and ~0.02% (80 °C) remaining strain as
permanent deformation after a recovery period of 20 min
(Figure 4c and Figure S16).

CANs Combining #-Amino and f-Hydroxyl Groups.
To take this approach a step further, the effect of a potential
double neighboring group participation (NGP) on the
exchange rate was investigated. Indeed, in addition to the f-
amino group, which is hypothesized to be responsible for
creating an activation of the ester bond via coordination of the
alcohol proton and the ester-carbonyl group, a pB-hydroxyl
group can be simultaneously introduced. Such a S-hydroxyalkyl
ester, was in fact already reported by Leibler and co-workers®
in the seminal paper of vitrimers.

Herein, this NGP effect was introduced using a f-
hydroxyalkyl functional bis-acrylate moiety (Figure Sa).
While the f-amino moiety activates the electrophile side of
the ester group, the f-hydroxyalkyl one allows for swift
reactivity on the nucleophile side. For the corresponding
CANs, further referred to as BPAE materials, bisphenol A
glycerolate diacrylate (BPADA) was used in combination with
similar amines as for the f-amino ester networks described
above (Table 2). The synthesized densely cross-linked polymer
networks displayed a T, of —40 °C (BPAE-1), 30 °C (BPAE-
2) and 70 °C (BPAE-3), leading to elastomeric as well as rigid
polymer samples while being thermally stable beyond 300 °C
(Table 2, Figures S17—S21).

More specifically, the network composition BPAE-3 (Figure
Sa) resulted in a network with a T, of 70 °C, a degradation
onset temperature of 310 °C with less than 1% weight loss over
2 h at 160 °C and less than 2% weight loss over 1 h at 200 °C
(Figure S22). Moreover, despite having activated ester bonds,
BPAE-3 was demonstrated to be hydrolytically resistant when
immersed in demineralized water up to 10 days at room
temperature. This network showed a soluble fraction of less
than 1% while the swelling degree increases with time from
7.2%, 11.2% and 18.1%, after 1, 4, and 10 days, respectively.
Yet, when the network BPAE-3 was subjected to boiling water
for 24 h, the network hydrolyzed resulting in a soft and sticky
residue and a turbid dispersion. This indicates the opportunity
to apply optimized hydrolytic conditions in order to recover,
for example, fibers in composite applications.

Because of the accelerated dynamic covalent exchange as a
result of an increased number of hydroxyl moieties, decreased
cross-linking density, and a double NGP, reprocessing of the
network BPAE-3 was conducted at shorter times and lower
temperatures compared to the CANs described earlier, i.e.,
within 30 min at 150 °C with a pressure of 4 tons (Figure Sb).

When assessing the rheological behavior, stress relaxation
measurements demonstrate that the thermally activated
network rearrangement allowed for relaxation of the applied
stress in the investigated temperature range from 140 to 180
°C (Figure Sc), with a resulting temperature dependent
viscous flow represented by a flow activation energy of 156 + 8
kJ mol™" (Figure 5d). This is similarly high as for the above-
discussed f-amino ester networks and is again ascribed to
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Figure S. (a) CAN obtained via aza-Michael addition of MBCA to BPADA (BPAE-3), with the potential of two neighboring group effects
originating from a f-amino (green) and a f-hydroxyl moiety (blue). (b) Picture of compression molding of BPAE-3. (c) Normalized stress
relaxation measurements. (d) Corresponding Arrhenius plot as a function of 1000/T. (e) Frequency sweep measurement showing a decreased
elastic plateau modulus with increased temperature. (f) Scheme for the dissociative and associative dynamic covalent bond exchange.

Table 2. Overview of Compositions and Physical Properties of f-Amino Ester-Based CANs Showing a Double NGP Effect

CAN acrylate amine Tynsc” (°C) Tyosi’ (°C)  soluble fraction® (%) swelling degreed (%) Ey(gow) (kJ mol™) G'° (MPa)
BPAE-1 BPADA Jeffamine —40 340 14 425 180 + 24 0.27 + 0.003
BPAE-2 BPADA Priamine 30 340 2.8 95 121 + 7 0.62 + 0.03
BPAE-3 BPADA MBCA 70 310 5.0 920 156 + 8 0.62 + 0.01

a

T, obtained from DSC-analysis, bTGA onset-temperatures after 5% weight-loss, “obtained after Soxhlet-extraction for 24 h in THF, 9obtained

after swelling in THF for 7 days at rt. “obtained from a time sweep measurement at 120 °C.

originate from a combination of transesterification and
dynamic aza-Michael reaction, albeit the transesterification
reaction is likely to be dominant in the probed temperature
window. A frequency sweep of the glassy polymer network
(BPAE-3), in combination with the non-normalized relaxation
modulus (G(t)) obtained from stress relaxation measurements,
revealed the coexistence of transesterification while also
showing partial de-cross-linking. Indeed, the frequency sweep
showed a decrease of the material’s shear storage modulus (G’)
upon increasing the temperature while a shift of the anticipated
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crossover was apparent (Figure Se). This is in accordance with
the observed G(t) that also decreased with increased
temperature (Figures S23 and S24), which is indicative for a
decrease of cross-linking density in dissociative covalent
dynamic polymer networks,”® in this particular case related
to the dynamic aza-Michael reaction (Figure Sf).

The coexistence of both dynamic aza-Michael and trans-
esterification to dissipate applied stress in a material also
resulted in a high flow activation energy for BPAE-1 and
BPAE-2 (Figure S25) and demonstrates the broad applicability
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into different matrices. In combination with the results
obtained from the kinetic study (Figure 1), it was concluded
that transesterification was likely to occur at temperatures
below 120 °C, whereas the dynamic aza-Michael reaction is
negligible under these conditions. This is supported by the
high creep-resistance at 80 °C for elastomeric network BPAE-1
(Figure S26). Yet, at elevated temperatures the dynamic aza-
Michael reaction mechanism contributed to the overall
dynamic covalent exchange related network mobility. Accord-
ingly, in a frequency sweep of BPAE-1 upon heating, the elastic
plateau modulus remains almost unaltered up to 120 °C,
whereas a continuous drop in G’ was detected beyond 140 °C
(Figure S27).

Reprocessability. Next, network BPAE-3 was reprocessed
up to 10 times with similar conditions (30 min compression at
150 °C with a pressure of 4 tons), further referred to as R, up
to Ryy. The network kept its ability for compression molding,
showing each time homogeneous, transparent samples, even
after up to 10 additional reprocessing steps using the
aforementioned processing conditions (Figure 6a, Figure
S28). Subsequently, soluble fraction experiments of a piece
of the material resulted in soluble fractions of 5.0%, 15.2%, and
11.9% for Ry, Ry, and Ry, while the swelling degree accounted
to 88%, 97%, and 108%, respectively. The increase in soluble
fraction and swelling ratio is attributed to the partially
dissociative nature of the exchange reactions. Reprocessability
of the samples was confirmed on behalf of BPAE-3 by
examining their stress relaxation properties (Figure S$29),
represented by their Arrhenius plots (Figure 6b) as well as
frequency sweep experiments (Figure 6¢c, Figures S30 and
S31). In addition, the recorded FTIR spectra and thermal
analyses supported the conclusion that the chemical
composition and material properties were maintained after
10 recycling cycles (Figure S32).

In the reprocessed sample R;;, a small decrease in the
storage modulus G’ of the elastic plateau modulus at 180 °C
was observed (Figure 6c), which can again be linked to the
dissociative nature of the retro aza-Michael reaction and partial
reformation of the network upon reprocessing. Indeed, upon
partial dissociation and re-formation of acrylate moieties,
partial homopolymerization/transfer reaction or amidation via
the re-formed secondary amines, particularly at elevated
temperatures, might occur. The homopolymerization of
acrylate groups was experimentally also observed in the
model study (Figure SS), and when five subsequent cycles of
stress relaxation measurements were performed at 150 and 180
°C (Figure S33), a slight increase in relaxation modulus and
the respective relaxation time was apparent at 180 °C as a
result of minor side reactions. Nonetheless, reprocessability
tests showed that these reactions barely affected the overall
reprocessing properties of the herein presented networks.

B CONCLUSION

In this study, f-amino esters were demonstrated to inherently
behave as dynamic moieties in CANs, with a combination of
dissociative and associative dynamic behavior that is easily
accessible by simply combining acrylic and amino function-
alities. This concept was first demonstrated on model
compounds and then in bulk materials solely relying on
dynamic (retro) aza-Michael reaction as well as for trans-
esterification in combination with pendent hydroxyl moieties.
Catalyst-free reprocessing of polyester networks was achieved
with § hydroxyl groups at 150 °C within 30 min. This was
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Figure 6. (a) Reprocessing of f-amino ester network BPAE-3 up to
10 times. (b) Arrhenius plot derived from the stress relaxation
experiments performed after the initial processing (R, (red)) as well
as 4 and 10 times reprocessing (R, (blue) and Ry, (green),
respectively). (c) Corresponding frequency sweep at 180 °C.

shown for highly cross-linked materials with varying T, ranging
from elastomeric (—60 °C) to glassy materials (90 °C). The
reprocessing ability of the materials was demonstrated for up
to 10 cycles.

This approach allows for polymer material design of tailored
viscosity profiles. On the one hand, network connectivity is
reduced with the dissociative part, while on the other hand, a
certain degree of connectivity is maintained with the support of
the associative mechanism. Yet the thermally reversible bonds
are positioned on different sides of the electrophilic center of
the ester group, using different reaction mechanisms, acting
synergetic and rather orthogonally. In view of the simplicity of
the herein presented approach, the large amount of available
building blocks, and the fact that f-amino esters possess
inherently thermally activated dynamic bonds, these kinds of
CANs are expected to contribute significantly to the current
processing and recycling limitations of thermosets. Further-

https://doi.org/10.1021/jacs.1c03316
J. Am. Chem. Soc. 2021, 143, 9140-9150


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03316/suppl_file/ja1c03316_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03316?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03316?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03316?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03316?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c03316?rel=cite-as&ref=PDF&jav=VoR

Journal of the American Chemical Society

pubs.acs.org/JACS

more, the robustness and versatility of this system were
demonstrated by combining multifunctional acrylates with
amino groups on primary and secondary carbons of small or
macromolecular entities. It is therefore expected to be rapidly
picked up by interdisciplinary working scientists in many
application areas ranging from (photocurable) coatings and
adhesives to bulk materials. Because poly(f-amino ester)
materials were explored with regard to their degradability,>> f-
amino esters might also be of importance in the end-of-life
recyclability and degradability of plastic materials. Lastly, this
readily accessible chemistry, bridging from organic chemistry
to polymer materials, can be used for drop-in technologies in
bulk (bio)materials.

B EXPERIMENTAL SECTION

Material. Acetonitrile (99.9%, HPLC gradient grade), benzyl
alcohol (>99%), benzyl acrylate (>99%, contains hydroquinone
monomethyl ether (MEHQ) as inhibitor), bisphenol A glycerolate (1
glycerol/phenol) diacrylate (contains 250—500 ppm MEHQ as
inhibitor), n-butylamine (>99%), dibutylamine (>99%), N,N-
diisopropylethylamine (DIPEA, >99%) 2-ethylhexyl acrylate (98%,
contains MEHQ_ as inhibitor), 2-ethylhexylamine (98%), N-
methylbutylamine (>98%), pentaerythritol triacrylate (PTA, technical
grade, contains 600 ppm of MEHQ as inhibitor), trimethylolpropane
triacrylate (TMPTA, technical grade, contains 300—400 ppm of
MEHQ as inhibitor), n-octylamine (99%) were purchased from
Sigma-Aldrich. Tetrahydrofuran (THF) and n-hexane were purchased
from Acros Organics. 4,4’-Methylenebis(cyclohexylamine) (MBCA,
>98%) was purchased from TCIL Jeffamine D2000 was kindly
provided by Huntsman, and Priamine 1074 was 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 (CDCl;) was used as the
solvent in each sample. Chemical shifts are given in parts per million
(ppm).

Liquid chromatography—mass spectrometry (LCMS) combined with
electrospray ionization mass spectrometry (ESI-MS) was measured with
an Agilent technologies 1100 series LC/MSD system equipped with a
diode array detector and a single quad MS detector (Agilent G1956B)
with an electrospray source for classic reversed phase LCMS and MS
analysis. Analytic reversed phase high-performance liquid chromatog-
raphy (HPLC) was performed with a Phenomenex Kinetex C18
column (S pm, 150 mm X 4.6 mm) using a solvent gradient (0—100%
acetonitrile in H,O in 6 min). The eluting compounds (15 uL
injected from 1 mgmL™" in acetonitrile) were detected via UV
detection (4 = 214 nm), and ESI-MS results were recorded in positive
mode.

Attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) spectra were measured using a Perkin-Elmer Spec-
trum1000 FTIR infrared spectrometer with a diamond ATR probe.

Thermogravimetric analyses (TGA) were performed with a Mettler
Toledo TGA/SDTAS8S1e instrument under nitrogen atmosphere at a
heating rate of 10 K-min™" from 25 to 800 °C for the dynamic mode.
Isothermal measurements were conducted under nitrogen atmosphere
at 160 °C for 120 min and 200 °C for 60 min.

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™" either from —100 to 100 °C for elastic
materials or from 0 to 150 °C for glassy materials.

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 0.1% (for materials containing tris-functional
acrylates) and 1% (for materials containing bis-functional acrylates, or
elastic materials) was applied. For all rheology experiments, the
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applied stress comprised the linear viscoelastic region at the measured
temperatures. For amplitude sweep experiments, the strain was varied
from 0.01% to 100% with an oscillating frequency of § rad-s™'. For
time sweep experiments a strain of 0.1% or 1% was applied with a
frequency of § rad-s™" for a duration of 300 s at 120 °C and G’ and G”
were followed over time. The reported G values were averaged and
taken from the second measurement after an initial S min time sweep
to remove a possible thermal history. For stress relaxation
experiments, a strain of 0.1%, or 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
(7*) was used to calculate an activation energy. For frequency sweep
measurements, a strain of 1% with a normal force of 0.2 N (BPAE-1)
and 1 N (BPAE-3) was applied and a frequency range from 100 to 0.1
rad-s™' was screened by following the evolution of G’ and G” at a
constant temperature. Creep recovery experiments were performed by
applying no strain for a duration of 300 s, which was followed by
applying 2 kPa shear stress for 1200 s and a recovery period of 1200 s
at 80 and 50 °C. Creep recovery measurements were preceded by a
measurement at 80 °C to remove a possible thermal history.
Reprocessability. To reprocess the network, the polymer was
broken into pieces and placed into a rectangular mold (A, 70 mm X
40 mm X 2 mm; B, 30 mm X 15 mm X 2 mm) for compression
molding. This assembly was placed in a 150—180 °C preheated
compression press for 1 min under 0.5 metric tons of pressure. Then
the pressure was increased to 3 or 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. The temperature and pressing time were adjusted according to
the material based on its T, and cross-linking density. Hence, highly
cross-linked materials obtained using tris-functional acrylates were
pressed at 180 °C for 60 min depending on their relaxation behavior,
whereas bis-acrylate based materials were pressed at 150 °C for 30
min. For instance, pentaerythritol triacrylate and trimethylolpropane
triacrylate based networks were processed at 180 °C for 60 min
applying 3 tons (Jeffamine) or 60 min with 4 tons (4,4-
methylenebis(cyclohexylamine)), whereas bisphenol A glycerolate
diacrylate was pressed at 150 °C for 30 min applying 4 tons.
Solubility tests were performed via Soxhlet extraction in refluxing
THE for 24 h with a sample weight of around 100—200 mg. Then, the
solvent was removed, and the sample was dried under vacuum for 2
days at 100 °C. The soluble fraction was calculated using eq 1.
Swelling tests were performed by immersing a sample of 40—60 mg in
3 mL of THF at room temperature for 7 days, and the swelling ratio
was calculated using eq 2. Hydrolysis tests were performed by
immersing around 90 mg of BPAE-3 in 3 mL of demineralized water
for 1, 4, and 10 days, drying the samples in a vacuum oven at 120 °C
and determining the respective soluble fraction and swelling ratio
according to egs 1 and 2. A hydrolysis test at elevated temperatures
was performed by placing a piece of BPAE-3 (110 mg) in a glass vial
with § mL of H,O, which was closed with a septum under nitrogen
atmosphere. The material was monitored in water for 24 h at room
temperature and remained visibly intact. Thereafter, the vial was
placed in a heated oil bath (110 °C) for a hot water hydrolysis test.

(m; — my)

m; (1)

soluble fraction (%) = 100 X

(ms - mi)
m; ()

with m;, mg, and my being the initial, swollen, and dry mass,
respectively.

Synthetic Procedures. 2-Ethylhexyl 3-(Butyl(methyl)lamino)-
propanoate (1). N-Methylbutylamine (8.53 g, 0.0979 mol, 1.2 equiv)
was combined with 2-ethylhexyl prop-2-enoate (15.19 g, 0.0824 mol,
1 equiv) and stirred at 70 °C for 72 h. The product was then taken up
in 30 mL of n-hexane (30 mL), washed with water (3 X 20 mL), once
with brine (1 X 20 mL), and dried over Mg(SO,), after which n-
hexane was removed and the pale yellow oil was dried in a vacuum

swelling ratio (%) = 100 X
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oven overnight at 40 °C. Yield = 95% (21.26 g, 0.0783 mol). 'H
NMR (300 MHz, CDCl;, § ppm): 0.82—0.95 m((—CH,—CHj,);),
1.12-1.49 m((-CH,-CH,—-CH,—CH,;) (-CH-CH,-CH,;)
(~CH,—CH,—CH,(CH,)), 1.49-1.64 m(CH,—CH(CH,)—CH,),
222 s(N—CH;), 2.30—2.37 m(—CH,—CH,—N-), 2.43—2.50 and
2.65—2.73 m(—N(CH;)—CH,—CH,—(C=0)—0-) and 3.99 (dd, J
= 5.8, 0.9 Hz; (—(C=0)—0-CH,—CH(CH,)—CH,-). 3C NMR
(300 MHz, CDCl,, § ppm) 172.91 (CH,—(C=0)—-0-CH,), 66.82
(-(C=0)-0—-CH,—CH,), 57.23 (—CH,—CH,—N-), 52.89
(~N—CH,—CH,-), 41.94 (—~N—CH,), 38.73 (CH,—CH—(CH,)—
CH,), 32.62 (CH,—CH,—(C=0)), 30.40 (CH-CH,—CH,), 29.44
(CH,—-CH,—CH,-N), 28.91 (CH-CH,—CH,—CH,—), 23.77 and
2295 (CH,—CH,—CH,, CH—CH,—CH,), 20.60 (CH,—CH,—
(CH,),—N), 14.01 (CH—(CH,);—CH,;, CH;—(CH,);—N), 10.97
(CH—CH,—CH,). ESLMS m/z: [M + HJ* for C, HyNO,";
calculated 272.258; found 272.300. IR (ATR platinum diamond), v
[em™]: 2956 (C—CH,), 2929 (CH,), 2860 (C—CHj;), 2788 (N—
CH,), 1735 (C=0), 1461 (CH,), 1379 (CHj,), 1176 and 1035 (C—
O_Cester)'

Kinetic Model Study. For kinetic experiments monitoring the
transesterification 1 equiv of model compound (1) (400 mg) was
mixed with 12.5 equiv of benzyl alcohol (2 g) in a sealable glass vial,
bubbled with nitrogen at room temperature and kept under nitrogen
atmosphere. The vial was placed in a heated oil bath with the mixture
being stirred. The kinetic experiments were performed at 80, 100,
110, 120, and 140 °C for up to 3 days during which samples were
collected from this mixture, dissolved in CDCl;, and the reaction was
followed via "H NMR by assessing the disappearance of the signal at
3.91 ppm belonging to 1 which was referenced against the appearance
of the signal at 3.42 ppm related to 2-ethylhexyl alcohol. Kinetic
experiments using additional tertiary amine (DIPEA) or secondary
amine (dibutyl amine) as “external” catalyst S mol % of the respective
compound compared to 1 were added, and the exchange reaction was
monitored at 120 °C for 2 days. For kinetic experiments monitoring
the dynamic aza-Michael reaction 1 equiv of model compound (1)
(400 mg) was mixed with 6 equiv of benzyl acrylate (1.43 g) in a
sealable glass vial, bubbled with nitrogen at room temperature, and
kept under nitrogen atmosphere. The vial was placed in a heated oil
bath with the mixture being stirred. The kinetic experiments were
performed at 100, 130, 140, 150, and 160 °C for up to 2 days during
which samples were collected from this mixture, dissolved in CDCI;,
and the reaction was followed via '"H NMR by assessing the
disappearance of the signal at 4.02 ppm belonging to 1 which was
referenced against the appearance of the signal at 4.10 ppm related to
2-ethylhexyl acrylate. Following the assumption of a stationary state,
consequently mimicking a first order reaction, the kinetic reaction
constants (k) were derived from the slope of the linear decay of the
first few points of time. The logarithmic reaction constants (In(k))
were then plotted against 1000T" in an Arrhenius plot to compare
the relative temperature dependent behavior. An activation energy
was calculated from the obtained slope by eq 3.*

E
In(k) = ——=
"= 2

(3)
Network Synthesis. For the herein investigated materials the
multifunctional acrylate and the multifunctional primary amino
compounds were weighed with a ratio of acrylate to primary amine
moieties of 1:0.5 and 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) targeting 3—10 g of the resulting material. When
4,4'-methylenebis(cyclohexylamine) was used, the sample was
allowed to warm up to 70 °C in an oven in order to melt the
amine. Similarly, when bisphenol A glycerolate diacrylate was used,
the sample was warmed up in an oven at 70 °C to lower the viscosity
of the acrylate for facilitated mixing. Then, the plastic cup was placed
in an oven at 70—80 °C for 48—72 h to complete the 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 procedures.
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