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ABSTRACT

Like any other thermosetting material, polyurethane foams (PUFs) contain permanent crosslinks
that hinder their reprocessability and make their recyclability a tedious and environmentally
unfriendly process. Herein, we introduce acetoacetyl formed amides, formed by the reaction of
isocyanates with acetoacetate groups, as dynamic units in the backbone of PUFs. By extensive

variation of the foam composition, optimum parameters have been found to produce malleable
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foams above temperatures of 130 °C, without the requirement of any solvent during the foaming
process. The PU crosslinked material can be compression molded at least three times, giving rise
to PU-elastomers and thus maintaining a crosslinked network structure. Characterization of the
original foams shows comparable properties to standard PUFs, for example having a density of 32
kg/m?, while they show similar chemical and thermal properties upon reprocessing to strong PU-
elastomers, exhibiting a T, ranging from -42 to -48 °C. This research provides a straightforward
method to produce thermally reprocessable PUFs as a promising pathway to address the recycling

issues of end-of-life foams.

INTRODUCTION

The unique physical, mechanical and insulation properties of polyurethanes (PUs) are the main
drivers for their increasing market share.! Owing to these features, PUs are currently versatile
materials used under many different forms (e.g., coatings, elastomers, foams) in a broad range of
applications (e.g., bedding, automotive, insulation).” The simultaneous high production and
consumption of PUs generate a significant volume of accumulated waste.> A quite significant
portion of this waste (60% in Europe) corresponds to polyurethane foams (PUFs) due to their low
densities*>. Like other thermosetting materials, PUFs can either be mechanically recycled after
which they are used as fillers or rebounded into new denser materials, or chemically recycled to
polyols and other chemical compounds via chemical recycling.>*!3 These recycling methods
suffer from significant disadvantages, such as poor quality of the mechanically recycled products
or often tedious purification techniques that are required for chemical recycling.?

In 2010, the concept of covalent adaptable networks (CANs) was introduced to the scientific
community by Bowman and Kloxin.'*!¢ Unlike traditional thermosets, CANs can be reshaped or

repaired under certain external stimuli (e.g., heat, light) owing to the presence of reversible or



exchangeable bonds.!”!® CANs are classified into associative or dissociative types according to
the dynamic chemistry used.!'®!” Associative CANs make use of dynamic chemistries for which
the bond-breaking and bond-making processes happen simultaneously (e.g., Sx* reactions),
leading to a constant cross-link density over different processing temperatures.?®?! On the other
hand, dissociative CANs contain dynamic chemistries for which those two processes are
happening in a consecutive way (e.g., Diels-Alder reactions).?>?* Numerous dynamic chemistries
have been investigated to prepare CANs such as disulfides, siloxanes, vinylogous urethanes and
many more, 225:34-43.26:44.45.27-33

Transcarbamoylation has previously been investigated as a way to introduce dynamic behavior
in PUFs.**” Sheppard and coworkers soaked PUF into a dibutyltin dilaureate (DBTL) solution,
evaporated the solvent, and reprocessed lab-made and post-consumer PUFs at elevated
temperatures.*® Indeed, the DBTL catalyst triggered the transcarbamoylation reaction in the foams,
making them extrudable.*® However, this solvent processing technique is neither scalable nor
environmentally friendly due to the use of high amounts of a tin catalyst (up to 0.3g of DBTL for
1g of foam). Wang and coworkers alleviated this issue by applying a disulfide-based cross-linker
for the PUF-design.** They synthesized malleable and thermally recyclable polyurethane/
polythiourethane foams directly via the incorporation of raw materials containing covalent
adaptable bonds. Their foams are shown to be recyclable as a result of the disulfide exchanges at
elevated temperatures (around 180 °C)*. However, the quite elevated temperature used to reshape
the foams is not favorable because this is expected to result in side reactions, for example with
remaining water present in the foam, affecting its hydrolytic stability. Finally, a few studies have

focused on the fabrication of a CAN that was foamed in a second step using supercritical CO2,



However, this method has economical drawbacks, and the produced foams generally possess
reduced properties compared to standard PUFs. -4

Acetoacetates are bulk chemical compounds, used in paint industry, for example, that can form
vinylogous urethanes when reacted with amines.?® Earlier, we demonstrated that those vinylogous
urethanes can become themselves dynamic in the presence of free amines.?® On the other hand,
already in 1979, the reaction between an acetoacetate and isocyanate was reported.> Since then,
acetoacetates have been used widely in combination with isocyanates to form acetoacetyl formed
amides (AFAs) (Scheme 1a).*5® While AFAs have been exploited in the coating industry, it was
only in 2019 that Shi and coworkers reported that AFAs possess a dynamic behavior at elevated

temperature (> 160°C), giving rise to a ketene and an amine as intermediate compounds (Scheme

1b)%.
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Scheme 1. (a) Reaction between p-tolyl isocyanate and ethyl acetoacetate, leading to the AFA
model molecule M1. (b) dissociative reaction mechanism of M1 at elevated temperature to p-

toluidine and a ketene-containing compound (ketene function shown in bold).



In 2021, they further investigated a multiple component reaction taking place between
acetoacetate, isocyanate and amines, leading at elevated temperatures to an adduct that produces a
vinylogous urethane and an isocyanate as an intermediate.5%%!

Producing stable and high performance PUFs is based on optimized industrial processes that can
be influenced by a multitude of reaction parameters including catalysis, stabilizers, additives and
blowing agents. In other words, the incorporation of a new type of dynamic bond into such foams
can be a highly challenging task. In view of the high societal need for more sustainable routes to
recycle polyurethane foams, we therefore envisaged exploring the AFA dynamic chemistry in
standard PUF-formulations, using a straightforward and scalable approach. In first instance, an
appropriate catalyst for the AFA formation had to be found in order to adapt the reaction rate to
the PU foaming process. A screening of different catalysts was thus performed in a model study.
For a better understanding of the dynamic character of the AFA-based networks and before the
preparation of PUFs using a standard foaming technique, hybrid PU-elastomers containing AFA
as well as urethane bonds were studied. Furthermore, it will be shown that the obtained foams can
be reprocessed using compression molding to high-quality elastomers that in turn can also be
reprocessed at least two times at relatively low temperatures (> 130°C) without the use of any

solvents. The full characterization of both the PUFs and the corresponding elastomers will be

discussed.

RESULTS AND DISCUSSION

As the primary aim of this work was to introduce the AFA-bonds in standard PUF as thermally

triggered dynamic bonds, we investigated the thermally activated dynamic exchange in detail. For



this, AFA-containing model molecules M1, M2, and M3 (Figure la, Figures S1-S3) were
synthesized according to an available protocol®.
M1 was dissolved in THF at room temperature, after which it was gradually heated to 100 °C

and cooled again while following the dissociation with online-FTIR. The height of the stretching

ketene peak (C=C=0) at 2145 cm™! was followed and recorded over time (Scheme 1b, Figure 1b).
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Figure 1. (a) reaction scheme between M2 and M3 (b) waterfall plot showing the increase in the
peak height of the ketene function (2145 cm™) and its decrease over time, (c) the normalized
change in the peak height of ketene C=C=O stretching (2145 cm™') with corresponding

temperature.



The resulting FTIR-spectra confirmed that M1 indeed dissociates with increasing temperature,
giving rise to a ketene and a primary amine (latter not shown). The ketene peak gradually
disappears upon cooling to room temperature (Figure 1c), confirming the reversibility of such an
AFA moiety. To further investigate the exchange reaction with these molecules, the exchange
between M2 and M3 was examined by liquid chromatography-mass spectrometry (LC-MS)
(Figure S4). For this, M2 and M3 were mixed in acetonitrile under nitrogen flow and subsequently
heated to 80 °C. The LC-MS peaks assigned to M2 and M3 broaden and new peaks belonging to
M1 and a new molecule that we attribute as M4 are observed (Figure S5), thus again confirming

the exchange.

Following a literature report, the model molecules (M1-M3) were initially synthesized using

Et;N as a catalyst.>’

However, the reaction time required for full conversion was relatively long (>
24h) and would not be suitable at all for the standard PU foaming process. For this reason, a kinetic
study was carried out with a series of catalysts (DBU, DABCO, P-TSA, Niax A133, TBD, ET:N,
DMEA, and DBTL) (Figures S6-13). For this, 0.72 mmol of catalyst was used in all cases. Online-
FTIR was employed to monitor on the one hand the disappearance of the stretching isocyanate
peak (N=C=0) at 2273 cm™' and on the other hand the formation of the stretching peak of the
secondary amide (C=0) ranging between 1470 to 1570 cm'.°>% Based on this catalyst screening
(Table S1), DBU was shown to be the most efficient catalyst for AFA bond formation, as the full
reaction of the isocyanate with the acetoacetate is achieved in only 3h in presence of this catalyst
(Figure S6). DBU was therefore used in the upcoming material synthesis. Scheme 2 shows a

plausible reaction mechanism in which DBU acts as a strong base and deprotonates the alpha

carbon of the acetoacetate, while the resulting anion reacts as a nucleophile with the isocyanate

group.
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Scheme 2. Proposed pathway for the DBU-catalyzed formation of an acetoacetyl formed amide.

To prove the dynamic behavior of AFA chemistry on material level before its introduction in
foams, two AFA-based elastomeric CANs were synthesized (Table 1). For this, a hydrophobic
terpene-based polyol (Pripol 2043) was selected as the starting compound for both elastomers. To
introduce the acetoacetate functionality, this polyol was first acetoacetylated via a condensation
reaction using tert-butyl acetoacetate according to an earlier reported and scalable procedure
(Figure S14-17).*! To have a benchmark AFA-network, an elastomer containing only AFA matrix,
i.e. using only acetoacetylated Pripol 2043, was synthesized by combining it with toluene
diisocyanate and DBU as catalyst (AFA1). Then, importantly, to check if this chemistry is
compatible when introduced in a urethane containing matrix, an elastomer containing 14 mol% of
Caradol SC 48-08, which is an industrially used propylene oxide/ethylene oxide-based polyether
polyol, 86 mol% of acetoacetylated Pripol 2043, toluene diisocyanate, DBU and DBTL was also
prepared (AFA2). Both samples were cured in the oven at 60 °C for 24h before they were
reprocessed. The initial elastomers and their reprocessed samples (after each consecutive
reprocessing step) were characterized. Solubility tests and thermal characterization on both AFA-
based networks showed similar solubility fractions, swelling ratios and glass transition

temperatures (Table 1).



Table 1. Overview of composition and physical properties of the two AFA-based elastomers.

CAN  AFA  Urethane Tg®  Tas%® Swel.  Sol T Ea?
bonds  bonds Rat.®  Frac.”
[°C] [°C] [s] [KJ/mol]
[mol%]  [mol%] [Wi%]  [wi%]
AFA1 100 0 13 261 312+2 9.1+04 134 217+14
AFA2 &6 14 18 266 3605 6.1+1.1 279 266 +27

% Determined from the second heating (4 ACp) in DSC analysis (10 °C.min™"); ® TGA onset
temperatures after 5% weight loss (Tas%); © swelling ratio and solubility fraction in THF obtained
from three sample measurement at r.t. for 24h; © characteristic relaxation time (t) at 110 °C
obtained from stress relaxation experiments; ? activation energy (E,) obtained from Arrhenius plot.

To explore the reprocessability of these CANs, the samples were cut into pieces and compression
molded to a one-piece material at 110 °C under a pressure of 4 tons (Figure 2). The reprocessing
temperature was selected in order to stay well below the transcarbamoylation exchange
temperature (>150°C).%*%5 This reprocessing cycle could be repeated at least three times; the
corresponding materials are further referred to as AFA Rx (where x indicates the number of the

reprocessing cycle).
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Figure 2. Visualization of the reprocessed elastomeric sample AFA1 via compression molding at

110°C (4 tons for 30 minutes).

Stress relaxation experiments have been performed on AFA1 R1 and AFA2 R1 to investigate

the dynamic properties of the CANs. The stress relaxation temperatures were analyzed as a



function of temperature according to the stretched Maxwell model, where the relaxation time was

calculated according to Equation S3 (Figure 3).
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Figure 3. Non-normalized stress—relaxation plots of AFA1 R1 (a), AFA2 R1 (b) from 110 to

90°C; the fitting with a stretched Maxwell model given in dashed lines.

As aresult of bubble formation above 115°C, which is ascribed to trapped tert-butyl acetoacetate
and/or tert-butyl alcohol, those stress relaxation measurements were limited to a small temperature
window. Notably, a faster stress relaxation time that is interpreted as a higher exchange rate, was
observed for AFA1 (1= 134 s) compared to AFA2 (=297 s) at 110 °C. This can be ascribed to
the presence of permanent urethane bonds at 110 °C in AFA2, which makes the exchange rate

slower. At higher temperatures, the deviation from the Arrhenius plot is attributed to the presence

10



of these urethane bonds that start to show dynamicity, adding a second overlaying dynamic
exchange reaction to the stress relaxation.®® On the other hand, the dynamic behavior of PU-bonds
can also lead to irreversible side reactions, which may cause the deviation from the Arrhenius plot
at lower temperatures (Figure 3). Moreover, FTIR analysis confirms that upon CAN-reprocessing
no significant changes in the chemical structure occur (Figure S18-20) and the thermal properties

of the reprocessed samples do not show major differences upon recycling (Figure S21-22).

After confirming the thermally activated exchange of AFA bonds and their compatibility with
the PU-matrix, the next step was to explore the introduction of those dynamic bonds into PUFs.
Towards this goal, PUF that are containing AFA networks were prepared using a standard batch
foaming procedure that is further described in the SI. A wide range of foams were prepared using
variable amounts of AFA bonds (between 26 and 92 mol%, not listed in Table 2). As a result of
this screening, we concluded that the minimum amount of AFA that is required to make a
reprocessable AFA-based foam is 86 mol% (Table S3) while AFA amounts exceeding 89 mol%
resulted in the collapse of the foam (Figure S34). Based on those first results, three foams
containing 86 mol% of AFA bonds were synthesized with variable DBU and DBTL content, while
maintaining the amounts of the other components stable (Table 2).

The foam samples are further referred to as AFAFx in which x is the foam number. As a

benchmark material, a standard PUF was also synthesized.
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Table 2. AFA-based foam (AFAF) catalyst composition and their corresponding physical

properties.
Foam® DBTL DBU density® Comp.°© Tensile Elongation®  Tear Cell T," Tasos!
Strength? resistance’  size®
wit% wt% kg/ m? % kPa % N/cm mm °C °C

PUF 04 0 32.3 2 83+11 102+17 2.2 1.2 -55 276
AFA 165 065 331 47.3 38+6 60+12 1.6 1.6 -48 244
F1

AFA 0.8 0.5 32.1 49.2 41+6 58+6 1.5 1.2 -42 240
F2

AFA 0.8 0.3 32.1 49.2 17+9 40+18 14 1.2 -42 249
F3

3PUF contains 100 mol% of urethane bonds and AFAF1, 2 and 3 contain 14 mol% of urethane
bonds and 86 mol% of AFA bonds; ® Calculated average density from four different locations on
the foam; © compression set was calculated as the average from four sample measurements; 9
Tensile strength was calculated as the average of three sample measurements with standard
deviation; © elongation at break were obtained from the average four sample measurements with
standard deviation; P tear resistance values were obtained from the average of three sample
measurements; & cell size was obtained from SEM images; ™ Determined from the second heating
in DSC analysis (10 °C.min!); Y TGA onset temperatures after 5% weight loss (Tas%)

During the PU foaming process, two main reactions are taking place simultaneously, being the
blow and gel reactions. On the one hand, in the presence of amine catalysts, the blowing reaction
happens between isocyanates and water with the production of COz. The gel reaction, on the other
hand, is a step growth polymerization that occurs between polyol (Caradol SC 48-08 in this case)
and isocyanates (here toluene diisocyanate) to form urethane bonds. DBTL is used as catalyst for
this reaction, which according to the Bloodworth’s mechanism acts as a Lewis acid.®” The role of
DBU is to catalyze the AFA-reaction which was already described in Scheme 2.°® Furthermore,
Niax L620 has been introduced as an organosilicone surfactant, which is usually applied to
enhance the cell formation within the foam by increasing the nucleation sites and stabilizing the

cells during the blow and gel reactions.
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Upon characterization of the synthesized foams, no major differences were observed in the
thermal properties (Table 2). The DSC thermograms indicated that the AFAFs displayed T, values
in the range of -48 to -42 °C (Figure S24). Moreover, the thermal degradation of the AFA-based
foams also revealed no significant differences as the Tase ranged from 240 to 249 °C (Figure S26).
Remarkably, the morphological properties such as the foam density and the cell sizes are similar
in comparison to the standard PUF exhibiting a density of 32 kg/cm® and cell sizes ranging from
1.2 to 1.6 mm. Also, an optical visualization of the cells via SEM-analysis showed a comparable

and relatively open-cell structure in all foams, which indicates the character of a typical flexible

PUF (Figure 4).

Figure 4. SEM images showing the cell morphology of the benchmark PUF and 3 AFA-containing

foam samples (scale bar is 500 um).
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The mechanical properties showed that AFAF3, which contains the lowest amount of DBU (0.3
wt%) amongst all stable foams, exhibited the lowest tensile strength (17+9 kPa), elongation at
break (4018 %) and tear resistance (1.4N/cm) (Figure 5). In comparison to PUFs, AFAFs
displayed overall (slightly) weaker mechanical and thermal properties, thus a follow-up
optimization study would be necessary to make an industrial implementation of such AFA-PUFs
feasible. The AFAFs were cut into pieces and compression molded at 140°C for 30 to 45 minutes
(pressure 5 tons). In this way, elastomers were obtained, which could successfully be submitted to
the same reprocessing cycle at least two times (Figure 6).
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Figure 5. Tensile tests performed on the synthesized foams.
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Figure 6. Reprocessing of AFA-based foam into an elastomer, followed by the reprocessing of the

obtained elastomer twice.
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The required reprocessing temperature for the synthesized foams is considerably higher than for
the elastomers, which is ascribed to the formation of permanent bonds during foaming including
allophanates, biurets and urea. Solubility tests were conducted on the obtained elastomers to follow
any loss of crosslink density. A small increase in soluble fraction was observed after each
reprocessing cycle for all synthesized AFAFs (e.g., from 10 to 15% for AFAF2), showing that the
elastomers experience a minor loss in crosslink density, which is indicative of a dissociative
covalent dynamic network and possible side reactions arising as a result of high catalyst
concentrations (Table S3-4). This was further investigated using rheological measurements, where
frequency sweeps were performed at 30 °C and the crosslink density was calculated from the
obtained storage modulus (G’) values at a frequency of 6 Hz (Figure S33, Table S5). On the other
hand, no major difference in the Tg-value was noted from the DSC thermograms after each
reprocessing cycle (Figure S24). TGA thermograms did not show any significant changes in the
Tdse, upon recycling (Figure S26-28) and FTIR spectra did not record any major change, implying
that the chemical composition was maintained after three cycles of compression molding (Figure
S29). Finally, significant stress relaxation has been observed for all recycled AFAF-materials (R1-
version) at temperatures above 120°C, which emphasizes the potential for reprocessing of such
foams. In this case, the obtained data were not fitted to a specific model because we expect that
the long duration and high temperature rheological analysis (120-160°C) could result in side
reactions for such elastomers containing urethane compounds and catalysts, which in turn would
affect the stress relaxation behavior (Figure S31). Frequency sweeps performed showed that the
material’s shear storage modulus slightly decreases with increasing temperature, which confirms

again the dissociative behavior of the system (Figure S32).
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CONCLUSION

In summary, the dynamic AFA exchange, occurring at temperatures above 80 °C in solvent, has
first been investigated in detail with online-FTIR analysis. In the next step, we investigated a large
series of catalysts to increase the rate of AFA formation and to make it compatible with the
polyurethane foaming process. The use of DBU successfully enhanced the reaction rates, which in
turn improved the compatibility with the PU foaming process. The preparation of CANs from
acetoacetate-modified polyols and di-isocyanates showed that the chosen approach was efficient
on elastomeric level, with no significant loss in material properties after repetitive reprocessing.
Moreover, making an elastomeric network that contains both urethane and AFA-bonds showed
that it is possible to synthesize a hybrid network while maintaining the dynamic behavior of AFA,
which confirmed simultaneously the compatibility of the dynamic chemistry with a PU matrix.
Then, the study was pushed to the next level with the synthesis of AFA-based foams. A large series
of foams was made in order to finally obtain AFA-based foams that possessed comparable foam
properties to standard PUFs, while maintaining dissociative dynamic behavior at elevated
temperatures. Instead of incinerating or landfilling PUF, we thus managed to create PUFs with
another end-of-life potential. In an upcoming step of the research, it could be envisaged to apply
super-critical conditions or other foaming techniques to refoam the obtained elastomers and thus

target a foam-to-foam recycling process.
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