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Abstract. For decades, self-blown polyurethane foams - found in an impressive range of materials - are
produced by the toxic isocyanate chemistry and are difficult to recycle. Producing them in existing
production plants by a rapid isocyanate-free self-blowing process from room temperature (RT)
formulations is a long-lasting challenge. The recent water-induced self-blowing of non-isocyanate
polyurethane (NIPU) formulations composed of a CO,-based tri-cyclic carbonate, diamine, water and a
catalyst, successfully addressed the isocyanate issue, however failed to provide foams at RT. Herein, we
elaborate a practical solution to empower the NIPU foam formation in record timeframes from RT
formulations. We generate cascade exotherms by the addition of a highly reactive triamine and an
epoxide to the formulation of the water-induced self-foaming process. These exotherms, combined to a
fast crosslinking imparted by the triamine and epoxide, rapidly raise the temperature to the foaming
threshold and deliver hybrid NIPU foams in 5 minutes with KOH as catalyst. Careful selection of the
monomers enables producing foams with a wide range of properties, as well as with an unprecedented
high bio-based content up to 90 wt%. Moreover, foams can be upcycled into polymer films by hot-
pressing, offering them a facile reuse scenario. This robust cheap process opens huge perspectives for
greener foams of high bio-based contents, expectedly responding to the sustainability demands of the
foam sector. It is potentially compatible to the retrofitting of industrial foaming infrastructures, which
is of paramount importance to accommodate existing foam production plants and address the huge foam
market demands.

1. Introduction

With a global market estimated to 49.5 billion dollars in 2023,' polyurethane foams are essential
materials of our modern life with multiple usages in thermal and sound insulation, as items for comfort
and furniture (seats and mattresses), etc. > Pushed by an estimated market growth of 7.4% for the 2022-
2027 period,4 the success of PU foams stems from their ease of fabrication from low-cost isocyanates
and polyols. Beside the formation of urethane linkages by addition of the polyisocyanate with the polyol,
the addition of water within the reactive formulation causes the partial hydrolysis of the isocyanate
leading to the in-situ delivery of CO, acting as the blowing agent.’ However, due to their acute toxicity,*’
isocyanates face REACH restrictions of use.® Besides, the new EU policies on the decarbonization of
the plastic sector encourage the exploitation of raw chemicals issued from bio-origin and/or gaseous
waste effluents such as CO,.” As a result, these incentives provide a new impetus to engineer ways of
producing isocyanate-free polyurethane foams while meeting the sustainability objectives of our modern
society.

In the last decade, the step-growth copolymerization of polyamines with poly(cyclic carbonate)s
into poly(hydroxyurethane)s (PHU) has emerged as one of the main greener alternatives to conventional
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PUs.'"'2 PHUs foaming was previously achieved by using blowing agents such as a fluorinated solvent
(Solkane), ' supercritical CO,'* or inorganic carbonate salts like K»COs and NaHCOj that release CO»
when combined with maleic or acetic acid.'*'® The first self-blown PHU foams was described with
Momentive MH15, a poly(methylhydrogensiloxane), that released in-situ highly flammable H, as the
blowing agent when reacting with the polyamine.'”*° However this foaming strategy faces safety issues.
In a recent and safer approach, Choong illustrated the formation of self-blown PHU by utilizing some
amine/CO; adducts at moderate temperature (50-60 °C), however the process required long reaction
times (24-48 h).?' To date, most of these foaming approaches are difficult to implement at the industrial
scale, and are not mimicking the PU self-blowing technology where the isocyanate serves both to
construct the polymer matrix and to generate the blowing agent (i.e. CO;). In 2018, North pioneered the
concept of CO» self-blown PHU foams by designing a specific sorbitol-derived biscyclic carbonate
responding to this dual function.” However, the CO, was produced by an intramolecular
decarboxylative rearrangement specific to this monomer rending the process non-versatile. In 2020, our
group pushed forward the CO; self-blown PHU technology by promoting divergent ring-opening
reactions of the cyclic carbonate.”® The nucleophilic attack of the carbonyl site by the amines formed
the hydroxyurethane linkages while a competitive S-alkylation reaction delivered CO; via attack of the
methylene site by thiols added to the formulation. The foaming however occurred at 100-120 °C for
hours. The process temperature was decreased to 80-90 °C by utilizing masked thiols that released in-
situ the thiols needed for the S-alkylation (Scheme 1A).**** Process optimizations by decoupling the
crosslinking of the network and the material expansion provided expanded materials in 30 min, however
at 120 °C.* In 2022, we demonstrated that a tiny amount of water introduced in a PHU formulation was
able to generate the foaming via hydrolysis of the cyclic carbonate that generated CO, (Scheme 1A).%
Although very broad in scope, this technology requested 30 min to deliver the foams when the
formulation components were pre-heated at 100 °C. It was thus well suited to produce foams by the
reactive injection molding (RIM) technology where molds are most often heated. However, it was still
not competitive with PU foam manufacturing requiring short reaction times (2 to 10 min) at room
temperature (e.g. for producing matrasses or sandwiched panels). Due to the low reactivity of the cyclic
carbonates compared to isocyanates, the objective of fast foaming of PHUs from room temperature
formulations appeared very challenging.

Herein, we demonstrate that the water-induced self-foaming PHU technology can compete the
conventional PU one, with a fast foaming (i.e. 5 min) from room temperature (RT) formulations
(Scheme 1B). To reach this goal, we addressed two main questions: 1) how to bypass the low cyclic
carbonate reactivity to reach short foaming times, and 2) how to initiate this fast foaming from RT
formulations. The first issue was tackled by merging rheology analyses, infrared spectroscopy
characterizations and gel content measurements of the foams. These experiments allowed the
identification of the main bottlenecks of the PHU foaming process, yet proposing the main experimental
actions to accelerate the foaming process, from 30 to 5 minutes starting from formulations pre-heated at
100 °C. Then, the challenging fast foaming from RT formulations was overcome by combining a highly
reactive primary amine crosslinker, affording a fast crosslinking, to cascade exothermic reactions that
rapidly increased the formulation temperature to the foaming zone. This simple technology provides
foams with tunable rigidity and is compatible with a wide range of bio-based comonomers, enabling to
produce foams with a bio-renewable content up to 90 wt%. Moreover, the PHU thermoset foams were
easily upcycled into second-life materials (e.g. polymer films) by hot pressing. This foaming technology
is thus of high potential to produce the next generation of more sustainable recyclable PU foams while
accommodating the existing PU foaming infrastructures, paving the way for greener foams meeting the
huge demands of the market.
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Scheme 1. Comparison of the strategies to produce self-blown non-isocyanate polyurethane foams by utilizing the
cyclic carbonate as the comonomer and the precursor of the blowing agent (COz): (A) the thiol- and water-induced
based processes, and (B) the hybrid one. Simplified structures for clarity.

2. Results and discussion

A. Strategy to accelerate the foaming.

Foam fabrication through a self-foaming approach is governed by a complex interplay of key
parameters. The blowing agent must be generated right on time when the visco-elastic characteristics of
the formulation is optimal to enable the matrix expansion while avoiding the foam collapse. Up to now,
the fastest water-induced self-blowing was obtained at 100 °C in 30 min, by mixing the pre-heated
polyamine and poly(cyclic carbonate) at this temperature. These conditions served as a starting point to
identify the main factors likely to accelerate the foaming. We selected one of our standard formulation
(Formulation 1 (F1)) composed of a tris(cyclic carbonate) (TMPTC), m-xylylenediamine (XDA), water
and KOH catalyst (SCC/NH»/H,O/KOH molar ratio of 1/0.75/0.25/0.125; where SCC states for cyclic
carbonate groups, and NH, for primary amines ones) (Figure 1A). A synthetic clay (hydrotalcite, 12
wt% vs TMPTC) was added to the formulation as it was demonstrated to improve the foam
homogeneity.?” This formulation generated enough COs to expand the PHU matrix in less than 5 min
when pre-heating all the components at 100 °C. However, the foam partly collapsed when removed from
the oven after 5 min of curing, resulting in a high density uncrosslinked material (451 kg.m™, gel content
(GC) = 0%; Figure 1C and Table S1, entry 3). Extending the curing time to 30 min at 100 °C enabled
to produce a stable foam with a density of 275 kg.m™ and a gel content of 62% (Figure 1C and Table
S1, entry 4). To get a detailed insight of the foaming process, rheology experiments were performed to
determine the gel point (GP, defined as the crossover point between G’ and G’”) and the initial foam
expansion (defined as the time to reach a 5% displacement of the rheological plates upon in-situ CO;
release). Figure 1B1 shows that the gel point was reached in about 6 min with an initial foam expansion
of 4.5 min, with low G’ and G’ values. After 5 minutes, the foam was thus not crosslinked and the
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medium not viscous enough to efficiently trap CO», which explained its collapse after this short period
of time. Over the next 25 minutes of curing, G’ and G’” moduli increased slowly, though remaining low,
indicating that the material was not highly crosslinked which is in line with the moderate gel content of
62%. This was further corroborated by FT-IR analyses of PHU foams fabricated after 5 and 30 min,
with the typical carbonyl stretching band of the cyclic carbonate at 1790 cm™ that decreased with the
reaction time, however still largely present after 30 min (Figure 1D).
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Figure 1. Water-induced fast self-foaming. A) Structure of the reagents and composition of the PHU formulations;
B) Rheology experiments carried out on the different foam formulations. B1) for formulation 1 (F1), B2)
formulation 2 (F2), B3) formulation 3 (F3). Gel point is defined as the time to reach G’/G’’ = 1; Expansion time
corresponds to the time at which foaming starts and is defined as the time to reach 5% of maximum expansion. C)
Density and gel content of the foams synthesized from the different formulations after 30 and 5 minutes (Table
S1); D) Infrared spectra (carbonyl region) of the different foams (normalized on the urethane carbonyl stretching
band at 1690 cm™! (full infrared spectra are presented in SI in Figure S2).

To deliver stable foams within 5 min, we thus had to address the inherent low reactivity of the
PHU precursors to increase the crosslinking rate. We found inspiration from epoxy resins chemistry and
PHU adhesives where tris(2-aminoethyl)amine (TREN) was used as a curing accelerator.”® First, its
trifunctional nature enabled to reach more rapidly the gel point. Beside, this polyamine displays an
“aminoethyl amine”-type structure, known to enhance the primary amine group reactivity.”*° The
foaming experiments were reproduced by using a mixture of XDA (NH; = 0.525 eq) and TREN (NH;
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= 0.225 eq) (Formulation 2 (F2), Figure 1A). Remarkably, both the gel and the foaming times were
halved and reached within 2 min (Figure 1B2) while the GC increased from 0 to 73% (Figure 1C). This
enabled the formation of a stable foam with a density of 209 kg.m™ after 5 min of curing at 100 °C. The
benefit of adding TREN was also evidenced by FT-IR analysis, showing a higher cyclic carbonate
consumption, but still incomplete (Figure 1D). By slightly increasing the amine content (1 eq. vs SCC
moieties instead of 0.75 eq.) while keeping constant the XDA/TREN molar ratio (Formulation 3 (F3),
Figure 1A), quantitative consumption of the cyclic carbonate groups was reached in 5 min as attested
by the complete disappearance of the carbonyl stretching band at 1790 cm™ (Figure 1D, F3). GC was
also increased to 86% (Figure 1C, F3), and G’ and G’’ moduli rapidly increased to reach high values
(e.g. G’ = 10* Pa after 5 min vs 10*-10° Pa for F1 and F2, Figure 1B1-3), in line with a rapid transition
from viscous to solid state. Gel point and initial foaming time remained low (i.e. about 3 min), and the
foam with a density of 242 kg.m™ did not collapse after 5 min. This optimal foam was characterized by
a cell size of 0.42 +/- 0.19 mm, slightly lower to the one observed for F2 (0.78 +/- 0.58 mm, Figure S1)
as the result of the faster PHU crosslinking limiting the cells growth and coalescence (Figure 2C).
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Figure 2. A) Components of PHU formulations used for the fast foaming procedure, including biobased monomers
(in green). B) Formulations, properties and bio-based content of PHU foams. C) SEM (left) and photography
(right) of the different foams. Conditions: TMPTC or GTC (5CC = leq), XDA or EDR 148 or HMDA or 1,3-BAC
(NH:> = 0.7 eq), TREN (NH: = 0.3 eq), KOH (0.125 eq.), H20 (0.25 eq.), 5 min at 100 °C. DSC thermograms are
presented in Figure S3 to S6.
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In order to tune the rigidity of the foam, XDA was substituted by the more flexible aliphatic
diamine EDR 148 (Figures 2A and 2B (F4)). As a result, the glass transition temperature (T,) of the
foam was decreased from 20.4 to -1.2 °C, while its density and GC remained similar after 5 min of
reaction (comparison F3 and F4, Figures 2B-C).

To align with the recent EU directives on sustainability goals of the plastic sector, petro-based
TMPTC and XDA were respectively substituted by a tricyclic carbonate (GTC) derived from glycerol
and biobased epichlorydrin, and hexamethylenediamine (HMDA) which the biobased production is now
mastered at ton scale (Figure 2A).*' The synthetic clay was replaced by a natural one (i.e. Cloisite Na).
A flexible foam (Ty =-2.2 °C) with a high biobased content of 90 wt%, high GC (94%) and a density of
193 kg.m? (cell size = 1.7 mm; Figures 2B-C) was thus produced. A rigid foam with a decent bio-based
content of 72 wt% and free from aromatic compound was obtained by replacing HMDA by 1,3-
bis(aminomethyl)cyclohexane (1,3-BAC, Figure 2A), while keeping similar properties than F3 (T, =
21.7°C,d =167 kg.m>, GC =91%, cell size = 1.9 mm) (Figures 2B-C). All these foams were produced
in 5 min at 100 °C.

B. Strategy for fast foaming from room temperature formulations.

The above-mentioned results posed the foundations for the fast production of PHU foams, however
at 100 °C. To unlock the necessary synthetic tools to realize this fast foaming from RT, we drew
inspiration from the foaming of conventional PUs that benefits from the high exothermicity of the
isocyanate/polyol reaction. The in-situ heat generation creates a “snowball effect” that rapidly raises the
formulation temperature from RT to a range between 100 to 180 °C.**** Applying the same strategy to
self-blown PHU would require the reactions involved, i.e. the concomitant exothermic aminolysis and
hydrolysis of cyclic carbonates, to release sufficient heat in a short time to raise the temperature from
ambient to above the foaming temperature (around 85-90 °C). Starting from formulation F3 at RT, we
first investigated the exothermicity of the two concomitant reactions separately, i.e. the aminolysis of
TMPTC by the mixture of XDA and TREN, and the hydrolysis of the cyclic carbonate (Figure 3A, blue
curves). The aminolysis of TMPTC was exothermic and reached its maximal temperature of 64 °C after
7 min. This was also the case for the TMPTC hydrolysis, with a rapid (3 min.) temperature increase
from RT to 40 °C when catalyzed by KOH. When carried out concomitantly, where both the amines and
water/KOH were added together to TMPTC, the two reactions worked synergistically with an exotherm
reaching 87 °C in 3 min (Figure 3A and 3C). However, this temperature was still insufficient to obtain
PHU foams. Therefore, an additional “heat release promotor” was needed to impulse the foaming
through cascade exotherms as illustrated in Figures 3A and 3C. We identified epoxides as ideal
3433 that is correlated to the
strain release of the cycle, further enhanced in epoxy resins by the rapid viscosity increase preventing
efficient heat dissipation. Moreover, these precursors are compatible with the PHU chemistry, yet
keeping the foaming process very simple while affording PHU/epoxide hybrids known to be robust
materials with enhanced properties.’*™*'

candidates since their aminolysis is known to create an important exotherm
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Figure 3. Reaction schemes and exotherms of the single reactions, as well as the cascade exotherms for self-
foaming from RT formulations. A). Time evolution of the exotherms recorded for the aminolysis, hydrolysis, and
concomitant hydrolysis and aminolysis of TMPTC (blue), aminolysis and hydrolysis of TMPTC in the presence
of various contents of TMPTE (red), and aminolysis of TMPTE (green) (chemical structures for the reactions are
provided in B)); B) Reaction scheme for the cascade reaction leading to hybrid PHU foam, and structure of the
reagents; C) Illustration of the individual reactions and cascade reactions with their corresponding exotherm; D)
Time for expansion (time needed to start the foam expansion), foaming temperature (temperature when the
foaming started) and maximum temperature reached during foaming (measured at the core of the foam).
Formulation compositions and conditions are detailed in supporting information in Tables S2-S3. Additional
exotherms are added in Figure S7 and Figure S8.
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For the proof of concept, F3 was modified by partly substituting TMPTC by its epoxy precursor,
i.e. trimethylolpropane triglycidyl ether (TMPTE) (Figure 3A-B; see section 2.1 of ESI for details). The
red curves of Figure 3A shows that epoxides and cyclic carbonates teamed up to significantly increase
the reaction exotherm. A low epoxy loading of 0.25 eq (vs TMPTC) was already sufficient to initiate
the fast foaming in about 3 min with a temperature increase within the core of the foam from RT to
about 110 °C in less than 4 min (Figure 3A). Further increase in the TMPTE content (from 0.33 to 3 eq
vs TMPTC) enabled reaching much higher temperatures, up to 180 °C for the epoxy-rich formulation.
Surprisingly, increasing the epoxide content delayed the exotherm (Figure 3A) as well as the time
needed to start the foam expansion (from about 3 min with 0.25 eq TMPTE to 6 min with 3 eq; Figure
3D). To understand this delay, we evaluated the exothermicity of the pure epoxy resin formation by
replacing all TMPTC by TMPTE. About 30 min were necessary to start observing a significant exotherm
that became extremely high after 40 min (Figure 3A). These experiments suggested that the aminolysis
and hydrolysis of 5CCs started at the initial stage of the process. These two reactions increased the
temperature to the one required to initiate the highly exothermic epoxide aminolysis. These cascade
reactions rapidly raised the temperature above 100 °C, which induced the very fast foaming (Figure 3A
and C). Whatever the TMPTE content, the maximum foam expansion was reached in a record timeframe
(less than 1 min after the expansion started), and all foams were demolded directly after 15 min (time
needed for the foams to sufficiently cool down). The initial foam expansion was observed at slightly
lower temperature for the highest TMPTE content (e.g. 75 vs 90 °C for 3 vs 0.25 eq of TMPTE; Figure
3D), certainly due to the higher crosslinking degree of the formulation for high contents of epoxides that
facilitated the trapping of the blowing agent.

As the two reactions involved in the polymer matrix construction (i.e. the aminolyses of the
cyclic carbonate and epoxide) compete with each other, we performed additional analyses to
demonstrate the hybrid nature of the foams, i.e. containing both urethane and amino alcohol linkages
(Figure 3A). Model reactions were performed on difunctional molecules and on a monofunctional amine
to enable products characterization by 'H-NMR spectroscopy. First, the aminolysis of a model cyclic
carbonate and an epoxide (of the neopentyl glycol-type to mimic at best TMPTC and TMPTE) by
benzylamine (to mimic XDA) were monitored by 'H-NMR after 15 min of reaction at different
temperatures (25, 40, 60, 80 and 100 °C; Figure S9 and S10). In line with previous exotherm evaluations,
only the cyclic carbonate aminolysis occurred at 25 °C, while the aminolysis of the epoxide was initiated
at a temperature higher than 60 °C (Figure S11). This experiment indicated that the aminolysis of cyclic
carbonates was sufficiently fast to produce hydroxyurethanes even in the presence of epoxides. For
higher temperatures, the two reactions occurred with the formation of both hydroxyurethane and amino
alcohol functionalities, supporting the hybrid nature of our foams. FT-IR analysis of the foams supported
the presence of urethane linkages by the characteristic carbonyl stretching band at 1705 cm™ (Figure
S12). Some residual cyclic carbonate groups were observed up to 33 mol% TMPTE. Full cyclic
carbonate conversion was obtained for higher contents. This suggested that the higher exotherms
generated when increasing the TMPTE content accelerated the consumption of the cyclic carbonates by
aminolysis and hydrolysis. FT-IR spectra of TMPTE rich foams were very similar to the pure epoxy
matrix (100 mol% TMPTE) but with the presence of the characteristic band of the urethane.

As illustrated in Figure 4A, all hybrid foams displayed density values below 500 kg.m™. Clearly,
the higher exotherm for high TMPTE contents favored the foam expansion. Indeed, the foam density
progressively decreased with the epoxy content to reach about 200 kg.m? for the epoxy-rich
formulations (1, 2 and 3 eq of TMPTE vs TMPTC). As for the conventional PU self-foaming process, a
densification was also noted along the mold walls. This was reflected in low density values of the core
of the foams ranging between 250 to 100 kg.m™ (Figure 4A). The density gradient from the core to the
foam border was attributed to the mold that constrained the foam expansion in one dimension and to the
temperature dissipation along the mold walls. This was proven by simultaneously monitoring the
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temperature in the core and along the mold border for a formulation containing 50 mol% TMPTE. A
maximal temperature of 81 °C was recorded at the border, while 136 °C was reached at the core (Figure
S8). As discussed in the previous section, 81 °C was not sufficient for an efficient fast foam expansion,
explaining this density gradient. All foams were rather similar with an open cell morphology and a mean
cell size around 0.3 mm (Figure 4B and Table S4). However, the epoxy-rich formulations (TMPTE > 2
eq vs TMPTC) provided heterogeneous foams with the core of the foams turning orange to brown due
to the high temperature reached by the exotherm.
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Figure 4. Density and morphology of self-blown hybrid foams made from RT formulations. A) Core and overall
density of the different foams. B) Effect of the TMPTE content on the foam morphology. The foam formulations
are listed in Table S2, and the foam characteristics and properties are summarized in Table S4.

The higher exotherm induced with high TMPTE contents also provided a rapid
stabilization/curing of the foam as reflected by FT-IR spectroscopy with the higher consumption of the
cyclic carbonates (Figure S12) as well as an increase in the gel content from 80% for the pure PHU
formulations up to 96% for the epoxy-rich hybrid foam (Figure 5SA).

Foams made from TMPTE-poor formulations (0.25 to 1 eq of TMPTE) displayed a PHU-like
behavior with T, values around 21 °C, rather close to the pure PHU material synthesized at 100 °C for
5 min (Tg = 20 °C, F3 Figure 2B). In contrast, TMPTE-rich foams (2 to 3 eq of TMPTE) presented
higher T, values of 35 to 40 °C, close to the epoxy-matrix (Figure 5B). The degradation temperature
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(T4,5%) for TMPTE-poor foams were evaluated between 226-237 °C while it increased by about 30 °C
for the epoxide-rich ones (265 °C for 2 and 3 eq of TMPTE) yet approaching the degradation
temperature of the pure epoxy resin (Tq sy =295 °C) (Figure 5C, Table S4).
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Figure 5. Properties of the hybrid foams synthesized from RT formulations. A) Gel content; B) Glass transition
temperature (DSC thermograms are presented in Figures S13-S20); C) Selected thermograms of the different
foams (all thermograms are provided in Figure S21 to S28); D) Strain/stress curves for some selected foams. The
different formulations for preparing the different foams are listed in Table S2 and properties are presented in
Table S4.

Compression tests were performed on materials of similar densities, gel content and cell size.
They were benchmarked with those realized on the pure PHU foams synthesized at 100 °C (F3, Figure
1). As expected, the compression modulus (E) increased with the TMPTE content in the formulation.
For low TMPTE contents of 0.5 and 1 eq, the compression modulus was estimated to 0.2 and 0.6 MPa,
respectively, rather close to the one of the pure PHU foam (E = 0.3 MPa; Figure 5D). For the higher
TMPTE contents of 2 and 3 eq, E was strongly increased to 3.7 and 4.7 MPa, respectively. Although
direct comparison of all samples could not be done due to slight differences in the morphology and
densities of the tested foams, the main trend was that hybrid foams with an epoxy content up to 1 eq
resembled to the pure PHU foam. For higher TMPTE contents, the foams became more rigid, in line
with a higher crosslinking density imparted by the epoxy network.
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The versatility of the fast PHU self-foaming technology was then proven in concept by
designing flexible and rigid foams (Figure 6, Table S5 for formulations). For reactive formulations made
of 1 eq of TMPTE, the replacement of XDA by its hydrogenated cycloaliphatic variant (1,3-BAC) or
the aliphatic diamine (EDR 148) delivered foams with overall densities between 200 and 300 kg.m™ and
high gel contents (> 94%) (Figure 6A-C, Table S6). Monitoring the formulation temperature with the
foaming time evidenced the important exotherm, with a maximum temperature of about 140 °C observed
in the three cases after 3 to 5 minutes (Figure S29). All foams were easily demolded after 15 min, and
were characterized by T, values of 26, 45 and 2 °C for the XDA-, 1,3-BAC- and EDR 148-based foams,
respectively (Figure 6C). Other epoxides were also utilized such as commercially available diepoxides
(e.g. aromatic bisphenol A diglycidyl ether (DER 332) or butanediol diglycidyl ether (BDDGE); Figure
6A). By replacing TMPTE by DER 332 or BDDGE, demoldable hybrid foams were also recovered after
15 min with densities of 200 to 300 kg.m™, high gel contents (about 90%) and T, values of 47 and 16
°C associated to compressive modulus of 1.9 MPa and 0.017 MPa (Table S6), respectively. As illustrated
in Figure S30, similar exotherms and short time to expansion (2 to 3.5 min) were noted.

To illustrate the potential of the process for producing more sustainable foams of high bio-based
content (70 to 90 wt%), the petro-based cyclic carbonate (TMPTC) and epoxide (TMPTE) were
substituted for glycerol-based alternatives (GTC and GTE, respectively; Figure 6B), and the synthetic
filler was replaced by a natural one (Cloisite Na). With 1,3-BAC as the diamine and 1 eq of GTE (vs
GTC, see Table S5, exotherms presented in Figure S31), a highly cross-linked foam (T, = 35.4 °C and
GC = 98%, compressive modulus = 0.032 MPa) with an homogeneous pore size distribution (cell size
= 0.85 + 0.22 mm); Figure 6D, F20), an overall density of 189 kg.m™ (core density of 117 kg.m™) and
a bio-based content of 68 wt% was obtained (Figure 6C). By substituting 1,3-BAC for HMDA, and 0.5
eq of GTE (vs GTC, see Table S5) a more flexible crosslinked foam (T, = -7 °C and GC = 98%,
compressive modulus = 0.0067 MPa, compressive curves in Figure S32) was produced with a bio-based
content as high as 90 wt%. This foam was highly homogeneous with very similar density than the
previous one (overall density = 212 kg.m™; core density = 100 kg.m™; cell size = 0.92 + 0.19 mm Figure
6C-D, F21).

Importantly, the pendant hydroxyl groups of this hybrid flexible bio-based foam F21 were
exploited to repurpose/upcycle it into film by a combination of transcarbamoylation and dissociative
hydroxyurethane reactions.”***** By pressing the crosslinked hybrid bio-based foam F21 under the
same conditions than those previously reported for other self-blown PHU foams (160 °C, 2 T, 2 h),***’
a thin homogeneous polymer film (width = 0.19 mm, Figure 6E) with a modulus of 1.66 MPa and a
strain at break of 14% was obtained (Figure 6E1). Neither the T, of the obtained film (-3 °C for the film
vs -7 °C for the foam) nor the comparative infrared analysis (Figure 6E1) indicated a significant change
in the chemical structure during reprocessing. Although deeper investigations are needed to understand
the whole repurposing process and to optimize it to decrease both the processing temperature and time,
this preliminary experiment illustrated that the hybrid nature of the foam did not prevent the foam
reprocessability/upcycling.

11

https://doi.org/10.26434/chemrxiv-2023-t48bf ORCID: https://orcid.org/0000-0001-7849-6796 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-t48bf
https://orcid.org/0000-0001-7849-6796
https://creativecommons.org/licenses/by-nc-nd/4.0/

H,N /\OANHZ

i 040 DER 332
oo A ° 1,3BAC
L«_ o o (Q NH;
Q
A, A ¢
o 0 N HZN/\©ANH2
ks oo d L
T™MPTC 070 - : XDA
TREN
+ Hydrotalcite o
o.
o \/\/\o’\/o HaN< g~ O,
BDGE EDR 148
50 mol% of epoxide
B
4 o 0
2 o~ NH,
o) o o H HZN/\O/\NHZ
0. Io} %O\)\ o N
o
o o 0.
=<O]\/ \/\O \/OC,«O A HZNJ/ INHZ 1,3 BAC
GTC GTE TREN
o HZN/\/\/\/NHz
+ Cloisite Na HMDA
C Up to 90 wt% biobased content
Cyclic . N d d core GC Tg
Entry carbonate Epoxide diamine kgm3)  (kg.m?) %) )
F16 TMPTC TMPTE 1,3 BAC 256 121+63 94+21 451
F11 TMPTC  TMPTE XDA 225 99+48 96+12 263
F17 TMPTC TMPTE EDR 148 294 283+132 9522 20
F18 TMPTC DER 332 XDA 211 197 +127 92+26 474
F19 TMPTC BDGE XDA 263 209+ 115 88+34 16.6
F20 GTC GTE 1,3 BAC 189 117+51 98+04 354
F21 GTC GTE HMDA 212 101+24 98+04 -7
E1l E2
| Stress, . = 1.66 £ 0.24 MPa
f 2.5 AStrain,,,=14+1%
“ - F21 foam
' ‘ ) |E=0.13+0.03 MPa
- =
~1.5
3
s 01 A )
” F21 film
0.5 A
Hot pressing 0 e
° Width = 0.19 mm A j j j
2T,160°C, 2h 0246 810121416 3500 2500 1500 500

Wavenumber (cm?)

Tg=-3 C' Strain (%)

Figure 6. Scope of PHU hybrid foams prepared from RT formulations, including foams of high biobased contents.
A) List of monomers used for producing PHU hybrid foams from RT formulations; B) Structure of the monomers
used for preparing foams with high biobased content (68 wt%), formulation F20; 90 wt%, formulation F21); C)
Formulations and foams properties (DSC thermograms are presented in Figure S33 to S38); D) SEM images of
the different foams; E) Recycling of the biobased foam F21 into film by hot pressing: (E1) tensile properties of
the film, and (E2) comparison of FT-IR spectra of the foam and the reprocessed film. Foams formulations and
properties are depicted in Tables S5 and S6.

3. Conclusions

Water-induced self-blown non-isocyanate polyurethane (NIPU) foams are promising sustainable
alternatives to conventional isocyanate-based polyurethane foams. However, their production was still
slow (i.e. 30 min at 100 °C), far away from 2-10 minutes from room temperature formulations required
for many industrial foaming processes. Herein, we identified the reasons for these slow processes, and
unlocked strategies to tackle them, allowing the production of NIPU foams in short time frames (5-10
minutes) from RT formulations. Our studies showed that, besides rapidly generating the blowing agent
(COy), the crosslinking of the polymer matrix had to be strongly accelerated to properly expand the
matrix while avoiding its collapse. This was achieved by adding a highly reactive triamine of the
“aminoethyl amine”-type to the solvent-free formulation. To enable the foaming from RT formulation,
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we leveraged cascade exothermic reactions enabling to rapidly raise the formulation temperature to
trigger the foaming. Indeed, while the moderately exothermic concomitant aminolysis and hydrolysis of
the cyclic carbonate failed to trigger the foaming, they enabled to initiate the fast aminolysis of an
epoxide added to the formulation. In turn, this highly exothermic reaction accelerated the foaming
process by strongly raising the temperature and by increasing the matrix crosslinking degree. Hybrid
PHU foams were thus obtained in minutes timeframes, whose properties were easily tuned from rigid
to flexible foams by adapting the nature of the comonomers, as well as the content of epoxide. By
selecting bio-based monomers, homogeneous hybrid PHU foams of high bio-content (up to 90 wt%)
were rapidly produced for the first time from RT formulations. Moreover, their repurposing/recycling
into polymer films was validated by simple hot-pressing without any noticeable degradation. Although
hybrid PHU foams were obtained by this foaming process based on cascade exotherms, the retrofit of
the PU foam industry is now potentially possible for producing more sustainable and recyclable foams.
As the process is highly versatile and simple for manufacturing foams of various properties in record
time frames, it is of great promise to meet the vast foam market demand.
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4. Experimental part

4.1.Products

Trimethylol propane triglycidyl ether (TMPTE, Aldrich, technical grade), Butanediol diglycidyl ether
(BDGE, Aldrich > 95%) DER 332™ (Aldrich), Neopentyl glycol diglycidyl ether (ABCR, technical
grade), Glycerol triglycidylether was kindly provided by Ipox (IPOX CL 12), m-xylylene diamine
(XDA, Aldrich, 99%), 1,2-Bis(2-aminoethoxy)ethane (EDR 148, TCI, > 98%), Hexamethylene diamine
(HMDA, Aldrich, 98%), 1,3-Bis(aminomethyl)cyclohexane (cis-and trans -mixture) (1,3 BAC, TCI,
98%), Benzylamine (Aldrich, 99%), potassium hydroxide (KOH, VWR, 90%), Tris(2-
aminoethylamine) (TREN, Aldrich, 96%). Tetrabutylammonium iodide (TBAI, Aldrich, 99%),
Hydrotalcite synthetic (MgsAlo(CO3)(OH);6'4H20, Aldrich), Cloisite Na (Sauthern clay). The different
cyclic carbonates were produced from CO, fixation onto the corresponding epoxides. Their syntheses
at the kg-scale and characterizations are shown in Figures S39 to S41

4.2. Methods and characterizations.

Rheological experiments were carried out in isothermal mode with a frequency of 1 Hz and initial strain
of 1%, and under the auto tension adjustment mode (axial force of 10 g) that allowed gap to increase
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(Delta L) when the foam expanded. The Delta L was continuously measured and reported in % of the
max delta L and depicted as Expansion (%) in Figure 1B. The start of the foaming was defined as the
time to reach 5% of the maximum expansion. Gel point was defined by the crossover between G’ and
G’’. The rheometer and the 25 mm parallel plates were preheated at 100 °C. The components of the
formulation were preheated at 100 °C separately, then rapidly mixed manually and finally, placed to 25
mm parallel plates of the rheometer. All parameters (foam expansion, G’ and G’’, viscosity) were
simultaneously recorded over time at 100 °C. Results are discussed in Figure 1B.

Gel contents were measured in triplicate by incubating foam samples of more or less 200 mg in 20 mL
of THF for 24h according to the following formula GC = 100 x %, where m; and m; are mass before
1

immersion and mass after immersion and drying until constant weight, respectively.

Overall foam density was assessed by weighting whole foam and divided it by its volume. The core
density was measured by cutting three cubes (£ 1.5 x 1.5 x 1.5 cm) in the center of the foam at different
location in the foam (1/3, 1/2 and 2/3 of the height in the direction of the expansion). The cubes were
measured and weighted. Core density was calculated at the mean of the individual density.

ATR spectra were measured by using a Nicolet IS5 spectrometer (Thermo Fisher Scientific) equipped
with a transmission or with a diamond attenuated transmission reflectance (ATR) device. Spectra were
obtained in transmission or ATR mode as a result of 32 spectra in the range of 4000-500 cm™ with a
nominal resolution of 4 cm™. Spectra were analyzed with an ONIUMTM (Thermo Fisher Scientific)
software. Analyses were carried out on the inner part of the foam after removing the foam skin.

Nuclear magnetic resonance (NMR) spectroscopy.'H-NMR analyses were performed on Bruker
Avance 400 MHz spectrometers at 25 °C in the Fourier transform mode in deuterated solvent (CDCl3
or DMSO d6)

Differential scanning calorimetry (DSC) was performed on a DSC250 TA Instruments calorimeter. The
equilibrated foam (48 h under ambient condition) was placed in a non-hermetic pan and Tgequ Was
measured according to the first ramp temperature (-40 °C to 80 °C at 10 °C/min).

Thermogravimetric analysis (TGA) was performed on a TGA2 instrument from Mettler Toledo. Around
10 mg of sample were heated at 10 °C/min until 600 °C under a nitrogen atmosphere (50 mL/min). Tq s
was measured as the temperature at 5% mass loss starting from the mass measured at 100 °C to exclude

the mass of entrapped water.

Scanning electron microscopy (SEM) was realized with a QUANTA 600 apparatus microscope from
FEI The cells size distributions was calculated by the mean diameter measurements of at least 100 cells.

Compression measurement was carried out on a Zwick Roel device equipped with the testXpert

software. Sample of 1 cm x 1 cm x 1cm was pressed at a rate of 1 mm/min. Compression modulus was
calculated as the slope of the stress-strain curve for strain between 1 and 6%.

4.3.Procedures for water-induced foaming in open molds

3.3.1. Fast foaming procedure at 100 °C. TMPTC (5 g, SCC = 34.5 mmol) and hydrotalcite (600 mg)
were mixed together in a square silicon mold (S = 16 cm?) until the obtention of a homogeneous white
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mixture. The mold containing the mixture was placed in an oven at 100 °C until the mixture reached
this temperature. A KOH (240 mg, 4.3 mmol)/H,O (155 mg, 8.6 mmol) mixture was preheated at 100
°C in a closed vial for 10 min. Finally, XDA (1750 mg, NH> = 25.7 mmol) was preheated at 100 °C for
10 min in a closed vial. First, the amine and then the KOH solution were added and mixed to the TMPTC
mechanically for approximatively 0.5 min. The foam was then cured at 100 °C for 5 min. The experiment
was reproduced by varying the amine mixture first using a mix of XDA (1220 mg NH; = 18.2 mmol)
and TREN (380 mg, NH, = 7.8 mmol), then a mix of XDA (1650 mg NH; = 24.2 mmol) and TREN
(500 mg, NH, = 10.3 mmol). In each case, the amines were mixed together before addition in TMPTC.

3.3.2. Fast foaming at 100 °C with alternative greener formulations. GTC (4.5 g, 5CC = 34.5 mmol)
and Cloisite Na (540 mg) were mixed together in a square silicon mold (S = 16 cm?) until the obtention
of a homogeneous white mixture. The mold containing the mixture was placed in an oven at 100 °C
until the mixture reached this temperature. A KOH (240 mg, 4.3 mmol)/H,O (155 mg, 8.6 mmol)
mixture was preheated at 100 °C in a closed vial for 10 min. 1,3-BAC or HMDA (NH> = 24.2 mmol)
and TREN (500 mg, NH; = 10.3 mmol) were mixed and preheated at 100 °C for 10 min in a closed vial.
First, the amine and then the KOH solution were added and mixed to the GTC mechanically for
approximatively 0.5 min or until the foam started to expand. The foam was then cured at 100 °C for 5
min. Rigid foam was obtained using 1,3-BAC (1722 mg, entry 10 in Table S1). Flexible foam was
obtained using HMDA (1403 mg, entry 9 in Table S1).

3.3.3. Typical procedure for fast foaming from room temperature formulations (50 mol% TMPTE vs
TMPTC). TMPTC (17.9 g, 5CC = 123 mmol, 1 eq), TMPTE (12.47 g, epoxide = 123 mmol, 1 eq) and
hydrotalcite (3 g, 6.2 wt%) were added in a cylindrical plastic vial with a diameter of 5 cm, and were
then mixed together for 2 min until a homogeneous mixture was obtained. The amine mixture was then
added (XDA 10.3 g, NH, = 151 mmol, 1.23 eq and TREN 3.17g, NH, = 65 mmol, 0.52 eq) to the
TMPTC/TMPTE/hydrotalcite mixture and briefly mixed manually until an homogeneous mixture was
obtained. Finally, an aqueous solution of KOH was prepared by solubilizing KOH (0.87 g, 15.4 mmol,
0.125 eq vs 5CC) in water (0.56 g, 1.2 wt% 31 mmol, 0.25 eq vs 5CC) and added to the foaming
formulation to initiate the foaming. After mixing manually briefly, foam was let to expand at room
temperature. The contents of the different components for preparing PHU foams with the different
TMPTC/TMPTE ratios were presented in Table S2 and S3.

The hybrid PHU/epoxide foams with different amines or epoxides presented in Figure 6 are prepared
according to the same procedure with quantities reported in Table S5.

3.3.4. Monitoring the exotherm during foaming. The exotherm was monitored with a Martindale DT173
temperature probe placed at the center of the formulation (+ 50 g of formulation placed in a plastic (PE)
bottle of 8 cm height and 6 cm diameter. The initial temperature was measured after mixing TMPTC,
the epoxide and hydrotalcite in a plastic vial. After adding and mixing the other components (KOH,
water, amine according to procedure 3.3.3) at room temperature, the probe was placed laterally through
the plastic vial at half height of the formulation and at the middle of the vial (center of the formulation).
The probe was kept at this place without any perturbation until the end of measurement. Temperature
was monitored every 30 seconds for 5 minutes and then every minute until 15 minutes. The start of the
expansion was noted when the foam expanded from 2 mm above its initial height, and this time
temperature is noted as the temperature to promote expansion. Results are summarized in Figure 3A

3.3.5. Monitoring the exotherm during the aminolysis or/and hydrolysis of TMPTC. The exotherm of
both aminolysis and hydrolysis of TMPTC was monitored with a Martindale DT173 temperature probe
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along reaction time. The probe was introduced at the center of the formulation placed in a plastic (PE)
bottle of 8 cm height and 6 cm diameter.

For monitoring the aminolysis exotherm, TMPTC (28.9 g, 5CC = 200 mmol) was mixed with
hydrotalcite (3 g) until dispersion of the clay in TMPTC. Then, XDA (10.3 g, NH, = 151 mmol) and
TREN (3.18 g, NH» = 65 mmol) were added to TMPTC and stirred for 30 seconds until homogenization.
The temperature was recorded for 15 min.

For monitoring the hydrolysis exotherm, TMPTC (28.9 g, SCC = 200 mmol) was first mixed with
hydrotalcite (3g), Then KOH (1.4 g, 25 mmol) solubilized in water (0.9 g, 50 mmol) was added to the
mixture and mixed for 30 sec. The temperature of the formulation was measured for 15 min.

The exothermicity of both reactions (in a cascade fashion) was measured by adding to TMPTC (28.9 g,
5CC =200 mmol) and hydrotalcite (3g), the amine mixture (XDA, 10.3 g, NH, = 151 mmol; and TREN,
3.18g, NH, = 65 mmol) and then KOH (1.4g, 25 mmol) solubilized in water (0.9g, 50 mmol). Results
are summarized in Figure 3A.

3.3.6. Monitoring the exotherm during the aminolysis of TMPTE. The exotherm was monitored with a
Martindale DT173 temperature probe introduced at the center of the formulation placed in a plastic (PE)
bottle of 8 cm height and 6 cm diameter. TMPTE (29.1 g, epoxide = 289 mmol) was mixed with
hydrotalcite (3 g). Then XDA (10.3 g, NH, = 151 mmol) and TREN (3.18 g, NH, = 65 mmol) were
added. KOH (2 g, 36 mmol) solubilized in water (1.3 g, 72 mmol) was then added to the formulation.
After homogenization by manual mixing, the temperature was monitored for 40 min. It has to be noted
that the aminolysis of TMPTE (without TMPTC) is highly exothermic and this experiment should
be carried out with care as temperatures higher than 250 °C could be reached. Results are
summarized in Figure 3A. Experiment without KOH and water was also realized and present similar
exotherm (F15, Figure S7)

3.3.7. Monitoring the aminolysis of neopentyl glycol dicyclic carbonate and neopentyl glycol diglycidyl
ether

Neopentyl glycol dicyclic carbonate (304 mg, SCC = 2 mmol) was thermostatized at the given
temperature (25, 40, 60, 80 or 100 °C) for 5 min. Benzylamine (214 mg, NH; = 2 mmol) was then added
and the reaction medium was reacted under stirring for 15 min. The reaction was stopped by first adding
150 uL DCI (35%), then directly solubilized in DMSO-ds and stored at -20 °C.

Neopentyl glycol diglycidyl ether (216 mg, epoxide = 2 mmol) was thermostatized at the given
temperature (25, 40, 60, 80 or 100 °C) for 5 min. Benzylamine (214 mg, NH; = 2 mmol) was then added
to the medium that was then stirred for 15 min at target temperature. A sample was picked out, directly
solubilized in DMSO-ds and stored at -20 °C to stop the reaction without adding any acid.

For the two reactions, a control experiment was realized by mixing the reactants the same way but
stopping the reaction directly after mixing (0 min) and storing the samples at — 20 °C. No reaction
occurred under these storing conditions. All samples were analyzed by "H-NMR in DMSO-ds. The
results are summarized in Figure S11 and '"H-NMR spectra are provided in supporting information
(Figure S9 and S10).
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