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Non-isocyanate polyurethane (NIPU) foams of the polyhydroxyurethane (PHU) type are promising
greener alternatives to their conventional isocyanate-based polyurethane counterparts that dominate the
foam market. Recently, concomitant organocatalyzed aminolysis and S-alkylation of the cyclic carbonates
of PHU formulations offered a facile route to produce CO, self-blown PHU foams. However, this process
was limited to the production of foams of rather low Ty (commonly up to room temperature) and
suffered from slow foaming (i.e. 30 min) at 120 °C, thus still far from the foaming timeframes (1-10 min)
and room temperature (r.t.) needed for adaptation to industrial foaming equipment. In this work, we elab-
orate strategies to accelerate thiol-assisted NIPU foaming in order for it to be complete in 5-10 minutes
from r.t. reactive formulations under catalyst-free conditions. This is achieved by substituting aliphatic
thiols by more acidic aromatic ones, and by adding epoxides as heat release promotors that will acceler-
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ate both the foaming and the curing rates. Moreover, flexible, semi-rigid and rigid foams are easily acces-
sible by the choice of the amine comonomer and epoxide additive. This work draws general and simple
concepts for greatly speeding-up the self-blowing NIPU process, a crucial step toward decreasing the
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1. Introduction

Polyurethane (PU) foams are essential materials of our modern
life with multiple usages as insulation materials, items for
comfort and furniture, seats, mattresses, etc."”> With an esti-
mated market growth of 7.4% for the 2022-2027 period,® the
success of PU foams is due to their ease of fabrication from
low cost isocyanates and polyols. Besides the formation of
urethane linkages by polyaddition of the isocyanate with the
polyol, the addition of some water within the reactive formu-
lation causes hydrolysis of the isocyanate. This reaction fur-
nishes an amine that participates in PU network construction
via urea linkage formation, with CO, acting as the blowing
agent.” These features make the foam production compatible
with continuous slabstock foaming (e.g. for producing
matresses) or reactive injection molding (RIM; e.g. for prepar-
ing foams of complex shapes such as car seats and decorative
objects). Nevertheless, due to their acute toxicity,™® isocyanates
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energetic and production costs, offering potential for retrofitting existing foam production plants.

face restrictions to their use by REACH.” In addition, PU pro-
duction also faces recent EU policies on decarbonization of
the plastics sector that encourage the utilization of raw chemi-
cals derived from bio-renewables and/or gaseous waste
effluents such as CO,.® Therefore, isocyanate-free pathways for
the production of these irreplaceable products that will answer
the sustainability goals of Europe are intensively sought. In the
last decade, polyamine/poly(cyclic carbonate) copolymeriza-
tion, leading to poly(hydroxyurethane)s (PHUs),”"* has
imposed itself as one of the main alternatives to conventional
PU thermosets, particularly for producing foams, coatings and
adhesives.”*® The foaming of PHUs has been explored using
a physical blowing agent such as Solkane®* - a fluorinated
solvent that contributes to global warming - or supercritical
CO,.*" Other recent concepts also use inorganic carbonate
salts (K,COs3, NaHCOj3) in synergy with acids (maleic or acetic
acid) as the source of CO, to formulate foamed materials
from reactive formulations.*>** The first self-blown PHU
foams were described with Momentive MH15, a poly(methyl-
hydrogensiloxane) reactive against amines, that releases in situ
highly flammable H, as the blowing agent.”**>” However, all
these foaming approaches still face environmental or safety
issues and are far from achieving a PU self-blowing technology
for which one of the monomers, ie the isocyanate, serves
both for the polymer chain construction and as a source of the
blowing agent.

This journal is © The Royal Society of Chemistry 2025
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Recently, our group developed two popular strategies for
producing CO,-self-blown PHU foams. The most recent one
involved the partial hydrolysis of 5-membered cyclic carbon-
ates catalyzed by (organo)bases that initiated the foaming in a
moderate time frame (about 30 min) at 100 °C.?¥*° In the sub-
sequent study, this process was improved for a rapid foaming
(a few minutes) from room temperature formulations,*® reach-
ing a foaming performance very close to industrial ones. This
was achieved by adding some epoxide to the formulation that
had a dual role, to create the additional exotherm needed to
reach the foaming zone (85-100 °C) and to introduce
additional crosslink nodes needed to rapidly fix the foam and
avoid its collapse. The second method capitalized on the
ambivalent reactivity of the cyclic carbonates. The nucleophilic
attack of the carbonyl site by the amine of the formulation
delivered hydroxyurethane linkages while a competitive
S-alkylation reaction occurred via attack of the methylene site
by (masked) thiols added to the formulation, leading to
thioether bond formation and CO, release promoting the self-
blowing of the matrix.>*> This strategy mimics the poly-
urethane chemistry as the reaction leading to the formation of
the blowing agent also contributes to the foam cross-linking.
Moreover, the structure of the thiol also influenced the foam
properties as it was incorporated into the polymer network.
However, the foaming conditions (several hours at 80-100 °C)
were still far from the conventional PU ones (1-15 min) or the
PHU ones produced by the optimized water-induced self-
blowing procedure described above. Strategies to accelerate the
PHU self-foaming promoted by thiols have primarily focused
on modifying the process itself as exemplified by Torkelson.>”
The decoupling of the gelation and foaming steps reduced the
foaming time from hours to about 30 min, however a high
foaming temperature (120 °C) was still required. This was
achieved by a short pre-foaming step at 80 °C for 3-6 min to
increase the formulation viscosity, followed by foaming for
20 min, at 120 °C. Further decreasing the foaming time while
significantly decreasing the formulation temperature was not
possible by this process. Recently, Verdejo reported the fast
fabrication of thiol-induced CO, self-blown polymers from r.t.
reactive formulations by designing the partial carbonatation of
epoxide (85% of cyclic carbonate and 15% of epoxide) to drive
the foaming.*® According to the formulation composition pre-
sented in their article and FT-IR analysis, the foams contain a
low hydroxyurethane content and are predominantly cross-
linked by thioether bonds.

In this work, we address the challenge of rapidly producing
PHU foams by the thiol-assisted self-foaming process from
room temperature (r.t.) formulations. Herein, we explore the
influence of the nature of the thiols on their ability to undergo
S-alkylation by reaction with the cyclic carbonate, and thus the
foaming. Model reactions carried out with aliphatic and aro-
matic thiols enable us to understand why the S-alkylation is
facile with aromatic thiols under catalyst-free conditions. By
utilizing some epoxide additives to the formulations, PHU
foams were rapidly produced from r.t. formulations without
the need for any catalyst. Ultimately, our evaluation of the
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foam properties revealed the system’s versatility, as it allows
the straightforward production of both flexible and rigid
foams using aromatic thiols.

2. Experimental
2.1. Products

Trimethylol propane triglycidyl ether (TMPTE, Aldrich, techni-
cal grade), butanediol diglycidyl ether (BDGE, Aldrich >95%),
DER 332™ (Aldrich), propylene carbonate (Pc, Aldrich, 98%),
epoxidized soybean oil (ESBO, Vandeputte), m-xylylene
diamine (XDA, Aldrich, 99%), 1,2-bis(2-aminoethoxy)ethane
(EDR 148, TCI, >98%), tetrabutylammonium iodide (TBAI,
Aldrich, 99%), 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU, Sigma
Aldrich, 98%), hydrotalcite synthetic (HTC, MggsAl,(CO;)
(OH);6'4H,0, Aldrich), triethylamine (TEA, Aldrich, 99%), 1,3-
bis(aminomethyl)cyclohexane (cis- and trans-mixture) (1,3 BAC,
TCI, 98%), benzylamine (Aldrich, 99%), 2,2'-(ethylenedioxy)
diethanethiol (T1, EDR-diSH, Aldrich, 95%), 1,3,4-thiadiazole-
2,5-dithiol (T2, bismuthiol, ABCR, 95%), 4,4’ thiobisben-
zenthiol (T3, Aldrich, 98%), thiophenol (T4, Alfa Aesar, >99%),
and Portaflame SG63 (POR, Sibelco Europe MineralsPlus) were
used.

2.2. Method and characterization

The gel contents were measured in triplicate by incubating
foam samples in 20 mL of THF for 24 h according to the fol-
lowing formula: GC = 100 x %, where m; and m, are the mass
before immersion and the mass after immersion and drying,
respectively.

The foam density was assessed in triplicate by weighing the
foam and dividing its mass by its volume.

The ATR spectra were recorded using a Nicolet IS5 spectro-
meter (Thermo Fisher Scientific) equipped with a transmission
or 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 ecm™. Spectra were analyzed with
ONIUM™ (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 spec-
trometers at 25 °C in the Fourier transform mode.

Differential scanning calorimetry (DSC) was performed on
a DSC250 TA Instruments calorimeter. The equilibrated T, was
measured on the first ramp of temperature (—40-80 °C, 10 °C
min~"). Then, the DSC sample was allowed to stand at 80 °C
for 2 h. A second cycle from —40 to 120 °C at 10 °C min~" was
then carried out to measure the T, of the dried sample.

Scanning electron microscopy (SEM) was realized with a
QUANTA 600 apparatus microscope from FEI. The cell size dis-
tribution was calculated by mean diameter measurements of
at least 100 cells.
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Compression measurement. Compression measurement was
performed with an Instron machine in compression under a
quasi-static deformation mode with an initial deformation rate of
0.0025 s~ on a square sample of around 1.5 x 1.5 x 1.5 cm and
of known density in triplicate. A force cell of 10 kN was used for a
rigid foam and a force cell of 0.5 kN was used for a more flexible
foam. The compression modulus was calculated as the linear
regression of the steepest part of the stress-strain curve (2% of
strain width) of the elastic region (inspired and adapted form Li
and Aspden’s work).”” The loading-unloading cycle was obtained
in a similar way, using the same deformation speed (0.0025 s™)
during the loading and unloading cycle. The hysteresis loss
was calculated according to the following formula:
area loading — area unloading

area loading
area loading and area unloading are the air under the stress-
strain curve until 50% deformation calculated using the “trapz”
integration method of the scipy.integrate module of python3.12.

Water uptake measurement. Samples of 1 cubic
centimeter of foam were first dried and weighed before incu-
bation in a climate chamber at 80% relative humidity and
25 °C for 48 h. Then the samples were weighed again and

the water uptake was calculated using the formula:

2

my — My
water uptake = 100 x ———, where m; and m, are the mass
my

of the dried sample and the mass after incubation at con-
trolled humidity, respectively.

x 100,*®  where

Hysterisisloss =

2.3. Procedure for thiol-induced foaming

Classical foaming procedure. TMPTC (5 g, 5CC =
34.5 mmol) and the thiol (SH = 8.6 mmol) were mixed
together, then DBU (260 mg, 1.7 mmol) and XDA (1750 mg,
NH, = 25.7 mmol) were added in this order in a square silicon
mold (S = 16 cm?). The mixture was then mechanically mixed
for 1 min. The mold was placed in a preheated oven at 100 °C.
The foam was cured for 3 h at 100 °C. The thiol was chosen
from 2,2'-(ethylenedioxy)diethanethiol (EDR diSH, T1,
760 mg), 1,3,4-thiadiazole-2,5-dithiol (bismuthiol, T2, 650 mg)
or 4,4-thiobisbenzenthiol (T3, 1.08 g). 5CC, NH,, and SH
respectively state the number of cyclic carbonate, primary
amine, and thiol functional groups in the molecule.

Fast foaming procedure. TMPTC (5 g, 5CC = 34.5 mmol) was
preheated in a square silicone mold (S = 16 cm?) at 100 °C
until it reached this temperature. Thiol T1 (760 mg), T2
(650 mg) or T3 (1.08 g) (SH = 8.6 mmol) and DBU (260 mg,
1.7 mmol) + XDA (1750 mg, NH, = 25.7 mmol) were preheated
separately at 100 °C for 10 min. Thiol was first added to
TMPTC and briefly mixed before the diamine/DBU mixture
was poured into the mold. The mixture was then mixed
mechanically for 0.5 min in the oven or until foaming started.
The foaming was allowed to proceed at 100 °C for 5 min, 15
and 30 minutes. The experiment was repeated without adding
DBU or using an excess of XDA (2350 mg, NH, = 34.5 mmol).
5CC, NH,, and SH respectively state the number of cyclic car-
bonate, primary amine, and thiol functional groups in the
molecule.

194 | Polym. Chem., 2025, 16, 192-203

View Article Online

Polymer Chemistry

Room temperature foaming procedure. In a plastic (PE)
bottle of 8 cm height and 6 cm diameter, TMPTC (17.9 g, 5CC =
124 mmol) and epoxide (epoxide function = 124 mmol) were
mixed together until a homogeneous mixture was obtained. The
diamine (NH, = 186 mmol) was then added and mixed for 30
seconds until homogenized. Finally, the thiol (SH = 62 mmol)
was added and briefly mixed for 15 s. The exotherm was
measured with a Martindale DT173 temperature probe through-
out the reaction time. The probe was introduced at the center of
the formulation. When the formulation reached 80-100 °C, the
formulation was briefly mixed manually with a spatula to favor
good homogeneity of the thiol in the formulation until the foam
started to expand. The foam was allowed to cure until it had
spontaneously cooled to room temperature. 5CC, NH,, and SH
respectively state the number of cyclic carbonate, primary amine,
and thiol functional groups in the molecule. We recommend car-
rying out these experiments with caution, as they cause signifi-
cant exotherms during foaming. The described formulation com-
positions have been optimized to provide the desired exotherm
for the target foam volume. When targeting other volumes of
foams, the formulations have to be adapted to control the exo-
therm, as is usually done in conventional PU foaming.

Model reaction between thiol and propylene carbonate.
Propylene carbonate (Pc, 0.51 g, 5 mmol), thiophenol (0.55 g,
5 mmol) and triethylamine (0.5 g, 5 mmol) were preheated at
100 °C for 5 min in an oil bath. All the components were then
mixed and allowed to react for 5 min at 100 °C in a sealed
tube. Three drops of the mixture were collected and solubilized
in 700 pL of deuterated DMF in a NMR tube that was rapidly
cooled to —20 °C to quench the reaction before "H-NMR ana-
lysis. The experiment was reproduced using 1-butanethiol
(0.45 g, 5 mmol). The results are presented in Fig. 2.

Measurement of the exotherm of the amine-thiol salt for-
mation. Thiol (SH = 13.7 mmol) was placed in a silicon mold
of h =30 mm, d = 15 mm (wall thickness = 1 cm), then m-XDA
(0.94 g, 13.7 mmol) was added to the thiol and briefly mixed
for 10 seconds. Temperature was measured with a Martindale
DT173 temperature probe along the reaction time. The results
are presented in Fig. 8.

Measure of the exotherm of the thiol-epoxide reaction. Thiol
(SH = 13.7 mmol) was placed in a silicon mold of # = 30 mm,
d = 15 mm (board width = 1 cm), then 1,2-epoxydodecane
(2.52 g, 13.7 mmol) was added to the thiol and briefly mixed
for 10 seconds. The temperature was measured with a
Martindale DT173 temperature probe throughout the reaction
time. The results are presented in Fig. 8.

Measurement of the exotherm of the thiolate salt-epoxide
reaction. Thiol (SH = 13.7 mmol) was placed in a silicon mold
of ~ =30 mm and d = 15 mm (wall thickness = 1 cm), then
m-XDA (2.82 g, 41.1 mmol) was added to the thiol and briefly
mixed for 10 seconds. After total cooling of the mixture to
room temperature, 1,2-epoxydodecane (2.52 g, 13.7 mmol) was
added to the thiol and briefly mixed for 10 seconds. The temp-
erature was measured with a Martindale DT173 temperature
probe throughout the reaction time. The results are presented
in Fig. 8.

This journal is © The Royal Society of Chemistry 2025
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Model reaction of the thiol/epoxide reaction. In a closed
glass vial, 1,2-epoxydodecane (1.2 g, epoxide = 6.5 mmol), thiol
(SH = 6.5 mmol) and finally the catalyst were added in this
order and then mixed briefly at room temperature before
being thermostatized for 15 min at r.t. Then a sample was
picked out, directly solubilized in CDCl; and maintained at
—20 °C to avoid any further reaction. The sample was then ana-
lyzed by 'H NMR. It was noted that instead of using 4,4-thio-
bisbenzenthiol that presents very low solubility and bad dis-
persion in this epoxide, we used thiophenol as a model aro-
matic thiol compound. The results are presented in Fig. 8.

3. Results and discussion
3.1. Aromatic thiol-induced self-blown PHU foams at 100 °C

Based on the hard and soft acid base theory of Pearson, the
reactivity of S-nucleophiles is dictated by an interplay between
the acidity and the charge delocalization of the sulfur elec-
trons,*® and aromatic thiols should present higher reactivity
vs. cyclic carbonates than aliphatic ones. To assert this, the
widely used aliphatic, 2,2-(ethylenedioxy)diethanethiol (T1;
Fig. 1A),°*?%3%%° taken as a reference, was compared with an
aromatic thiol (i.e. bismuthiol (T2)*" or 4,4"-thiobisbenzenthiol
(T3)) in a typical formulation composed of a CO,-based tri-
cyclic carbonate (TMPTC), a diamine (XDA) and DBU as the
catalyst ([5CC]/[NH,]/[SH]/[DBU] in a ratio of 1/0.75/0.25/0.05).
The three formulations were tested according to two different
foaming procedures and validated for the water-based self-
foaming process: (1) preheating the components at 100 °C
before mixing them for foaming (fast foaming procedure), and
(2) mixing the components at r.t., followed by heating the for-
mulation at 100 °C (classic foaming process).”®

When using the classic foaming procedure, aliphatic thiol
T1 showed a delayed foam expansion in comparison with the
aromatic thiols with a time to initiate the expansion of 30 min
for T1, 20 min for T2 and 10 min for T3 (Fig. 1B1). The foam
density was also higher when using T1 (355 kg m™ for T1 vs.
203 and 310 kg m~> for T2 and T3, respectively) with similar
gel contents (GCry = 92%, GCry = 90%, GCr3 = 86%) (Fig. 1C1).
The lower foam densities as well as the shorter foaming times
obtained with the aromatic thiols were assumed to be the
result of the faster S-alkylation of the cyclic carbonate, promot-
ing faster production of the blowing agent together with faster
cross-linking. Importantly, despite both aromatic thiols being
solid compounds, T2 and T3 were easily dispersed in the PHU
formulation and became soluble at the foaming temperature.
Moreover, T2 is available on a large scale and at low cost. They
are also more convenient to use as they are almost odorless.

Remarkably, when applying the fast foaming procedure, the
foaming started after only 15 seconds with T2 and instan-
taneously with T3, and complete foam expansion was obtained
after 2 min with T2 and 1 min with T3 (Fig. 1B2). PHU foams
with a high gel content (>90%) and densities of 185 (with T2)
and 166 kg m~> (with T3) were obtained after 30 min of curing
(Fig. 1C2). This is in sharp contrast to the same experiment

This journal is © The Royal Society of Chemistry 2025
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carried out with the aliphatic thiol T1 where the foaming
started after 2 min, with an expansion that lasted 10 min, and
a final density of 372 kg m™ (GC = 86%). Importantly, while
the formulation containing the aliphatic thiol T1 did not
provide any foam in the absence of the DBU catalyst, we dis-
covered that PHU foams could be produced with T2 or T3
under catalyst-free conditions (Fig. 1B3 and C3). The expan-
sion window (the time between the start and end of expansion)
was only slightly extended by about 1 min, while similar foam
densities and gel contents were obtained. We hypothesized
that the diamine monomer (XDA) was sufficiently basic to acti-
vate the more acidic aromatic thiols T2 and T3, consequently
accelerating the S-alkylation rate, and thus the CO, formation
and foam crosslinking.

To support this hypothesis, we monitored some model reac-
tions by "H-NMR spectroscopy (Fig. 2). The first one involved
reacting a model cyclic carbonate (propylene carbonate, Pc)
with a model aromatic thiol (T4, thiophenol) or an aliphatic
one (T5, 1-butanethiol) in a stoichiometric ratio and under
solvent- and catalyst-free conditions (after preheating the two
components to mimic the fast foaming process). No reaction
occurred after 5 min at 100 °C in the two cases. When triethyl-
amine (1 eq. vs. propylene carbonate) was added to mimic the
basicity of the diamine in the PHU formulation, S-alkylation
was observed with thiophenol, with a propylene carbonate con-
version of 53% after 5 min. No reaction was noted with 1-buta-
nethiol in the presence of NEt;. This set of experiments sup-
ported the aromatic thiol being activated for the S-alkylation
by the weak base. The basicity of the diamine comonomer in
the PHU formulation was thus sufficient to catalyze the for-
mation of the blowing agent in the presence of the aromatic
thiols (T2 or T3).

Despite the gas generation being sufficiently fast to
promote rapid expansion of the foam, we observed that 30 min
of reaction was needed to reach high gel contents. Indeed, on
using a standard formulation (TMPTC, XDA and T2;
[5CC]:[NH,]:[SH] = 1:0.75:0.25) with the fast foaming
process under catalyst-free conditions, the gel content values
increased gradually with the reaction time, from 24% after
5 min to 91% after 30 min, with no significant difference in
the foam density (142 kg m~?) (Fig. 3A). FT-IR analysis showed
that the 5CC conversion was quite low after 5 min with an
intense band of the carbonyl elongation at = 1800 cm™*
(Fig. 3B). Although the foam was fully expanded and did not
collapse after 5 min, only partial conversion of the cyclic car-
bonate was noted, leading to a poorly cross-linked structure as
evidenced by the low gel content.

To increase the gel content after 5 min of reaction, we
slightly increased the amine content from 0.75 to 1 eq. Under
these conditions ([5CC]:[NH,]:[SH] = 1:1:0.25), a gel
content above 90% was reached after 5 min (Fig. 3A), together
with the almost total consumption of 5CC groups as demon-
strated by FT-IR (Fig. 3B and Fig. S21). Importantly, the foam
(155 kg m™®) was easily and directly demoldable after this
short reaction time without the need to cool the whole system
(foam and mold). This is particularly relevant for industrial
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Fig. 1 Thiol-induced self-blown PHU foaming. (A) Structure of the monomers and scheme of both reactions leading to PHU foams. (B) Expansion
windows of the foams for the classic procedure (B1, mixing all components at room temperature before heating for 3 h at 100 °C), the fast pro-
cedure (B2, preheating the components to 100 °C before mixing them together and then curing for 30 min at 100 °C) and the fast foaming pro-
cedure under catalyst-free conditions (B3); T1, T2, and T3 refer to the thiols presented in A. (C). Densities and gel contents of foams obtained by the
different foaming procedures (measured after 3 h for C1 and 30 min for C2 and C3). Conditions: TMPTC (5CC = 1 eq.), XDA (NH, = 0.75 eq.), thiol
(SH = 0.25 eq.), DBU (0.05 eq. for classic foaming and fast foaming 0 eq. for catalyst free fast foaming). Characteristics of the different foams are pre-
sented in Table S1. 5CC, NH; and SH state the number of cyclic carbonate, primary amine and thiol groups within the molecules.

applications where a high turnover is required during pro-
duction, e.g. in the RIM process.

Based on this improved formulation ([5CC]/[NH,]/[SH] = 1/
1/0.25), we produced a range of PHU foams under catalyst-free
conditions in 5 min at 100 °C with two aromatic thiols (T2 and
T3) or different diamines (XDA for F1 and F3 or EDR 148 for
F2) (Fig. 4 and Table S27). With T2, exchanging XDA (F2) and
EDR 148 did not significantly influence the cell size (1.3 mmy;
Fig. 4A), the gel content (GC = 93%, Fig. 4C) or the density
(155 vs. 156 kg m™>). As expected, the most significant differ-
ence was observed for the thermo-mechanical properties with
a lower T, (7.9 vs. 34 °C; Fig. 4D) and compression modulus
(0.011 vs. 8.3 MPa; Table S31) for the EDR-based foam com-
pared to the XDA-based one. A flexible foam was thus obtained

196 | Polym. Chem., 2025, 16, 192-203

with EDR 148 and a rigid one with XDA. Note that for the XDA-
based foam, we noticed the abrupt rupture of some rigid cells
leading to stress release and giving a saw-tooth shape to the
compression curve (Fig. 4B). This unusual shape of the stress/
strain curve of F3 was certainly linked to the brittleness of the
foam (see Fig. S107 for pictures of the foam before and after
compression).

Substituting T2 for T3 (formulation F3, Fig. 4A) delivered
inhomogeneous foams with very large cells (d > 5 mm), coexist-
ing with smaller ones (d < 1 mm). This is due to the higher
reactivity of T3 (foam expansion is faster than that with T2 as
illustrated in Fig. 5B1-B3) which promoted rapid production
of the blowing agent when the matrix was still poorly cross-
linked and exhibited an inappropriate viscosity. This could not

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Propylene carbonate (Pc) conversion when reacted with thio-
phenol (T4) or 1-butanethiol (T5) in the presence or absence of triethyl-
amine (TEA) determined by 1-H NMR spectroscopy (see Fig. S11 for NMR
spectra). Conditions: propylene carbonate (5 mmol), thiol (5 mmol), TEA
(5 mmol), preheating of the components at 100 °C before mixing them,
followed by reaction at 100 °C for 5 min in a closed vial.

avoid some coalescence of the growing cells within the matrix.
As expected, this foam also showed a rigid character attested
by a compression modulus of 2.97 MPa for 124 kg m ™ (due to
foam heterogeneity, the density of the tested sample differs
from the overall density) (F3, Fig. 4B). It is worth mentioning
that as well as accelerating the foaming process and getting rid
of any catalyst, the use of an aromatic thiol greatly broadened
the variety of accessible foams, from flexible to rigid ones.
This is an improvement compared to the previous foams
obtained with aliphatic di- or poly-thiol****3>° that presented
a flexible character with a low T, (<10 °C), even when prepared
from the rigid diamine XDA (entries 1 and 2, Table S1f).
However, under more extreme humidity conditions (i.e. incu-
bation for 48 h at 80% relative humidity), the use of aromatic
thiols failed to significantly reduce the hydroplasticization of
the PHU network as shown by the important drop of T, by
more than 30-40 °C in comparison with that under dry con-
ditions (Tables S1 and S27).

The fast foaming process was also found to be compatible
with the presence of different fillers (12 wt% vs. TMPTC). The
addition of hydrotalcite or Portaflame® (a flame retardant) to

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Comparison of foam properties (GC and density) after 5, 15, and
30 min with two different [NH,]:[5CC] ratios under catalyst-free fast
foaming conditions. (A) Gel content and density values of the foams
with different curing times. (B) Infrared spectroscopy after 5 min of
curing (complete spectra of interest are depicted in Fig. S27).
Conditions: TMPTC, XDA, T2, catalyst-free, [SCCI/[NH,I/[SH] = 1/0.75/
0.25 or 1/1/0.25, at 100 °C by the fast foaming process.

the T2-based formulation (foam F4 and F5 in Fig. 4) allowed a
decrease in the foam cell size and an increase in the homogen-
eity, as a result of the nucleating effect of the filler, without
significantly affecting the GC and density (Table S27).

3.2. Thiol-induced room temperature foaming

Despite increasing the kinetics of the gas generation, the reac-
tivity of the aromatic thiol/amine was still not sufficient to
induce foaming from room temperature reactive formulations.
The examples in the previous section showed that the catalyst-
free foaming induced by T2 demands temperatures of at least
100 °C and 80 °C when foaming with T3 (entry 7, Table S27).
As the PHU formation is known to be slightly exothermic, we
monitored the exotherm of the polymerization when all com-
ponents of the formulation were mixed at r.t. The goal was to
evaluate how far the exotherm was from the foaming zone.
Fig. 5 (F8 without epoxide, black curve) shows that the exo-
therm reached around 60 °C which was not sufficient for
foaming.
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DSC thermograms are presented in Fig. S3—-S9.1

Recently, we presented the cascade exotherm strategy as a
solution to improve the foaming of PHU-based formulations
induced by hydrolysis.>* In this approach, epoxides were
added to the formulation, leading to a rapid increase of the
temperature to the foaming zone. The first fast exotherm gen-
erated by the aminolysis of the cyclic carbonates rapidly drove
the highly exothermic aminolysis of the epoxides, thus leading
to fast foaming and crosslinking. Here, we tested this strategy
to induce fast foaming from r.t. formulations as the thiol-
epoxy click reaction is known to be fast and exothermic.**™*®
To do so, addition of the diepoxide BDGE (1 eq. of epoxide
functional group vs. the 5CC functional group) to the previous
formulation containing the aromatic thiol T2 or T3 promoted
a rapid increase in the temperature in the corresponding for-
mulations F8 and F7, respectively (up to 170 °C in less than
5 min, Fig. 5). This exotherm was accompanied by expansion
of the matrix in less than 3 min (d = 229 kg m™ for F8 and
324 kg m~ for F7, Fig. 6) and cross-linking of the formulation
(GC = 96% and 93%, Fig. 6). The infrared spectra of the
different foams confirmed the PHU nature of the foam with

198 | Polym. Chem., 2025, 16,192-203

almost complete disappearance of the carbonyl elongation of
5CC moieties at 1800 cm™" and the appearance of a strongly
intense and new signal of hydroxyurethane functions at
1700 cm™" (Fig. $11-S161). Similar to the observation linked to
Fig. 4A, a foam with a rather larger cell size was obtained with
T3 (F7) in comparison with T2 (F8) (Fig. 7). Nevertheless, in
each case, we noticed a decrease in the cell size in comparison
with the foam obtained without epoxide. This is rationalized
by faster and denser cross-linking in the presence of the
epoxide that stabilized the cell walls during expansion, limit-
ing their coalescence.

Importantly, during the foaming of r.t. formulations, we
observed the formation of some aggregates when the aromatic
thiols were involved, but not with the aliphatic one. The solid
compounds were rapidly formed when all formulation com-
ponents were mixed at r.t., and they then solubilized when the
temperature reached 80-100 °C. This was rapidly followed by
foaming. It was hypothesized that these solid compounds ori-
ginated from the acid-base reaction between the thiol and the
amine, leading to the thiol-amine salt as already observed else-
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where.*® This was further supported by mixing benzylamine
with T2, T3 or thiophenol (T4) without any epoxide, with the
formation of a solid compound that precipitated, together
with a rapid increase in the temperature despite the low quan-
tity of the reagent (2-3 g scale owing to safety concerns)
(Fig. 8B). This was in sharp contrast to the results obtained
with the aliphatic thiol T1 that did not show any precipitate
nor any exotherm when mixed with the amine (Fig. 8B). This
directly explains the important delay observed between the exo-
therm with F7 or F8 (with aromatic thiol) and F6 (with ali-
phatic thiol), the latter requiring three times more time to
reach 100 °C (~9 min vs. ~3 min) during the foaming pro-
cedure (Fig. 5). This difference between the various thiols was
explained by the higher acidity of the aromatic thiols vs. the
aliphatic one.

Thiols are also known to react with epoxides, and this thiol
epoxy-click reaction might be involved in the curing process.
This reaction is however generally efficient at a temperature
higher than 60 °C.**** We decided to test for the occurrence of
this reactionusing model 1,2-epoxydodecane with the aliphatic
thiol T1, the aromatic thiol T3 or the model thiophenol (T4) at
r.t. In all cases, no exotherm was observed (Fig. 8B, blue
curves) and the "H-NMR analysis of the reaction medium after

This journal is © The Royal Society of Chemistry 2025
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15 min at r.t. showed no epoxide consumption (Fig. 8C; T3
was not tested due to its poor dispersibility in the epoxide). On
the other hand, the reaction proceeded well when catalyzed by
DBU (0.05 mol%) and was faster with aromatic thiols (96%
conversion for T4 instead of only 28% for T1; Fig. 8C).
Surprisingly, the reaction of bismuthiol (T2) with the epoxide
occurred rapidly from r.t. with an important exotherm (more
than 100 °C) being reached after 4 min in the absence of any
catalyst (Fig. 8B and C). The '"H-NMR analysis of the model
reaction confirmed 70% epoxide conversion after 15 min of
reaction with the formation of the corresponding adduct
(Fig. S261). However, under the foaming conditions, bis-
muthiol (T2) was not able to directly react with the epoxide
because the thiol/amine acido-basic reaction took place very
rapidly, leading to the corresponding salt, which was unable to
react with the epoxide. This was proved by first reacting bis-
muthiol (T2) with an excess of amine (SH/NH, = 1/3, a similar
composition to that in the foam formulation) before adding
the epoxide. In these conditions, no exotherm (green curve in
Fig. 8B for T2) was observed and almost no conversion of the
epoxide by the thiol was observed by 'H-NMR spectroscopy
(Fig. 8C, T2 amine-salt) at r.t. Whereas thiols are able to
oxidize and form disulfide bonds under basic conditions,
model reaction studies carried out in the presence of amines
did not show the occurrence of this reaction under the
foaming conditions (see section 2.4 for a detailed discussion,
and Fig. S28 and S297 for "H-NMR studies).

Despite the difficulty of fully determining the relative kine-
tics of all possible reactions, we hypothesized that the thiol-
amine acid-base reaction was the first to take place, thus pro-
moting the first exotherm needed to initiate the aminolysis of
the epoxide. The stable thiol-amine salt limited the reaction of
the thiol with the epoxide and 5CC, until the temperature
reached 80-100 °C at which salt dissociation was expected to
occur. Beyond 100 °C, the thiol reacted with 5CC to generate
CO, and with the epoxide.

We then investigated the versatility of the process. Through
careful selection of the amine and epoxide components in the
formulation, it was possible to achieve both flexible and rigid
foams. As expected, the most rigid foam was obtained by com-
bining the most rigid amine (XDA) with the aromatic epoxide
monomer (DER 332), resulting in a foam with a T, of 49 °C
(F11, Fig. 6B). The compressive curve of this foam exhibited
plastic deformation behaviour,*”**® with a modulus of 81 MPa,
a yield stress of approximately 3 MPa, and an almost zero
plateau beyond the yield stress (green curve, Fig. 6C).
Substituting the aromatic epoxide in this formulation with an
aliphatic one (BDGE) significantly altered the characteristics of
the foam. The resulting foam (F8) exhibited a T, value of 28 °C
and a compressive modulus of 5 MPa, consistent with the pro-
perties of a semi-rigid foam (Fig. 6). Additionally, replacing
XDA with the cyclo-aliphatic amine produced a foam (F9) with
a similar T, value but with an enhanced compressive modulus
(23.5 MPa) for a similar density (Fig. 6). The properties of
foam F7 obtained from the other aromatic thiol T3 are in line
with these values (a T, value of 28 °C and a compressive
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Fig. 7 Images and SEM of the different foams obtained from r.t. formulations under catalyst free conditions. Conditions: TMPTC, epoxide, amine,
thiol with [SCC] : [epoxide] : [NH; total] : [SHI =1:1:1.5: 0.5, foaming RT.

modulus of 19.4 MPa; Fig. 6). We observed that aromatic thiols phatic thiol (T1), XDA, and BDGE in the presence of DBU
played a crucial role in achieving rigid or semi-rigid foams. For  exhibited a low T, value of —9 °C together with a low modulus
the sake of comparison, the foam F6pgy produced from the ali- of 0.0192 MPa, resulting in a foam that was significantly more
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are presented in Fig. S23—-S27 in the ESI.{

flexible than the ones discussed in this section (Fig. S307).
Note that in all cases, foams were hydroplasticized by moist-
ure, a common feature for PHU,%:28:29:31:49,50

We also investigated the influence of the epoxide structure
on foaming. For this purpose, we substituted BDGE with epoxi-
dized soybean oil (ESBO) featuring internal epoxides instead
of external ones. Despite being of great interest due to the
good availability and biobased origin of such internal epox-
ides, the low reactivity of the internal epoxides did not allow
generation of a large exotherm and thus, induction of
foaming. Indeed, only a temperature of 42.9 °C was reached
when using ESBO instead of BDGE (Fig. S31C¥) under similar
foaming conditions. The reaction of the thiol with the internal

This journal is © The Royal Society of Chemistry 2025

epoxides was also tested using a model reaction between bis-
muthiol and ESBO. Bismuthiol reacted slowly with ESBO with
the formation of 17% thioether linkage (Fig. S31Af) after
15 min without any catalyst at room temperature with a very
slight exotherm (Fig. S31Bf) compared to 70% thioether
bonding when reacting with 1,2-epoxydodecane (Fig. 8C).
Finally, the combination of both an aliphatic amine (EDR
148) and an aliphatic epoxide (BDGE) resulted in the flexible
foam F10, as evidenced by a T, value below room temperature
(=17 °C) and a low modulus of 0.096 MPa (Fig. 6). The com-
pressive curve in Fig. 6C shows a constant plateau modulus
beyond the elastic region and the foam was able to recover its
shape after compression with a small amount of hysteresis
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loss (hysteresis loss = 17% for 50% compression strain;
Fig. 6D). By repeating the compression cycle 2 more times, we
observed that the modulus during loading decreased from
0.1071 to 0.088 MPa between the first and second cycle and
there was an almost full recovery of the modulus between
cycles 2 and 3 (0.0844 MPa). In contrast, the unloading curves
superimposed quite well and then showed hysteresis losses of
12.8 and 11.5% during unloading respectively for cycles 2 and 3.

4. Conclusions

Thiol-induced self-blown non-isocyanate polyurethane (NIPU)
foams are promising CO,-sourced alternatives to conventional
isocyanate-based foams. However, their production is still slow
(i.e. 30 min at 120 °C), far from the 1-10 minutes required for
many industrial foaming processes. Herein, we investigated
the reasons for these slow processes, and developed optimized
strategies for the production of NIPU foams in short time
frames (5 minutes) notably by replacing aliphatic thiols with
aromatic ones. Remarkably, as aromatic thiols are more acidic
than aliphatic ones, the amine comonomer was basic enough
to catalyze the S-alkylation, thus leading to fast foaming
(5 min) at 100 °C without requiring an organobase catalyst
(DBU) as is commonly used in the original process. Since the
system was not sufficiently reactive for room temperature
foaming, the cascade exotherm strategy employed for the
water-induced self-foaming process was then implemented to
rapidly raise the formulation temperature to the foaming zone
in minutes. Model reactions showed that the higher acidity of
the aromatic thiol led to a strong acid-base reaction with the
amine comonomer. This first exothermic reaction allowed
initiation of the other ones (i.e. the aminolysis of the cyclic car-
bonates and epoxides). This cascade exotherm enabled the
foaming zone to be reached very quickly, delivering stable
crosslinked NIPU foams in 5 minutes under catalyst-free con-
ditions from r.t. formulations. With aliphatic thiols, a strong
organobase catalyst (DBU) was needed to achieve such a
foaming performance. More than accelerating the foaming,
aromatic thiols allowed much more freedom to prepare foams
of very distinct properties. Indeed, by the choice of the amine
comonomer and epoxide, flexible, semi-rigid or rigid foams
presenting T, values from —17 to 49 °C were easily accessible,
such versatility not being possible with the aliphatic thiol.

This work shows that, by a careful understanding of the
foaming process, simple strategies can be implemented to
tackle the low reactivity of cyclic carbonates for the fast self-
blowing of solvent-free NIPU formulations, offering potential
retrofitting of existing PU foam production plants.
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