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This work reports the synthesis of lignin-based non-isocyanate polyurethanes (NIPUs) via transurethanisa-
tion (TU), aiming to develop biobased and recyclable covalent adaptable networks (CANSs). A kinetic study
of a model TU reaction enabled the selection of four catalysts for the preparation of crosslinked NIPUs
from a Kraft lignin-derived polyol and hexamethylene dicarbamate. All these aromatic materials exhibited
dynamic covalent behavior, allowing stress relaxation and efficient recycling through multiple thermo-
mechanical cycles. The catalyst choice significantly influenced network architecture, mechanical per-
formance, and recyclability. Iron and bismuth/zinc catalysts emerged as promising non-toxic alternatives
to conventional tin-based catalysts, promoting efficient TU while limiting side reactions such as urea for-
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mation, which otherwise can compromise reprocessability. Chemical recycling was also demonstrated as
a potential option for end-of-life valorization. Indeed, TU emerges as a robust and versatile framework for
the synthesis of biobased and circular NIPUs. This approach clearly emphasizes how strategic catalyst
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Introduction

Polyurethanes (PUs) are a major class of polymer materials,
with a global market estimated at 22 Mt in 2023, representing
over 5% of the annual worldwide plastic production.' Thanks
to the diversity of available building blocks, a wide array of
macromolecular architectures can be achieved, leading to ver-
satile properties and a broad range of applications, such as
rigid or flexible foams, coatings, adhesives or elastomers. PUs
are conventionally obtained by polyaddition between polyiso-
cyanates and polyols, both of which are mostly fossil-based.
For several decades, many efforts have been devoted to the
development of biobased polyols for PUs.>* Among the
various biobased feedstocks, lignins are particularly well
suited, thanks to their high content of OH groups, high func-
tionality, and aromaticity (Fig. 1a), which contribute to improv-
ing the final materials’ performance, such as mechanical and
thermal properties. Besides, lignins are widely available from
non-edible biomass, such as wood or agricultural residues.
They are especially obtained as by-products of paper pulp pro-
duction, mostly in the Kraft process. Around 70 Mt per year of
Kraft lignin (KL) are extracted from woody biomass in pulp
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selection is fundamental to tailoring material properties and ensuring recyclability.

mills,>® and 5 to 20% could be isolated without compromising
the energy production coming from its combustion in recovery
boilers in Kraft pulp mills.””® This potentially represents avail-
able amounts of over 10 Mt per year, although the actual
industrial production is still far from these figures.>°
The use of lignins in PUs has been thoroughly studie
However, the development of biobased polyols does not solve
another important issue of PU production, which is the use of
isocyanates.  Isocyanates are toxic and  sensitizing
compounds,'>'® strongly regulated in Europe by REACH, and
synthesized from highly toxic phosgene. Different chemical
strategies have thus been developed to produce non-isocyanate
PUs (NIPUs)."” The reaction between cyclic carbonates and
amines, leading to polyhydroxyurethanes (PHUs), has been the
most studied. Recent developments allowed promising
improvements for applications of PHUs in, e.g., adhesives,
coatings or foams.'®' Lignin has already been successfully
used in PHU synthesis, after chemical modifications to intro-
duce amine**™ or cyclic carbonate groups®*>* into its
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structure.

Beyond aminolysis, another strategy to synthesize NIPUs
relies on the transurethanisation (TU) reaction between polyols
and polycarbamates, which can be easily obtained from polya-
mines and dimethyl carbonate (Scheme 1). Unlike PHUs, this
approach has the advantage of yielding NIPUs with chemical
structures similar to those of conventional PUs, without the
generation of an additional OH group. It can also benefit from
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Fig. 1 (a) Representative structure of KL, (b) scheme of lignin-based polyol synthesis with EC and (c) scheme of NIPU synthesis from lignin-based

polyol and HMDC.

the last decades of research on biobased polyols for PUs, since
they can be directly employed to produce NIPUs by TU. The
synthesis of NIPUs by TU has mostly been applied to
thermoplastics®*~°
crosslinked hybrid networks. Recent studies have shown
that high molar masses can be achieved,*>*° despite side reac-
tions leading to the formation of urea and carbonate linkages
in the NIPU backbone.

Our group recently showed that the TU reaction could also
be applied to synthesise crosslinked, aromatic and biobased

or to oligomeric linear precursors for
40-44

NIPUs from lignins.*” Lignin was first converted into a liquid

Polym. Chem.

polyol containing only primary aliphatic OH groups (Fig. 1b),*®
and reacted with hexamethylene dicarbamate (HMDC) to
prepare NIPUs (Fig. 1c), whose properties can be tailored by
adjusting the lignin content. When the materials were syn-
thesized with an excess of OH with respect to carbamates, free
OH groups present in the network could generate bond
exchange by TU, conferring a Covalent Adaptable Network
(CAN) behaviour to the materials. CANs bridge the gap
between permanent networks and reprocessability, offering
high mechanical performance alongside self-healing and cir-
cularity. By leveraging dynamic covalent chemistry, they allow

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthesis of NIPUs by transurethanisation (TU).

for multiple reprocessing cycles and structural reconfiguration
without losing the crosslinking.

However, this previous work showed that the reprocessabil-
ity of the materials was limited,*” probably because of the use
of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as a catalyst.
Indeed, TBD can promote side reactions leading to the for-
mation of permanent urea or allophanate linkages,* and it
degrades at temperatures above 160 °C,”° leading to a rapid
loss of catalytic activity. In this work, we aimed at overcoming
these limitations and enhancing the material properties and
recyclability thanks to catalyst selection. A thorough evaluation
of the impact of different catalysts on the synthesis, properties
and recyclability of lignin-based NIPUs produced by TU was
performed. A kinetic study of a model TU reaction was used to
select 4 catalysts, which were then employed to synthesize
NIPUs with HMDC and a polyol prepared from KL (Fig. 1c).
The materials were deeply characterized. The recycling poten-
tial of these different lignin-based NIPUs was estimated
through multiple cycles to highlight the potential of the TU
reaction for the safe synthesis of biobased and recyclable
NIPU-based CANs.

Experimental section
Materials

Softwood Kraft lignin (Lineo®, KL) was kindly provided by
Stora Enso. It was dried in a vacuum oven at 40 °C overnight
prior to use. Dimethylcarbonate (DMC, 99%) and ethylene car-
bonate (EC, 99%) purchased from Alfa Aesar.
Hexamethylenediamine (HMDA) was purchased from BASF.
Polyethylene glycol with M,, = 300 g mol™" (PEG300) was pur-
chased from Acros Organics. Polyethylene glycol monomethyl
ether with M, = 500 g mol™" (PEG500MM) was provided by
Fluka Analytical. Potassium carbonate (K,CO;, >99%) and
sodium hydroxide (NaOH, >97%) were bought from Fischer
Scientific and VWR, respectively. Zirconium(iv) acetylacetonate
(97%), iron(m) acetylacetonate (97%), dibutyltin dilaurate
(95%), chromium(ir) acetylacetonate (97%), and triazabicyclo
[4.4.0]dec-5-ene (TBD, 98%) were purchased from Sigma-
Aldrich. Bis-(dodecylthio)dioctylstannane (Niax LC5612) and
bismuth/zinc octanoate blend (Reaxis C717) were supplied by

were
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Momentive and Reaxis, respectively. Deuterated chloroform
(CDCl3, 99.8%) was purchased from Eurisotop.

Synthesis of hexamethylene dicarbamate (HMDC)

HMDA (50 g, 430 mmol, 1 eq.), DMC (388 g, 4.3 mol, 10 eq.),
and TBD (6 g, 43 mmol, 0.1 eq.) were stirred under argon at
90 °C for 14 h. The reaction mixture was then cooled down to
room temperature and placed in an ice bath for 2 h, resulting
in the precipitation of the product. The precipitate was recov-
ered by filtration, rinsed with water, and dried under vacuum
overnight. HMDC was obtained as a white powder with an
average yield of 92% (2 replicates).

'H NMR (400 MHz, CDCl,): § (ppm) 4.69 (br, 2H, NH), 3.64
(s, 6H, CH;, d), 3.14 (m, 4H, CH,), 1.47 (m, 4H, CH,), 1.31 (m,
4H, CH,).

Kinetic study of the model TU reaction

HMDC (1 g, 4.3 mmol, 1 eq.), PEG500MM (4.3 g, 8.6 mmol, 2
eq.), and the catalyst (0.9 mmol, 0.2 eq.) were stirred in a
round-bottom flask under argon at 140 °C for 24 h. Aliquots
were taken every hour from 0 to 6 h and at 24 h and analysed
by 'H NMR in CDCl;. The yield of the urethane product was
calculated by comparing the integrations of the peaks at
4.16 ppm (-CH,-O-C(O)- in the newly formed urethane
product) and 3.12 ppm (-CH,-NH-C(O)- in HMDC and in the
newly formed urethane product).

Synthesis of lignin-based polyol

Lignin-based polyol was synthesized according to a known pro-
cedure.*® PEG300, KL and EC were dried overnight at 40 °C
under vacuum. KL (80 g, 6.33 mmol g of reactive groups, i.e.
the sum of OH + COOH), PEG300 (120 g), EC (49 g, 0.56 mol,
1.1 eq. with respect to the reactive groups in KL), and NaOH
(5.3 g, 0.13 mol, 0.25 eq. with respect to the reactive groups in
KL) were placed in a round-bottom flask under mechanical
agitation and reacted at 130 °C for 4 h under argon. The brown
liquid lignin-based polyol obtained at the end of the reaction
was used without further purification. The conversion of
phenol groups was 100%, and the final OH content of the
polyol was 7.22 mmol g~*, as measured by *'P NMR.

Polym. Chem.
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NIPU synthesis

Polyol (10 g, 72.2 mmol of OH, 1 eq.), HMDC (7.55 g,
32.5 mmol, 0.45 eq.) and the catalyst (0.05 eq.) were stirred
mechanically in a round-bottom flask at 120 °C under argon
until a homogeneous mixture was obtained. The mixture was
then poured into a PTFE plate and incubated in an oven under
an argon flux at 140 °C for 3 h, then at 160 °C for 1.5 h, and
finally at 160 °C under vacuum for 30 min. The obtained
material was then pressed into a sheet (100 mm x 100 mm x
1 mm) by compression molding (30 min at 160 °C under
150 bar) using a hydraulic press (Lab Tech Engineering
Company Ltd).

NIPU recycling

Dry NIPU sheets were finely ground in a small grinder.
For thermomechanical recycling, the powder was directly
thermo-compressed into a sheet under conditions similar to
those of NIPU synthesis (30 min at 160 °C under 150 bar).
For chemical recycling, 10 g of material and 100 mL of
methanol were introduced into a 300 mL Parr reactor. The
reactor was flushed with argon before being sealed and
heated at 140 °C under agitation for 24 h, reaching a
maximum pressure of about 10 bar. After cooling down to
room temperature, the brown homogeneous liquid obtained
was then evaporated under vacuum at 40 °C, yielding the
depolymerized mixture. The mixture was then cured, as in
the case of the initial NIPU synthesis, to obtain the chemi-
cally recycled material.

Characterization studies

'H and *'P NMR spectra were recorded on a Bruker 400 MHz
spectrometer at 25 °C. For '"H NMR, 16 scans were recorded.
*'p NMR of lignin was performed according to the standard
protocol.> 128 scans were acquired with a 15 s relaxation
delay.

Fourier transform infrared (FTIR) spectra were acquired
with a Nicolet 380 spectrometer from Thermo Scientific,
equipped with an attenuated total reflectance (ATR) diamond
module. 32 scans recorded in the range of
4000-500 cm ™.

Differential scanning calorimetry (DSC) was performed on a
DSC 25 Discovery series (TA Instruments). Samples were first
equilibrated at 105 °C for 10 min, then cooled down to —60 °C
at 10 °C min™" and finally heated to 200 °C at 10 °C min™". T,
was recorded as the change in slope during the second heating
run.

Thermogravimetric analyses (TGAs) were performed on
a TGA 2 STAR System (Mettler Toledo). Samples were
heated from 45 to 700 °C at 20 °C min~* under N, or air flow
(25 mL min™%).

The swelling ratio (SR) and gel fraction (GF) were deter-
mined by immersion of dry samples of initial mass m; in
acetone or water for 48 h. After measuring the mass of the
swollen samples (m,), they were dried in a vacuum oven for
24 h at 50 °C, and their final mass m; was measured. The test

were
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was performed in triplicate, and average values and standard
deviations are reported. SR and GF were calculated using eqn
(1) and (2), respectively:

my — ms
— X

SR (% ) = -
f

100 1)

GF (%) = ™ 100 (2)
1

Dynamic mechanical analysis (DMA) and stress relax-
ation experiments were performed on a Discovery
HR-3 hybrid rheometer (TA Instruments). For DMA, rec-
tangular samples (approximately 20 mm x 10 mm X 1 mm)
were tested in torsion mode (0.01% strain, 1 Hz), from
—50 to 150 °C (3 °C min~' ramp). T, was determined at
the maximum of the tand curves. For stress relaxation,
sample discs (25 mm diameter, 1 mm thickness) were
tested using a 25 mm parallel plate geometry. A series of
experiments at different temperatures (from 140 to 180 °C)
were performed successively on the same sample after
equilibration for 20 min, with a fixed gap of around 1 mm
and 1% strain.

Uniaxial tensile tests were performed at 23 °C using an
Instron 68TM-10 universal testing system equipped with a 10
kN load cell, at a constant crosshead speed of 20 mm min™,
following the ISO 527 standard. 5 dumbbell-shaped samples
(45 mm x 5 mm x 1 mm) were cut from the films and tested
until failure. Young’s modulus (E), stress at break (¢) and
elongation at break (¢) are reported as average values with stan-
dard deviations.

Results and discussion
Screening of catalysts for transurethanisation

In our previous work, TBD was used to catalyse the NIPU syn-
thesis by TU,"” but it proved to be inadequate for enabling
reprocessability. Alternative catalysts able to promote the car-
bamate exchange reaction were thus screened (Table 1). Tin-
based catalysts, especially dibutyltin dilaurate (DBTDL, Sn-A),
are routinely used in conventional PU synthesis and have also
been shown to be active for catalysing bond exchange in cross-
linked PUs.”*>® Other tin-based catalysts have been developed

Table 1 Urethane yield after 24 h and the reaction rate constant of the
TU reaction with different catalysts

Urethaneyield & (107°L

Acronym Chemical name after 24 h (%) mol's™)
Fe Iron(m) acetylacetonate 84 6.06 + 0.31
Sn-A Dibutyltin dilaurate 83 4.95 +0.22
TBD Triazabicyclo[4.4.0]dec-5-ene 72 4.25 + 0.62
Bi-Zn Bismuth/zinc octanoate blend 72 2.23 £0.20
Zr Zirconium(iv) acetylacetonate 54 1.51 +0.05
K,CO; Potassium carbonate 62 1.01 + 0.05
Sn-B Bis-(dodecylthio)dioctylstannane 52 0.62 + 0.04
NaOH Sodium hydroxide 28 0.13 £ 0.02

This journal is © The Royal Society of Chemistry 2026
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as alternatives to DBTDL, such as bis-(dodecylthio)dioctylstan-
nane (Sn-B), which was also investigated. However, their high
toxicity makes it necessary to seek more sustainable alterna-
tives.>” Zirconium, bismuth and iron complexes have pre-
viously been described as potential alternatives to tin-based
catalysts, either for the synthesis of PUs, for TU reactions, or to
promote bond exchange in crosslinked PUs.>>**®! We then
evaluated iron(m) acetylacetonate (Fe), zirconium(iv) acetyl-
acetonate (Zr), and a commercial bismuth/zinc octanoate
blend (Bi-Zn). Their chemical structures are shown in Fig. S1
in the SL Since the lignin-based polyols used for the NIPU syn-
thesis are not purified, they contain the basic catalyst
employed in their synthesis. Therefore, we also evaluated the
influence of K,CO3; and NaOH on the TU kinetics, since both
can be used for the polyol synthesis.

A model TU reaction between PEG500MM and HMDC was
performed at 140 °C. Urethane product yield was evaluated by
"H NMR from 0 to 6 h (Fig. 2), with an extension to 24 h to
reach thermodynamic equilibrium (Table 1). Yield was quanti-
fied through the integration of the characteristic signal of the
newly formed urethanes at 4.13 ppm. The corresponding "H
NMR spectra are available in the SI (Fig. S2-S9). The TU reac-
tion was previously shown to be first order with respect to the
carbamate and alcohol, i.e. overall second order.”®®* Rate con-
stants were calculated based on this assumption, as detailed
in the SI (Fig. S10), and the results are provided in Table 1.

Highest yields are achieved with Sn-A and Fe (83-84%), fol-
lowed by TBD and Bi-Zn (72%). These catalysts also gave the
highest reaction rates. The difference between Sn-A and Sn-B
clearly shows that the nature of the ligands also influences the
catalytic activity, as previously reported.”>*° Among the in-
organic basic catalysts tested, K,CO; shows significant activity
to catalyse the TU reaction. Although the rate constant is low
compared to most of the metal catalysts, it leads to a 62%
yield of urethane product after 24 h. Indeed, it has been
recently used as a catalyst for the synthesis of thermoplastic

80
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Fig. 2 Kinetic study at 140 °C of the model TU reaction by *H NMR:
yield of urethane product depending on the catalyst used.
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NIPUs by TU.*> On the other hand, NaOH has practically no
catalytic activity for the TU reaction, with a urethane yield
below 5% after 6 h of reaction. Based on these results, 4 cata-
lysts were selected for materials synthesis: TBD, Sn-A, Fe and
Bi-Zn. NaOH is preferred for polyol synthesis, as it does not
significantly catalyse the TU reaction and therefore does not
influence the study of the TU catalysts.

Elaboration of lignin-based NIPUs by transurethanisation

A lignin-based polyol was synthesized following a reported
methodology.*® Lignin was reacted with EC in the presence of
PEG, leading in a single step to a homogeneous, liquid polyol
containing only primary aliphatic OH groups (Fig. 1b). The
reaction mechanism is detailed in the SI (Scheme S1). The
reaction is catalysed by bases, typically K,CO; or TBD.*”*%%3
However, since the polyols are not purified, the corresponding
catalyst remains present during the NIPU synthesis by TU. In
this case, NaOH was chosen as the catalyst, since its impact on
the TU reaction is moderate (Fig. 2), thus allowing for the
evaluation of various catalysts for the NIPU synthesis by TU.
The lignin content of the polyol was set to 40 wt% with respect
to PEG. Full conversion of the phenolic OH groups of lignin
into aliphatic OH was shown by *'P NMR (Fig. 11 in the SI).

NIPU materials were then synthesized by TU between the
lignin-based polyol and HMDC (Fig. 1c), as in our previous
work,”” but with some adjustments to the process to optimize
material homogeneity and repeatability. The reactants were
first homogenized at 120 °C, above the HMDC melting point,
under mechanical stirring instead of manual mixing, and a
final step under vacuum was added to drive curing to
completion.

The carbamate to OH ratio was set to 0.9: 1, ensuring the
presence of free OH groups within the final networks. The 4
catalysts previously selected were employed, resulting in
4 materials to be compared: NIPU-Sn, NIPU-TBD, NIPU-Fe and
NIPU-Bi-Zn. The chemical structures of the materials were
evaluated by FTIR (Fig. 3). All the materials show a noticeable

a)

NIPU-Bi-Zn

NIPU-TBD

NIPU-Fe

Initial

4000 3600 3200 2800 2400 2000 1600 1200 800 400 1800 1700 1600
v (cm™) v (cm™)

Fig. 3 (a) FTIR spectra of the initial reactant mixture before polymeriz-

ation and the resulting NIPU materials prepared with various catalysts.
(b) Details of the C=0 stretching region.
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decrease of the O-H stretching band of the polyol (3480 cm™),
along with an enlargement of the N-H stretching band of
urethanes (3335 cm™'), indicative of the successful TU reac-
tion. Noticeable differences are evidenced in the C=O stretch-
ing region (1600-1800 cm™, Fig. 3b). For all materials, the
C=0 stretching band of HMDC at 1690 cm™' is shifted
towards higher wavenumbers, confirming its full consumption
during the TU reaction. NIPU-TBD presents two bands at
1662 cm™' and 1625 cm™', which are not visible for the other
materials. They can be assigned to the C=O stretching in free
and H-bonded ureas and may also contain contributions from
allophanate and biuret structures, which are formed by side
reactions during TU. Interestingly, it seems that Sn-A, Fe and
Bi-Zn catalysts can limit such side reactions during the NIPU
synthesis by TU. The large C=O stretching bands may result
from the different configurations of urethane bonds (free or
hydrogen-bonded), as discussed later, and from contributions
of the carboxylate or acetylacetonate ligands of the catalysts
(Fig. S1).

Influence of the catalyst nature on NIPU properties

Swelling ratios (SR) and gel fractions (GF) were measured in
water and acetone, which show diverse affinities for the
different constituents of the materials. PEG is highly soluble
in water, whereas KL is more soluble in acetone. The results
are provided in Table 2. GF values are quite high, from 80 to
87% in water and 72 to 89% in acetone, confirming the cross-
linked nature of the materials. NIPU-TBD presents a higher GF
in acetone than in water, while the opposite is found for the
other materials. It also has the lowest SR in acetone, poten-
tially indicating a higher crosslink density, although its SR in
water is in the middle range. Urea linkages observed by FTIR
potentially act as physical crosslinks via hydrogen bonding,
leading to the low SR and high GF in acetone, but the hydro-
gen bonds can be disrupted in water, causing higher SR and
lower GF.

As compared to NIPU materials prepared from hardwood
organosolv lignin (OL) with a similar formulation in our pre-
vious work,”” GF values are higher and the SR values are lower,
indicating higher crosslinking. This can be related to the
higher functionality of KL compared to the OL previously
employed (6.33 mmol g~* of AI-OH, Ph-OH and COOH in KL
against 4.68 mmol g~ " in OL).

Thermal degradation of the materials was evaluated by TGA
(Table 3 and Fig. S13 in the SI). All the materials present a
high thermal stability, with Tso, above 230 °C under nitrogen

Table 2 Swelling ratios (SR) and gel fractions (GF) of the NIPU materials
in water and acetone

SR H,0 SR acetone GF H,0 GF acetone
Material (%) (%) (%) (%)
NIPU-Fe 52+1 427 80+1 72 £1
NIPU-TBD 41 +1 261 83+1 89+1
NIPU-Sn 41+3 53+1 85+2 75+2
NIPU-Bi-Zn 31+3 48 +1 87 +1 80+2
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Table 3 Main properties of the NIPU materials, as measured by TGA
(under Ny), DSC, DMA and uniaxial tensile tests. For the mechanical pro-
perties, different capital letters indicate statistically significant differ-
ences (HSD Tukey test, @ = 0.05)

Tso Tq Ty Ty E c €
Material ~ (°C) (°C)  (°C) (°C) (MPa) (MPa) (%)
NIPU-Fe 235 346 —14 18 7+1% 1.7+0.2" 28+3*
NIPU-TBD 250 304 -13 20 32+2% 45204° 2724"
NIPU-Sn 241 317 -10 10 10 + 14¢ 1.0 £ 0.3 26 + 8*

NIPU-Bi-Zn 251 312 -4 19 10+1° 4.2+0.3% 72 £28

or air. The main degradation temperature Ty is above 300 °C
for all materials, in a temperature range commonly reported
for both lignin®**® and PEG*®®” main thermal degradations.
The catalyst could potentially influence the degradation
pathway, since NIPU-Fe presents a higher T, than the other
materials (346 °C against 304-317 °C), but further studies
would be needed to understand the phenomenon. DSC ana-
lyses show that all the materials present a T, below ambient
temperature (Table 3 and Fig. 4a). NIPU-TBD, NIPU-Sn, and to
a lesser extent NIPU-Fe present a second inflexion point close
to 120 °C. This temperature is slightly lower than the T, of KL
(143 °C, Fig. S14 in the SI). It could thus be related to a second
Ty, originating from separated domains with a high lignin
content. NIPU-Bi-Zn, which does not present such phase sep-
aration, has a T, higher than the other materials (-4 °C
against —10 to —14 ©°C), probably because lignin is more
present in the “soft” phase since lignin-rich domains are
absent.

Thermomechanical properties were measured by DMA
(Table 3, Fig. 4c and d, and Fig. S15 in the SI). All the NIPU
materials present a broad glass transition, resulting in very
large peaks of tané$. This indicates a complex and hetero-
geneous network morphology, directly linked to the heterogen-
eity of KL. T, values are close to room temperature for all
materials but do not correlate well with the T, values measured
by DSC. The materials present a clear rubbery plateau, confirm-
ing their crosslinked nature. According to rubber elasticity
theory, the crosslink density v is usually calculated from the
value of G’ at T, + 50 °C. However, given the broadness of the
transition observed here, the rubbery plateau is clearly not
reached at T, + 50 °C. It is only reached at about 100 °C for
NIPU-Fe, NIPU-Sn and NIPU-Bi-Zn, whereas NIPU-TBD shows a
different behaviour, with a continuous decrease up to 150 °C,
where the measurement was stopped. Therefore, values of G’ on
the rubbery plateau can only give a trend in the crosslink den-
sities of the materials. NIPU-Sn has the lowest crosslink density,
followed by NIPU-Bi-Zn and NIPU-Fe, confirming the trend of
the SR in acetone. NIPU-TBD has a significantly higher G’ than
the other materials between 0 and 120 °C. It is probably related
to the presence of urea bonds acting as physical crosslinks. The
continuous decrease of G’ with increasing temperature may be
the consequence of the rupture of the physical bonds.

Mechanical properties were then evaluated by uniaxial
tensile tests (Table 3, Fig. 4b and Fig. S16 in the SI).

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Characterization of the NIPU materials by (a) DSC, (b) uniaxial tensile tests, (c) storage modulus G’ and (d) tan § measured by DMA.

Interestingly, significantly distinct behaviours were observed
depending on the catalyst used for NIPU synthesis. NIPU-Fe,
NIPU-Sn and NIPU-Bi-Zn present similar Young’s modulus, in
the range of 7 to 10 MPa. However, NIPU-Bi-Zn has a much
higher elongation at break (72 + 2%), leading to a higher
tensile strength and to the highest toughness of the material
series. It outperforms the mechanical properties of most
lignin-based =~ NIPU  materials reported  to date
(Fig. 817).232427393247 ynlike other materials, a single T, was
detected by DSC for NIPU-Bi-Zn, indicating higher homogen-
eity and the formation of a single phase. The possible phase
separation evidenced by DSC for NIPU-Sn could lead to defects
that cause the early rupture of the material, explaining its
lower tensile strength.

NIPU-TBD has a significantly different behaviour. It pre-
sents a much higher Young’s modulus, more than 3 times the
average value of the other materials, and a high tensile
strength. It is the consequence of the presence of ureas, as evi-
denced by FTIR, which leads to more hydrogen bonds that
contribute to enhancing the mechanical properties. Compared
to a material synthesized in our previous study with a similar
formulation but a different lignin,*” this material has a higher
Young’s modulus (32 against 19 MPa) and a higher tensile
strength (4.5 against 2.5 MPa). It means that the lignin type,
i.e., softwood KL vs. hardwood OL, has a significant impact on
the material properties. Testing additional lignin types could

This journal is © The Royal Society of Chemistry 2026

help better understand and establish the “structure-pro-
perties” relationships.

Characterization of the dynamic behaviour

The NIPU materials were synthesized with a carbamate to OH
ratio of 0.9:1, ensuring that free OH groups were present in
the networks. Free OH groups can thus react by TU with the
urethane bonds constituting the networks, conferring a
dynamic covalent behaviour to the materials.”” Stress relax-
ation measurements were performed to evaluate the impact of
the catalyst on the bond exchange. All the NIPU materials
showed complete stress relaxation between 140 and 180 °C
(Fig. 5a and Fig. S18 in the SI). This shows that TU can be
employed to synthesise NIPU CANs, thanks to an appropriate
network design ensuring the presence of free OH groups
within the networks.

The non-normalized relaxation curves are presented in the
SI (Fig. S18). They were fitted with a stretched exponential
model (Kohlrausch-Williams-Watts function), according to

eqn (3):

G(t) = Goe~ (&) (3)

where G, is the modulus extrapolated to ¢t = 0, z* is the relax-
ation time and f is an exponent characterising the broadness
of the distribution of relaxation times (0 < f < 1).
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Fig. 5 Results of stress relaxation experiments of the NIPU materials: (a) normalized relaxation modulus measured at 160 °C, (b) Arrhenius plot of
the average relaxation times (r) and (c) activation energies E, of the bond exchange process.

The data were accurately fitted by this model for ¢ > 1 s. Fast
relaxation within the first second, which was especially pro-
nounced for NIPU-Fe and NIPU-Sn (Fig. 5a and Fig. S18 in the
SI), was not taken into consideration. The average relaxation
(r) time was calculated according to eqn (4):

()
(r) = /,” (a)

where I' is the gamma function.

For all the NIPU materials, (r) follows an Arrhenius law
(Fig. 5b), from which the activation energy E, could be evalu-
ated (Fig. 5¢). These results clearly show the impact of the cata-
lyst on the relaxation properties. NIPU-Sn shows the fastest
relaxation and NIPU-TBD the slowest, while NIPU-Fe and
NIPU-Bi-Zn present intermediate behaviours (Fig. 5b). The
catalyst efficiencies are different from the results of the model
transurethanisation study (Table 1). At high temperature, the
differences between catalysts vanish, and apart from
NIPU-TBD, all the NIPU materials show similar relaxation
times, with (z) close to 1 min at 180 °C (Fig. 5b and Tables S1-
S4 in the SI), faster than many of the previously reported
lignin-based vitrimers.®*7*

The activation energy E, was also found to be catalyst-
dependent, with Fe and Bi-Zn leading to higher activation
energy than TBD and Sn (Fig. 5¢). E, around 200 kJ mol™*
measured for NIPU-Fe is on the high end of values reported
for vitrimers, a positive feature for achieving fast reprocessing
at high temperature while maintaining high dimensional
stability at usage temperature.

Two distinct mechanisms are known to allow bond
exchange in crosslinked PUs (Scheme S2 in the SI).”
Associative TU can take place in the presence of free OH
groups, as in the present case. However, a dissociative pathway
involving the cleavage of urethanes into isocyanates and
alcohol can also take place, and both mechanisms probably
coexist. The catalyst type is thought to influence the chemical
pathway. Elizalde et al reported that DBTDL seemed to

Polym. Chem.

promote dissociative exchange.”® On the other hand, bismuth
catalysts were shown to promote an associative mechanism,
since isocyanates were not detected in the model study of
Jousseaume et al.® For all the NIPU materials studied here, G,
increases with the temperature (Fig. S18 and Tables S1-S4 in
the SI), as predicted by rubber elasticity theory for CAN follow-
ing an associative bond exchange, i.e. vitrimers.”"””””® These
results thus seem to corroborate previous findings related to
bismuth catalysts but contradict observations on tin catalysts.
However, the increase in G, with temperature could also result
from additional curing or from side reactions that lead to
further crosslinking. Therefore, it cannot be considered defini-
tive evidence of associative exchange, and additional experi-
ments would be required to elucidate the mechanisms govern-
ing bond exchanges depending on the catalyst. Overall, a
deeper understanding of TU reactions would be highly valu-
able for the design of PU CANs and for PU recycling.

Study of the recyclability of the materials

Thanks to their dynamic behaviour, the materials could be
easily recycled by grinding and compression moulding (Fig. 6).
FTIR was used to evaluate the main changes in the chemical
structures of the networks after several reprocessing cycles
(Fig. 7). Changes in the C=O stretching region were noticed
after reprocessing for all the materials. The shape of the C=0
in urethane bonds changes significantly, and new peaks at
1662 and 1625 cm™ ', which are characteristic of ureas, appear
after reprocessing and tend to increase with further reproces-
sing cycles. This means that side reactions leading to urea for-
mation happen during thermal reprocessing, regardless of the
catalyst.

To evaluate the proportion of ureas formed during the
reprocessing, deconvolution of the C=0 stretching region was
performed. The details of the deconvolution are given in the SI
(Fig. S19-S22). The C=O region was accurately fitted with
6 gaussians, corresponding to different configurations of
urethanes (free, ordered and disordered) and ureas (free,
ordered and disordered), in good agreement with results

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Recycling of NIPU materials by grinding and compression
moulding.

recently reported by Jaques et al.*® However, the lignin-based
polyols already show significant absorption in the
1600-1800 cm ™" range (Fig. S23 in the SI), preventing a precise
quantification of the ratio between ureas and urethanes.
Therefore, we discuss here the area of the urea region in the
FTIR spectra, keeping in mind that it may not truly represent
the urea content because of the contribution of the lignin-
based polyol.

Deconvolution confirms that TBD promotes the formation
of ureas during NIPU synthesis, while Fe, Sn and to a lesser
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Fig. 8 Proportion of the C=0 stretching band in FTIR related to ureas
for the different NIPU materials after several reprocessing cycles.

extent Bi-Zn can limit this phenomenon. However, the urea
content rises after reprocessing, regardless of the catalyst
(Fig. 8). The lowest urea contents are obtained with Fe and Bi-
Zn, confirming their interest as TU catalysts for the synthesis
of NIPUs. Ureas are often observed during NIPU synthesis by
TU. They can form by the cross-metathesis of methyl carba-
mates, leading to the release of dimethyl carbonate
(Scheme S3 in the SI).%® However, the NIPU materials were syn-
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Fig. 7 FTIR spectra of the NIPU materials after several reprocessing cycles: (a) NIPU-Fe, (b) NIPU-TBD, (c) NIPU-Sn and (d) NIPU-Bi-Zn.
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thesized with an excess of alcohol, meaning that most of the
methyl carbamates have been consumed during the polymeriz-
ation. The formation of ureas during reprocessing should then

Table 4 Evolution of the thermal and mechanical properties of NIPU
materials after several reprocessing cycles

Material Ty (°C) T,(°C) E(MPa) o (MPa) e (%)
NIPU-Fe —-14 18 7+1 1.7+0.2 28+3
NIPU-Fe-R1 —-13 21 8+1 2.2+0.4 43 +6
NIPU-Fe-R2 —13 10 29+3 2.5+0.2 29+4
NIPU-Fe-R3 —-15 13 41+ 2 2.0+0.4 14+4
NIPU-TBD —-13 20 32+2 4.5+0.4 27 +4
NIPU-TBD-R1 —22 3 83+2 5.5+0.4 18+3
NIPU-TBD-R2 =21 1 82 +14 4.4 +0.2 14 +1
NIPU-TBD-R3 —28 —4 97 £8 4.0 +0.2 9+1
NIPU-Sn —-10 10 10+1 1.0+0.3 26+ 8
NIPU-Sn-R1 -17 1 21+1 1.3 +£0.2 14 +2
NIPU-Sn-R2 —-19 —6 49 +1 2.1+£0.1 11+1
NIPU-Sn-R3 —-23 —-11 82+2 2.9+0.3 9+2
NIPU-Bi-Zn —6 19 10+1 4.2 +0.3 72+ 2
NIPU-Bi-Zn-R1 -8 17 15+1 2.3+0.3 35+4
NIPU-Bi-Zn-R2 -9 9 23 +£1 2.8+0.4 3517
NIPU-Bi-Zn-R3 —14 8 38+3 3.4+£0.2 28+1
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involve a different mechanism. The cross-metathesis mechanism
described by Kébir et al® could also involve non-terminal
urethane groups, but it should lead to the formation of carbonate
linkages within the polymer chains, in addition to the urea lin-
kages. However, signals of carbonates are not seen on the FTIR
spectra. As in our previous study, we noticed that water seemed to
play a dramatic role in urea formation, which would point to a
potential dissociative mechanism where isocyanates formed by
dissociation of urethanes could react with residual water, forming
amines and later urea linkages (Scheme S4 in the SI). The pro-
nounced hydrophilic character of the materials, due to their high
contents of PEG and KL, makes the mitigation of hygroscopicity a
significant challenge, as the materials tend to absorb moisture
despite rigorous drying protocols before the reprocessing cycles.

Except for NIPU-Fe, all the materials show a progressive
decrease of T, after reprocessing (Table 4 and Fig. $25 in the
SI). A second relaxation around 120 °C is observed for all
materials after reprocessing (Fig. S24 in the SI), even when it
was absent on the virgin material, such as for NIPU-Bi-Zn.
This means that the reprocessing tends to increase the phase
separation between lignin-rich domains and a soft phase
mostly consisting of PEG.

T, measured by DMA follows the same decreasing trend as
T, after reprocessing (Table 4 and Fig. S25-529 in the SI).
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Fig. 9 Storage modulus G' measured by DMA of the NIPU materials after several reprocessing cycles: (a) NIPU-Fe, (b) NIPU-TBD, (c) NIPU-Sn and

(d) NIPU-Bi-Zn.
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Furthermore, all the materials show a significant increase in
storage modulus G’ after T,, especially between 30 and 90 °C
(Fig. 9). This is probably related to the observed increase in
ureas, which contributes to enhancing the modulus by acting
as physical crosslinks. Indeed, G' at 60 °C is well correlated to
the area of the urea region measured by FTIR (Fig. S30 in the
SI). For NIPU-Fe and NIPU-Bi-Zn, G’ at high temperature (T >
120 °C) remains in the same order of magnitude after repro-
cessing, indicating that the crosslink density is rather
unchanged. On the other hand, it increases notably for
NIPU-TBD and even more for NIPU-Sn. This means that
additional crosslinking may have occurred, possibly by the for-
mation of allophanates or biurets.®’® Allophanate formation
is known to occur as a side reaction during PU synthesis, with
basic® or tin catalysts.*>®® However, the complexity of the
FTIR spectra does not allow for the identification of allopha-
nates,®” and other analytical techniques should be deployed to
gain further insights into their possible formation.®®

Uniaxial tensile tests reveal that all the NIPU materials
show rigidification after reprocessing, as shown by significant
increases in Young’s moduli (Table 4 and Fig. S31 and S32 in
the SI). The elongations at break tend to decrease, probably
because of increasing phase separation leading to structural
heterogeneity. Interestingly, the Young’s modulus of the NIPU
materials is well correlated to the area of the urea region
measured by FTIR (Fig. S30 in the SI), confirming that the
increase in stiffness is mostly caused by the formation of rigid
urea bonds.

Chemical recycling was also performed on NIPU-Bi-Zn
(Scheme S5 in the SI). Unlike in our previous work, chemical
recycling was successful without further addition of the cata-
lyst."”” The catalyst present in the material was sufficient to
allow its complete depolymerization in methanol. After metha-
nol evaporation, the depolymerized mixture was repolymerized
as for the synthesis of the virgin material. As compared to the
virgin material, the chemically recycled material has a lower T,
(—14 against —6 °C) and a more pronounced phase separation,
revealed by the appearance of a second transition around
120 °C (Fig. S33 in the SI). FTIR shows the formation of ureas
(Fig. S34 in the SI), which leads to an increase in the storage
modulus measured by DMA (Fig. S33 in the SI), as already
seen after thermomechanical recycling. Overall, the chemically
recycled material is similar to the material after the first ther-
momechanical recycling cycle, offering another strong alterna-
tive for improving the end-of-life valorization of these lignin-
based NIPUs.

Conclusion

This study demonstrates the successful synthesis of lignin-
based NIPUs by TU, using a liquid polyol derived from KL and
HMDC. In a preliminary approach, a model study allowed
selecting 4 catalysts, which were then employed to synthesise
NIPUs. By systematically evaluating the impact of the catalysts
on NIPU properties and recyclability, we identified iron(u)

This journal is © The Royal Society of Chemistry 2026
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acetylacetonate (Fe) and bismuth/zinc octanoate blend (Bi-Zn)
as promising non-toxic alternatives to conventional tin-based
catalysts or TBD. These catalysts not only promoted efficient
TU reactions but also limited side reactions such as urea for-
mation, which can compromise recyclability.

Upon adjustment of the stoichiometry between the reac-
tants, NIPU networks containing free OH groups are easily
obtained. This allows dynamic bond exchange leading to CAN
behavior, as evidenced by stress relaxation experiments.
Consequently, all materials could be successfully recycled
three times by a simple thermomechanical process. However,
changes in the chemical structure were identified, with the for-
mation of urea linkages during reprocessing, leading to signifi-
cant changes in the mechanical properties. However, Fe and
Bi-Zn catalysts were able to limit this phenomenon and to
avoid an increase in crosslink density during reprocessing,
thus significantly improving the recyclability. Chemical re-
cycling was also proven to be an alternative option for the end-
of-life valorization.

In the context of the circular bioeconomy, this work clearly
confirms that TU represents a powerful route for developing
circular and biobased NIPUs, where the catalyst nature serves
as a critical parameter for property optimization and recycl-
ability. Subsequent investigations should elucidate the under-
lying exchange mechanisms—whether associative or dissocia-
tive—to better control network dynamics and minimize side
reactions during the reprocessing steps.
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