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Polyurethanes (PUs) are nowadays essential for a wide range of key applications, thanks to their exceptional
and adaptable properties, which arise from their wide variety of macromolecular architectures. However,
conventional PUs are predominantly fossil-based, synthesized from highly toxic isocyanates, and are
difficult to recycle since most of them are thermosets. This study presents a novel approach to address
these issues by developing bio-based, aromatic, and crosslinked non-isocyanate polyurethanes (NIPUs)
derived from lignin, which are synthesized for the first time via transurethanization. This reaction was
used as a simple, powerful and safe polymerization process. This method eliminates the need for lignin
purification and requires only widely available compounds. A comprehensive analysis of the
polymerization process and the resulting NIPU materials was conducted. It was observed that lignin
could be introduced in the crosslinked architectures up to 32 wt%, and these aromatic NIPUs showed
elastomeric behaviors with tunable properties. Additionally, two end-of-life management strategies
based on mechanical and chemical recycling were also evaluated. These bio-based and aromatic

materials offer a promising pathway toward sustainable and easy production of NIPU from lignin while
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Introduction

Polyurethanes (PUs) are a key family of polymers with a large
number of applications, including construction, transport,
furniture, and appliances, because of their versatility and
tunable physical properties.® PUs can exhibit a large range of
mechanical behaviors, bonding strength, impermeability, and
chemical and abrasion resistance.” This major polymer family
accounts for 21 Mt per year, corresponding to around 5% of the
annual worldwide plastic production in 2022.* The PU market is
dominated by flexible and rigid foams (65%), followed by
coatings, adhesives, sealants, and elastomers.*

However, conventional PUs face significant challenges
regarding safety and sustainability throughout their life cycle.
They are mainly derived from fossil-based monomers and
involve the use of isocyanates. Isocyanates are toxic and sensi-
tizing compounds,>® and their production relies on the use of
highly toxic phosgene. Besides, the end of life of PUs is also
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reagents, limited synthesis steps, and waste prevention.

questionable as most of them are thermosetting polymers with
recycling issues. Consequently, their life cycle predominantly
ends in landfills (50%) or incineration (45%), which leads to
environmental hazards.?

Over the last two decades, extensive research has been done
in the field of PUs to develop safer and more sustainable
products. Among the recently developed strategies, the use of
isocyanate alternatives and renewable feedstock” and end-of-life
management possibilities have brought tremendous improve-
ments.>® [socyanates are one of the main research targets in this
field as their elimination would positively affect both safety and
sustainability. In this regard, non-isocyanate polyurethanes
(NIPUs) can be developed through various synthetic path-
ways,”'® such as the very popular aminolysis between cyclo-
carbonates and amines (Fig. 1A) or transurethanization
(Fig. 1B).'*"* The latter approach has been significantly less
studied although it is a safe alternative to the conventional
isocyanate-polyol reaction. Transurethanization is the
urethane-pendant version of transesterification, which involves
the condensation of a hydroxyl group with a carbamate
(urethane). To generate NIPUs, a polycarbamate and a polyol are
reacted (Fig. 1B). The release of a small alcohol compound
drives the reaction to completion. Transurethanization reac-
tants are also less toxic and more stable than isocyanates,
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Fig. 1 Non-isocyanate pathways for the synthesis of NIPUs. (A) Aminolysis: the polyaddition of a polyamine and a polycyclocarbonate. (B)
Transurethanization: the polycondensation of a polycarbamate and a polyol.

making their storage and handling safer. More importantly,
unlike the reactants required for NIPU synthesis by aminolysis
(Fig. 1A), transurethanization reactants can be derived safely
from common building blocks used in conventional PU
synthesis and can be more easily implemented.>'*"** Moreover,
transurethanization-derived NIPUs have structures similar to
conventional PUs, unlike polyhydroxyurethanes (PHUs) formed
via aminolysis (Fig. 1A).

The first report of polyurethane synthesis via transuretha-
nization by Rokicki et al. dates back to 2002."> Two main types of
carbamates have been investigated in the literature: hydrox-
yethylcarbamates (HEC) and methylcarbamates (MC).** MC and
HEC can be formed using amines and safe carbonates.*™*°
However, MC offer clear advantages over HEC. Side reactions
occur with HEC through self-back-biting of hydroxyls, which
creates hard segments in the polymer.''”'* Additionally, upon
transurethanization, MC release a more volatile alcohol
(methanol) that can be easily removed."

In the past decade, a wide range of thermoplastic NIPUs have
been prepared using MC. Aliphatic, cycloaliphatic, aromatic
and bio-based monomers have been shown to perform well.***
Pr. Burel's team has probably published the most on this topic
by preparing NIPUs from a variety of polyamines and
polyols.***¢ They have used transurethanization to create
NIPU oligomer precursors for photocrosslinked NIPUs,>?>%%7
low-isocyanate PUs*® and epoxy-NIPU foams.*® Transurethani-
zation is also well adapted for the synthesis of polycarbonate-
NIPU**° and polyester-NIPU copolymers,* in which the
mechanical properties can be substantially improved thanks to
aromaticity.**

However, the synthesis of thermoplastic NIPUs via transur-
ethanization is still hindered by the relatively low molar masses
achieved.’ Moreover, the large majority of PU applications
necessitate thermoset materials with high thermal and
mechanical performances. This drastically limits the applica-
tions and properties of the formed polymers. Thus, achieving
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the synthesis of sustainable, crosslinked and aromatic NIPUs
would be valuable.

For this purpose, lignin can be used as a bio-based aromatic
polyol crosslinker. Lignin is a low-cost and widely available
second-generation (2G) biopolymer, which is a side-product of
the pulp and paper industries and bioethanol production.?*-*
Lignin is made of phenolic units, but the type of units, inter-
unit linkages and their molar mass distribution vary depend-
ing on the botanical origin and extraction/fractionation process
from lignocellulose. Owing to its aromaticity and high func-
tionality, lignin has proven to be a particularly interesting bio-
based aromatic building block for polymer synthesis,* " espe-
cially for PUs, in the past years.****

In this work, we report the first examples of crosslinked NIPUs
and lignin-based NIPUs obtained via transurethanization. Hex-
amethylenediamine (HMDA) was reacted with dimethylcar-
bonate (DMC) to form hexamethylenedicarbamate (HMDC)
through an optimized synthesis protocol. The kinetics and
selectivity of transurethanization between HMDC and polyols
were studied through FTIR, NMR and thermogravimetric analysis
(TGA). Lignin was converted into liquid polyols (L-pOH) through
a safe and green process.*> These L-pOH were then reacted with
HMDC to form crosslinked NIPUs vig transurethanization. The
amount of lignin and the stoichiometry were varied to study their
influence on the polymer properties. The obtained sustainable
NIPU materials were studied by TGA, differential scanning calo-
rimetry (DSC), dynamic mechanical analysis (DMA), tensile tests,
solvent swelling and scanning electron microscopy (SEM).
Finally, the mechanical and chemical recyclability of these bio-
based thermoset NIPUs were assessed.

Experimental section
Materials

Birchwood organosolv lignin was kindly provided by TNO. It
was obtained at a pilot scale through the aqueous acetone

This journal is © The Royal Society of Chemistry 2025
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Fabiola™ process.** Birchwood chips were fractionated in 50%
w/w aqueous acetone and sulfuric acid at 140 °C. Lignin was
recovered from the pulping liquor by precipitation after dilution
in water. Dimethyl carbonate (DMC, 99%), pyridine, and
ethylene carbonate (EC, 99%) were obtained from Alfa Aesar.
Hexamethylenediamine (HMDA) was purchased from BASF.
Polyethylene glycol with M, 300 g mol ™" (PEG300) was bought
from Acros Organics. Polyethylene glycol methyl ether with M,,
500 g mol " (PEG500MM) was purchased from Fluka analytical.
Methanol (MeOH) and creosol were obtained from Fisher
Scientific. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD, 98%),
chromium(m) acetylacetonate (Cr(acac);), cholesterol, 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (CI-TMDP, 95%)
were bought from Sigma-Aldrich. Deuterated chloroform
(CDCl3, 99.8%) and deuterated dimethylsulfoxide (DMSO-ds,
99.8%) were purchased from Eurisotop.

Hexamethylenedimethylcarbamate (HMDC) synthesis

HMDA (1 eq.), DMC (10 eq.), and TBD (0.1 eq.) were agitated
under an argon flux at 90 °C overnight. The product was cooled
down to room temperature and then placed in an ice bath for
2 h for precipitation of the product. The precipitate was recov-
ered by filtration, rinsed with water and dried at 40 °C under
a vacuum overnight. HMDC was obtained as a white powder
with an average yield of 86% (5 replicates). Mass balances can
be found in Table S1 in ESL}

Liquid lignin-based polyol (L-pOH) synthesis

L-pOHs were synthesized according to a previously described
procedure.*” Before each synthesis, PEG300 and EC were dried
overnight at 40 °C under a vacuum. Lignin (for hydroxyl content
and molar mass distribution, see Table S2 and Fig. S3 in ESIf),
PEG300, EC (1.1 eq. with respect to the total hydroxyl content of
the lignin) and the TBD catalyst (approximately 0.15 eq.) were
placed in a round-bottom flask under mechanical agitation and
reacted at 130 °C for 4 h. Different L-pOH samples were
prepared with 30, 40 and 50 wt% lignin. The lignin-based pol-
yols were obtained as a brown liquid at the end of the reaction
and used without further purification. Mass balances can be
found in Table S3 in ESL.f

A series of L-pOH was synthesized with varying ratios of
lignin/PEG300. The L-pOH samples are referred to as: “L-pOH-
lignin wt%” (e.g.: L-pOH-30), and a batch letter is added as
necessary.

Transurethanization kinetics

HMDC (1 eq.), PEG500MM (1 eq.) and TBD (0.1 eq.) were mixed.
The mixture was stirred in a round-bottom flask under argon
flux at 120, 140 or 160 °C. Aliquots were withdrawn at regular
intervals and analyzed by "H NMR in CDCI;. All aliquots were
fully soluble in CDCl;. The conversion of HMDC to the urethane
product was evaluated by comparing the integrations of the
peaks at 4.14 (product, 4H) and 1.27 ppm (HMDC + product,
8H). Results of additional testing by TGA and using K,COj; as
the catalyst can be found in Fig. S7-S8 in ESI.}

This journal is © The Royal Society of Chemistry 2025
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A 2D NMR analysis of the reaction mixture containing
HMDC (1 eq.), PEG500MM (2 eq.) and TBD (0.1 eq.) was per-
formed after 24 h at 160 °C under argon flux.

The kinetics of the reaction between HMDC and a model
phenol (creosol) were also studied (Fig. S4 in ESIT).

Non-isocyanate polyurethane (NIPU) synthesis

L-pOH was mixed thoroughly in a mortar with HMDC (0.5 eq.
with respect to OH groups in L-pOH) until a homogeneous
mixture was obtained. No additional catalyst was added as L-
pOH already contained TBD. The mixture was then placed in
a PTFE plate and incubated in an oven under an argon flux at
140 °C for 3 h and then 160 °C for 2 h. The obtained material
was then pressed into a sheet (100 x 100 x 1 mm) by
compression molding. Pressing was done at 150 bar (15 tons)
using a hydraulic press standard from Lab Tech Engineering
Company Ltd (China). The materials were first preheated for
5 min at 160 °C, pressed and vented five times, and then finally
pressed at 160 °C for 30 min. The reaction was repeated with
different L-pOH and carbamate-to-hydroxyl (C/OH) molar ratios
of 0.9, 0.95, 1.0 and 1.1. Mass balance for all the synthesis
reactions can be found in Table S4 in ESL}

The NIPU materials are named “NIPU-lignin content in L-
pOH wt%-C/OH molar ratio” (e.g.: NIPU-40-1).

NIPU thermo-mechanical recycling

For mechanical recycling tests, dry NIPU-40-0.9 sheets were
ground finely in a small grinder. The powder was then pressed
at 160 °C under 150 bar (15 tons) pressure from 30 min to 2 h.
For specific tests, TBD (amount corresponding approximately to
the initial wt% of TBD in the material) was added to the
material during the grinding step. All experimental details can
be found in Table S9 in ESIL.}

NIPU depolymerization with methanol

NIPU-40-1 was finely ground. Then, methanol was added (10 mL
per gram of material), and the mixture was placed in a reactor.
The reactor was flushed with argon before being sealed and
heated at 140 °C under agitation for 24 h (the maximum pres-
sure reached was 10 bar). After cooling down to room temper-
ature, the brown homogeneous liquid obtained was then
evaporated under a vacuum at 40 °C, yielding the depoly-
merized mixture (Depol-NIPU).

For the repolymerization step, 2.2 wt% TBD was added to the
mixture (the same quantity as in NIPU-40-1). The curing step
was performed similar to that described for NIPU synthesis.

Characterization

Fourier transform infrared (FTIR) spectra were obtained using
a Nicolet 380 spectrometer (Thermo Electron Corporation)
equipped with an attenuated total reflectance (ATR) diamond
module. Each spectrum was acquired with 32 scans in the range
of 4000-400 cm™" at room temperature.

'H and *'P NMR spectra were acquired using a BRUKER
Advance III HD-400 MHz instrument with a BBFO probe. 2D

J. Mater. Chem. A, 2025, 13, 1557-11572 | 11559
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"H-"H and "H-">C NMR spectra were acquired on a Bruker 500
MHz spectrometer with a CryoProbe™ Prodigy. '"H NMR was
performed in CDCl; or DMSO-d,, and 16 scans of approximately
30 mg of each sample in 600 pL of the solvent were recorded. 2D
NMR was performed on 100 to 200 mg of each sample in 600 pL
of DMSO-ds, and 32 scans were obtained at room temperature.

Quantitative *'P NMR was performed by following a protocol
described in the literature.*»**** About 30 mg of each sample
was dissolved in 450 pL of a pyridine/CDCl; 1.6/1 (v/v) mixture.
Then, 100 pL of a standard solution containing cholesterol (0.1
M) and Cr(acac); (5 mg mL ') was added, followed by the
addition of 75 pL of the phosphytilating reagent CI-TMDP. The
vessel was closed and stirred for 2 h before analysis. 128 scans
were recorded with 15 s relaxation intervals at 25 °C.

Thermogravimetric analysis (TGA) was performed on a TA
Instrument Hi-Res TGA Q5000. Approximately 2-3 mg of each
was heated in a platinum crucible from room temperature to
600-700 °C at a rate of 20 °C min~" under a N, atmosphere (25
mL min~"). Ts, is defined as the temperature at which 5%
weight loss from the initial mass occurs. The TGA derivatives
(DTG) were calculated to determine the main degradation
temperatures at the maximum points of the peaks (Tq).

Differential scanning calorimetry (DSC) measurements were
recorded on a TA instruments Discovery DSC-25 apparatus
under a 50 mL per min dry nitrogen flow. Typically, 2-3 mg
samples were placed in aluminum pans, while an empty pan
was used as the reference. To erase the thermal history, the
samples were first heated to 160 °C for 10 min. They were then
cooled down to —60 °C. Finally, the samples were heated up to
160 °C with a 10 °C min~" ramp. The glass transition temper-
atures (T,) were measured at the inflection points of heat flow
during the last heating ramp.

Viscosity measurements were performed using a Discovery
HR-3 Hybrid Rheometer by TA Instruments. The sample was
placed in Peltier plates using 25 mm parallel plate geometry and
tested for shear rates ranging from 0.1 to 1000 s over a range
of temperatures from 25 to 160 °C, and a Newtonian behavior
was observed.

Dynamic Mechanical Analysis (DMA) was performed on
a Discovery HR-3 Hybrid Rheometer by TA Instruments. A 2 cm
x 1 cm sheet of sample was placed vertically in a rectangular
torsion geometry. The sample were heated at 3 °C min™~" from
—50 °C to 180 °C with a 0.01% strain at 1 Hz frequency. The
alpha transition temperature (7,) was measured at the
maximum of tan(d). The crosslinking density »(mol cm™?) was
obtained using eqn (1) based on the rubber elasticity theory.* In
this equation, G'Ta +r is the storage modulus (Pa) at the rubbery
plateau (G’ independent of the temperature), T, + T (K) is the
minimum temperature of the rubbery plateau (chosen as 120 °C
for most NIPUs), and R the gas constant (8.314 J mol ' K™ ).

Gt
"T3R(T, + 1) (1)

The density of the material was determined by weighing
a disk of the sample measuring 25 mm in diameter. The molar
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mass between the crosslinks (M.) in kg mol ' was determined
using eqn (2), where p (kg m™?) is the density of the material,
and » is the crosslinking density.

Mc =~ (2)

Uniaxial tensile tests were performed using an INSTRON®
68TM-10 Universal Testing System equipped with a 10 kN load
cell in a room set at 23 °C with a constant crosshead speed of 20
mm min " until failure. The experiments were performed using
a set of 5 dumbbell-shaped samples with approximate dimen-
sions of 45 x 5 x 1 mm®>. The Young's modulus (E), stress at
break (¢) and elongation at break (¢) were recorded.

The swelling ratios (SR) of the materials were measured on
triplicate samples (200 mg) after immersion in water and
acetone for 72 h. Eqn (3) was used to obtain SR, where mgyeljeq iS
the mass of the sample after immersion, mg,, is the mass of the
sample after drying at 40 °C under a vacuum overnight. The gel
fractions (GF) were calculated using eqn (4).

SR — Mgwelled — Mfinal % 100 [3)
Mfinal

GF = 100 (4)
Minitial

Scanning electron microscopy (SEM) was carried out using
a Jeol IT-100. The micrographs of the representative sections of
frozen-fractured surfaces were obtained after metallic
sputtering.

Stress-relaxation experiments were performed on a Discovery
HR-3 Hybrid Rheometer from TA Instruments. A 25 mm
diameter sample disk was placed in parallel plates. The sample
was heated to the temperature under study, and a 1% strain was
applied. Additional equations of the stress-relaxation experi-
ments can be found in ESI (Fig. S24 and Table S8).}

Size-Exclusion Chromatography (SEC) was performed using
an Acuity APC apparatus from waters with THF as the eluent (0.6
mL min~") at 40 °C. Detection was performed using an Acquity
ultraviolet transmission (UV) and refractive index (RID) detec-
tors. Three 4.6 x 150 mm Acquity APC XT columns with 450,
200 and 45 A pore sizes were connected. HMDC was analyzed
without modification. The lignin was acetylated prior to anal-
ysis, as described in the literature, to maximize its solubility in
THF and limit interactions with the columns.** The L-pOH and
depolymerized mixture was acetylated prior to analysis by
following another protocol in order to observe PEG.” The cali-
bration was carried out based on polystyrene (PS) standards.
The detector response was normalized based on the total inte-
gration of each signal.

Results and discussion
Preparation of dicarbamate and lignin-based polyols

Dimethylcarbamate was synthesized through a green procedure
described previously in the literature (Fig. 2A).*>***®* HMDC was
synthesized via a solvent-free one-pot procedure. HMDA was

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Preparation of HMDC. (A) Reaction scheme for HMDC synthesis.

reacted with a large excess of DMC to limit the formation of
unwanted polyureas, and using TBD as the catalyst. The reac-
tion was repeated several times with yields ranging from 85 to
90% and scaled up to 50 g of HMDA (Table S1 in ESI?).

The dicarbamate product precipitated at the end of the
reaction and was recovered by simple filtration. The filtrate
containing mostly excess DMC, the catalyst, and traces of
methanol was recovered separately (Fig. 2B). The filtrate was
then recycled and reacted with fresh HMDA, without adding
catalyst, to produce a new batch of clean HMDC with similar
yields (85%). Interestingly, the traces of methanol in the filtrate
did not affect the production of HMDC. With one cycle of filtrate

(B) Recovery and recycling of HMDC from the reaction media.

reuse, the E factor of the process consequently decreased from 5
to 3.3 (Table S1 in ESIY). Further improvement via cascade reuse
of the reaction media might significantly reduce waste
generation.

To synthesize NIPUs, HMDC must be reacted with a polyol.
Lignin was selected as a low-cost, renewable and polyfunctional
aromatic building block. Technical lignins are polyfunctional
polymers in which the majority of reactive groups are phenols
(Fig. 3A and Table S2 in ESIT).***® However, phenols are known
to have poor reactivity towards isocyanates,* and the same was
also verified in this case with carbamates (Fig. S4 in ESIT). Thus,
a chemical modification was performed to convert lignin

OH

OH O o O Simplified representation
OH

OH
HO.

OH
HO

OH
OH HO
B HO
OH TBD _\fo
HO HO\_-O. \7(
130 °C, Ar, 4h o mOH
No purification \\\
OH -
HO ° OH
Lignin HO
0/ OH
°J<o EC, 1.1 eq./totOH Lignin o 18D
o '\/ HO \/)oH
HO A OH n
PEG300 Liquid Lignin-based polyols (L-pOH)

N
(\/)\/j TBD, ~0.1 eq./totOH L-pOH

Fig. 3 L-pOH synthesis. (A) Representative technical lignin structure and a simplified representation with alcohols and phenols represented in

green and grey, respectively. (B) Reaction scheme for L-pOH synthesis.
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Fig. 5 Evolution of the conversion of HMDC to the urethane product
via transurethanization as measured by *H NMR in CDCls.

phenols into aliphatic alcohols, allowing a more homogeneous
distribution of the reactive groups. Common methodologies
used for this functionalization involve oxypropylation with toxic
and potentially explosive propylene oxide.***® To avoid the use
of toxic chemicals, our team recently developed a solvent-free,
purification-free, one-pot, and safe methodology to form
lignin-based liquid polyols (L-pOH).*>*¢ Lignin was reacted with
ethylene carbonate (EC) in polyethylene glycol (PEG300) using
a catalyst, TBD in this case (Fig. 3B). PEG300 acts as a solvent for
oxyalkylation of polyols while also acting as soft chains in the
final material.

Three different L-pOHs were produced with lignin contents
between 30 and 50 wt%. The final OH contents of the L-pOHs
were quantified by *'P NMR. For all L-pOH, complete conver-
sion of the phenol groups was observed. The aliphatic hydroxyl
contents of L-pOH-30, 40 and 50 were respectively 6.71, 5.22 and
6.07 mmol g~ * (Fig. S5 and Table S3 in ESIt). The viscosity of dry
L-pOHs was measured to better understand their behavior
during the synthesis of NIPUs (Fig. S6 and Table S3 in ESI{). The
viscosity increased with the lignin content, measuring 29, 210
and 1900 Pa s at 25 °C for 30, 40, and 50 wt% lignin, respec-
tively. The viscosity decreased dramatically with temperature
and reached a low value of 0.23 Pa s for L-pOH-50 at 160 °C, thus
allowing easier processing for the preparation of materials.

Kinetics and selectivity of the transurethanization reaction

Due to the lower reactivity of polycarbamates compared with
isocyanates, their transurethanization requires stronger condi-
tions than those needed for conventional PU synthesis.

1562 | J Mater. Chem. A, 2025, 13, 11557-11572

Typically, the reaction is performed using a catalyst for more
than 4 h above 140 °C.*»***?%31 Some commonly used catalysts
for transurethanization are Bu,SnO, Ti(OBu),, +-BuOK, 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD), K,COj;, and para-toluene-
sulfonic acid.*>**%

In order to estimate the optimal reaction conditions, the
reaction was studied on a model system. HMDC was reacted
with a monofunctional PEG (PEG500MM) using TBD as the
catalyst (Fig. 4). The reaction was performed in bulk conditions
to mimic polymer synthesis at 120, 140 and 160 °C, followed by
'H NMR analysis (Fig. S7 in ESI{). HMDC conversion via tran-
surethanization was measured through the integration of the
characteristic signal of the newly formed urethanes at 4.14 ppm
(triplet). HMDC achieved full conversion after 6 h at 140 °C
(Fig. 5). The reaction was slower as the temperature decreased.
At 120 °C, the reaction did not reach completion within 6 h.

The reaction mixture evolution was also followed by FTIR for
up to 48 h at 160 °C (Fig. 6). Transurethanization was confirmed
by the disappearance of the O-H band over 6 h (a;, 3500 cm ™)
along with an enlargement of the N-H bands (a, and bs,
respectively 3330 cm ™" and 1525 cm ™), and a shift of the C=
Oumpc band from 1690 (b,) to the C=Oyethane band at
1715 cm ™! (b,). At extended reaction times, the C=0ethane and
N-Hyrethane bands (b; and bs) were decreased. Additionally, the
O-H band (a;, 3500 cm™ ") increased, and a new band charac-
teristic of urea bonds appeared at 1615 and 1575 cm ™" (b; and
b,).”> This may result from the self-condensation of the
urethane structures in the presence of traces of water to form
urea (Fig. 7A). The formation of other side products, such as
allophanates and biurets, was also evidenced by the small peak
at 1690 cm ™" after 24 h of reaction (Fig. 7B).?**° Their pres-
ence was however limited, as confirmed by 2D 'H-"C NMR
analysis of the reaction mixture after 24 h at 160 °C (Fig. S9 to
S11 in ESI}).

Moreover, urea formation increased substantially when the
reaction mixture contained traces of water, resulting in rapid
and complete disappearance of the urethane band (1690-
1715 em™'). K,CO; was also examined as a catalyst for the
reaction and was found to exacerbate urethane disappearance
(Fig. S12 in ESI¥).

NIPU synthesis

NIPUs were produced in a green way by reacting HMDC with L-
POH in bulk conditions to avoid the use of solvents (Fig. 8). No
additional catalyst was added as L-pOH already contained TBD
from the previous step. Apart from TBD, all the reactants used
here are potentially bio-based,**>* which can lead to bio-based
contents up to 97 wt% in the as-formed materials.

This journal is © The Royal Society of Chemistry 2025
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Further, the dependency of NIPU properties on their lignin NIPUs with final lignin contents varying from 18 to 32 wt%
content and stoichiometry of the transurethanization reaction (Table 1).
was studied. Due to its polyfunctional and polyaromatic struc- The carbamate-to-hydroxyl (C/OH) molar ratio was varied
ture, lignin can act both as a crosslinker and form hard from 0.9 to 1.1 (Table 1). Lower ratios would result in a higher
segments in PUs, enhancing their rigidity and thermal content of free hydroxyl groups that can participate in intra- and
stability.*>**** The lignin content of the NIPUs was varied by inter-molecular hydrogen bonds.®® Additionally, free hydroxyl
using L-pOH containing 30 to 50 wt% lignin, which resulted in  groups can allow transurethanization reactions inside the cured
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Table 1 Composition of the synthesized NIPU material

C/OH molar Lignin content
Material L-pOH type ratio in the material, wt%
NIPU-30-0.9 L-pOH-30 0.90 18.7
NIPU-30-1 L-pOH-30 1.0 18.0
NIPU-40-0.9 L-pOH-40 0.90 27.2
NIPU-40-0.95 L-pOH-40 0.95 26.8
NIPU-40-1 L-pOH-40 1.0 26.3
NIPU-40-1.1 L-pOH-40 1.1 25.4
NIPU-50-0.9 L-pOH-50 0.90 32.3
NIPU-50-1 L-pOH-50 1.0 31.1

NIPUs, turning the materials into covalent adaptable networks
(CANS), such as vitrimers, in which thermoset architectures can
be reprocessed at the end of their life by thermo-mechanical
treatment.>>*>%* The stoichiometry of 1.1 allowed the study of
the influence of excess amines, which could generate more
ureas, allophanates and biurets. In total, eight different mate-
rials were prepared from the three initially synthesized L-pOH
with four different C/OH ratios.

The L-pOHs were reacted with HMDC through optimized
curing conditions obtained from the model study. A homoge-
neous liquid reaction medium was obtained after mixing
(Fig. 9A and B). After curing, the obtained materials were solid

View Article Online
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and presented some trapped gas bubbles (Fig. 9C), confirming
the release of methanol during transurethanization. The
materials were then hot-pressed to yield different solid sheets of
lignin-based NIPU materials (Fig. 9D). An FTIR analysis
confirmed that the evolution of the reaction during curing was
similar to that observed in the model study (Fig. S13 in ESI{).
Notably, the transurethanization process was complete only
after the pressing steps, as evidenced by the almost complete
disappearance of the O-H band (a,). Additionally, no significant
urea (b; and b,) and allophonate/biuret (b,) bands could be
detected, confirming that side reactions were minimized.

Characterization of NIPUs

The thermal stability of the materials was analyzed by TGA
(Table S5, Fig. S14 and S15 in ESIY). All NIPUs exhibited Tso,
values between 221 and 253 °C. The degradation occurred
consistently across all the samples, with a single degradation
peak at T4 between 342 °C to 352 °C. These degradation
temperatures are in the range of lignin degradation, as well as
urethane linkage dissociation."** Neither lignin content nor C/
OH molar ratio influenced the degradation temperatures
significantly.

The thermal and thermo-mechanical behaviors of the
materials were studied by DSC and DMA (Fig. 10, S16 to S19 and
Table S5 in ESI{) in the stable temperature ranges identified by

()

Fig. 9 Synthesis steps of NIPU-40-1. (a) Initial mixing of L-pOH and HMDC at room temperature. (b) Homogeneous reaction mixture before
curing. (c) NIPU-40-1 after 3 h at 140 °C and 2 h at 160 °C. Trapped bubbles can be observed on the surface of the material. (d) Final product

obtained after hot pressing at 160 °C for 30 min.
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Fig. 10 Thermo-mechanical properties of NIPUs measured using DSC and DMA. (A) Glass transition temperatures (T) based on DSC curves. (B)
Alpha transition temperatures (T,) based on DMA. (C) Crosslinking density of the network (v) based on DMA. In all the graphs, "NIPU-X-1"
represents all the NIPUs with a C/OH ratio of 1, and "“NIPU-40-Y" represents all the NIPUs produced with L-pOH-40.
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Fig. 11 Mechanical properties of the materials as a function of lignin content, as obtained from uniaxial tensile tests. (A) Selected stress—strain
curves of the NIPUs representative of average evolutions. (B) Young's modulus (E) of the NIPUs. (C) Maximum stress (g) before the break of the
NIPUs. (D) Maximum elongation (e) before the break of the NIPUs. In (B)-(D) "NIPU-X-1" represents all the NIPUs with a C/OH ratio of 1, and

“NIPU-40-Y" represents all the NIPUs produced with L-pOH-40.

TGA. T, ranged from —33 °C (NIPU-30-1) to —7 °C (NIPU-50-1).
At room temperature, these materials existed in a rubbery state.
The DSC curves did not show any inflection at the T, of lignin at
141 °C (Table S5, Fig. S16 and S17 in ESIY), indicating the
successful dispersion and inclusion of lignin into the macro-
molecular architecture. The T, of the materials increased with
the lignin content, as expected, but did not correlate directly to
C/OH stoichiometry (Fig. 10A and S20 in ESIf). The T,, values
determined by DMA showed similar evolution and were very
close to the T, values, with an increase from —33 °C for NIPU-30-
1 to —12 °C for NIPU-50-0.9 (Fig. 10B).

The crosslinking densities (v) were determined from the
DMA data (Fig. 10C and Table S6 in ESIf). All materials
exhibited thermosetting behaviors, with » from 46 to 294 mol
m . The » value increased with the lignin content, confirming
the central role of lignin as a multifunctional crosslinker in the
network. In contrast, the C/OH ratio had minimal influence on
the crosslinking density in the studied range of 0.9 to 1.1
(Fig. S20 in ESI¥).

Uniaxial tensile tests of the NIPUs were performed to eval-
uate their mechanical properties at room temperature (Fig. 11,
S21, S22 and Table S6 in ESIf). The NIPU formulation had
a significant impact on the uniaxial mechanical performance.
The materials presented a broad spectrum of behaviors, with

This journal is © The Royal Society of Chemistry 2025

Young's modulus increasing from 5 to 58 MPa as the lignin
content rose from 18 to 32 wt%. Following the same trend, the
ultimate tensile strength increased from 0.7 to 3.8 MPa, while
the maximum elongation decreased from 51 to 20%, indicating
an obvious correlation between rigidity and lignin content, as
expected given the rigid and aromatic structure and the cross-
linking ability of lignin. As for DMA results, no clear relation-
ship with the C/OH ratios could be established in the tested
range, although some variability was observed at similar lignin
levels (Fig. S23 in ESIt). Overall, the NIPUs exhibited thermo-
mechanical properties comparable to vitrimer materials with
the same lignin contents previously developed by our team
using similar lignin-based polyols.*® The as-obtained proof-of-
concept materials had, expectedly, rather low mechanical
properties compared to conventional PUs. They exhibited
a tensile strength in the range of PU elastomers (5-100 MPa) but
with very low elongation at break compared to them (typically
above 1000%).°>** The materials also exhibited a lower range of
mechanical properties than the bio-based NIPUs obtained by
the more studied aminolysis reaction.®

The chemical crosslinked structure of the NIPU networks
was further analyzed by swelling ratio (SR) and gel fraction (GF)
measurements (Fig. 12 and Table S7 in ESI{). Water and acetone
were chosen as the protic and aprotic polar solvents because of
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their affinity to different chemical structures within the mate-
rials. PEG is soluble in water and acetone, while HMDC and
lignin are more soluble in acetone. With both solvents, the GF
increased with higher lignin content. In water and acetone, GF
ranged from 66 to 81% and 47 to 85%, respectively. Similar
values found with the two solvents might indicate that PEG
chains constitute the majority of the soluble fraction. The
increase in GF with lignin content is consistent with the role of
lignin in enhancing crosslinking within the network. The rela-
tively modest maximum GF values (81% and 85%) are likely due
to the difunctional nature of PEG, which constitutes the
majority of the L-pOH, leading to lower crosslinking densities,
as well as possibly unreacted sites, as evidenced by the small
remaining O-H band in the FTIR spectra of the NIPUs
(Fig. S13t). Following the inverse trend to GF, SR decreased as
the lignin content increased. This observation aligns with the
rise in crosslinking density due to lignin polyfunctionality. The
SR values were higher in water than in acetone, which can be
explained by the hydrophilic structures in the materials derived
from PEG and lignin.

The microstructure of the NIPUs was examined using SEM
imaging on frozen-fracture surfaces (Fig. S24 in ESIt). The
micrographs revealed the effective incorporation and disper-
sion of lignin in the material, likely enhanced by the pre-
modification of lignin to a liquid polyol. Some microscopic
pores were also seen on the surfaces. Additional discussion on
the origin of the porous structure and its influence on material
properties can be found in ESIL.t

NIPU recycling and dynamicity of the networks

The end-of-life management of thermoset PUs presents signif-
icant challenges due to their structure.®® The crosslinked
structures can limit the options in terms of recycling. To
address this bottleneck, which impacts the life cycle and the
sustainability of the materials, two different strategies were
examined for recycling the lignin-based NIPUs. Direct
mechanical recycling by hot pressing was tested on ground
materials, as for CANs. Another approach using chemical
depolymerization was also investigated.

1566 | J Mater. Chem. A, 2025, 13, 557-11572

Direct mechanical recycling of the thermoset-like NIPUs was
explored through reprocessing without melting. Reprocessing
or reshaping these materials relies on the possibility of per-
forming urethane exchange reactions within the material.>
Stress-relaxation experiments were conducted on NIPU-40-0.9,
NIPU-40-1 and NIPU-40-1.1 to assess the dynamicity of their
network. The presence of TBD in the NIPUs facilitated tran-
surethanization and allowed shape adaptation despite cross-
links. The stress-relaxation curves obtained for each NIPU
demonstrated the network dynamicity between 140 °C and 160 °©
C (Fig. 13, S25 and Table S8 in ESIf). The average relaxation
times ((r)) and pseudo-activation energies (E,) for bond
exchange in the NIPUs were clearly linked with the C/OH ratio.
NIPU-40-0.9, which has the highest amount of free OH groups,
was the most dynamic, with a (r) of 1200 s and an E, of
138 kJ mol ". These values are in the range observed for
conventional PU CANs activated by DBTDL catalysis (100 to 10
000 s, and 100-180 k] mol ")***” and close to the values of
dynamic PHU networks elaborated using different catalytic
systems, such as DBTDL,** DMAP,* and tertiary amines.* NIPU-
40-1 and NIPU-40-1.1 were less dynamic, as expected, due to
their lower free OH content. However, because of the limited
thermal stability of TBD, which degrades above 160 °C,>**” the
thermal window for stress relaxation was relatively narrow as
higher temperatures would disable its catalytic activity, and
hence, impede the dynamicity of the network.

Thermo-mechanical recycling trials were performed using
NIPU-40-0.9 by grinding and hot pressing. The ground particles
exhibited a certain cohesion after hot pressing, but despite
multiple attempts, the resulting materials were very brittle
(Table S9 in ESIT). The FTIR analysis of the mechanically recy-
cled material revealed a reduction in urethane bands (1715 and
1525 cm ) and the formation of ureas, allophanate, and biur-
ets (Fig. S26 in ESIf). This fast decrease in urethane content
could be a result of water uptake and may be enhanced by TBD
catalysis. TBD has been previously reported to promote side
reactions during reprocessing of crosslinked NIPUs.**

Chemical depolymerization of the NIPUs was also investi-
gated. Lignin-based PHUs have previously been depolymerized
by hydroglycolysis to recover and reuse the lignin.”* Here, we

This journal is © The Royal Society of Chemistry 2025
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used a transurethanization inverse reaction, namely the meth-
anolysis of urethanes, to reform the initial MC and polyol
reactants (Fig. 8). The reported example of this methodology
involved the reaction in methanol/THF at 65 °C for 20 h using ¢-
BuOK as the catalyst.”” To improve the viability of this depoly-
merization methodology, methanolysis was performed without
a catalyst at 140 °C for 24 h in a closed vessel. This approach
yielded a homogeneous liquid, which was analyzed by FTIR,
SEC and NMR after the removal of excess methanol. The FTIR
spectrum exhibited the reappearance of an O-H band (a,),
indicating free alcohol groups (Fig. 14). The N-H bands (a, and
b,) were narrower, and the C=Oyethane (b1) band was shifted to
a sharp C=Oupmpc band (by), suggesting the successful re-
formation of HMDC and polyol without side-reactions. The 'H
NMR spectra confirmed the near-complete disappearance of
urethanes and the presence of HMDC (Fig. S27 in ESIf). *'P
NMR allowed the quantification of urethane cleavage by

This journal is © The Royal Society of Chemistry 2025

assessing the free hydroxyl group content (Fig. S28 in ESIt). The
depolymerized mixture (Depol-NIPU) contained 3.0 mmol g~*
of alcohol groups compared with 3.2 mmol g in the initial
reaction mixture used for the NIPU synthesis, suggesting that
around 90% of the urethane linkages were cleaved.
Depol-NIPU was then analyzed by SEC using two comple-
mentary detectors (Fig. 15). The refractive index (RID) detector
was used to analyze the whole sample, while the UV detector
only detected the lignin fractions.”” The comparison of the
molar mass distribution of Depol-NIPU and the reactants in UV
showed that it contained lignin with a similar molar mass
distribution as L-pOH. The RID signals evidenced all the
different constituents of Depol-NIPU. The higher molar mass
structures visible only in the RID analysis could be residual
HMDC-PEG polyurethane chains that had resisted urethane
bond cleavage or the polyurea chains from HMDC self-
condensation, as suggested by the band b; in the FTIR
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spectrum. SEC thus confirmed that Depol-NIPU is particularly
close to the initial reaction mixture. Further, 2D 'H-'>C NMR
analysis confirmed the structure of the depolymerized mixture
(Fig. S29 to S31 in ESIT). The methanolysis approach was thus
successful in depolymerizing NIPU-40-1, with the almost
quantitative cleavage of urethane bonds, despite their known
robustness.

Depol-NIPU contained the initial reactants and could
potentially be used for the synthesis of new NIPUs. We thus
attempted the synthesis of new materials directly from Depol-
NIPU. The material obtained using this methodology, NIPU-
40-1-RC, was rather brittle, and its FTIR spectrum presented
the disappearance of the large urethane/carbamate bonds (b,
and b,) and the emergence of urea bonds (b; and b,) (Fig. 14).
This phenomenon is most likely due to water uptake by the

1568 | J Mater. Chem. A, 2025, 13, 11557-11572

depolymerized mixture, leading to urea formation in the pres-
ence of TBD. This hypothesis was further evidenced by the
absence of the allophanate/biuret band b, in the FTIR spec-
trum. Further investigations of different parameters, such as
the drying process and the nature and the content of the cata-
lyst, might help the wide application of this direct and complete
chemical recycling strategy.

Conclusion

Transurethanization was successfully used for the synthesis of
thermoset non-isocyanate polyurethanes (NIPUs) from lignin-
based polyols. This new approach shows promising results in
producing scalable and sustainable NIPUs from lignin accord-
ing to the principles of green chemistry, including the use of
renewable feedstocks, safe reagents, limitation of synthesis
steps, and waste prevention.

Lignin-based polyols and dicarbamate were prepared using
safe and green procedures. The transurethanization polymeri-
zation was studied and optimized to minimize unwanted side
reactions, such as urea formation. NIPUs with lignin contents of
up to 32 wt% were successfully obtained. The analysis of the
different aromatic materials obtained confirmed the cross-
linked structure of the NIPUs. The integration of lignin into
NIPUs significantly influenced their thermo-mechanical prop-
erties, with increasing lignin content leading to improved
rigidity due to enhanced crosslinking density. In contrast,
adjusting the carbamate-to-hydroxyl molar ratio in the range of
0.9-1.1 showed limited impact on the mechanical properties.
The NIPUs exhibited elastomeric behavior at room temperature
and moderate mechanical properties, with Young's modulus up
to 58 MPa and maximum elongations ranging from 15 to 51%.

Efforts to recycle the NIPUs were partially successful. Chem-
ical recycling through depolymerization by methanolysis showed
promising results in recovering the initial reaction mixture. The

This journal is © The Royal Society of Chemistry 2025
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dynamic nature of the crosslinked networks similar to CANs was
confirmed by stress-relaxation experiments and could be
enhanced using lower C/OH ratios. However, water uptake and
the limited thermal stability linked to the choice of catalyst
resulted in a narrow temperature window for reprocessing,
which did not allow efficient material recycling. This can be
achieved in the future using another catalyst system.

This study reports the first examples of lignin-based NIPU
materials obtained via transurethanization, offering eco-
friendly and high-performance materials. The as-obtained
materials had potential bio-based content up to 97 wt% with
their current formulation, aligning them with the growing
demand for sustainable alternatives to polymers. Their tunable
properties can unlock a wide range of potential applications.
While the elastomers serve as a compelling proof of concept in
this study, the versatility of these NIPUs positions them for use
in heat-curing coatings or adhesives. This adaptability,
combined with their sustainable nature, underscores the
potential of lignin-based NIPUs to address the needs of diverse
markets while advancing green chemistry principles. However,
some challenges, such as the low gel content, moderate
mechanical properties, and porosity of the materials, remain to
be resolved. Optimization of the formulation (choice of carba-
mate and catalyst, and lignin content) and processing (reactant
mixing under pre-heating, vacuum curing, dry conditions, and
post-curing steps) will be the topic of future investigations.
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