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Optimized synthesis of a high oleic sunflower oil
derived polyamine and its lignin-based NIPUs¥
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In the continuing effort towards reducing reliance on fossil resources, the transition to biobased materials
is of utmost importance, together with the adoption of more sustainable and safe production processes.
This work focuses on the implementation of renewable resources and greener protocols for the synthesis
of a bio-based amino crosslinker and its subsequent use in non-isocyanate polyurethane (NIPU) synthesis.
NIPUs are a new class of materials, analogous to isocyanate derived polyurethanes (PUs), that avoid hazar-
dous chemicals in their production process, such as phosgene and isocyanates, that raise high concern in
the PU manufacturing processes. Vegetable oils and lignin are two abundant renewable feedstocks largely
investigated during the last decade. In this paper, we study the synthesis of a high oleic sunflower oil
derived polyamine (PA) via thiol-ene photoreaction in batch and in flow. Additionally, cyclic carbonate
functionalized lignin (CCLF) was synthesized and reacted with PA to create fully bio-based NIPU networks
with different lignin contents. The curing behavior as well as the characterization of the obtained thermo-
sets is described.

1. This work focuses on non-isocyanate polyurethane (NIPUs) synthesis from renewable polyamine and cyclic carbonate
sources, using lignin, a plant oil and erythritol. Green Chemistry principles form the foundation of our work and are high-

lighted throughout our work.

2. The synthesis pathways for both the polyamine and cyclic carbonate monomers were carefully designed to minimize
solvent usage and avoid commonly employed toxic routes. Additionally, the obtained NIPUs are fully renewable and
further contribute to the field of renewable-based alternatives to conventional polyurethanes.

3. Future research effort could focus on the investigation of upscaling the production of the polyamine in continuous flow,
reducing further the monomer costs and energy consumption, advancing toward the potential industrial application of
this monomer for renewable NIPUs and other thermosets, such as expoxies.

Introduction

With a global market production of 25 million tons," poly-
urethanes (PU) are a class of polymers useful for many appli-
cations, such as coatings, adhesives, foams, sealants, elasto-
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life, PU production faces significant obstacles, mainly due to
the use of isocyanates. Isocyanates are known to be irritant
and sensitizing agents.”” Even worse, their production relies
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cerns correlated to toxicity® and carcinogenicity.” Moreover,
the most commonly used diisocyanates, (toluene diisocyanate,
TDI, LDs0 oral,rat = 5130 mg kg‘1 and methylenediphenyl diiso-
cyanate, MDI, LD oral ra = 4130 mg kg™')® have been restricted
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in their use by REACH regulations.”'® The most updated
REACH regulation limits the presence of isocyanates in formu-
lations to a maximum of 0.1% by weight."" For all these
reasons, current research efforts in the area of PUs concern
the development of isocyanate-free routes to substitute isocya-
nate derived PU and generate a new class of materials named
non-isocyanate polyurethanes (NIPUs).*'> Common pathways
may involve, for instance, transurethanization reactions or
aminolysis of cyclic carbonates, generating, respectively, poly-
urethanes and polyhydroxyurethanes (PHU). In a world
increasingly driven by the need for more sustainable solutions,
shifting towards greener protocols that adhere to the prin-
ciples of Green Chemistry is imperative."® This involves, for
instance, the utilization and valorization of renewable
resources to increase the bio-content of materials and reduce
waste. Numerous studies concerning the development of bio-
based NIPUs using various renewable feedstocks, such as ter-
penes, biomass or oleochemicals, can be found in the
literature."*>°

Lignocellulosic biomass contains three main components,
cellulose, hemicelluloses and lignins, with percentages varying
depending on, for instance, the type of renewable resource
used and its growing conditions. These three biopolymers are
biodegradable and mainly derived from woody biomass, i.e.
they are non-food competitive. Lignin, accounting for up to
40 wt% of the biomass content,?' is the most abundant renew-
able source of aromatic compounds. However, lignin is usually
treated as a low-value by-product of the pulp and paper indus-
try, and is often thermally utilized as bio-fuel.****> A recent
review by Meier et al.>®> summarizes advancements on lignin
modifications, quantitatively comparing synthesis protocols in
terms of sustainability and toxicity. The utilization of lignin as
an attractive macromonomer in NIPU formulations is yet scar-
cely researched. A study from 2017 reports the use of cyclic car-
bonate-functionalized lignin as cross-linker in different PHU
formulations in the presence of 1,12-diaminododecane and
poly(ethylene glycol) bis-cyclic carbonate as chain extender.”*
However, the protocol employs an epichlorohydrin (LDsg oral rat
=175 mg kg™ route followed by CO, insertion for the syn-
thesis of the lignin monomer. Additionally, the final materials
were too brittle for mechanical characterization. More recently,
several works describe the development of more sustainable
protocols based on a two-step modification with organic car-
bonates, the thereof derived PHUs were characterized in
detail. >>%’

While bio-based cyclic carbonate monomers are well-
researched, bio-based polyamines are still required as impor-
tant building blocks to achieve fully bio-based NIPUs. Such
renewable polyamines are far less frequently described.

With a global annual production of 210.3 MMT (million
metric tons), vegetable oils are an important class of renewable
feedstock.”® Their abundance and structural variety render
them suitable sources for the synthesis of many different bio-
based monomers and polymers.*® The key characteristic of tri-
glycerides is the presence of one or multiple unsaturations,
facilitating easy functionalization or cleavage of the
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structure.’®? In the field of NIPUs, different examples of poly-
cyclic carbonate monomers obtained from triglycerides are
reported.**** Moreover, the presence of double bonds in trigly-
cerides allowed the introduction of primary amine moieties
via thiol-ene click chemistry.>® Following this approach, also a
variety of (bio)polyols were synthesized employing mercapto
alcohols. Furthermore, Meier et al. reported the first procedure
to achieve a difunctional amine from limonene via thiol-ene
click-reaction with cysteamine hydrochloride as the sulfur-con-
taining molecule, bearing a primary amine moiety. Following
this work, the application of this route was extended to vege-
table oils, such as grapeseed oil and canola oil, more recently
by others.'®?*®*” Here, a bio-based polyamine derived from
high oleic sunflower oil was synthesized via thiol-ene chem-
istry. Reaction conditions were thoroughly investigated and
optimized, testing two different reaction systems, in batch and
continuous flow. Subsequently, the polyamine was utilized in
the formulation of fully biobased PHUs, together with cyclic
carbonate functionalized lignin and erythritol bis-cyclic car-
bonate, obtaining flexible materials with tunable lignin
content.

Results and discussion

Synthesis of high oleic sunflower oil derived polyamine (PA) in
batch

High oleic sunflower oil was chosen to be modified with
cysteamine due to its quite homogeneous fatty acid compo-
sition to yield a renewable polyamine (PA) (>85% oleic acid,
see Scheme 1).

To understand and optimize the reaction, the solvent and
photoinitiator concentration, wavelength and light intensity
were investigated. First, 2,2-dimethoxy-2-phenyl-acetophenone
(DMPA) was chosen as it is a widely used benzoin ether photo-
initiator. Because the oil and the cysteamine hydrochloride
salt (CAHC) were not soluble in the same medium, a solvent
mixture of dichloromethane and ethanol was initially tested,
but also in this mixture, due to the excess of the cysteamine
salt used, it was never fully solubilized. An initial test was per-
formed irradiating the reaction mixture in DCM/EtOH (7:3)
with a UV lamp (365 nm, 45 W) for 24 h with a HOSO concen-
tration of 0.04 g mL™" (setup: see ESI, Fig. S1f and Table 1,
entry 1), leading to 40% double bond conversion. Next, the
equivalents of cysteamine salt and photoinitiator were
increased and a longer reaction time was applied, resulting in
an increased conversion of 55% after 48 h (Table 1, entry 2).

In order to find a better suitable solvent mixture, we started
our investigations by repeating a literature known procedure
from Stemmelen et al®® Thus, the solvent mixture was
changed to 1,4-dioxane:ethanol (7:3). Moreover, an
irradiation system consisting of a metallic plate with LEDs
installed was tested, one plate consisting of 365 nm LEDs (2
W) and one using 405 nm LEDs (2 W) (see ESI, Fig. S27). The
LEDs have the advantage of not producing heat and therefore
the distance between light and the sample can be reduced. A
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Scheme 1 General reaction scheme for the synthesis of PA. On the bottom left (box inset) of the scheme, a simplified structure of PA is provided

and will be used throughout the manuscript.

Table 1 Overview of conditions tested for PA synthesis in batch utilizing UV irradiation. A UV lamp (45 W) and LED system (2 W) were used (setup:
see ESI, Fig. S1 and S2}). When DMPA was used as photoinitiator, 0.1 eq. per double bond of the oil were used. TPO-L was used in 2 wt% of the oil
weight. For all entries, the scale of the reaction corresponds to 500 mg of oil

Photoinitiator Solvent Wavelength (nm) Concentration (g mL™") Conversion % Time (h)
Entry 1 DMPA DCM : EtOH (7: 3) 365 lamp 0.04 g mL™ 40% 24
Entry 2 DMPA DCM : EtOH (7: 3) 365 lamp 0.04 g mL™ 55% 48
Entry 3 DMPA Dioxane : EtOH (7 : 3) 365 LED 0.04 g mL™ 94 48
Entry 4 DMPA Dioxane : EtOH (7 : 3) 405 LED 0.04 g mL™* 100 48
Entry 5 DMPA Dioxane : EtOH (7 : 3) 405 LED 0.28 100 7
Entry 6 TPO-L Dioxane : EtOH (7 : 3) 405 LED 0.28 100 7
Entry 7 DMPA Isopropanol : EtOH (1:1) 405 LED 0.42 100 7
Entry 8 TPO-L Isopropanol : EtOH (1: 1) 405 LED 0.28 >99 7

considerable advantage of LEDs is their lowered energy con-
sumption. Two otherwise identical reactions were irradiated by
the two different wavelengths and run for 48 h (Table 1,
entries 4 and 5). In their work, Caillol et al. reached 87% con-
version for grapeseed oil. In our case, 94% and 100% conver-
sion of HOSO double bonds were achieved for the different
investigated wavelengths after 48 h (Table 1, entry 3)
(see ESI{).

The concentration of the reaction mixture is another rele-
vant parameter to tune. A high turbidity of the reaction
mixture is disadvantageous for a homogeneous and effective
light penetration, which is a crucial factor for photoreactions.
Meanwhile, the minimum amount of solvent is desirable from
a Green Chemistry perspective and typically leads to higher

1442 | Green Chem., 2025, 27,1440-1450

conversions. Different experiments were carried out increasing
the concentration of HOSO. For the highest concentration
(0.28 g mL™"), the reaction reached full conversion after
7 hours and 89% conversion after only 1 h (Table 1, entry 5).
Further following the principles of Green Chemistry to
avoid unsafe chemicals, dioxane was replaced in the solvent
mixture by isopropanol, as reported by Rios et al.'® As in the
previous case, the reaction reached completion within 7 h
(Table 1, entry 7) using the LED setup. TPO-L (diphenyl(2,4,6-
trimethylbenzoyl)-phosphine oxide) was investigated as an
alternative photoinitiator. The wide absorption range (absorp-
tion maxima: 272 nm, 382 nm) of this initiator makes it suit-
able to be excited under 405 nm wavelength irradiation.*®
Similar results were achieved with this photoinitiator, reaching

This journal is © The Royal Society of Chemistry 2025
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quantitative conversions within 7 h of reaction time for both
solvent systems (Table 1, entry 6 and 8).

To allow for an increased scale of production of PA, upscal-
ing was tested. Indeed, the use of three UV lamps and the
solvent mixture iPrOH : EtOH (setup: see ESI, Fig. S31) led to
95% double bond conversion in 7 h for a 2 g scale reaction, a
good compromise to obtain useful quantities of PA.

Furthermore, a series of experiments were performed to
investigate the effect of the addition of CAHC over time (see
Fig. 1). A stepwise cysteamine salt addition was compared with
a single-step addition method, revealing that the stepwise
addition led to better performance. Initially, a solvent mixture
of EtOH : iPrOH (1:1) was used, with a single-step addition of
CAHC under a 365 nm, 45 W irradiation system (setup: see ESI,
Fig. S1}), leading to a conversion of 63% after 48 h. Switching
the solvent to iPrOH only showed an improvement in the con-
version to 84% under the same reaction conditions. Finally, by
adding another source of irradiation at the same wavelength of
365 nm (12 W) to the flask and keeping the stepwise addition of
CAHC method, a conversion of 97% after 24 h was observed.

Synthesis of high oleic sunflower oil derived polyamine (PA) in
flow

As a further promising path to scale up the production of the
desired polyamines, the reaction depicted in Scheme 1 was
also investigated using a flow reactor equipped with a 365 nm
UV lamp (see ESI, Fig. S4t). Due to the long reaction time
necessary to achieve complete conversion, the mixture was run
in a closed loop system, and aliquots were collected to monitor
the process.

I 24h 97 98
100 [ ]48h
I 720 .
80
2 63 66
=
.2 60
&
()
>
S
O 40
20
0 T T T
Entry 9 Entry 10 Entry 11a
Entries

Fig. 1 Overview of the different experiments conducted to investigate
the influence of CAHC addition on the synthesis of PA. Entry 9: single
step addition of CAHC, in EtOH:iPrOH 1:1; entry 10: single step
addition of CAHC in iPrOH; entry 11°: stepwise addition of CAHC (half of
the calculated total amount at the starting time, then a quarter of the
total amount after 1.5 h, the remaining quarter after 4 h) in iPrOH. DMPA
was used as photoinitiator for each entry. For all entries the scale of the
reaction corresponds to 1 g of oil. Concentration is 0.2 g ml™* for each
entry.®
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Isopropanol was selected as a solvent due to its good per-
formance in bulk reactions and different flow rate values were
screened. It was noticed, as could be expected in the used closed
loop setup, that increasing the flow rate led to improved conver-
sion at the same reaction time. The best outcome was achieved
with 9 ml min~" with a conversion of 99% after 6 h (Table 2). For
a better comparison of the different flow rates, conversions after
3 h are summarized in Fig. 2. Thus, at high flow rates, higher con-
versions can be achieved, at the same increased scale of 2 g. In
summary of all reported optimization reactions, PA can now be
prepared in larger scales at shorter reaction times and by using
less environmentally problematic solvents.

Thermosets

As a possible application, PA was employed as a crosslinking
agent for the formation of non-isocyanate polyurethane (NIPU)
networks together with cyclic carbonate functionalized lignin
(CCFL) and erythritol-bis cyclic carbonate (EBC), to afford
renewable thermosets as shown in Scheme 2.

Table 2 Overview of the different flow rates tested for the synthesis of
PA via continuous flow chemistry. DMPA was used as photoinitiator for
each entry, all experiments were carried out under 365 nm irradiation.
For all entries, the scale of the reaction corresponds to 2 g of oil.
Concentration is 0.14 g ml™* for each entry

Time (h) Flow rate (ml min™) Conversion (%)
Entry 1 6 0.5 87
Entry 2 3¢ 1 88
Entry 3 6 2 97
Entry 4 6 9 99

“The reaction was stopped after 3 hours due to clogging issues in the
reactor.

100 ~ 95
88 90

82

80 4

60

Conversion %

40

204

T T T
1 mL/min 2 mL/min 9 mL/min

Flow Rate

T
0.5 mL/min

Fig. 2 Conversions of HOSO via thiol—ene reaction in flow at different
flow rates after 3 h. To evaluate the conversion, a 100 pyL sample was
taken at different reaction times and *H-NMR was recorded. Reactions
in isopropanol with a flow rate 0.5 mL min~%, 1 mL min~?, 2 ml min~* and
9 mL min~* were performed.
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Scheme 2 General reaction scheme for lignin functionalization to achieve CCFL, and subsequent reaction with EBC and crosslinker PA to form
NIPU networks. For simplicity, only the main reactions are shown, for further details and discussion see ESI.

CCFL was synthesized according to the protocol originally
proposed by Lehnen et al,”® with minor modifications, as
detailed in the experimental section. Briefly, a two-step pro-
cedure was employed. First, glycerol carbonate (GC) was uti-
lized to introduce further 1,2-diol moieties to the structure of
lignin. Subsequently, these 1,2-diols underwent ring closure to
5-membered cyclic carbonates by further treatment with
dimethyl carbonate (DMC), as shown in Scheme 2. In the first
step of the synthesis, several side reactions are possible
depending on the type of hydroxyl groups reacting. A more
detailed discussion highlighting different reactivities is
reported in the ESI,} as well as full characterization of CCFL
and its precursors. The first step of the modification is solvent-
less, as glycerol carbonate acts both as reactant and solvent,
the second step was further optimized proving that a solvent-
less procedure is also possible, achieving similar results com-
pared to the one using solvent.

Curing behavior of lignin-NIPUs thermosets

Having both monomers in hand, the curing behavior of the
lignin-NIPU thermosets (Scheme 2) was followed by IR spec-
troscopy. Initially, thermosets with only cyclic carbonate func-
tionalized lignin (CCFL, 0.89 mmol g~ carbonate moieties)
and PA were synthesized, with a CC:NH, ratio of 1:1 and
1:1.5. For both formulations, the samples resulted in a very

1444 | Green Chem., 2025, 27,1440-1450

brittle material after curing, breaking instantly when recording
IR spectra (see ESI, Fig. S251). Therefore, a third bifunctional
component was added to the thermoset formulation to achieve
more flexible materials, decreasing the crosslinking density
inherently brought by the lignin macromolecular structure.
Thus, erythritol bis-cyclic carbonate (EBC) was synthesized fol-
lowing a more sustainable procedure developed by Meier
et al.*® starting from erythritol, a naturally occurring polyalco-
hol present in fruit and used as sweetener. Initial experiments
were conducted with PA and EBC only. However, without the
contribution of lignin, a network was not successfully formed,
resulting in materials lacking structural integrity and exhibit-
ing very high viscosity, making them difficult to handle. This
outcome reinforces the fact that the optimal formulation for
the thermosets relies on the contribution of all three com-
ponents (CCFL, EBC and PA) to form a PHU network efficien-
tly. Considering the chemical nature of the three components,
their combination can overcome the typical brittleness of
lignin-containing materials.

Due to the solid nature of lignin and EBC, a minimal
amount of DMSO was employed to aid the mixing of the
monomers. The viscous-liquid nature of PA also contributed
an efficient and homogeneous mixing of all the components.
Different thermoset compositions were prepared, an overview
is reported in Table 3.

This journal is © The Royal Society of Chemistry 2025
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Table 3 Overview of the molar and weight composition for the synthesized thermosets, with different lignin content

cyclic carbonate component

(equiv.)
Entry amine component Catalyst
EBC CCFL Total equiv. PA (equiv.) TBD (equiv.) Lignin content® (%mol) Lignin content? (%wt)
1 0.85 0.15 1 1 0.1 15 26
2 0.75 0.25 1 1 0.1 25 38
3 0.50 0.50 1 1 0.1 50 56
4 0.25 0.75 1 1 0.1 75 67

“Molar content of CCFL (in percent) with respect to the total moles of cyclic carbonate component. ? Weight content of lignin (in percent) with
respect to the total weight of all components, not considering the weight of the solvent.

Initially, a 38 wt% lignin formulation with EBC, CCFL and
PA was prepared. Its curing behavior was followed in time at
150 °C via IR spectroscopy, revealing an optimal curing time of
2.5 days, as after this time the signal ascribed to the cyclic car-
bonate ¥(C=0) at 1792 cm™ " was no longer observed. Next,
applying these conditions, four different lignin weight percen-
tages were tested, 26, 38, 56 and 67 wt% (see Table 4). IR spec-
troscopy of the cured thermosets is shown in Fig. 3.
Comparing the IR spectrum of CCFL (Fig. 3, left, top) with the
fully-cured thermoset with 38 wt% lignin (Fig. 3, left, bottom),
different signals show the successful formation of the PHU
thermosetting network. In particular, a strong increase in the
stretching vibration signal ascribed to C-H bonds

(2760-3000 cm™") relates to the incorporation of the aliphatic
fatty acid chains into the structure of the thermoset. Also, v(O-H)
and v(N-H) stretching vibration signals (3100-3600 cm™)
increased as a consequence of the formation of hydroxyl groups
due to ring opening of cyclic carbonate and urethane moiety for-
mation, respectively. The disappearance of the cyclic carbonate
Y(C=0) signal (1792 cm™") confirms the effective curing of the
material, while a new signal at 1728 cm™" is associated with the
Y(C=O0) of both ester and urethane moieties overlapping with
each other. In Fig. 3, right, an overlay of all IR spectra of the ther-
mosets with different lignin compositions is shown. The absence
of the cyclic carbonate ¥(C=0O0) stretching absorbance reveals an
effective reaction in all compositions.

Table 4 Overview of the characterization data for thermosets with different lignin weight percentages

wt.% lignin Ty (°C) Ta 5% (°C) Ta,50% (°C) Residue (%) WCA (°) Swelling (%) Gel content (%) Aspect

26 —30 to 60 287 400 21.0 81.13 96 79 Very flexible
38 20-80 290 404 21.3 87.99 48 87 Flexible

56 80-120 301 421 33.9 101.02 44 93 Fragile

67 90-130 307 422 33.3 95.66 41 98 Fragile

“ T, ranges obtained from the DSC thermograms, precise assignation is not possible.

Cyclic carb. funct. lignin — 38 wt% lignin

Linear carbonate v(C=0),

1748 cm’ )
\ Cyclic carbonate v(C=0),

\ #1792 om™
1

V(C-H)  v(O-H); v(N-H)

v(C=0), ester, urethane
1728 cm’

/

Absorbance, normalized

— Cyclic carb. funct. lignin — 67 wt% lignin — 56 wt% lignin — 38 wt% lignin — 26 wt% lignin

Cyclic carbonate v(C=0)

j| V(C-H) v(O-H); v(N-H)
ML
v/ M“v’/ \\ A\ A
sk NS A UL o e S
v(C=0), ester,
urethane

2000 2500 3000 3500
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T T T T I} T T
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Wavenumber (cm™)

Fig. 3 Left: overlayed IR spectra of CCFL (blue, top) and the thermoset with 38 wt% lignin content (Table 4, entry 2, black, bottom). Right: overlay
of IR spectra of CCFL (violet, top) and the thermosets with different lignin compositions (see Table 4). Relevant signal changes are highlighted.
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Fig. 4 Left: DSC thermograms of thermosets with different lignin weight percentages (compare Table 3), right: TGA decomposition curves for the
CCFL (black) and the thermosets with different lignin weight percentages.

Gel content and swelling properties

Gel content and swelling behavior of the thermosets were
investigated according to the procedure described in the ESIf
and are reported in Table 4. Typically, these tests provide valu-
able insights into the material’s crosslinking density: the
higher the gel content of the material, the higher the cross-
linking degree. The soluble fraction typically consists of low
molecular weight impurities, unreacted starting materials, or
products of low crosslinking density. Here, the presence of
soluble oligomeric structures can be excluded as indicated by
GPC analysis (see ESI, Fig. S267).

A clear trend can be observed in both parameters related to
lignin content of the PHUs. As the lignin content increases, the
swelling percentage decreases, while the gel content exhibits the
opposite trend. For the lowest lignin content (26 wt%), the cross-
linking density is the lowest among all compositions. This is
because EBC, which does not contribute to cross-linking,
accounts for the majority of cyclic carbonate moieties. As the
lignin percentage increased, the crosslinking density also
increased. Consequently, the gel content rises, reaching a
maximum of 98% for 67 wt% lignin, and the swelling decreased
to 41% for the highest lignin composition. Generally, the results
show a satisfactory gel content in all compositions, demonstrat-
ing the efficient formation of a network.

Thermal properties of the thermosets

The thermal properties of the thermosets were also investi-
gated. Initially, thermal stability was analyzed by TGA (see
Fig. 4, right). All thermosets showed a higher thermal stability
compared to the precursor CCFL.

Moreover, they all showed a single-step decomposition
curve, corresponding to the degradation of the thermoset
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structure. In contrast, CCFL showed a two-step decomposition
curve, where the first step could be ascribed to the cyclic car-
bonate moieties and the second one to the aromatic structure
of lignin. Increased lignin content contributed to improve
thermal stability (T4 50 = 287 °C, Tq,50% = 400 °C for 26 wt%
lignin; T4 50, = 307 °C, Tqs0% = 422 °C for 67 wt% lignin),
because a higher amount of lignin increases the cross-linking
density. Furthermore, lignin is generally known to enhance
thermal stability.">"" A trend in the char residue percentage
(see Table 4) was observed, where the residue percentage
increased with a higher lignin content (from 21.0 to 33.3%),
as lignin contributes to a higher char content.*?

DSC thermograms of the different thermosets were also
recorded to identify the possible presence of a T,. Fig. 4, left,
shows the thermograms in a temperature range —30 to 180 °C.
Assignment of a clear T, value was not possible, as the range
was too broad to identify it. This is probably a result of the
complex and heterogenous networks formed. An increase in
the heating rate from 10 to 30 K min~" did not improve the
quality of the thermograms. Nevertheless, a T, is certainly
present, as evidenced by the material’s behavior when heated.
Upon heating, in fact, the material’s elasticity changed,
making the thermosets appear more flexible, changing back to
a more brittle state when cooled back to room temperature
(RT). The only thermoset that remained very flexible at RT is
the one with a 26 wt% lignin composition, which has a T,
range near RT, as indicated by the thermogram.

DMA analysis

Amongst the different thermoset compositions that were not
fragile (see Table 4), the one with the highest lignin content
(38 wt%) was selected for DMA analysis. A representative curve

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Left: representative curve of the storage modulus (E’) curve against temperature for the 38 wt% lignin content thermoset. Right: representa-
tive curve of the tan (§) curve against temperature for the 38 wt% lignin content thermoset.

Table 5 DMA analysis results for the 38 wt% lignin content thermoset?

wt% lignin E'_30 oc (MPa) E'ys5 oc (MPa)

E'150 oc (MPa) Tg (°C) Onset E’ Ty (°C) max tan &

38 1970 + 386 1220 £ 223

“Measurements performed in triplicate.

of the storage modulus E' and the tan § curve is shown in
Fig. 5 and the results are reported in Table 5. The material pre-
sents a storage modulus below T, ranging from 1970 MPa at -
30 °C to 1220 MPa at 25 °C (average values, see Table 5 and
Table S81), which dropped reaching a minimum around a
temperature of 150 °C (E'y59 oc = 5.72 = 2.41 MPa). The glass
transition (or o relaxation temperature, T,) causes a large
change in the material’s elasticity, resulting in a decrease of
the storage modulus and a peak in the tan(§) curve. Lignin’s
aromatic backbone structure and crosslinking density are the
main influencing factors for this change in the thermosets.

The glass transition can be measured from the onset of the
storage modulus or the temperature at the maximum of the
tan(s) peak. The first method usually gives the lowest value of
T, and it is often a good indicator of when the mechanical
strength of the material starts to fail. This value may be useful
to consider for possible applications. For the composition with
38 wt% lignin content, a maximum T, of 97.3 °C was reached
(peak tan(s)), average value of three measurements, (see
Table 5 and Table S8t), showing a value aligning with litera-
ture reported results for lignin-based NIPUs.”®

Water contact angle (WCA) measurements

Hydrophobicity and wettability of the thermosets were investi-
gated via static single-drop water contact angle (WCA)
measurements. Usually, to be considered hydrophobic, a
material should present a WCA higher than 90°. A material is
considered superhydrophobic when the WCA is higher than

This journal is © The Royal Society of Chemistry 2025

5.72 +2.41 55.2+2.4 97.3+4.1

150°."* Due to its complex structure, rich in carbon and aro-
matics, lignin usually presents a more hydrophobic behavior
compared to other bioderived polymers, i.e. cellulose or hemi-
cellulose.** However, hydrophobic/hydrophilic behavior is
strongly influenced by the type of functional groups present in
the structure. The measurements of the different thermoset
compositions reveal a gradual increase in hydrophobicity in
concomitance with increasing the lignin content (see Fig. 6),
especially when higher than 38 wt%. This trend suggests that
the hydrophobic nature of the modified lignin contributes to
the final wettability of the material, considering that the molar
amount of the PA is the same in every composition. Although
the average value of the WCA for the 67 wt% formulation
appears to be lower than the value for the 56 wt% formulation,
the two resins behave quite similar within error margins.

To compare with literature data, a study showed that the
inherently hydrophilic behavior of linear PHU coatings (due to
the pendant hydroxyl groups) can be influenced by varying the
chain length of the diamine.*> However, contact angle
measurements were still below 90° for all the formulations
tested. Detrembleur et al.*® on the other hand investigated the
wettability for crosslinked PHUs obtained from cyclocarbo-
nated soybean oil and different diamines revealing a high
WCA of 103° for the formulation obtained with m-xylylenedia-
mine (MXDA). This suggests a higher hydrophobicity for aro-
matic structures, compared to cycloaliphatic (isophorone
diamine, 99°) and aliphatic (hexamethylenediamine, 95°)
ones.
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different lignin composition. Measurements were performed 5 times per
sample to ensure reproducibility and average values are reported, as
well as measurement errors.

Conclusions

This work represents the synthesis of a high oleic sunflower
oil-based amino crosslinker via thiol-ene click chemistry and
its subsequent use in the production of lignin-based non-iso-
cyanate polyurethanes (NIPUs). Although bio-based amines are
a crucial component in NIPU formulations, they are rarely
documented in the literature. The crosslinker structure was
characterized in detail and reaction conditions were investi-
gated both in batch and under continuous flow processes,
resulting in a conversion of 99% obtained in 6 hours and in a
2 grams scale, demonstrating the feasibility of scaling up the
reaction. Furthermore, the plant oil based amino crosslinker
was employed for the synthesis of fully bio-based NIPUs
together with cyclic carbonate functionalized lignin and ery-
thritol bis-cyclic carbonate. The lignin content of the resulting
thermosets was varied between 26 and 67 wt%, showing how
lignin influences the properties of the final materials. IR spec-
troscopy confirmed the successful and complete curing in all
formulations, which was further validated by high gel content
values that increased proportionally with lignin content.
Formulations up to 38 wt% of lignin were still flexible at room
temperature conditions, whereas higher lignin contents
resulted in fragile materials with poor mechanical perform-
ance. All formulations exhibited thermal stability up to 250 °C,
with the 38 wt% lignin formulation showing a T, of 97.3 °C, as
determined by DMA analysis, indicating suitability for appli-
cations requiring both high thermal resistance and elevated
Ty. The wettability of the materials was also examined,
showing an increase in hydrophobicity with higher lignin
content. In summary, this work highlights the potential of the
bio-based amino crosslinker in the formulation of sustainable
NIPUs and underscores the significant role of lignin content
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in tailoring the mechanical, thermal, and surface properties of
the resulting materials.
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