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ABSTRACT

Three synthetic routes, thermally initiated thiol-ene polyaddition, isocyanate-based polyaddition, and transurethanization, were
compared for the synthesis of non-isocyanate poly(urethane)s (NIPUs). Relatively high molecular weight polymers (M, up to
19 kgxmol ') were successfully achieved via thiol-ene coupling using a,w-diene-functionalized carbamates and aliphatic dithiols
as monomers under solvent-free conditions and dicumyl peroxide as a thermal initiator at a [SH]/[Ene] ratio of 1.05. Compared
to conventional isocyanate and transurethanization methods, the thiol-ene approach demonstrated slightly higher molar mass
and reduced formation of urea and carbonate byproducts, independent of the formulation prepared. Thermal and mechanical
characterization revealed that NIPUs, especially the ones prepared via thiol-ene, exhibited thermal transitions, tensile strength,
and elongation at break comparable to or superior to those of their isocyanate-based counterparts. Adhesive performance was
further enhanced through a thermally activated thiol-ene reactive bonding strategy, where in situ polymerization at the substrate
interface led to a fourfold increase in lap shear strength (8 MPa) compared to a thermoplastic hot-melt application (2 MPa). These
findings highlight that thermally initiated thiol-ene polyaddition is promising for the synthesis of high-performance, isocyanate-
free polyurethane materials with potential applications in coatings, adhesives, and thermoplastics.

1 Introduction optics, electronics, coatings, adhesives, and biomedical materials

[3].

Sulfur-containing polyurethanes, such as poly(thiourethane)s,

poly(thiourethane urethane)s, and poly(sulfide urethane)s, rep-
resent a versatile class of functional polymers with unique
physicochemical properties [1, 2]. These include high refractive
index, strong adhesion, tunable mechanical properties, chemical
resistance, and biocompatibility, i.e. characteristics attributed to
the capacity of sulfur to form weak hydrogen bonding, and the
longer C—S bond length compared to C—C and C—O bonds [1-
4]. Such features have enabled applications of these polymers in

Like conventional polyurethanes, sulfur-containing analogues
are typically synthesized from isocyanates. For instance,
poly(thiourethane)s result from the polyaddition of thiols
with isocyanates, while poly(sulfide urethane)s are formed via
polyaddition of isocyanates with sulfide-containing diols or via
thiol-ene coupling [1, 3, 5]. However, isocyanates are toxic and
moisture-sensitive. These molecules have thus been increasingly
restricted by regulatory frameworks such as REACH [6]. In
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response, non-isocyanate polyurethanes (NIPUs) have gained
attention as safer and more sustainable alternatives [7, 8].

Several strategies have been explored for synthesizing sulfur-
containing NIPUs. These include the aminolysis of dithiocar-
bonates to yield polythiourethanes [9, 10], the thiol-induced
decarboxylation of cyclic carbonates in the presence of amines [11,
12], or the use of sulfide- or disulfide-functionalized cyclic carbon-
ates and/or amines [13, 14]. These approaches have been mainly
applied to produce thermoset foams, adhesives, and vitrimeric
materials [9, 11]. Nonetheless, these methods often suffer from
low reactivity, limited conversion, and side-product formation
[9, 11]. Moreover, the resulting chemical structure diverges from
those prepared via isocyanate-based routes, leading to distinct
thermal behavior and limiting their utility in thermoplastic
applications [14].

An alternative route that has recently emerged involves thiol-ene
coupling, a radical-mediated reaction between thiols and C=C
double bonds [5, 15-17]. This approach offers efficiency, high atom
economy, mild reaction conditions, and controlled byproduct
formation, features that align with green chemistry principles
[5]. While thiol-ene chemistry has been applied to synthesize
biosourced building blocks for NIPUs such as diamines [14, 18]
and cyclic carbonates [19, 20], its potential to create thermoplastic
poly(sulfide urethane)s with tunable properties has not been fully
explored yet [5, 16, 21].

Initially, most of the current studies were dedicated to the
synthesis of monomers with carbamate and ene motifs that
were subsequently polymerized via thiol-ene coupling. Reported
strategies include the reaction of cysteamine with allyl chloro-
formate [17], the reaction of N-substituted carbamic acid esters
in the presence of w-halogenated alkenes [16], the aminolysis of
cyclic carbonates with allyl or fatty-acid-derived amines [15], and
the Lossen rearrangement of hydroxamic acids in the presence
of allyl alcohol [5]. While some of these approaches utilize
toxic halogenated reagents, greener alternatives still suffer from
incomplete conversion and side-product formation.

A more sustainable and efficient route was demonstrated by
Burel et al. in 2016 [22]. The authors demonstrated the synthesis
of o,w-diene-functionalized polyurethanes and polyureas via
transurethanization with oleic acid derivatives, with minimal
side reactions [22]. Alternatively, Xie et al. [16]. investigated the
ADMET and thiol-ene polymerization of a,w-diene carbamates
synthesized from N-substituted carbamic acid esters and w-
halogenated alkenes. The authors reported that the resulting
non-isocyanate poly(sulfide urethane)s, prepared via photoiniti-
ated thiol-ene coupling, achieved limited molar masses (M,, up to
11 kgxmol™) even after extended reaction times (~24 h).

Although the thiol-ene approach has been applied to prepare
thermoplastic poly(sulfide urethane)s, a direct comparison of
their properties with sulfur-containing polyurethanes synthe-
sized via traditional isocyanate-based or transurethanization
methods is lacking. Importantly, the thiol-ene route avoids the
formation of urea byproducts, commonly observed during iso-
cyanate hydrolysis or carbamate metathesis [23]. This absence of
urea moieties could have a significant impact on the final thermal
and mechanical properties of the polymers.

In this work, a,w-diene carbamates were synthesized via
transurethanization of dimethyl carbamates with 10-undecen-1-
ol, derived from castor oil. The latter were then polymerized
through thiol-ene coupling under thermal-initiated conditions.
In parallel, sulfide-containing diols were obtained by thiol-
ene addition of 10-undecen-1-ol with dithiols and subsequently
polymerized via either transurethanization or isocyanate-based
polyaddition. The effect of the synthetic route on the obtained
molecular weights and the resulting chemical structure was
evaluated in terms of side-product formation, hydrogen bonding,
and morphology. Additionally, the influence of polymer structure
on thermal, mechanical, and adhesive properties was assessed.
To the best of our knowledge, this is the first direct comparison
of synthetic strategies toward poly(sulfide urethane)s, offering
new insights into the design of greener, thermoplastic, sulfur-rich
polyurethanes.

2 Materials and Methods
2.1 Materials

Dicumyl peroxide (DCP, 98%), 1,8-dimercapto-3,6-dioxaoctane
(9, 95%), and isophorone diisocyanate (13, 98%) were purchased
from Sigma-Aldrich. Potassium tert-butoxide (KO'Bu, 97%),
1,10-decanedithiol (10, 95%,) and 1,5,7-triazabicyclo[4.4.0]dec-5-
ene (TBD, 98%) were purchased from TCI. 1,6-Hexamethylene
diisocyanate (14, 98%) and 1,6-hexanediamine (2, 99.5%) were
acquired from Fischer Scientific. Dimethyl carbonate (1, 99%) and
isophorone diamine (3, 99%) were purchased from Acros Organ-
ics. 10-Undecen-1-ol (6, 99%) was acquired from ABCR. CDCl,
was obtained from VWR and deuterated dimethyl sulfoxide
(DMSO-d,, 99.5%) was obtained from Eurisotop.

2.2 Methods
2.2.1 Synthesis

2.2.1.1 Synthesis of Bismethyl Carbamates 4 and 5. Bis-
methyl carbamates were synthesized by the methoxycarbonyla-
tion of different diamines (1,6-hexanediamine (2) and isophorone
diamine (3)) (1 equiv. mol, 172 mmol) in a 500 mL Schlenk flask
with an excess of dimethyl carbonate (1, 10 equiv., 1721 mmol) in
the presence of TBD as a catalyst (0.05 equiv., 8.6 mmol), as shown
in Scheme 1. The reaction was performed with magnetic stirring
under a static nitrogen atmosphere at 80°C for 24 h. Then, the
excess of dimethyl carbonate and methanol generated during the
methoxycarbonylation of diamine were removed under vacuum
at 65°C.

Further purification of crystalline dimethyl hexane-1,6-
diyldicarbamate (4) was performed via recrystallization from
cold methanol using an ice bath. The product was filtered and
dried in a vacuum oven at 65°C for 12 h. The product was
obtained as a white crystalline powder with a yield of 85%.

'H NMR (400 MHz, DMSO-dy): § (ppm) = 7.06 (s, 2H), 3.50 (s,
6H), 2.93 (s, 4H), 1.36 (s, 4H), 1.23 (s, 4H).

3C NMR (400 MHz, DMSO-d¢): § (ppm) = 157.11, 51.54, 29.88,
29.45, 29.20, 26.69.
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SCHEME 1 | Synthesis of dimethyl carbamates (1) by methoxycarbonylation of amines (2 or 3), followed by the synthesis of a,w-diene carbamates

via transurethanization in the presence of 10-undecen-1-ol.

Methyl ((5-((methoxycarbonyl)amino)-1,3,3-trimethylcyclohexyl)
methyl)carbamate (5) was purified as follows: the product was
solubilized in dichloromethane (DCM) and washed with 5%.wt
HCI solution, followed by washing with brine to remove the
catalyst and remaining non-reacted diamine. Finally, DCM was
removed under vacuum at 45°C for 12 h. 5 was obtained as a
transparent solid product with a yield of 90%.

'H NMR (400 MHz, DMSO-d,): § = 7.11-7.06 (t, 2H), 3.56 (s, 1H),
3.51-3.49 (s, 6H), 3.10-2.77 (m, 2H), 1.66-0.77 (16H).

13C NMR (400 MHz, DMSO-d,): & (ppm) = 157.33, 157.18, 155.88,
155.8, 54.90, 54.24, 51.20, 50.98, 47.55, 46.86, 46.59, 45.81, 45.48,
43.92, 41.65, 41.28, 36.26, 35.69, 34.99, 31.40, 29.87, 27.50, 26.99,
23.19.

2.2.1.2 Synthesis of Double Bond Terminated Carbamates
7 and 8. The synthesis of double bond terminated carbamates
7 and 8 was performed inspired by previous investigations
[22]. Bismethyl carbamates (4 or 5, 1 equiv. 52.4 mmol) and
10-undecen-1-ol (6, 3 equiv, 157.2 mmol), in the presence of
potassium tert-butoxide (KO'Bu, 0.1 equiv., 5.2 mmol), were added
to a 100 mL round-bottom Schlenk flask equipped with mechan-
ical stirring and vacuum inlet. The reaction was performed
initially at 90°C under a pressure of 50 mbar for 2 h. After that,
the temperature was progressively increased to 120°C and the
pressure decreased (< 1 mbar) for an additional 2 h to remove any
excess of methanol and unreacted 1-undecen-10-ol.

The aliphatic di(undec-10-en-1-yl) hexane-1,6-diyldicarbamate
(7) was purified by recrystallization using hot DMSO. The product
was then washed with methanol, filtered, and dried in a vacuum
oven at 65°C for 12 h. It was obtained as a white crystalline powder
with a yield of 85%.

'H NMR (400 MHz, CDCL): § = 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz,
2H), 5.06 — 4.86 (m, 4H), 4.65 (s, 2H), 4.02 (t, J = 6.8 Hz, 4H), 3.15
(q,J = 6.8 Hz, 4H), 2.13 - 1.92 (m, 4H), 1.58 (q, J = 7.0 Hz, 4H), 1.48
(p,J = 6.9 Hz, 4H), 1.41 - 1.21 (m, 28H).

13C NMR (400 MHz, v): § (ppm) = 156.98, 139.37, 114.27, 65.08,
40.91, 33.95, 29.25, 26.43, 26.02.

Undec-10-en-1-y1((1,3,3-trimethyl-5-(((undec-10-en-1-
yloxy)carbonyl)amino) cyclohexyl) methyl)carbamate (8)
was isolated by column chromatography using hexane:ethyl
acetate = 9:1 as eluent. Then, the carbamate was further purified
in a Kugelrohr distillation system at 135°C for 6 h. The product
was obtained as a yellow viscous liquid with a yield of 63%.

'H NMR (400 MHz, CDCL,): 8 (pm) = 5.76 (ddt, J = 16.9, 10.2,
6.7 Hz, 2H), 4.98-4.85 (m, 5H), 4.85-4.67 (m, 1H), 4.56 (d, J =
8.0 Hz, 1H), 3.99 (p, J = 9.5, 7.9 Hz, 4H), 3.71 (dt, J = 45.2,12.9 Hz,
1H), 3.33-2.77 (m, 2H), 2.08 (s, 1H), 1.99 (q, J = 7.0 Hz, 5H),
1.88-0.66 (m, 51H).

3C NMR (400 MHz, CDCL,): § (ppm) = 157.23, 156.07, 139.13,
114.18, 65.05, 54.90, 47.15, 46.44, 44.54, 41.94, 36.43, 35.09, 33.83,
31.87, 27.65, 25.90, 23.24.

2.2.1.3 Synthesis of Thio-Ether Containing Diols 11 and 12.
Sulphur-containing diols were synthesized by thiol-ene reaction,
based on an adapted methodology previously proposed [24].
1,8-Dimercapto-3,6-dioxaoctane (9, 1 equiv., 41.9 mmol) or 1,10-
decanedithiol (10, 1 equiv., 41.9 mmol) and 10-undecen-1-ol (6,
2.1 equiv., 88.1 mmol) were added to a 100 mL round-bottom
Schlenk flask with a nitrogen inlet in the presence of 2,2-
dimethoxy-2-phenylacetophenone as photoinitiator (DMPA, 0.02
equiv., 0.88 mmol). The reaction medium was exposed to an
ultraviolet light source with a wavelength of 365 nm for 6 h
(Scheme S2).

The further purification of crystalline 15,18-
dioxa-12,21-dithiadotriacontane-1,32-diol (11) and
11,11’-(decane-1,10-diylbis(sulfanediyl))bis(undecan-1-ol) (12)
was performed via recrystallization from cold ethyl acetate using
an ice bath. The product was filtered and dried in a vacuum oven
at 65°C for 12 h. The products were obtained as white crystalline
powder with a yield of 72% and 67%, respectively.
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SCHEME 2 | Polymerization leading to poly(sulfide urethane)s NIPU 1la-g via thermally activated thiol-ene of a,w-diene carbamate (7) in the

presence of 1,8-dimercapto-3,6-dioxaoctane (9).

Diol 11:

'H NMR (400 MHz, CDCL,): § (ppm) = 3.68-3.59 (m, 12H), 2.71
(t,J=7.1Hz, 4H), 2.61-2.48 (m, 4H), 1.63-1.51 (m, 10H), 1.40-1.21
(m, 30H).

3C NMR (400 MHz, CDCl,): § (pmm) = 71.19, 70.42, 63.18, 32.92,
32.72, 31.48, 29.92, 29.69, 29.61, 29.53, 29.35, 25.85.

Diol 12:

'H NMR (400 MHz, CDCL,): 8 (ppm) = 3.64 (t, J = 6.3 Hz, 4H),
2.54-2.46 (m, 8H), 1.56 (q, J = 8.1, 7.5 Hz, 16H), 1.32 (d, J = 34.7 Hz,
46H).

13C NMR (400 MHz, DMSO-d,): & (ppm) = 157.23, 156.07, 139.13,
114.18, 65.05, 54.90, 47.15, 46.44, 44.54, 41.94, 36.43, 35.09, 33.83,
31.87, 27.65, 25.90, 23.24.

2.2.1.4 Synthesis of NIPU by Thermally Initiated Thiol-
Ene. Thermally initiated thiol-ene reactions of di(undec-10-
en-1-yl) hexane-1,6-diyldicarbamate (7) and 1,8-dimercapto-3,6-
dioxaoctane (9) using dicumyl peroxide (DCP, 0.05 equiv.) as
a radical initiator were carried out in a 50 mL round-bottom
Schlenk flask attached to a mechanical stirrer and a nitrogen inlet
following the indicated temperature program: (i) 120°C for 2 h, (ii)
135°C for 4 h (NIPU 1). The reaction was assessed using different
thiol to ene molar ratios ([SH]/[Ene]), that varied from 0.8 to
1.2 equiv. mol, as depicted in Scheme 2. NIPU 2a, prepared by
the polyaddition of 8 and 1,10-decanedithiol (10), and NIPU 3a,
synthesized by the polyaddition of 7 and 10, were prepared using
a [SH]/[Ene] = 1.05. The polymers were characterized without
further purification.

2.2.1.5 Synthesis of the NIPUs by Transurethanization.
NIPUs were synthesized under optimized transurethanization
conditions, as suggested in our previous work [23]. The com-
pounds were prepared using 0.05 equiv. of KO'Bu relative to the
carbamate content, with a hydroxyl and carbamate molar ratio
([OH]/[Carb.]) of 0.90. The compositions were prepared using
the bismethyl carbamates (4 or 5) with diol (12) as indicated
in Scheme 3. The selected carbamates and diols were added
to a 50 mL round-bottom Schlenk flask attached to a vacuum

line following the indicated condition: (i) 120°C for 2 h under
a pressure of 100 mbar. (ii) 135°C for 4 h under a pressure of <
1 mbar.

2.2.1.6 Synthesis of Reference Polyurethane. Reference
polyurethanes PU 1 and PU 2 were prepared using a similar
temperature protocol proposed for the transurethanization. The
reaction was mechanically stirred in a 50 mL round-bottom
Schlenk flask with continuous nitrogen flow. First, isophorone
diisocyanate (13, 1 equiv.) (PU 1) or hexamethylene diisocyanate
(14, 1 equiv.) (PU 2) and sulfide-containing diol (12, 1 equiv.)
were added to a 50 mL round-bottom Schlenk flask attached
to a nitrogen inlet line. The polyaddition was performed by
mechanical stirring following the indicated conditions (i) at
120°C, under an atmosphere of N, for 2 h, (ii) 135°C, under
an atmosphere of N, for 4 h. The polymers were characterized
without further purification.

2.2.2 Characterization

'H NMR was recorded on a Bruker Avance 400 spectrometer
(400 MHz). The samples were solubilized in hot DMSO-d,,
CDCl, or CDCl;+HFIP. The analyses were performed at room
temperature (~25°C). From 'H NMR, the alcohol and carbamate
conversions were monitored in the course of the reaction by
considering the signals of the OH protons of the alcohols and the
NH protons of the carbamates, respectively, using a previously
reported methodology [23].

Size exclusion chromatography (SEC) was used to estimate
the polymer number-average molar mass (M, ), weight aver-
age molecular weight (M,,), and dispersity (D). Analysis were
performed using HFIP as eluent on an Ultimate 3000 system
from Thermoscientific equipped with a diode array detector
(DAD), a multi-angle laser light scattering detector (MALS) and a
differential refractive index detector (dRI) from Wyatt, using two
Shodex Asahipack gel column GF310 and GF510 (300 X 7.5 mm,
separation between 500 and 300 000 Da) at 50°C at a flow rate
of 0.5 mL/min. The instrument was calibrated with poly(methyl
methacrylate) standards.
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SCHEME 3 |
transurethanization of dimethyl carbamates, and isocyanate polyaddition.

Polymers were analyzed by Fourier-transform infrared spec-
troscopy (FTIR) on a Bruker VERTEX 70 instrument on atten-
uated total reflectance (ATR) equipped with a DLaTGS MIR
detector. The analysis was performed with a resolution of 4 cm™!
and 32 scans. The quantification of the urea, urethane and
carbonate were calculated based on the methodology proposed by
Zhang, et al. [25] and is displayed in the Supporting Information.

The polymer thermal transitions were identified by differential
scanning calorimetry (DSC) using a DSC Q2000 from TA. Sam-
ples of ~ 6 mg were analyzed using a standard aluminum crucible,
three temperature ramps at a heating/cooling rate of 10°C/min
were applied: the first from —100 to 150°C, the second from 150 to
—100°C, and the last from —100°C to 200°C.

The thermal stability of the PUs was investigated by thermo-
gravimetry analysis (TGA). The analysis was performed on a TGA
Q500 from TA Instruments. Samples of ~6 mg were heated from
30°C to 700°C at a heating rate of 10°C/min under a nitrogen
atmosphere.

For the mechanical testing, NIPU films were prepared using
a thermal press set to temperatures between 100°C and 135°C,
depending on the specific melting temperature of the polymer.
The pressing process lasted for 10 min under a pressure of
approximately 6 bar. Afterward, the samples were cut into a
dogbone shape with dimensions of about 3.95 mm in width and
2.08 mm in thickness. The tensile strength test was conducted on
a Zwick automated testing machine, utilizing a testing speed of
20 mm/min and a preload force of 0.1 MPa.

Solid hot-melt adhesive or reactive hot-melt specimens were
produced with dimensions of approximately 25 mm X 12.5 mm
X 1.5 mm. For the hot-melt adhesive, the bonded joint between
aluminum-NIPU-aluminum was formed using a thermal press

[SH/[ENE] = 1.05
0.05 equiv. DCP
(i) 120 °C, 0-2h, N,
(i) 135 °C, 2-6h, N,

[OH]/[NCO] = 1.0
(i) 120 °C, 0-2h, N,
(i) 135 °C, 2-6h, N,

P NIPU 2
= PU1

e S a Ny

NIPU 3
PU 2

Synthesis of poly(sulfide urethane)s via thermally initiated thiol-ene reaction of a,w-diene carbamates in the presence of dithiols,

at temperatures 120°C for 10 min, under a pressure of approxi-
mately 5 bar. For the thermally activated adhesive, the unreacted
monomer mixture was poured onto the substrate fixed by a clamp.
The adhesive was reacted at 135°C for 24 h. Prior to use, the
aluminum substrates were cleaned with isopropanol, followed
by a sandblasting treatment to eliminate any oxide layers before
the bonding. The lap shear strength test was performed on a
Zwick 100 machine, using a load of 2 kN and a pulling rate of
10 mm/min.

Contact angles for water and diiodomethane were measured with
a Kriiss MSA One-Click Surface Free Energy (SFE) system, in
which approximately 2 uL of liquid was placed on the substrate or
NIPUs. The total surface free energy (v), along with its dispersive
(v*) and polar (»*) components, was calculated using the Kriiss
Advance software.

3 Results and Discussion
3.1 Synthesis of Polyurethane by Different Pathways

In this study, dimethyl carbamates were synthesized via the
methoxycarbonylation of two diamines, 1,6-hexanediamine (2)
and isophorone diamine (3), in the presence of dimethyl car-
bonate (1), affording an aliphatic dimethyl carbamate (4) and
a cycloaliphatic dimethyl carbamate (5), respectively. These
intermediates were subsequently reacted with 10-undecen-1-ol
(6), a renewable fatty alcohol derived from castor oil, through
a transurethanization reaction to yield a,w-diene biscarbamate
monomers (7 and 8), as displayed in Scheme 1. The resulting
monomers were fully characterized using nuclear magnetic res-
onance (NMR), Fourier-transform infrared spectroscopy (FTIR),
size-exclusion chromatography (SEC), and differential scanning
calorimetry (DSC). The analytic data are provided in Figures
S1-S14.
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'H and 3C NMR spectroscopy confirmed the formation of the
targeted carbamates, no detectable side products were observed
within the sensitivity limits of these techniques. However, a
more detailed analysis of the FTIR spectra, based on peak
deconvolution of the carbonyl stretching region (Figures S8 and
S13 for compounds 7 and 8, respectively), revealed the presence of
trace amounts of urea and carbonate species. These impurities are
attributed to a well-documented side reaction occurring during
transurethanization, namely carbamate metathesis [23]. Based on
the accepted mechanism of this reaction, the most probable side
products are urea- and carbonate-containing a,w-dienes (Scheme
S1). Consistent with this interpretation, SEC analysis of both
compounds displays a bimodal elution profile, characterized by
a minor high-elution-time peak in addition to the main peak,
which can be tentatively assigned to urea-containing «,w-diene
species. Importantly, as these side products retain an a,w-diene
structure, they are not expected to interfere with the thiol-
ene polyaddition process. Their incorporation into the growing
polymer chains during propagation provides an explanation for
the subsequent detection of both urea and carbonate moieties
within the corresponding polymers.

The resulting a,w-diene biscarbamates were further reacted
with dithiols via thiol-ene reaction, forming non-isocyanate
poly(sulfide urethane)s. In this work, a thermally initiated thiol-
ene approach was employed by reacting 7 with 9 in the presence
of dicumyl peroxide (DCP) as the thermal initiator, as displayed
in Scheme 2. The reaction was carried out in bulk using different
thiol:ene molar ratios ([SH]/[Ene| = 0.8-1.2). The mixture was
stirred with an overhead stirrer at 150 rpm under a constant
nitrogen flow. The thermal protocol consisted of heating at 120°C
for 2 hours, followed by a gradual increase to 135°C for an
additional 4 hours, yielding NIPUs 1a-g.

The reaction progress of the different NIPU syntheses was
investigated by 'H NMR spectroscopy in CDCl;+HFIP. The 'H
NMR of NIPU 1a is displayed in Figure 1, along with its monomer
mixture before the addition of the initiator. At t = 0, partial
conversion of the vinylic protons was already observed, likely
due to self-initiation at relative high temperature (120°C) [26,
27]. As a result, the integration values for the vinylic CH, (a,
4.87 ppm) and CH group (b, 5.73 ppm) signals were 2.48 H and
1.20 protons, i.e. lower than the expected 4H and 2H, respectively.
This corresponds to an estimated ene conversion of about 38%
(detailed procedure for the calculation of the ene conversion is
available in the ESI along with the 'H NMR spectrum of NIPU 1d,
Figure S21). In parallel, signals associated with a-sulfide protons
(a’, 2.47 ppm) were detected, with an estimated yield of 32%, in
good agreement with the observed ene conversion.

After 6 h of reaction, the ene conversion reached approximately
94% (as displayed in Table SI), while the corresponding oa-
sulfide proton signals accounted for about 81%, indicating that
a fraction of the ene groups did not result in the expected thiol-
ene coupling product. This discrepancy can be attributed to side
reactions commonly associated with thiol-ene polymerizations.
As reported previously, thiyl radicals may form disulfides, while
ene radicals may generate branched structures [28-30]. Both
pathways consume reactive species, thereby limiting the extent
of the desired a-sulfide formation and reducing the overall
efficiency of the reaction. Supporting this, an additional signal

was observed at about 2.88 ppm by 'H NMR (labeled a” in
Figure 1), which is assigned to a-protons of disulfide or chain-
transfer-derived sulfide moieties. The relative integration of this
peak corresponds to approximately 5 mol% of side products,
reinforcing the conclusion that radical recombination processes
contribute significantly to the observed discrepancy from the
ideal product yield.

Due to the limited conversion and side-product formation in the
thermally initiated reaction, the reaction was optimized. It is
reported that adjustment of the [SH]/[Ene] ratio is fundamental
to achieve high molar mass polymers following the thiol-ene
methodology [30]. Fundamentally, it is expected that the maxi-
mum conversions and molar ratios are achieved in stoichiometric
ratios ([SH]/[Ene] = 1.0) [29, 31].

In this context, [SH]/[Ene] ratios varying from 0.8 to 1.2 were
investigated. This range was selected based on previous reports,
in which the conversion, selectivity, and molar mass were con-
trolled by varying the monomer ratio [30]. All the NIPUs were
characterized using size exclusion chromatography (SEC, Figure
S26) and NMR. The corresponding NIPU molar mass and the ene
conversions are depicted in Figure 2.

As expected, the ene proton conversion increased proportionally
with the increase of the [SH]/[Ene] ratio, in which an excess of
SH promoted the highest conversion (98.1%, Table S1) for NIPU
1 g ([SH]/[Ene] = 1.2). Such an effect of the thiol excess on ene
conversion was already observed previously [29, 30]. Despite the
ene conversion increase with the [SH]/[Ene] ratio, the molar mass
did not follow the same trend. Notably, the maximum M, value
(16.4 kgxmol™) was achieved for NIPU 1le with a slight excess
of dithiol, i.e., [SH]/[Ene] = 1.05. For [SH]/[Ene] ratios higher
than > 1.05, the molar mass decreased, reaching a minimum of
9.3 kgxmol™ for NIPU 1 g. The decrease in the molar mass with
a high excess of thiol was also observed elsewhere, leading to
thiol-capped oligomers [32].

It is worth mentioning that NIPUs 1b-1c, obtained with an
excess of ene groups ([SH]/[Ene] = 0.8 and 0.9, respectively),
were partially insoluble in the CDCl;+HFIP solvent mixture,
making it impossible to calculate the conversion. The insolubility
of these samples may arise from the formation of crosslinked
structures resulting from radical-radical coupling side reactions
of excess ene functionalities [30]. To demonstrate that such cou-
pling reactions can occur under the polymerization conditions
and lead to network formation, a dedicated model experiment
was carried out. Specifically, the a,w-diene isophorone-based
carbamate (8) was heated (e.g., 135°C) in the presence of dicumyl
peroxide, but in the absence of thiol. Under these conditions, the
formation of an insoluble gel was observed within approximately
one hour. Given that no reactive functionalities other than ene
groups are present in this system, the only plausible mechanism
accounting for gel formation is a radical-initiated reaction of the
ene functionalities, namely radical coupling. This interpretation
was further supported by exploratory rheological measurements.
Time-sweep experiments performed in oscillatory mode (angular
frequency = 1 rad s7', strain = 1%) showed a crossover between
the storage (G’) and loss (G”) moduli at approximately 1 h,
which is characteristic of gelation and confirms the formation
of a crosslinked structure. Related to these observations, Burel
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FIGURE 1 | 'HNMR monitoring for the thermoinitiated thiol-ene of di(undec-10-en-1-yl) hexane-1,6-diyldicarbamate (7) with 1,8-dimercapto-3,6-
dioxaoctane (9), i.e. the synthesis of NIPU 1a (in bulk, T = 120°C-135°C, [SH]/[Ene] = 1.0., 0.05 equiv. DCP). Top: after 6 h reaction time; bottom:

monomer mixture before addition of DCP.
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FIGURE 2 | Variation of the molecular weight, M,;, and ene conver-

sion as a function of the thiol to ene ratio, [SH]/[Ene], for the synthesis of
NIPU 1 (bulk, 0.05 equiv. DCP). M,, was measured by SEC in HFIP and
ene conversion was calculated from 'H NMR in CDCl;+HFIP.

et al. [22]. noticed the crosslinking of a,w-diene non-isocyanate
polyurethanes and polyureas in the presence of benzophenone as
a photoinitiator, but the authors managed to achieve an ene group
conversion of up to 91%.

After these initial optimizations, poly(sulfide urethane)s were
synthesized via three distinct methodologies: transurethaniza-
tion polycondensation, thiol-ene addition, and isocyanate-based

polyaddition. To compare the synthesis methods, the same ther-
mal protocol was applied, i.e., 120 °C for 2 h, followed by 135 °C
for 4 h. In the case of the transurethanization route, a controlled
vacuum was applied to efficiently remove the condensation
byproducts, as illustrated in Scheme 3.

All polymers were characterized by 'H NMR spectroscopy
(Figures S23-S25) and SEC chromatography. Notably, NIPU 3b
could not be solubilized for NMR analysis. The efficiency of the
different polymerization technics was assessed by considering the
molar mass characteristics obtained in SEC, as shown in Figure 3.

Among the isophorone-based poly(sulfide urethane)s, NIPU 2a
(thiol-ene) and NIPU 2b (polycondensation) exhibited compara-
ble molar mass (M,, ~20 kgxmol~!, Table S1) and dispersities (P
~ 2). These values are higher compared to those of PU 1 (M, =
13.3 kgxmol™, D =1.83), synthesized via isocyanate polyaddition.
A similar trend was observed for the aliphatic NIPU 1 and
NIPU 3 series (as displayed in Figure S27), indicating that
non-isocyanate strategies may offer at least comparative, maybe
improved, step-growth characteristics under the same reaction
conditions.

As previously reported, the formation of side products,
particularly urea and carbonate groups during the
transurethanization of bismethylcarbamates, poses a significant
limitation to this synthetic route [25]. Indeed, the incorporation of
urea moieties can disrupt hydrogen bonding networks, ultimately
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FIGURE 3 | SEC chromatograms in hexafluoroisopropanol (HFIP)
of isophorone based NIPUs prepared using three different synthesis
strategies (compare Scheme 3) using PMMA as a standard.

compromising the thermal and mechanical properties of the
resulting polyurethanes [25]. Thus, thiol-ene polyaddition
presents a promising alternative for the synthesis of non-
isocyanate polyurethanes (NIPUs), as it is not expected to produce
urea byproducts. To validate this hypothesis, Fourier-transform
infrared (FTIR) spectroscopy was employed.

FTIR spectra of NIPUs 2a and 2b, synthesized via thiol-ene
and polycondensation, respectively, and PU 1 (isocyanate-based),
are shown in Figure 4a (additional spectra are provided in
the supporting information, Figure S28-S30). The spectra of
these materials are largely superimposable, consistent with
similar backbone structures. Absorption bands characteristic
of poly(sulfide urethane)s were observed, including the NH
stretching vibration (~3325 cm™), NH bending (~1523 cm™!) and
C—S stretching (1103 cm™) [33, 34]. The carbonyl stretching
region between 1740-1630 cm™! further confirmed the presence
of urethane linkages. Notably, NIPU 2a exhibited an additional
weak absorption at 1637 cm™!, corresponding to C=C stretching
from residual alkene groups.

Due to significant peak overlap in the carbonyl region, par-
ticularly between urethane, urea, carbonate, and ene groups,
spectral deconvolution was conducted to estimate individual
contributions (details in ESI, Figures S28, S30). The deconvoluted
peaks and relative carbonyl group contents are summarized in
Table S2. Figure 4b exemplarily illustrates the deconvolution for
NIPUs 2a.

For NIPU 2b (Figure S29a), seven distinct carbonyl contribu-
tions were identified: carbonate (~1740 cm™!), free urethane
(~1724 cm™), disordered H-bonded urethane (~1699 cm™!),
ordered H-bonded urethane (~1682 cm™!), free urea (~1670 cm™1),
disordered H-bonded urea (~1660 cm™!), and ordered H-bonded
urea (~1630 cm™1). In contrast, PU 1 (Figure S29b) contained only
urethane and urea functionalities, consistent with its synthesis
via isocyanates. The presence of urea in PU 1 likely results
from partial hydrolysis of isocyanate groups due to trace water
contamination [23].

For NIPU 2a, synthesized via thiol-ene coupling, minor signals
corresponding to carbonate (1.33%) and urea groups (3.0%) were
detected (Figure 4b). The presence of urea and carbonate in this
sample is attributed to the carbamate metathesis side reaction
that likely occurred during the synthesis of a,w-diene carba-
mate via transurethanization involving the isophorone-based
carbamate (5) and 10-undecen-1-ol (6) (Scheme S1).

It is noteworthy that the total urea content in NIPU 2a remains
significantly lower than that measured for NIPU 2b (13.3%)
and PU 1 (8.9%) (Figure 5a, Table S2). This difference can be
rationalized by considering the stage at which urea functionalities
were formed. In the case of NIPU 2a, urea groups originated
exclusively from the synthesis of the a,w-diene monomer (8), as
discussed above. This step is conducted under milder conditions
(2h at90°C followed by 2 h at 120°C), thereby limiting the extent
of the side reaction.

By contrast, for NIPU 2b, carbonate metathesis takes place
during the polymerization step itself, which is performed under
significantly harsher conditions (2 h at 120°C followed by 4 h
at 135°C). As a consequence, the extent of the side reaction
is substantially increased, resulting in a higher incorporation
of urea moieties into the polymer backbone. Overall, these
results highlight the thiol-ene strategy as an efficient approach to
minimize the introduction of urea and carbonate functionalities
in the final polymers.

However, despite its lower relative urea content, NIPU 2a shows a
higher relative content of free urethane groups (17.6%) compared
to NIPU 2b (14.4%) and PU 1 (9.9%) (Figure 5b, Table S2). This
increase might be due to structural irregularities introduced by
branched structures generated during the radical-mediated thiol-
ene process. These irregularities render the polymer chain pack-
ing more difficult and disrupt the hydrogen bonding ordering
on the carbamate groups. In contrast, the higher urea content in
NIPU 2b likely causes a statistical disruption of hydrogen-bonded
domains, leading to an increase in free urethane groups [25, 35].
Similar trends regarding the relationship between synthetic route,
urea content, and hydrogen bonding behavior were also observed
between the NIPU 3a-b and PU 2 (Figure 5; Figure S30, Table
S2).

In summary, contrary to previous investigations, thermally initi-
ated, solvent-free thiol-ene polyaddition presents a viable alter-
native for PU synthesis compared to conventional polyaddition
polymerization, operating at relatively low temperatures (T =
90-135°C) using dicumyl peroxide as a thermal initiator and a
slight excess of thiol ([SH]/[Ene] = 1.05). Polymers with relatively
high molar masses (M,, up to 21 kgxmol™) can be obtained,
exceeding those achieved herein via isocyanate polyaddition and
polycondensation using the same temperature protocols, and
with reduced urea generation. This approach outperforms most
reported AIBN-initiated thermal thiol-ene reactions [5, 30] and
even some photo-initiated systems. For example, Xie, et al. [16]
reported NIPUs synthesized through a DMPA photo-initiated
thiol-ene reaction of diene carbamates, achieving a maximum
molar mass of 10 kgxmol .

Despite the advantages in molar mass and urea suppression,
NIPUs prepared via thiol-ene coupling exhibited lower hydrogen
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FIGURE 5 | (a)Relative urea content, and (b) relative free urethane content of NIPUs and PUs obtained by FTIR peak deconvolution.

bonding, likely due to branching and structural irregularities
introduced by side reactions. This reduced order in the poly-
mer chains disrupts microstructure formation and may impact
both thermal and mechanical performance. To further assess
the potential of the thermally initiated thiol-ene reaction with
dicumyl peroxide, the thermal, mechanical, and adhesive prop-
erties of these NIPUs were compared with those of conventional
polyurethanes synthesized from either diisocyanates or bismethyl
carbamates.

3.2 Thermal and Mechanical Characterization

The thermal properties of the NIPUs (NIPU 1-3) and PU 1-2
were investigated using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). The DSC curves from the
cooling and second heating ramp are presented in Figures S31-
S33, while the extracted thermal parameters are summarized in
Table 1.

Multiple thermal transitions were observed for the investigated
NIPUs and PUs. NIPU 3 (Figure S31) made from aliphatic
carbamates, showed significantly complex thermal transitions
witha T, (~23°C), and the presence of a broad crystallization peak
(T.) centered at ~102°C and a multi-peak melting phenomenon

(T,,) extending up to 127°C. Notably, a cold crystallization event
was observed between melting peaks. This behavior indicates the
presence of multiple crystalline domains and heterogeneous crys-
talline populations, consistent with previously reported behavior
in poly(sulfide urethane)s [16, 36]. Although such characteristics
have been reported, prior studies did not provide an explanation
for this polymorphism. Similar behavior was observed for the
NIPUs 2 (Figure S31).

The influence of the three different synthesis pathways on the
melting and crystallization behavior was investigated. Specifi-
cally, NIPU 3a, prepared via thiol-ene coupling, displayed a
similar T, of ~125 °C, however, a lower melting enthalpy (AH,,
= 57 J/g), compared to NIPU 3b (AH,, = 85 J/g) synthesized
via transurethanization and the reference polyurethane PU 2
(AH,, = 81 J/g). These findings support the hypothesis that side
reactions inherent to the thiol-ene process introduce branching
or structural irregularities that hinder crystallinity, impacting
the thermal properties of the final NIPUs. A similar trend was
observed for NIPU 2a, compared to NIPU 2b and PU 1.

Figure 6 and Figure S34 shows the TGA and DTG curves of the dif-
ferent non-isocyanate polyurethanes (NIPUs) and conventional
polyurethanes (PUs). The thermal parameters extracted from the
thermograms are summarized in Table 1 and Table S3. Using
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TABLE 1 | NIPUs thermal parameters extracted from DSC curves.

NIPUs/PU T, (°C) Tp® (°C) AH,,, (J/g) T.* (°C) AH,, (3/g) Tasy. (°C)
NIPU 2a 0 47 42.64 — — 289
NIPU 2b =7 54 33.6 2/18/29¢ 14.9/14.6° 283
PU1 24 98/125 81 97 78.6 334
NIPU3a -11 89/118/127 57.4 87/93/98¢ 62/3° 319
NIPU 3b 23 106/117/126 85.7 85/99 75 306
PU2 -1 53 27.5 26 27.4 328
Ty, Try, and T, are the glass transition, melting, and crystallization temperatures.
YAH,, and AH, are the melting enthalpy and crystallization enthalpy, respectively.
Ccold crystallization collected from the second heating.
deollected from the first heating ramp.
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FIGURE 6 | (a)TGA and (b) DTG curves of poly(sulfide urethane)s.
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FIGURE 7 | Stress-strain curves for the different NIPUs and PUs.

the temperature at 5% weight loss (Tys,) to compare thermal
stability, the NIPUs exhibited degradation temperatures ranging
from 266 to 344°C. The variation in thermal stability is attributed
to differences in chemical structure, including the number of
urethane linkages, the presence of sulfur atoms, and the carbon
chain length and rigidity of the incorporated monomers [3, 37, 38].

Temperature (°C)

In terms of polymerization method, NIPUs prepared via polycon-
densation and those synthesized through thiol-ene polyaddition
exhibited comparable thermal stabilities. However, both con-
ventional PUs (PU 1 and PU 2) showed significantly higher
Tyse, values than their NIPU counterparts (NIPU 2 and 3,
respectively). For instance, isophorone-based NIPU 2 presented
a Tysq of approximately 285°C, while PU 1 exhibited a value of
328°C. This difference is likely due to residual components from
the synthesis process. In the case of NIPUs prepared by thiol-ene
polyaddition, traces of radical initiator fragments (e.g., peroxides),
and for those synthesized via transurethanization, residual metal
alkoxide catalysts, may remain in the polymer [39-41]. These
species can catalyze degradation reactions by initiating polymer
pyrolysis [39, 40], or by the introduction of weak bonds to the
polymer structure [41]. This problem can be circumvented by
further polymer purification [39, 40]. While further purification
could mitigate this issue, such processes are challenging due to
the limited solubility of poly(sulfide urethane)s (mostly soluble
in toxic HFIP), making conventional purification routes, such as
precipitation, impractical.

The mechanical properties of the NIPUs and PUs were evaluated
through tensile tests. Polymer films with a thickness of approxi-
mately 1.3 mm were prepared by hot pressing at 120°C and 4 bar
pressure for about 10 min. The films were then shaped using a
dogbone die attached to a toggle press and subjected to tensile
testing. A representative stress-strain curves is provided for each
NIPUs and PUs in Figure 7. Measurements were performed
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TABLE 2 | Mechanical properties of the different NIPUs and PUs.

Young’s Modulus (MPa)? Tensile strength (MPa)? Elongation at break (%)*
NIPU 2a 140.0 +£10.3 13.0 +£2.00 342.7 £ 43.4
NIPU 2b 4157+ 24 173+ 0.5 304.7 + 26.0
PU1 462.0 +37.8 150+ 1.2 9.0 +3.7
NIPU 3a 370.8 £ 0.1 109 +0.9 70.2 £20.1
PU2 457.8 + 33.0 147+ 0.8 6.9+0.2
2Estimated by tensile strength test with a constant deformation of 20 mm/min.
in triplicate (Figures S35-S36), and the corresponding data are 10
; ; — NIPU 2a
summarized in Table 2. _ — NIPU 2b
c g — NIPU 2¢
The Young’s moduli for the analyzed NIPUs ranged from 140 % — PU1
to 460 MPa, with the tensile strength at break between 13 TD’
and 43 MPa, and elongation at break varying from 10% to o 6 -
350%. The polymers exhibited a range of mechanical behaviors, 2
from brittle to ductile, with some samples showing a yield c 4
point and strain-induced crystallization [42, 43]. The observed 2
mechanical properties are primarily influenced by the rigidity 3
of the poly(sulfide urethane) structures, which are controlled by A 21
factors such as the polymerization method, hydrogen bonding,
and crystallization characteristics [44]. 0 . r r
0.0 0.5 1.0 1.5 2.0

The polymerization method significantly influenced the mechan-
ical properties of the isophorone-based polyurethanes, particu-
larly in NIPUs 2a, 2b, and PU 1. NIPU 2a, synthesized via
thiol-ene polyaddition, exhibited lower tensile strength (13 MPa)
and a reduced Young’s Modulus (140 MPa) compared to NIPU 2b
(17.3 and 415,7 MPa, respectively). This behavior can be attributed
to two factors: (i) a lower density of hydrogen bonding in NIPU
2a, as discussed above, and (ii) a less crystalline morphology,
likely resulting from the thermal treatment (120°C for 10 min)
applied during dogbone sample preparation. As hypothesized
during the DSC analysis, this processing step may have reduced
the degree of crystallinity, thereby increasing chain mobility and
reducing stiffness [45-47].

A comparison between NIPU 2b (transurethanization) and PU
1, both prepared using the same sulfide diol (11) and exhibiting
similar crystallization behavior, was also analyzed. PU 1 showed
a slightly higher Young’s Modulus (462 MPa) but significantly
lower elongation at break (9%) than NIPU 2b (304%). This
difference is primarily attributed to the higher urea content in
NIPU 2b. While urea linkages generally contribute to increased
rigidity, their statistical distribution in NIPU 2b reduces hydro-
gen bonding efficiency within crystalline regions, thus enhancing
flexibility. On the other hand, PU 1 contains fewer urea groups
and exhibits higher hydrogen bonding interactions, resulting
in a stiffer, less flexible polymer. These results highlight the
combined influence of polymerization route, urea content, and
hydrogen bonding on the mechanical properties of the resulting
polyurethanes. Similar behavior was observed between the linear
aliphatic-based carbamates NIPU 3a and PU 2.

Lap shear tests were conducted on samples derived from
isophorone-based polyurethanes, chosen for their lower melting
points and improved processability. For thermoplastic hot melt

Displacement (mm)

FIGURE 8 | Lap shear stress-displacement curves for the different
aluminum-NIPU-aluminum joints.

adhesives prepared by different synthesis methods, specifically
NIPUs 2a (thiol-ene), 2b (transurethanization), and PU 1, bond-
ing was achieved using a hot-melt technique. Films measuring
1.3 mm X 25 mm were placed between aluminum substrates
and bonded using a thermopress at 120°C for 10 min under a
pressure of 5 bar. A typical lap shear stress-displacement curves is
provided for NIPUs 2 and PU 1 in Figure 8. Measurements were
performed in triplicate (Figure S37), and the corresponding data
are summarized in Table S4.

NIPUs 2 and PU 1 achieved a relatively low lap shear strength
value of ~2.1 MPa with adhesive failure modes. This indicates
that, for thermoplastic hot-melt adhesives, the synthetic method
itself does not significantly impact adhesive strength. Despite
differences in polarity between NIPU 2 and PU 1, as indicated
by contact angle measurements with water and diiodomethane
(Figures S38-S40), both materials present surface free energy
(%) values exceeding that of aluminum (Figure S38b), suggesting
poor wettability with the substrate [48]. As a result, insufficient
interfacial contact may be limiting good adhesion performance.
In such cases, wettability can be improved by increasing bond-
ing temperature or time, which lowers polymer viscosity and
enhances substrate wetting [49, 50].

Inspired by these observations, the thiol-ene polymerization
was performed directly on the substrate. To this end, a liquid
formulation consisting of the isophorone-based a,w-diene (8, 1
equiv.), 1,10-decanedithiol (10, 1.05 equiv.), and DCP (0.05 equiv.),
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i.e. identical to that used for the synthesis of NIPU 2a, was
sandwiched between two aluminum plates held in place with
clamps. The assembly was heated at 135°C for 24 h to initiate
and sustain the thiol-ene polymerization, yielding an adhesive
material hereafter referred to as NIPU 2c. Compared to NIPU
2a, NIPU 2c is subjected to a substantially longer exposure to
elevated temperature. Indeed, NIPU 2a was synthesized in bulk
using a two-step thermal program (120°C for 2 h followed by
135°C for 4 h) and subsequently applied as an adhesive by a hot-
melt process at 120°C for 10 min under a pressure of 5 bar. In
contrast, the in situ polymerization used to generate NIPU 2c
proceeds entirely under adhesive-forming conditions at 135°C.
As a result, NIPU 2c showed a marked improvement in lap-
shear performance, characterized by cohesive failure (Figure
S41) and an adhesion strength of 8.1 MPa, which is nearly
four times higher than that measured for NIPU 2a (2.1 MPa).
These results indicate that direct thiol-ene polymerization on alu-
minum substrates under prolonged high-temperature conditions
significantly enhances adhesive performance. This improvement
is likely associated with superior initial substrate wettability
afforded by liquid deposition, as well as enhanced polymer
chain mobility and interfacial wetting resulting from extended
curing times at elevated temperature. Together, these factors
promote improved cohesive properties and stronger interfacial
contact between the adhesive and the substrate. Finally, it cannot
be excluded that the prolonged thermal exposure experienced
by NIPU 2c may induce additional side reactions or partial
crosslinking, which could further contribute to the observed
enhancement in adhesion properties.

These results highlight the potential of thermally-initiated thiol-
ene coupling as a greener and safer alternative for the develop-
ment of high-performance polyurethane adhesives.

4 Conclusion

This study presents a comparative analysis of three synthetic
strategies, thermally initiated thiol-ene polyaddition, isocyanate-
based polyaddition, and transurethanization, for the develop-
ment of poly(sulfide urethane)s. Among these, the thiol-ene
approach emerged as a particularly promising route.

By employing a thermally initiated radical mechanism using
dicumyl peroxide as the initiator and a slight stoichiometric
excess of thiol functional groups ([SH]/[Ene] = 1.05), the thiol-
ene route enabled the synthesis of high-molar-mass NIPUs with
expected dispersity (D ~ 2). The molar masses achieved via thiol-
ene polymerization were superior to those obtained through both
isocyanate-based and polycondensation routes under equivalent
processing conditions. Notably, this method also minimized the
formation of undesirable urea and carbonate moieties.

The thermal and mechanical properties of the NIPUs were
assessed through TGA, DSC, and tensile testing. The materials
exhibited degradation temperatures above 270°C and displayed
semicrystalline behavior, with melting transitions ranging from
50°C to 130°C. Thiol-ene derived NIPUs demonstrated compa-
rable thermal transitions and tensile strength to conventional
polyurethanes, while also achieving higher elongation at break

and moderate Young’s moduli, highlighting the mechanical
tunability of the materials.

Adhesive strength was also enhanced on aluminum as a sub-
strate, likely due to stronger interfacial interactions attributed
to the capability of sulfur to generate hydrogen bonding. In
addition, the use of a thermally activated reactive bonding
strategy, where polymerization occurred directly at the interface,
led to a substantial improvement in adhesive performance. Under
these conditions, lap shear strength increased by more than
threefold relative to conventional hot-melt application, with
cohesive failure observed across bonded joints.

Overall, these findings demonstrate the potential of thiol-ene
polyaddition as a safer, isocyanate-free route to high-performance
polyurethanes with enhanced thermal resistance and adhesive
strength. The combination of structural tunability, efficient poly-
merization, and favorable application properties makes this strat-
egy highly promising for next-generation coating and adhesive
systems.
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