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Developing new methods for converting inorganic sulfur into sulfur-containing polymers is crucial for
advancing both sustainable development and innovative polymeric materials. In this study, we present an
aziridine-based polymerization strategy to synthesize polyureas with tunable sulfur incorporation. The
process begins with the reaction of aziridine with isocyanate, followed by a ring-opening reaction with an
inorganic sulfur reagent. When elemental sulfur is used, oligosulfide anions form in the presence of an
organobase, which then nucleophilically attack the aziridine ring, producing oligosulfide-functionalized
polyureas. Alternatively, using sodium sulfide generates poly(thioether urea)s through a similar ring-
opening mechanism. Model reactions confirm successful sulfur incorporation during these processes.
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Additionally, a cross-linked polyurea synthesized with tri-isocyanate exhibits excellent mechanical pro-
perties, with tensile stress exceeding 30 MPa, and demonstrates good reprocessability due to the dynamic
nature of the oligosulfide bonds. Overall, this polymerization approach broadens the range of sulfur-con-
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Introduction

Sulfur, a byproduct of the oil and gas industry, is generated
during fossil fuel refining processes where sulfur compounds
are removed to reduce pollution and meet environmental stan-
dards." Despite its essential roles in producing sulfuric acid,
rubber vulcanization, and fertilizers, sulfur production consist-
ently exceeds demand.” Consequently, there is a growing need
to find innovative ways to convert sulfur byproducts into econ-
omically viable and environmentally sustainable products.’®
One promising approach is the conversion of sulfur com-
pounds into sulfur-containing polymers, which possess
unique chemical properties and potential applications in
fields such as energy storage, optics, adhesives, and environ-
mental remediation.*”® The versatile chemistry of sulfur allows
for the formation of various bond types, including C-S, C=S,
and polysulfide (-S,-) linkages. For example, C-S bonds are
utilized in the synthesis of poly(thioethers) through copoly-
merization of carbon disulfide with epoxides,” or by step-
growth polymerization of H,S with diacrylates."® Numerous
polymerization strategies have been developed for synthesizing
polythioamides'* ™ and polythioureas'®™*® using elemental
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taining materials and supports further advances in aziridine-based polymer chemistry.

sulfur to form C=S bonds. Inverse vulcanization, where
elemental sulfur is copolymerized with organic crosslinkers,
has emerged as a particularly promising method for creating
sulfur-rich polymers featuring oligosulfide linkages.'*>* These
dynamic, reversible linkages can impart self-healing, recycl-
able, and reprocessable properties to materials.>>*® However,
inverse vulcanization typically yields cross-linked structures,
and synthesizing linear polymers with controlled sulfur incor-
poration remains challenging.

Recent advancements have enabled the production of
tunable sulfur-incorporated polymers. Pyun et al., for instance,
utilized sulfur monochloride (S,Cl,) to polymerize with allylic
monomers, producing linear polyhalodisulfides.>” Similarly,
Ren et al. polymerized Sg with episulfides, generating polydi-
sulfides and copolymers with distinct disulfide and polysulfide
segments by employing different organocatalysts.”® More
recently, we developed a step-growth polymerization of bis(N-
sulfonyl/carbonyl aziridines) with elemental sulfur, yielding
linear polysulfides through ring-opening reactions involving
oligosulfide anions.>®

Aziridines have long been studied in polymer
chemistry.*>*'  Anionic ring-opening polymerization of
N-sulfonyl aziridines, activated by N-electron-withdrawing
groups, has garnered attention due to its ability to generate
well-defined poly(N-sulfonyl aziridine)s.**” In contrast,
N-unsubstituted aziridines, such as ethyleneimine and prope-
nimine, are widely used industrially.*® The cationic ring-
opening polymerization of these N-unsubstituted aziridines is
the predominant method for producing polyethyleneimine
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and its derivatives. Though some copolymerizations of
N-unsubstituted aziridines with CO,,*® COS,*® or tosyl isocya-
nate’’ have been reported, new polymerization approaches
using N-unsubstituted aziridines remain largely unexplored.

In this study, we present an organocatalytic step-growth
polymerization approach using N-unsubstituted aziridines to
introduce tunable sulfur incorporation in polyureas. This ver-
satile approach enables the efficient production of sulfur-con-
taining polymers. Aziridines, such as 2-methylaziridine and
2-benzylaziridine, first react with diisocyanates, followed by
sulfur incorporation using either elemental sulfur or sodium
sulfide, resulting in the formation of oligosulfide or thioether
linkages within the polymer backbone. We successfully syn-
thesized 14 distinct polyureas and a cross-linked poly(urea
sulfide) vitrimer. This efficient cascade process offers a valu-
able platform for producing novel sulfur-containing polymers.

Results and discussion
Polymerizations of aziridine, isocyanate, and inorganic sulfur

N-Tosyl aziridines have been shown to react with sulfur
reagents, such as tetrathiomolybdate*> and sodium disulfide,**
to form p-sulfonamidodisulfides. However, the limited avail-
ability of these sulfur transfer reagents constrains their
broader application. Recently, we found that elemental sulfur
can react with bis(N-tosyl/carbonyl aziridines) in the presence
of an organobase, leading to the formation of linear polysul-
fides.” Building on this, and given that 2-methylaziridine
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readily reacts with isocyanates, as shown in our previous alter-
nating copolymerization studies,** we proposed a new pathway
for the polymerization of aziridine, isocyanate, and elemental
sulfur (Scheme 1).

In the initial experiments (Table S1t), 1,6-diisocyanatohex-
ane (1.0 equiv.), 2-methylaziridine (2.0 equiv.), and elemental
sulfur (4.0 equiv.) were polymerized in DMSO using MTBD
(10 mol%) as the organocatalyst to transfer elemental sulfur
into oligosulfide anions. After 36 hours of stirring, the reaction
was terminated by adding the mixture to a large excess of
methanol, and the resulting precipitate was analyzed by SEC
and NMR. SEC analysis revealed that the resulting oligomer
had a number-average molecular weight (M, sgc) of 3270 Da
with a dispersity of 1.20. NMR confirmed the successful incor-
poration of both isocyanate and aziridine monomers into the
polymer chain, though the exact chemical structure remained
undetermined. Further screening of polymerization conditions
revealed that using other organic superbases, such as t-BuP,,
and solvents did not increase the molar mass (Table S17).
However, reducing the amount of elemental sulfur to 2.0
equivalents increased the molar mass to 6050 Da, with a dis-
persity of 2.08. In contrast, increasing the sulfur amount to 8.0
equivalents resulted in a lower molar mass of 3250 Da, similar
to that obtained with 4.0 equivalents of sulfur. These results
demonstrate that the amount of sulfur significantly influences
polymerization.

Polymerization with 2.0 equiv. of sulfur in DMSO at 100 °C,
using various catalysts, showed that DBU, MTBD, and #-BuP,
produced polymers with M, ¢pc values ranging from 14.1 to
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Scheme 1 Polymerizations and model reactions of aziridine, isocyanate, and inorganic sulfur.
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16.2 kDa, with dispersities exceeding 2.5 (Table S2}). In con-
trast, PMDETA and t-BuP, produced polymers with lower
molar masses. DBU was then selected as the catalyst, and a
larger-scale (0.5 mmol of 1,6-diisocyanatohexane) polymeriz-
ation yielded a polymer with a molar mass exceeding 10 kDa.
Notably, the polymerization proceeded smoothly even when
water (10.0 equiv.) was added to the mixture, still yielding the
desired polymer. Reducing the reaction temperature to 40 °C
or decreasing the catalyst loading to 5 mol% led to lower
M, sic values as determined by SEC.

Inspired by the reaction between aziridine and sodium di-
sulfide,”® we also explored incorporating sulfur using sulfide
salts (Table S371). Replacing elemental sulfur with sodium
sulfide in the polymerization, and using DBU as the catalyst in
DMSO, produced a polymer with a molar mass of 6440 Da and
a dispersity of 1.87 after 18 hours at 100 °C. Lowering the reac-
tion temperature to 70 °C and 40 °C increased the molar
masses to 10.88 and 8.61 kDa, respectively. It should be noted
that no polymerization occurred in the absence of a catalyst.
Reducing the catalyst loading to 5 mol% resulted in a lower
M, sk value.

Model reactions and polymer structural characterizations

We hypothesize that when using elemental sulfur, oligosul-
fides are incorporated into the polymer, whereas thioethers
are generated when sodium sulfide is used as the sulfur trans-
fer reagent. To clarify the polymer structures, reaction path-
ways, and mechanisms, we conducted model reactions invol-
ving 2-methylaziridine, hexyl isocyanate, and inorganic sulfur
(Scheme 1).

Initially, 2-methylaziridine (1.0 equiv.) was treated with
hexyl isocyanate (1.0 equiv.) in DMSO, followed by the addition
of elemental sulfur (5.0 equiv.) and DBU (10 mol%). The
mixture was sealed and stirred at 100 °C for 12 hours. Water
was then added to remove any unreacted salt, and the product
was extracted with dichloromethane. The organic phase was
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evaporated, yielding a brown solid, which was directly analyzed
by NMR and MS without further purification. The product is
presumed to contain two urea moieties linked by polysulfide
bonds. "H NMR confirmed the ring-opening of the aziridine,
with characteristic signals for aliphatic protons from both the
aziridine and hexyl isocyanate (Fig. 1a). The *C NMR spec-
trum showed multiple peaks for carbon atoms (-CH,-S,-CH,-),
corresponding to varying sulfur lengths. MS analysis further
supported the presence of sulfur ranks ranging from 2 to 5
atoms (Fig. 2a). Importantly, the peaks in the 'H and "*C NMR
spectra of the polymer closely matched those of the model
compound, confirming that the polymer backbone includes a
polydisulfide moiety (Fig. 1a and Fig. S17). Additionally, DEPT
135° analysis further validated the desired structure (Fig. S2+).

Next, we performed a reaction with 2-methylaziridine (1.0
equiv.), hexyl isocyanate (1.0 equiv.), and sodium sulfide (1.5
equiv.) in DMSO at 100 °C, using DBU (10 mol%) as the cata-
lyst. Water was then added, and the product was isolated
through dichloromethane extraction. The '"H NMR spectrum
displayed characteristic signals for aliphatic protons similar to
those observed in the oligosulfide product (UA1-S,), except for
the ~CH,-S-CH,~ peaks at 2.43-2.48 ppm. The "*C NMR spec-
trum showed sulfur-linked carbon atoms at 47.2 ppm, com-
pared to the multiple peaks at around 46 ppm observed for
UA1-S,. HRMS analysis confirmed the presence of a thioether
moiety, as evidenced by the observed species at [M + H]"
403.30978 and [2M — H]" 805.61224 in the spectrum (Fig. 2b).
Based on the NMR spectra comparison between the model
compound and the polymer (Fig. 1b and Fig. S3t), we conclude
that the polymer derived from sodium sulfide contains both
thioether and urea moieties within its repeating units. FT-IR
analysis of the polymers further confirmed the presence of the
C=0, C-S, and N-H groups in the polymer backbone
(Fig. S4t).

Based on the literature and our experimental results, we
propose a mechanism for the cascade reactions (Scheme 2).

44,45

65 60 55 50 45 40 35 30 25 20 15 10 05
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Fig. 1 IH NMR spectra of (a) UA1-S, and PUA1-S,, and (b) UA1-S and PUA1-S.
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Fig. 2 (a) APCI MS spectrum of UA1-S,, and (b) HRMS spectrum of UA1-S.
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Scheme 2 A proposed mechanism for the cascade reaction.

The process begins with a nucleophilic attack of the aziridine
on the isocyanate, forming an aziridine-1-carboxamide inter-
mediate. Organobase-mediated cleavage of the octasulfur ring
generates polysulfide anions of varying chain lengths, which
may further react with sulfur to produce additional polysulfide
anions.** These polysulfide anions then undergo nucleophilic
addition to the less-substituted carbon of the aziridine ring,
forming urea anions. A proton transfer from water completes
the formation of the desired urea. In reactions with sodium
sulfide, the organobase probably stabilizes the sulfide anions,
facilitating their nucleophilic addition to the aziridine rings.

Monomer scopes

After establishing the optimized polymerization conditions, we
proceeded to evaluate the applicability of various monomers,
as summarized in Table 1. Aliphatic and aromatic diisocya-
nates (1b-1e) were polymerized smoothly with aziridine 2a
and elemental sulfur, yielding the desired polymers (PUA2-S,
to PUA5-S,) in 75-97% yield, with molar masses (Mpskc)
ranging from 5.65 to 14.66 kDa under the optimized con-
ditions (entries 2-5, Table 1). Next, 2-benzylaziridine (2b) was
used in place of 2a, successfully producing polyureas PUA6-S,
and PUA7-S, with molar masses of 15.49 and 13.09 kDa, and
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yields of 77% and 73%, respectively (entries 6 and 7, Table 1).
The synthesized PUA-S, samples were analyzed using organic
elemental analysis (OEA), and the experimental sulfur content
closely matched the theoretical values (entries 1-7, Table 1
and Table S4t). This indicates that the elemental sulfur from
the feed was successfully incorporated into the polymers.

When sodium sulfide was employed instead of elemental
sulfur, the corresponding poly(thioether urea)s PUA2-S to
PUA7-S were obtained in 61-89% yield, with molar masses
ranging from 5.62 to 28.27 kDa (entries 9-14, Table 1). The
SEC traces of oligosulfide-functionalized polyureas (PUA1-S, to
PUA7-S,) are shown in Fig. 3a, while those for poly(thioether
urea)s (PUA1-S to PUA7-S) are shown in Fig. 3b. X-ray diffrac-
tion (XRD) patterns (Fig. S5 and S61) showed that neither of
the synthesized polymers, PUA1-S, nor PUA1-S, contained
residual crystalline sulfur or sodium sulfide. Additionally,
scanning electron microscopy (SEM) and elemental mapping
(Fig. S7 and S87) confirmed that the elemental distribution in
the polymer films was uniform.

Thermal properties

The thermal characteristics of polyureas were analyzed using
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The polysulfides demonstrated relatively
limited thermal resistance, as indicated by their lower
decomposition temperatures (Tqs0), occurring below 236 °C
(Fig. 3c) under a nitrogen atmosphere. In contrast, the corres-
ponding poly(thioether urea)s exhibited a slightly higher
decomposition temperature, reaching up to 277 °C (Fig. 3d).
This suggests that the thioether segments are more stable than
the -S-S- bonds.

DSC analysis in Fig. S9 and S107 revealed that the glass
transition temperatures (T,) of polyureas derived from diiso-
cyanate 1a, which incorporated softer aliphatic segments,
ranged from 48 to 87 °C. In contrast, polyureas containing

This journal is © The Royal Society of Chemistry 2025
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Table 1 Synthesis of polyureas through organocatalytic polymerization of aziridine, isocyanate, and inorganic sulfur
LA
H DBU (10 mol%) H H
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1b o 1d 2b
Sulfur content
(Wt%)

Entry® Polymer Monomers Time (h) M,spc?(kDa) Myspc’ (kDa) B° Theor. Exp.? Yield® (%) Ty (°C) Tas00%(°C)
1 PUA1-S, 1a/2a/Sg 24 16.2 47.3 2.92 17.7 19.4 91 82 233
2 PUA2-S, 1b/2a/Sg 24 5.6 11.8 2.09 15.9 16.2 88 — 182
3 PUA3-S, 1c/2a/Sg 24 8.2 11.9 1.46 18.1 17.4 97 — 236
4 PUA4-S, 1d/2a/Sg 22 12.4 29.2 2.35 17.4 18.9 75 72 189
5 PUA5-S,  1e/2a/Sg 24 14.7 27.4 1.87 14.9 16.4 93 216
6 PUA6-S, 1a/2b/Sg 12 15.5 67.0 4.33 15.0 16.7 77 48 205
7 PUA7-S,  1e/2b/Ss 24 13.1 33.6 2.57 12.8 14.7 73 — 223
8 PUA1-S 1a/2a/Na,S 18 10.9 27.6 2.54 — — 77 87 260
9 PUA2-S 1b/2a/Na,S 18 16.6 33.9 2.05 — — 69 — 230
10 PUA3-S 1c/2a/Na,S 18 15.3 23.3 1.53 — — 83 — 224
11 PUA4-S 1d/2a/Na,S 18 28.3 49.4 1.75 — — 89 113 248
12 PUA5-S 1e/2a/Na,S 18 14.3 27.8 1.95 — — 72 277
13 PUAG6-S 1a/2b/Na,S 18 5.6 8.8 1.57 — — 62 61 229
14 PUA7-S 1e/2b/Na,S 12 9.4 19.0 2.04 — — 61 150 242

“Reaction conditions: for entries 1-7, [1]o/[2]o/[Ss]o/[DBU], = 1/2/2/0.1, DMSO, 100 °C; for entries 8-14, [1]o/[2]o/[Na,S]o/[DBU], = 1/2/3/0.1, DMSO,
70 °C. ? Determined by SEC in DMF at 60 °C (PMMA standard calibration). “ Theoretical weight ratio (wt%) of sulfur. ¢ Experimental weight ratio
(wt%) of sulfur, determined by organic elemental analysis (OEA). ®Isolated yield. ¥ T, is the glass transition temperature. £ Tq 5o, is the initial
decomposition temperature at 5% weight loss measured under a nitrogen atmosphere.
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Fig. 3 SEC traces of (a) PUA-S,, and (b) PUA-S TG curves of (c) PUA-S,,

and (d) PUA-S.
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rigid aryl moieties, such as PUA7-S derived from 1e, exhibited
higher T, values at 150 °C. Notably, endothermic melting
peaks at 112 °C and 62 °C were observed in the DSC curves for
samples PUA1-S, and PUA7-S,, respectively, indicating the
presence of crystalline structures in these two polymers.
Corresponding exothermic crystallization peaks were also
noted in the cooling curves for both samples (Fig. S9t).

Polyurea vitrimer synthesis

Vitrimers, a class of cross-linked polymer materials that inte-
grate the durability of thermosets with the reprocessability of
thermoplastics, have garnered significant research attention in
recent years.’®™*® Their dynamic covalent network allows for
excellent thermal stability, recyclability, and mechanical
robustness. Based on the established polymerization reactions,
we aimed to synthesize polyurea vitrimers, where the dynamic
behavior is driven by exchange reactions within the oligosul-
fide segments. These reactions occur through a reversible
bond exchange mechanism, allowing the network to rearrange
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Fig. 4 (a) Synthesis of polyurea vitrimer PUA8-S,. (b) The recycling process for the polyurea vitrimer sheet. (c) Stress—strain curves, maximum

stress, breaking strain, and Young's modulus of vitrimer PUA8-S, before recycling and after two recycling cycles.

or reshape under heat. The polymerization was carried out in
DMSO using tri-isocyanate 1f, aziridine 2a, and elemental
sulfur as monomers, with DBU as the catalyst (Fig. 4a). After
heating at 100 °C for 1 hour, a gel was formed, indicating suc-
cessful cross-linking. The gel was then dried under vacuum,
ground into a powder, and then hot-pressed into a dog-bone-
shaped sheet (Fig. 4b). This vitrimer exhibited a Tqso, of
231 °C, and a T, of 75 °C (Fig. S117).

The mechanical properties of the resulting vitrimer sheet
were evaluated through stress-strain testing. The vitrimer
demonstrated high mechanical strength, with a maximum
stress of 30.4 + 0.5 MPa and Young’s modulus of 802 + 93 MPa
(Fig. 4c). After testing, the sheet was recycled by grinding it
into a powder and reshaping it via hot pressing at 140 °C and
10 MPa for 5-10 minutes (Fig. 4b), showcasing excellent repro-
cessability. Following two recycling cycles (Fig. S127), the
maximum stress remained above 30 MPa, while Young’s
modulus was over 800 MPa. These results confirm the good
recyclability and mechanical performance of the polysulfide-
based vitrimer synthesized in this study.

The polymerization of tri-isocyanate 1f, aziridine 2a, and
sodium sulfide was also conducted, resulting in the formation of
a gel, which was subsequently dried (Fig. S13t). We attempted to
prepare dog-bone-shaped samples by hot-pressing; however, as
anticipated, the reprocessing of this cross-linked polymer was
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unsuccessful. By comparing this material to PUAS8-S,, which
incorporates oligosulfide segments, we can conclude that the
dynamic sulfur exchange in the oligosulfide segments (-S,~) con-
tributes to the material’s dynamic behavior.

Conclusions

In conclusion, this study presents a successful polymerization
approach for synthesizing sulfur-containing polyureas with
tunable sulfur incorporation, using aziridine, isocyanates, and
inorganic sulfur reagents. The approach yields oligosulfide-
functionalized polyureas or poly(thioether urea)s depending
on the sulfur source. Additionally, the synthesis of a cross-
linked polyurea demonstrates excellent mechanical strength
and reprocessability, offering a promising avenue for develop-
ing advanced, sustainable polymeric materials. This work
broadens the scope of sulfur-containing polymers and high-
lights the potential of aziridine-based polymerization.
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