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Abstract    

Elemental sulfur (S8), an abundant petroleum byproduct, is leveraged as a linchpin monomer in an 

organobase-catalyzed step-growth addition polymerization with dithiols and diacrylates at ambient 

temperature. This method enables the scalable synthesis of poly(ester disulfide)s—featuring 

alternating ester and disulfide linkages—with exceptional atom economy (>95% yield), Mn up to 

42.0 kDa, and dual functionality: biodegradable ester units and stimuli-responsive disulfides. 

Mechanistic studies reveal a chemoselective three-component coupling involving S8 ring-opening, 

disulfide anion formation, and Michael addition, quantitatively generating symmetric and 

asymmetric disulfides in near-equimolar ratios. Thermal and mechanical characterizations of the 

poly(ester disulfide)s reveal programmable properties: High thermal stability (Td,5% = 248–281 °C), 

tunable phase behavior (amorphous Tg = −64 °C to semicrystalline Tm = 142 °C), and reductive 

degradation. By overcoming traditional limitations of harsh conditions and monomer scope, this 

strategy establishes S8 as a versatile feedstock for functional polymers, opening avenues for 

dynamic materials in biomedicine and environmental remediation. 
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Introduction 

Synthetic polymers featuring dynamic covalent backbones have emerged as transformative 

materials in fields ranging from recyclable plastics to adaptive biomaterials.1-3 Poly(disulfide)s—

characterized by sulfur-sulfur (S–S) linkages within their backbone—have attracted significant 

interest due to their unique redox-responsive behavior, self-healing capabilities, and potential for 

degradation.4-8 The disulfide bond, a cornerstone of dynamic chemistry, undergoes reversible 

cleavage and reformation under mild stimuli (e.g., light, redox agents, or mechanical force), 

enabling applications in drug delivery, smart coatings, and energy storage.9-15 However, 

conventional synthetic routes to poly(disulfide)s face critical challenges.16-22 

Traditional approaches to poly(disulfide)s rely on oxidative coupling of dithiols or ring-

opening polymerization (ROP) of cyclic disulfides (Figure 1a).23-28 The oxidative coupling of 

dithiols often suffers from competing side reactions (e.g., overoxidation to sulfonic acids) and 

kinetic trapping of intermediates, resulting in low-molecular-weight polymers.29 Although ROP 

offers enhanced control, the synthesis of strained cyclic disulfide monomers typically requires 

multistep routes with harsh conditions, limiting structure/property diversity of poly(disulfide)s. 

Recent advances, such as the polycondensation of disulfide-containing monomers,29 have 

improved efficiency, yet scalability and narrow monomer scope remain persistent hurdles. Notably, 

Pyun, Njardarson, Norwood, and coworkers reported the step-growth addition polymerization of 

sulfur monochloride with allylic monomers, affording highly optically transparent disulfide-

containing thermosets.30 Against this backdrop, the development of mild, atom-economical, and 
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robust synthetic methods for poly(disulfide)s remains a critical unmet need. 

Elemental sulfur (S8), an abundant byproduct of petroleum refining (80 million tons/year), 

represents an ideal, low-cost feedstock for polymer synthesis.31,32 Despite this potential, S8 remains 

underutilized in macromolecular science due to challenges of its ring-strain-driven 

polymerization.33,34 Initial breakthroughs, such as Pyun and co-workers’ inverse vulcanization of 

S8 with 1,3-diisopropenyl benzene (requiring 160 °C), yielded brittle and insoluble high-sulfur-

content materials (Figure 1b).35 Subsequent strategies expanded S8’s utility.36-46 Hu, Tang, and co-

workers achieved room-temperature synthesis of poly(thiourea)s via multi-component 

polymerization of S8, aliphatic diamines, and diisocyanides.47-49 Ren and co-workers developed 

the copolymerization of S8 with episulfides to access poly(disulfide)s via an anionic chain-growth 

mechanism.50 Nevertheless, the direct exploitation of S8 in step-growth polymerization to 

poly(disulfide)s remains largely unexplored. Building on this foundation, we envisioned S8 as a 

key monomer in step-growth polymerization to precisely synthesize poly(ester disulfide)s—a 

polymer integrating the biodegradability of esters with the dynamic responsiveness of disulfides. 

Herein, we report the synthesis of poly(ester disulfide)s via an organobase-catalyzed step-

growth addition polymerization of S8, dithiols, and diacrylates at room temperature (Figure 1c). 

This methodology capitalizes on S8 inherent reactivity with diacrylates, enabling the formation of 

alternating ester and disulfide linkages under mild conditions. The polymerization proceeds 

efficiently with excellent atom economy and scalability, yielding polymers with tunable 

thermal/mechanical properties and multi-stimuli-responsive degradation behavior. Beyond 

expanding the scope of S8-based polymerizations, this work establishes a platform for functional 
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poly(disulfide)s by integrating elemental sulfur into step-growth polymerizations. The operational 

simplicity and versatility of this approach offer convenient pathways to engineer dynamic, 

biodegradable polymers for biomedical and environmental applications. 

Results  

We first established a model reaction using S8, 1-hexanethiol, and methyl acrylate (MA) as 

reactants (Figure 2a). Common organic bases51—including 7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene (MTBD), 4-dimethylaminopyridine (DMAP), tetrabutylammonium 

acetate, and 1,4-diazabicyclo[2.2.2]octane (DABCO)—exhibited high activity and selectivity in 

this three-component coupling. Due to S8’s limited solubility, we adopted a sequential addition 

protocol: S8 and MTBD were pre-mixed in solvent to achieve dissolution, followed by addition of 

1-hexanethiol and MA. Under optimized conditions, ([S atoms]0:[thiol groups]0:[MA]0:[base] = 

400:400:400:1, rt, 0.5 h) in toluene, acetonitrile, 1,4-dioxane, or acetone, the 

reaction quantitatively generated three disulfide products (A1–A3). The complete reactant 

conversion was confirmed by 1H and 13C NMR analysis of crude products (Figures 2b, 2c, S1, and 

S2).  

The mixed disulfide products (A1–A3) were separated by column chromatography. 

Symmetrical A3 was first isolated using n-hexane as an eluent, followed by the separation of A1 

and A2 with n-hexane:dichloromethane = 2:3 (v/v). After drying in vacuo to constant weight, pure 

A1–A3 were obtained in 95% combined yield, with a gravimetrically determined molar ratio of 

[A1]:[A2]:[A3] = 1.00:1.02:0.98. Structures of A1–A3 were confirmed by 1H and 13C NMR 
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(Figures 2d, 2e, S3–S8) and ESI–MS. 

Notably, the 1H NMR spectrum of A1 closely matched the corresponding signals in the crude 

mixture A1–A3 (Figure 2f), indicating minimal electronic coupling across the disulfide bond. 

While 13C NMR peaks for A2/A3 were distinct from A1, key resonances exhibited similarity (e.g., 

A2-b at 172.35 ppm vs. A1-b' at 172.17 ppm; Figure 2g). The integration of crude product 13C 

NMR spectrum confirmed the molar ratio of [A1]:[A2]:[A3] = 1.00:1.08:1.04. Critically, the NMR 

analysis detected no by-products (e.g., thiol-MA adducts,52 sulfur-MA copolymers,53 or 

polysulfides54), demonstrating an exceptional chemoselectivity in the organobase-catalyzed three-

component coupling reaction. Kinetic analysis via 1H NMR (Figures S9 and S10) confirmed the 

exclusive formation of disulfide products from the earliest observable reaction stage, inconsistent 

with a plausible mechanism proceeding through a kinetic distribution of polysulfide intermediates. 

We extended this methodology to additional substrates, including the enone (1-octene-3-one), 

N-(methoxymethyl)acrylamide, and other thiols (1-octanethiol, benzyl mercaptan). Under 

identical mild conditions ([S atoms]0:[thiol groups]0:[alkene groups]0:[MTBD] = 400:400:400:1, 

rt, 0.5 h, toluene), these reactions quantitatively generated three mixed disulfide products in a near-

equimolar ratio, which is similar to the production of A1–A3. The column chromatography method 

afforded all distinct disulfides—including asymmetric variants—in high purity with >95% 

combined yields (Figures S11–S32). While used here for efficient product isolation on an 

analytical scale, future work will focus on developing sustainable work-up procedures, such as 

precipitation or catalysis in greener solvent systems, for larger-scale applications. Notably, the 

synthesis of asymmetric disulfides confronts persistent challenges: (1) thermodynamic preference 
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for symmetric disulfides via thiol-disulfide exchange, (2) inherent chemoselectivity limitations in 

direct coupling, (3) instability of sulfenyl halide intermediates, and (4) arduous separation from 

symmetric byproducts.55-60 Our method establishes a mild and modular route to asymmetric 

disulfides containing other functional groups such as ester, amide, and ketone.  

We then performed density functional theory (DFT) calculations to elucidate the three-

component coupling mechanism. The DFT calculations employed small-molecule analogues to 

model the key mechanistic steps of the polymerization. The calculated details were shown in 

Supplementary Information (Figures S64–S68). The free energy profile (Figure 3a) reveals the 

initiation via the MTBD-mediated deprotonation of thiol to form a thiolate anion (S1). The 

subsequent nucleophilic attack on S8 ring-opens the cyclooctasulfur to generate a linear 

polysulfide anion (S2). The chain-shortening through an intramolecular substitution (TS2) then 

yields a disulfide anion (S3) and S7. The Michael addition of S3 to methyl acrylate (TS3), followed 

by a protonation, affords the asymmetric disulfide of S5. Crucially, the thiol-disulfide exchange 

reaction between S5 and thiolate (TS4/TS5) proceeds with low energy barriers (ΔG‡ = 5.0–6.0 

kcal mol−1), equilibrating the symmetric disulfides of S6 and S7 (Figures 3b and 3c). The near-

isoenergetic nature of S5–S7 (ΔG ≤ 6.4 kcal mol−1) thermodynamically favors the near-equimolar 

product distribution—validating the experimental observations.   

We next applied this methodology to synthesize poly(ester disulfide)s using commercially 

available bifunctional monomers. The used dithiol monomers comprised 1,6-hexanedithiol, 1,8-

octanedithiol, 1,10-decanedithiol, and p-benzyldithiol; the used diacrylates included 1,6-

hexanediol diacrylate, 1,9-nonanediol diacrylate, and 1,10-decanediol diacrylate (Figure 4). The 
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multicomponent step-growth addition polymerization of S8, 1,6-hexanedithiol, and 1,6-hexanediol 

diacrylate ([S atoms]0:[thiol groups]0:[alkene groups]0:[MTBD] = 400:400:400:1, rt, 2 h) 

afforded P1 in 97% yield (by gravimetry) with Mn = 10.2 kDa as determined by gel permeation 

chromatography (GPC, calibrated with polystyrene standards). Notably, the addition of 

bis(triphenylphosphine)iminium chloride ([PPN]Cl) to the polymerization system as a cocatalyst 

enhanced the molecular weight of the polymer. Using a fixed MTBD loading (0.25 mol%) while 

varying the amount of [PPN]Cl, the results presented in Table S1 demonstrate a clear dose-

dependent effect of [PPN]Cl on the reaction outcome. Upon addition of [PPN]Cl, the molecular 

weight increased progressively with the co-catalyst loading, plateauing at an Mn of 22.1 kDa (Đ = 

2.3) when using a 1:1 molar ratio of [PPN]Cl to MTBD. To test the specificity of the PPN⁺ cation 

and rule out a simple ionic strength effect, we performed the polymerization using MTBD with 

equivalent molar amounts of other salts including tetrabutylammonium chloride (NBu4Cl) and 

bis(triphenylphosphine)iminium trifluoroacetate ([PPN]TFA). The results included in Table S1 

show that while NBu4Cl provided a modest increase in Mn to 12.5 kDa, it was significantly less 

effective than PPNCl. Similar to [PPN]Cl, [PPN]TFA showed a high effect increase in Mn to 20.9 

kDa. This comparison indicates that the PPN⁺ cation plays a specific and crucial role. We propose 

that the large, highly lipophilic PPN⁺ cation acts as an effective phase-transfer catalyst, solubilizing 

the anionic sulfur intermediates and enhancing their reactivity in the organic reaction 

medium, which is consistent with the reported mechanism in S8 and episulfide copolymerization.50  

Similarly, under identical conditions ([S atoms]0:[thiol groups]0:[alkene groups]0:[MTBD] = 

400:400:400:1, rt, 2 h), P2–P6 were synthesized in >95% yields with Mn = 20.8–42.0 kDa (Đ = 
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1.4–2.6, as determined by GPC calibrated with polystyrene standards, Figure S43), indicating the 

facile and versatile manners of the synthetic method. According to the GPC test equipped with a 

multiangle light scattering detector (GPC-MALS, Figure S44), P1–P6 possessed absolute Mn of 

28.4 kDa (Đ = 1.9), 23.6 kDa (Đ = 1.3), 24.3 kDa (Đ = 1.4), 51.4 kDa (Đ = 2.6), and 34.7 kDa 

(Đ = 2.6), respectively. The absolute Mn values are slightly higher than the relative Mn values as 

determined by GPC. The molecular weights achieved in this work are characteristic of the step-

growth mechanism, where high molecular weights require extreme conversion. The values 

obtained are a consequence of the mild reaction conditions, which were prioritized to enable 

functional group tolerance and precise sequence control over the disulfide and ester linkages. 

Additionally, the identification of a cheaper, more sustainable organocatalyst with comparable 

activity is a target for future scale-up and process optimization. We also calculated the E-factor (kg 

waste/kg product)61 for the synthesis of polymers P1-P6, including all reactants, solvents, and 

purification steps. The calculated E-factor values are around 20, in which ethanol used in the 

purification step is the major contributing waste to the E-factor. This value falls in the range of the 

E-factor demanded by fine chemical industries (5–50), and is higher than that of the reported 

inverse vulcanization (0.1–5).61  

The obtained polymers (P1–P6) feature both S–S and ester linkages within their backbone, 

as confirmed by NMR analysis (Figures 5a, 5b, S33–S42). Notably, the 13C NMR spectra (Figure 

5b) exhibit the characteristic peak doublets of near-equal integration—mirroring small-molecule 

disulfide patterns—quantitatively validating a near 1:1:1 molar ratio of three disulfide units in the 

polymer chain. The Raman spectroscopy of the poly(ester disulfide)s further corroborated their 
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backbone structures through the distinct ν(S-S) and ν(C-S) vibrations. The Raman spectrum 

(Figure 5c) shows a single peak at 510 cm-1, which aligns perfectly with the disulfide standard and 

is distinctly different from the S8 peak (~470 cm-1)62 and the polysulfide peak (~540 cm-1).36,50 

Critically, the MALDI-TOF mass spectrometry of P1 unambiguously confirmed the disulfide 

repeat units and revealed the comparable incorporation of symmetric/asymmetric motifs (n ≈ m, 

Figure 5d) in the polymer backbone. Additionally, the elemental analysis result of P1 (C, 48.7%; 

N, 0%; S, 29.4%; H, 6.9%) closely matched the theoretical values, e.g., C, 49.1%; N, 0%; S, 29.1%; 

H, 7.3%. This confirms the bulk stoichiometry and rules out significant contamination from 

unreacted S8 or large deviations in composition. Furthermore, the high-resolution X-ray 

photoelectron spectroscopy (XPS) S 2p spectrum (Figure S45) displays 1:2 integral area ratio of 

the XPS peaks representing S-S and C-S bonds, suggesting the presence of most of disulfide 

units.50 No significant peaks near 161-162 eV are observed, which would suggest the presence of 

unreacted S8 or sulfide anions. This provides direct chemical state evidence for the exclusive 

presence of disulfide linkages in the near-surface region of the polymer.  

The thermal and mechanical characterizations reveal the distinct structure-property 

relationships in polymers P1 to P6. The thermogravimetric analysis (TGA, Figure 6a) 

demonstrates moderate thermal stability for all polymers, with decomposition temperatures (Td,5%) 

ranging from 248 °C to 281 °C (Table S2). The differential scanning calorimetry (DSC, Figure 6b) 

shows that P1 and P2 are amorphous materials exhibiting remarkably low glass transition 

temperatures (Tg) of -60 °C and -64 °C, respectively. In contrast, P3 and P4 display semi-

crystalline behaviors, characterized by melting temperatures (Tm) of 27 °C and 30 °C, attributed 
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to the presence of long carbon chains (10 carbon atoms) in the polymer backbone. Incorporating 

rigid benzene rings into the main chain (P5) significantly enhances crystallinity of the polymer, 

yielding a high Tm of 142 °C (Figure 6b). Additionally, the absence of any endothermic peak at 

~119 °C (which S8 melts) across all first-heating scans (Figures S46-S51) provides strong evidence 

for the complete consumption and clean incorporation of S8, ruling out its presence as a crystalline 

contaminant. 

The tensile stress-strain measurements (Fig. 6c) identify P4 and P5 as thermoplastic 

elastomers (TPEs). P4 exhibits an ultimate tensile strength (σB) of 0.21 ± 0.06 MPa and an 

exceptional elongation at break (εB) of 2320 ± 590% (Figure S52). P5 possesses a higher σB of 1.0 

± 0.1 MPa but a reduced εB of 840 ± 63% (Figure S53). The cyclic tensile testing further confirmed 

their elastomeric nature: samples were stretched to 50% (P5) or 100% (P4) strain and immediately 

released to 0% strain at 10 mm min-1 for 10 consecutive cycles (Figs. 6d and 6e). Both polymers 

exhibited high elastic recovery, with calculated recovery rates [(εmax - εresidual) / εmax] of 91% (P5) 

and 74% (P4) maintained over ten cycles without significant fatigue. The hysteresis energy and 

the residual strain (Table S3) of P4 and P5 remained relatively consistent and stable after the first 

cycle, characteristic of a robust elastomeric network. This mechanical performance is comparable 

to that of the high-molecular-weight (over 1000 kDa) poly(1,2-dithiolane) (σB of ~0.5 MPa and εB 

of ~500%) synthesized from the ROP of 1,2-dithiolanes in the previous study.20 P6, featuring in-

chain amide groups that enable hydrogen bonding, adopts a crystalline structure with a Tm of 

119 °C (Figure 6b). This network of secondary interactions enhances mechanical strength, 

resulting in a higher σB of 4.0 ± 1.7 MPa, though it reduces ductility (εB = 92 ± 14%, Figures 6c 
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and S54) compared to the elastomeric analogues. Notably, the range of accessible structures and 

properties for these polymers can be greatly expanded by the versatility of our method and the 

broad scope of compatible monomers. 

A defining characteristic of disulfide bonds is their susceptibility to reductive cleavage. P2 

was used as a representative polymer for the degradation experiment because P1 to P6 possesses 

similar functional groups and structures. To demonstrate this responsiveness in our system, P2 was 

subjected to reductive degradation using DL-dithiothreitol (DTT) as the reducing agent. The 

depolymerization kinetics were monitored in real-time by periodically sampling the reaction 

mixture and analyzing molecular weight evolution via GPC. As shown in Figure 6f, the polymer 

cleavage commenced immediately upon DTT addition, triggering a rapid decrease in molecular 

weight of the polymer. Within 1 hour, a significant shift towards lower molecular weights was 

observed (Mn decreased from 20.8 to 8.1 kDa). The degradation progressed continuously over the 

20-hour reaction period (Figure S55), ultimately converting the majority of the polymer into 

oligomeric species, indicating the rapid and quantitatively reductive degradability of the polymeric 

materials. The primary degradation products are the small-molecule dithiol and the Michael 

addition adduct (the monomeric units), as determined by 1H NMR (Figure S56) and gas 

chromatography quadrupole-time of flight mass spectrometry (Figure S57). Other common 

effective reductants such as tris(2-carboxyethyl)phosphine and glutathione would be more relevant 

for biomedical or environmental claims in practical applications. Additionally, the polymers 

proved stable for three months when stored in air at room temperature, with no detectable changes 

in their properties, indicating sufficient robustness for practical handling and applications. Future 
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studies will explore orthogonal degradation cascades, such as the selective hydrolysis of ester 

linkages under mild basic conditions to fragment the polymer backbone while preserving the 

disulfide dynamic units, enabling sophisticated, multi-stage degradation profiles. 

We further demonstrated that the disulfide linkages in both the small-molecule model A1 and 

polymer P3 can undergo a base-catalyzed sulfur insertion reaction with additional S8, effectively 

incorporating more sulfur atoms into the structure.63 Under optimized conditions ([A1]0:[MTBD] 

= 400:1, rt, 0.5 h, toluene), increasing the S8 feed ratio from [S atoms]0:[A1]0 = 0.5 to 2 led to a 

dose-dependent increase in polysulfide product formation, accompanied by a corresponding 

decrease in A1, as monitored by 1H NMR (Figure S58). A similar trend was observed for 

polymer P3: as the S8 loading increased from [S atoms]0:[disulfide units]0 = 1 to 3, the resulting 

polymers P3′ and P3″ exhibited progressively higher polysulfide content and reduced disulfide 

unit ratios (Figure S59). Concomitantly, the Mn values decreased from 21.3 kDa for P3 to 8.8 kDa 

for P3′ and 5.3 kDa for P3″ (Figure S60). Thermal analysis revealed that the incorporation of less-

stable polysulfide linkages also lowered the decomposition temperatures (Td,5%: 281 °C for P3, 

241 °C for P3′, and 208 °C for P3″; Figure S61) and suppressed melting transitions, while slightly 

raising the Tg values (−65 °C for P3, −64 °C for P3′, −62 °C for P3″; Figures S62 and S63). 

In conclusion, this work establishes elemental sulfur as a cornerstone monomer for 

synthesizing functional poly(ester disulfide)s through an organobase-catalyzed step-growth 

polymerization at ambient temperature. By leveraging the inherent reactivity of S8 with 

commercially available dithiols and diacrylates, we achieve alternating ester and disulfide linkages 

in high yields (>95%) with Mn up to 42.0 kDa. Mechanistic studies, supported by DFT calculations, 
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confirm a chemoselective three-component pathway that quantitatively generates near-equimolar 

symmetric and asymmetric disulfide units—validated by MALDI-TOF, NMR, and Raman 

spectroscopy. Critically, backbone engineering enables precise control over material properties: 

Long aliphatic chains yield thermoplastic elastomers with exceptional elasticity, while rigid 

aromatic or hydrogen-bonding units enhance strength. The poly(ester disulfide)s exhibit high 

thermal stability and rapid reductive degradation to oligomers, underscoring their circular lifecycle. 

Collectively, this strategy transforms an industrial byproduct (80 million tons/year) into a versatile 

platform for advanced materials. The fusion of dynamic responsiveness, engineered mechanical 

performance, and reductive degradability opens avenues for adaptive biomaterials, elastomers, and 

coatings. Furthermore, the potential to exploit differential monomer reactivity to synthesize 

sequence-defined and block copolymers represents a compelling direction for future research. 

Methods 

Materials 

Elemental sulfur (99.5%), toluene (99.5%), and acetone (99.5%) were purchased from Sinopharm 

Chemical Reagent Co., Ltd. 1-Hexanethiol (96%), 1-octen-3-one (97%), 1,6-hexanedithiol (98%), 

1,10-decanedithiol (98%), 1,8-octanedithiol (97.5%), 1,4-dioxane (99.5%, super dry solvent), 

acetonitrile (MeCN, 99.9%, super dry solvent), benzyl mercaptan (99%), PPNCl (97%), DABCO 

(97%), DMAP (99%), and tetrabutylammonium acetate (93%) were obtained from J&K Scientific 

Ltd. 1-Octanethiol (98%) was supplied by Tokyo Chemical Industry Co., Ltd. MTBD (95%) was 

acquired from Aladdin Biochemical Technology Co., Ltd. 

Characterization and processing techniques 

1H and 13C NMR spectra were performed on a Bruker Advance DMX 400 MHz. And chemical 
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shift values were referenced to the signal of the solvent (residual proton resonances for 1H NMR 

spectra, carbon resonances for 13C NMR spectra).  

Mn and Đ of the polymers were measured by GPC at 40°C using a PL-GPC220 

chromatograph equipped with an Agilent Technologies HP 1100 pump. The measurement was 

performed with THF as the mobile phase at a flow rate of 1.0 mL/min. The sample concentration 

was 0.4 wt.%, and the injection volume was 50 μL. Calibration was performed using monodisperse 

polystyrene standards. 

The absolute Mn values of the polymers were performed by GPC equipped with multiangle 

light scattering detector. Light scattering, viscosity and RI were determined by DAWN, ViscoStar 

and Optilab from Wyatt, respectively. The refractive index increment (dn/dc) values of P1 to P5 

obtained by batch experiments using Optilab from Wyatt and calculated using ASTRA software.  

MALDI-TOF MS was performed on a Bruker Ultraflex MALDI-TOF mass spectrometer 

equipped with a nitrogen laser emitting 337 nm laser pulses (3 ns pulse width). Trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile was used as the matrix, with sodium 

trifluoroacetate added to enhance ionization. 

ESI-MS was performed using an Agilent G6545 mass spectrometer. The sample was 

dissolved in THF at a concentration of 1 mg/mL for analysis. 

Td values of the polymers were determined by using TA Q50 instrument. The sample was 

heated from 40 to 600 °C at a rate of 10 °C/min under nitrogen atmosphere. Temperature when the 

mass loss is five percent was taken as Td,5%. 

DSC measurements of polymers were carried out on a TA Q200 instrument with a 

heating/cooling rate of 10 °C/min. Data reported are from second heating cycles. 

Tensile tests were performed on an Instron 3343 instrument at a crosshead speed of 20 
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mm/min on compression-moulded tensile testing specimens. 

Elemental analysis was conducted at the equipment of Arvato CRM China EA3000 (CHNS). 

Raman spectra were recorded on a Renishaw plc inVia-Reflex equipped with a low-

temperature Ge detector (532 nm, 50 mW, resolution 2 cm−1, 30 seconds per accumulation, 5 

accumulations). Peaks were assigned based on comparison with literature values for disulfide and 

polysulfide vibrations. 

XPS was measured on Thermo ESCALAB XI+. A monochromatic Al Kα X- ray source was 

used, with the energy of 1486.6 eV. Charge compensation was needed.  

GC/Q-TOF MS was performed on Agilent 7250 GC/Q-TOF (Mode of ionizations: Electron 

ionization, low energy electron ionization; Mass range: 20-3000 amu; Mass analyzer 1: 

Quadrupole; Collision cell: Hexapole; Mass analyzer 2: Time-of-flight; Detector: Photomultiplier 

tube). 

Reductive degradation experiment 

P2 was subjected to reductive degradation using DTT as the reducing agent. To a solution of 30 

mg of the polymer in 2 mL of THF was added 115 mg of DTT. The molecular weight change was 

monitored by GPC analysis of 100 μL aliquots withdrawn from the reaction mixture at designated 

intervals. 

Data availability 

Data supporting the findings of this study are available within the article (and its Supplementary 

information files). All data are available from the corresponding author upon request. 
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Figure legends 

Figure 1. Synthesis of disulfide-containing polymers. (a) Traditional approaches to 

poly(disulfide)s rely on oxidative coupling of dithiols or ROP of cyclic disulfides. (b) The inverse 

vulcanization to yield crosslinked poly(sulfide)s. (c) This work developed the step-growth addition 

polymerization to synthesize poly(ester disulfide)s from S8, dithiols, and diacrylates. 

Figure 2. Synthesis and NMR analysis (in CDCl3) of disulfides. (a) The addition reaction of n-
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hexylthiol, S8, and methylacrylate. (b) 1H NMR (400 MHz) and (c) 13C NMR (101 MHz) spectra 

of the mixed crude products. (d) 1H NMR and (e) 13C NMR spectra of purified A1 (middle), A2 

(up), and A3 (down). (f) Partially enlarged 1H NMR and (g) 13C NMR spectra of purified A1 (up) 

and the mixed crude products (down).  

Figure 3. DFT calculations to investigate the three-component coupling reaction mechanism. (a) 

Free energies associated with the proposed mechanism of the formation of asymmetric disulfides. 

(b, c) Free energies associated with the formation of symmetrical disulfide through thiol/disulfide 

exchange reaction. 

Figure 4. Synthesis of P1–P6 using S8, dithiols, and diacrylates/diamides. Polymerization 

conditions: at room temperature for 2 h, [S]0:[dithiol]0:[diacrylate]0:[MTBD]:[PPNCl] = 

400:200:200:1:1. Mn and Đ values are determined by GPC in THF, calibrated with polystyrene 

standards. 

Figure 5. Structure analysis of P1. (a) 1H NMR (400 MHz) and (b) 13C NMR spectra (101 MHz, 

in CDCl3) of P1. (c) Raman spectrum of P1. (d) MALDI-TOF MS of low-Mn P1, n for alkyl 

disulfide units, m for ester-containing disulfide units. 

Figure 6. Thermal, mechanical, and degradation properties of the obtained polymers. (a) TGA 

curves. (b) DSC curves obtained from the second scan. (c) Tensile stress-strain curves. (d) Cyclic 

tensile testing without delay of P5. (e) Cyclic tensile testing without delay of P4. (f) GPC curves 

of P2 varying during reduction degradation. 
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Editorial Summary: 

The synthesis of high molecular weight poly(disulfide)s typically requires harsh 

conditions or the complex cyclic disulfide monomers. Here, the authors report a mild, room-temperature 

multicomponent polymerisation using elemental sulfur to yield high molecular weight poly(ester 

disulfide)s 

Peer review information: Nature Communications thanks Hatice Mutlu, Alex Plajer, and the other, 

anonymous, reviewer(s) for their contribution to the peer review of this work. A peer review file is 

available. 
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