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Summary 
 

Each year, global refining of petroleum and natural gas generates more than 60 million 

tonnes[1] of elemental sulphur as a byproduct. During combustion, sulphur impurities in 

crude fuels oxidise to sulphur dioxide, which dissolves in rainwater to produce sulphuric 

acid, a major contributor to acid rain. To avoid this, industrial processes such as 

hydrodesulphurization and the Claus process[2,3] are employed to strip sulphur-

containing molecules from fuels, converting them into elemental sulphur instead. 

Although this recovered sulphur is used in established applications, including fertilisers 

and sulphuric acid production, the volume produced vastly exceeds demand. As a result, 

millions of tonnes are stockpiled in large outdoor deposits, raising concerns over their 

long-term environmental consequences. 

 

Beyond its classical roles, sulphur can be integrated into polymers through vulcanization 

and inverse vulcanization. Both techniques generate cross-linked sulphur-rich networks, 

differing in the ratio of sulphur to alkene used. Despite their importance, these methods 

have drawbacks, including high-temperature requirements (160–200 °C), limited 

compatibility with solvents and monomers, and the production of insoluble, highly cross-

linked materials with limited reprocessability. Although catalytic approaches have been 

proposed to reduce operating temperatures, they remain constrained in both cost and 

environmental sustainability. 

 

Efforts to prepare linear polymers with elemental sulphur as a building block have led to 

scarce results, typically yielding materials with only modest sulphur content. In such 

systems, sulphur is usually incorporated as a side-group rather than forming part of the 

polymer backbone. The work presented in this thesis examines alternative routes for 

creating linear sulphur-based polymers with sequence control, relying on ring-opening 

polymerisation (ROP) strategies catalysed by lithium alkoxides. The objectives are 

twofold: first, to deepen the fundamental understanding of sulphur chemistry in polymeric 

frameworks, with particular attention to polymer growth mechanisms, chain architecture, 

and sequence definition; and second, to evaluate practical applications of sulphur-rich 

polymers obtained directly from elemental sulphur.  
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By bridging historical developments with modern synthetic tools, this research highlights 

the potential of sulphur-containing polymers to contribute to sustainable materials 

science and advanced technologies. 

 

The first section describes the synthesis of novel poly(monothiocarbonate-alt-Sₓ) 

copolymers derived from elemental sulphur, carbon disulfide (CS₂), and epoxides. 

Careful stoichiometric adjustment enabled partial control over polysulfide chain lengths. 

Mechanistic insights into sulphur incorporation during ROP were obtained through 

kinetic analysis and density functional theory (DFT) studies. Characterization employed 

NMR spectroscopy, gel permeation chromatography (GPC), Raman spectroscopy, 

differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA). A broad 

monomer scope enabled structural and thermal tunability. Cross-linking of the propylene 

oxide–derived polymer yielded reprocessable gel-like materials, but the inherent thermal 

instability of monothiocarbonate linkages limited long-term performance. 

 

To address these stability issues, the second part of the thesis investigates replacing 

CS2 with phthalic thioanhydride (PTA), enabling the creation of poly(ester-alt-Sₓ) 

terpolymers with enhanced resistance to thermal degradation. This chemistry supports a 

wide range of epoxides, including functionalised, fluorescent, multifunctional, and 

renewable feedstocks. The resulting materials exhibit glass transition temperatures from 

–40 °C to 127 °C. Incorporating vanillin-derived epoxides allowed for aldehyde-based 

cross-linking with diamines, producing dynamic imine networks. Their mechanical 

properties were assessed through tensile and lap shear tests. 

Replacing monothiocarbonates with ester linkages improved thermal stability (up to 270 

°C), enabling post-synthesis functionalisation of the polysulfide segments. This approach 

allowed for the incorporation of additional sulphur or reactive groups that are typically 

incompatible with the polymerisation process, such as carboxylic acids. For example, 

modification with lipoic acid, a cyclic disulfide with a carboxyl group, greatly enhanced 

adhesion to aluminium substrates by increasing surface polarity. The method was 

effective in both linear and cross-linked systems. 

 

The final part of this work investigates the synthesis of CS₂-derived linear poly(ester-alt-

trithiocarbonate)s from PTA and epoxides. The monomer scope was expanded to 

include fluorinated epoxides and a trimethylsilyl-functionalised epoxide. Post-
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polymerisation hydrolysis of the silyl groups produced rubber-like materials. Importantly, 

trithiocarbonate linkages preserved desirable thermal properties while enabling 

coordination with metal centres. In collaboration with the Leibniz Institute of Polymer 

Research Dresden, the potential for hybrid nanomaterial formation was demonstrated 

through gold nanoparticle grafting, exploiting the strong affinity between sulphur and 

metal surfaces. 
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Zusammenfassung 
 
Die weltweite Raffination von Erdöl und Erdgas erzeugt jedes Jahr mehr als 60 Millionen 

Tonnen elementaren Schwefel als Nebenprodukt.[1] Schwefelhaltige Verunreinigungen in 

Rohöl würden bei der Verbrennung zu Schwefeldioxid oxidieren, das sich im 

Regenwasser zu Schwefelsäure löst und so maßgeblich zur Bildung von saurem Regen 

beiträgt. Um dies zu verhindern, werden Verfahren wie die Hydroentschwefelung und 

der Claus-Prozess eingesetzt,[2,3] bei denen schwefelhaltige Moleküle aus den 

Brennstoffen entfernt und in elementaren Schwefel umgewandelt werden. Obwohl dieser 

Schwefel in etablierten Bereichen – etwa bei der Herstellung von Düngemitteln oder 

Schwefelsäure – Verwendung findet, übersteigt das Angebot den Bedarf bei Weitem. 

Millionen Tonnen werden daher in großen Freilagerstätten deponiert, was langfristig 

ökologische Fragen aufwirft. 

 

Neben diesen klassischen Anwendungen lässt sich Schwefel auch in Polymere 

einbauen, insbesondere durch Vulkanisation und inverse Vulkanisation. Beide Methoden 

erzeugen schwefelreiche, stark vernetzte Netzwerke und unterscheiden sich 

hauptsächlich im Verhältnis von Schwefel zu Alkenen. Trotz ihrer Bedeutung weisen 

diese Verfahren deutliche Einschränkungen auf: Sie erfordern hohe Temperaturen (160–

200 °C), sind nur mit einer begrenzten Auswahl an Lösungsmitteln und Monomeren 

kompatibel und führen meist zu unlöslichen, irreversibel vernetzten Materialien, die 

kaum wiederaufbereitet werden können. Katalytische Systeme konnten die 

Reaktionstemperaturen zwar senken, ihre wirtschaftliche und ökologische Tragfähigkeit 

ist jedoch weiterhin begrenzt. 

 

Versuche, lineare Polymere mit elementarem Schwefel als Baustein herzustellen, waren 

bislang nur wenig erfolgreich. Meist gelingt lediglich ein geringer Schwefelgehalt, der 

zudem oft nur als funktionelle Gruppe an der Seitenkette eingebaut wird, nicht aber im 

Polymerhauptgerüst. Diese Arbeit untersucht daher alternative Strategien zur Synthese 

linearer Schwefelpolymere mit kontrollierter Sequenz, basierend auf Ringöffnungs-

Polymerisation (ROP) unter Einsatz von Lithiumalkoxiden als Katalysatoren. Ziel ist es 

einerseits, die Grundlagen der Schwefelchemie in Polymeren besser zu verstehen – 

insbesondere Mechanismen des Kettenwachstums, die Architektur der Ketten und die 
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Sequenzsteuerung. Andererseits sollen mögliche Anwendungen und Eigenschaften von 

schwefelreichen Polymeren aus elementarem Schwefel ausgelotet werden. Durch die 

Verknüpfung historischer Ansätze mit modernen Methoden zeigt die Arbeit, wie 

schwefelhaltige Polymere zu nachhaltigen Materialien und neuen Technologien 

beitragen können. 

 

Im ersten Teil werden neuartige Poly(monothiocarbonat-alt-Sₓ)-Copolymere vorgestellt, 

die aus elementarem Schwefel, Kohlenstoffdisulfid (CS₂) und Epoxiden entstehen. Eine 

gezielte Variation der Stöchiometrie ermöglichte die teilweise Kontrolle über die Länge 

der Oligosulfidsegmente. Mechanistische Einblicke in den Schwefeleinbau während der 

ROP lieferten kinetische Studien sowie DFT-Berechnungen. Die Polymere wurden 

mittels NMR-Spektroskopie, Gelpermeationschromatographie (GPC), Raman-

Spektroskopie, Differenzialscanningkalorimetrie (DSC) und Thermogravimetrie (TGA) 

umfassend charakterisiert. Die breite Monomer-Vielfalt erlaubte eine gezielte Anpassung 

der Struktur und thermischen Eigenschaften. Durch nachträgliche Vernetzung des aus 

Propylenoxid gewonnenen Polymers entstanden wiederverwertbare gelartige 

Materialien, deren Langzeitstabilität jedoch durch die thermische Empfindlichkeit der 

Monothiocarbonatbindungen begrenzt war. 

 

Um diese Einschränkung zu überwinden, wurde im zweiten Teil CS₂ durch 

Phthalsäurethioanhydrid (PTA) ersetzt. Auf diese Weise konnten Poly(ester-alt-Sₓ)-

Terpolymere mit deutlich verbesserter thermischer Stabilität hergestellt werden. Dieses 

System ist mit einer Vielzahl von Epoxiden kompatibel, darunter funktionalisierte, 

fluoreszierende, multifunktionale und biobasierte Monomere. Die resultierenden 

Materialien zeigten Glasübergangstemperaturen zwischen –40 °C und 127 °C. 

Vanillinbasierte Epoxide ermöglichten eine Aldehyd-vermittelte Vernetzung mit 

Diaminen, wodurch dynamische Imin-Netzwerke gebildet wurden. Ihre mechanischen 

Eigenschaften wurden mittels Zug- und Scherversuchen untersucht. 

Der Ersatz der Monothiocarbonate durch Esterbindungen erhöhte die thermische 

Stabilität auf bis zu 270 °C und eröffnete die Möglichkeit einer nachträglichen 

Funktionalisierung der Polysulfideinheiten. So konnten zusätzliche Schwefelatome oder 

reaktive Gruppen eingeführt werden, die während der Polymerisation nicht kompatibel 

sind, etwa Carbonsäuren. Ein Beispiel ist die Modifizierung mit Liponsäure – einem 

cyclischen Disulfid mit Carboxylgruppe –, die die Haftung auf Aluminiumoberflächen 
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durch erhöhte Oberflächenpolarität deutlich verbesserte. Diese Strategie erwies sich 

sowohl bei linearen als auch bei vernetzten Systemen als wirksam. 

 

Im letzten Teil der Arbeit wird die Synthese linearer Poly(ester-alt-trithiocarbonat)e aus 

PTA, CS₂ und Epoxiden beschrieben. Das Monomerspektrum wurde auf fluorierte 

Epoxide und ein trimethylsilylsubstituiertes Epoxid ausgeweitet. Nach Hydrolyse der 

Silylgruppen entstanden gummiartige Materialien. Die Trithiocarbonatbindungen 

erhielten nicht nur die thermischen Eigenschaften, sondern ermöglichten auch die 

Koordination mit Metallen. In Zusammenarbeit mit dem Leibniz-Institut für 

Polymerforschung Dresden konnte zudem gezeigt werden, dass durch Anbindung von 

Goldnanopartikeln Hybridmaterialien entstehen, die die starke Affinität von Schwefel zu 

Metalloberflächen nutzen. 
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 Introduction 

1. Motivation and Scope 
Polymers have become an integral part of modern life, shaping the development of countless 

technologies, consumer goods, and industrial processes. From everyday packaging materials and 

textiles to high-performance engineering plastics and biomedical devices, polymers are 

indispensable in providing solutions that balance functionality, durability, and cost. Over the past 

century, the field of polymer science has witnessed remarkable innovation, driven by the search for 

materials with tailored properties such as enhanced thermal stability, mechanical resilience, 

chemical resistance, and optical or electronic functionalities. Despite these advances, challenges 

remain in developing polymers that are not only high performing but also sustainable, 

environmentally friendly, and derived from abundant or underutilized resources [1,2]. 

 

Figure 1: Industrial deposit of sulphur extracted during petroleum refinement through the hydrodesulphurisation process. 
Image credit: Gord McKenna, made available through a Creative Commons license: https:// 

www.flickr.com/photos/gord99/5170487123/. 

One of the elements attracting increasing attention in polymer research is sulphur, a non-metal 

with unique chemical properties. Sulphur is an abundant byproduct of petroleum refining and 

natural gas processing, often produced in quantities exceeding tens of millions of tonnes annually 

worldwide [3,4]. Most of it ends up in open-air deposits, where it contributes to environmental 

pollution through water contamination (Figure 1). Historically, large fractions of this sulphur have 
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been stockpiled or disposed of due to limited industrial applications, resulting in a significant 

underutilization of a potentially valuable resource. Beyond its abundance, sulphur offers unique 

chemical versatility: It can form single and multiple bonds with carbon, participate in radical and 

nucleophilic reactions, and provide unusual electronic and physical properties to polymeric 

systems [5,6]. These characteristics make sulphur an attractive candidate for creating new materials 

with properties that cannot be easily achieved using traditional carbon- or oxygen-based 

monomers. 

This thesis focuses primarily on linear polymers derived from elemental sulphur, a class of 

materials that remains relatively underexplored compared to crosslinked sulphur networks such as 

vulcanized rubber. Linear sulphur polymers are of particular interest because they offer 

processability, the potential for precise molecular weight control, and opportunities for sequence-

specific functionalisation, which are essential for advanced applications in electronics, optics, and 

energy storage (Figure 2). Achieving controlled synthesis of these polymers, however, requires 

overcoming challenges related to sulphur’s high reactivity, propensity to cyclize, and sensitivity to 

polymerisation conditions [7,8]. 

Figure 2: Possible applications for sulphur-rich polymers. 
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In addition to experimental investigations, this work emphasizes a theoretical understanding of 

polymerisation processes, including kinetic and thermodynamic considerations. A comprehensive 

knowledge of these factors is critical for predicting polymer behaviour, optimizing synthesis 

protocols, and designing materials with tailored properties. By combining mechanistic insights with 

practical polymerisation strategies, this thesis seeks to contribute both to the fundamental 

knowledge of sulphur polymer chemistry and to its application in advanced materials 

development.[9] 

The scope of this work encompasses several interconnected themes. First, it reviews the historical 

and modern roles of sulphur in polymer science, including classical vulcanization and emerging 

methods such as inverse vulcanization. Second, it examines the challenges associated with 

synthesizing linear sulphur polymers, with emphasis on kinetic and thermodynamic control. Third, it 

explores modern polymerisation strategies, including ring-opening polymerisation (ROP) and 

multicomponent polymerisation, highlighting the potential for sequence control and advanced 

material design.  

 

2. Sulphur in Polymer Science 
Elemental sulphur is produced on a massive scale as a byproduct of petroleum and gas 

desulphurization, making it an inexpensive and widely available feedstock. The procedure to do so 

consists of a hydrodesulphurization (HDS) step and, subsequently, the Claus process. 

HDS is a process that treats petroleum fractions with H2 gas at 400°C in the presence of catalytic 

amounts of tungsten supported on Al2O3 to break the C-S bonds, generating cleaned 

hydrocarbons and H2S as a gas. After that, the Claus process allows sulphur recovery in a two-

step procedure: initially, part of the H2S is burned to generate SO2, which then reacts with the 

remaining hydrogen sulfide to form water and S8 (Scheme 1). 

 

Scheme 1: Reaction scheme for the Claus process. 

Considering the high energy consumption required for the HDS process, research has been 

conducted on newer and more cost-effective methods to remove organic sulphur under ambient 
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conditions.[10,11,12] Among them, adsorptive desulphurization[13] (ADS) with zeolites and MOFs[14] 

appears to provide a suitable alternative to HDS. 

The electronic configuration of sulphur and its ability to adopt a range of oxidation states enable 

the formation of diverse linkages with carbon and heteroatoms, providing opportunities for the 

design of linear, branched, or cross-linked polymeric architectures. Sulphur-containing polymers 

are distinguished by high polarizability, redox activity, and unusual thermal[15] and mechanical[16] 

properties, which can be harnessed in areas spanning from optics[17,18] and electronics[19] to 

environmental remediation. 

Using sulphur as a monomer in polymerisation reactions offers two main benefits for sustainability. 

First, it helps utilize a waste product that cannot be fully employed by existing industrial processes, 

such as the production of carbon disulfide (CS2), sulphuric acid, and the manufacturing of cross-

linked materials through vulcanization and inverse vulcanization; therefore, expanding the 

industrial uses of this abundant compound is crucial. The second sustainability benefit arises from 

the fact that, besides imparting different thermal, optical, and mechanical properties to materials, 

having sulphur atoms inside a polymer chain can significantly enhance their degradability[20,21,22] 

compared to their oxygenated analogues[23,24]. This is because C-S bonds are relatively weaker 

than C-O and C-C bonds, making them easier to break through various chemical pathways, 

including redox reactions, hydrolysis, or radical cleavage, depending on the functional groups 

involved. The presence of labile sulphur bonds can provide convenient breaking points within the 

polymer chain; sulphur's larger atomic radius and angular flexibility reduce ring strain in 

heterocycles, lowering their ceiling temperatures and facilitating depolymerisation. Then again, 

depolymerisation itself can’t grant a circular economy, and the ideal solution would be to have 

materials that, once depolymerised, would yield compounds that can act as monomers for a 

subsequent repolymerisation to obtain the same polymer sequence or even a new one. To achieve 

this, a possible solution is to induce a backbiting cascade process along the chain. This way, it’s 

possible to generate smaller cyclic molecules that can then be purified and employed in a new 

polymerization pathway (Scheme 2). 
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O S
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tBu-O S
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O S
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Scheme 2: Proposed depolymerisation pathway for a CS2/oxetane copolymer. Modified with permission from Springer 

Nature.[23] 
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At room temperature, elemental sulphur is most stable as octasulphur (S₈), a crown-shaped 

molecule stabilized by S–S bonds. Upon heating or catalytic activation, these rings can undergo 

homolytic cleavage, giving reactive polysulfane chains. Compared with oxygen or nitrogen, sulphur 

forms weaker covalent bonds; this intrinsic lability underpins the ability of many sulphur-rich 

materials to form covalent adaptable networks that can be thermally reshaped without the need for 

additional catalysts. Such reversible exchange reactions also provide the basis for self-healing[25,26] 

and recyclable polymer systems. Furthermore, many sulphur-containing polymers exhibit 

enhanced semi-crystallinity [27,28] relative to oxygen analogues, resulting in improved mechanical 

performance that translates into materials with broader applications. 

The redox chemistry of sulphur adds another dimension to its utility. Thioethers, for instance, can 

be oxidised stepwise to sulfoxides or sulfones (Scheme 3), providing a convenient handle to tune 

polymer polarity, solubility, and degradation profiles. 

S

S

S

S
O

O

O

O

O

Thioether

Sulfoxide Sulfone

Sulfone

H 2O2

fast

mCPBA

slow

H2O2

 

Scheme 3: Oxidation of thioether linkage to sulfoxide/sulfone via H2O2 and mCPBA (3-chloroperbenzoic acid). Modified 
with permission from Royal Society of Chemistry.[143] 

Disulfide linkages, though relatively weak, impart dynamic character to polymer networks. Through 

reduction and oxidation cycles, they can undergo reversible cleavage and re-formation, conferring 

self-healing and stimuli-responsive behaviour[29] (Scheme 4). 

R1
SH R2

SH+R1 S
R2S

Reduction

Oxidation
Disulfide Thiols  

Scheme 4: Disulfide/thiol exchange through redox cycle. 

Their reactivity is particularly pronounced when embedded in strained cyclic structures, such as 

lipoic or asparagusic acid derivatives (Figure 3). Work by Bowman and co-workers has 

demonstrated the photo-polymerisation of dithiolanes to yield multiresponsive dynamic 
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hydrogels[30], as well as their copolymerisation with alkynes to generate polymers with high 

refractive indices.[31] 

O

OHS
S

Lipoic acid

S
S

O

OH

Asparagusic acid  

Figure 3: Chemical structure of lipoic and asparagusic acids. 

Thiocarbonates (mono-, di-, and trithiocarbonates) are another important sulphur motif. These 

groups are more polarizable than oxygen-based carbonates, which increases refractive index and 

introduces sites of controlled lability. Their relative instability can be exploited to create more 

degradable materials, while the sulphur lone pairs improve the coordination with soft metal ions 

such as Hg²⁺, Pb²⁺, or Au³⁺. This makes thiocarbonate-containing polymers useful for metal 

capture, catalysis, and nanocomposite manufacturing. Di- and trithiocarbonates are key in 

reversible addition–fragmentation chain transfer (RAFT) polymerisation, acting as dynamic chain 

transfer agents. A recent work from Wei-Min Ren et al.[32] shows a polycondensation reaction 

between dithiols and dimethyl trithiocarbonates to synthesize polytrithiocarbonate chains that can 

be easily depolymerised with KOH at 40 °C (Scheme 5). Ideally, through further investigation in the 

field, these thiocarbonate motifs might enable post-functionalisation and chain reshuffling. 
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S
CH3SH
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S S H
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CH3SHS S

S
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Depolymerisation

KOH, 40 °C

KH, 180 °C, <50 Pa
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Scheme 5: Polymerisation and depolymerisation process proposed by W.M. Ren et al. Modified with permission from 
Springer Nature.[32] 
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Given all these properties and advantages that sulphur can provide to polymer materials, it is of 

great importance to find new pathways to exploit and include elemental sulfur, as it represents a 

great resource that must be considered to improve our technology and the transitions towards a 

more environmentally conscious manufacturing, this is of particular importance when considering 

that the vast majority of the industrial polymerisation process that involve elemental sulfur are 

based on vulcanisation which yields heavily cross-linked structures that cannot be reprocessed or 

degraded. For this reason, the scientific community must focus on the development of linear, 

reprocessable polymers from sulfur. This thesis is a summary of my progress on the topic.  

 

2.1 Cross-Linked Polymers from Elemental Sulphur: Vulcanization and Inverse 
Vulcanization 
The industrial relevance of sulphur in polymer chemistry dates to the 19th century with Charles 

Goodyear’s discovery of rubber vulcanization. In this process, sulphur forms cross-links between 

polyolefin chains, dramatically improving the elasticity, durability, and thermal resistance of 

rubbers. This breakthrough revolutionized the performance of elastomers, enabling the production 

of resilient tires, seals, and countless industrial components. Beyond rubber, sulphur found early 

use in resins, adhesives, and coatings, where its ability to form thioether and disulfide bonds 

contributed to enhanced stability[33,34] and chemical resistance.[35,36]  

A further improvement from vulcanisation, where sulphur constitutes a small percentage of the 

whole reaction mixture, is inverse vulcanisation, which deploys elemental sulphur as a primary 

structural component of polymers rather than as a minor additive.[37]  

Although these two methods don’t produce linear materials that are easily depolymerized, they still 

represent the most efficient current method for using elemental sulfur to create polymers with 

strong and useful properties. Understanding these principles and what can be obtained from them 

helps us establish a baseline for developing future polymers with improved characteristics.   

 

2.1.1 Vulcanization 
Upon heating, cyclo-octasulphur (S₈) undergoes ring-opening to generate reactive sulphur species 

capable of adding across the C=C bonds of olefin-rich polymers such as polyisoprene or 

polybutadiene (Scheme 6).  
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Scheme 6: Polyisoprene crosslinking through vulcanisation. 

These reactions proceed through radical and polar pathways [38], producing sulphur bridges that 

connect polymer chains and markedly enhance mechanical and thermal stability. 

Crosslink density determines the elasticity and stiffness of the resulting material: low densities give 

flexible elastomers, while highly dense networks produce more rigid structures. Because 

vulcanized rubber forms a permanent covalent network, it swells in solvents but does not dissolve. 

Variants such as efficient vulcanization (EV) [39,40] rely on optimized mixtures of accelerators and 

activators to improve homogeneity and mechanical performance, although the underlying 

chemistry remains that of network formation. 

 

2.1.2 Inverse Vulcanization 
Inverse vulcanization, introduced in 2013[1], fundamentally differs from classical vulcanization by 

reversing the monomer ratio: elemental sulphur becomes the continuous matrix, and a small 

fraction of unsaturated organic comonomer stabilizes the network.[41,42] In their absence, sulphur 

rapidly reverts to crystalline S₈ upon cooling. Inverse vulcanized polymers typically contain 50–90 

wt% sulphur,[37,43] providing an even stronger method to consume elemental sulfur waste when 

compared with regular vulcanisation. The method thus highlights sulphur’s potential as a structural 

building block in functional materials, transforming abundant, low-value sulphur into high-

performance polymers. 
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Despite its appeal, inverse vulcanization faces important limitations. The products are crosslinked 

networks, restricting both structural tunability and recyclability; although some progress has been 

reported [44,45], reprocessing remains difficult. The reaction also requires elevated temperatures 

(160–200 °C), which limits monomer scope and may cause degradation. Additional challenges 

include thermal runaway driven by the Trommsdorff–Norrish effect: a phenomenon in which 

increased viscosity during polymerization suppresses termination reactions, leading to auto-

acceleration. This can produce inconsistent materials due to runaway processes[46] or pose safety 

concerns. These constraints restrict the versatility of inverse vulcanization and motivate alternative 

strategies for producing sulphur-containing polymers with improved control. 

 

2.1.3 Catalysis and Photochemical Approaches 
To overcome the limitations of thermal activation, industrial vulcanization and inverse vulcanization 

frequently employ accelerators and activators (thiazoles, dithiocarbamates, metal salts, fatty acids) 

that lower the effective activation energy and improve crosslinking control.[47]  

A significant advancement is photoinduced inverse vulcanization (PIV),[48] which operates at room 

temperature and avoids metal co-catalysts, long curing times, and H₂S formation. PIV greatly 

expands the range of accessible comonomers, enabling the use of volatile or thermally sensitive 

alkenes and alkynes not tolerated in standard thermal methods. The resulting sulphur-rich 

polymers can achieve high molecular weights and offer a more sustainable route to functional 

materials. 

 

2.2: Linear Sulphur Polymers: Fundamentals and Challenges 
While crosslinked sulphur networks have traditionally dominated sulphur polymer research, linear 

sulphur-containing polymers are gaining increasing attention because of their improved 

processability, tuneable properties, and suitability for advanced applications. Their linear 

architecture enables precise control over molecular weight, chain length, and sequence, features 

that are essential for functional materials in electronics,[49,50,51] coatings,[52,53] and biomedical 

devices.[54,55,56] In contrast, traditional approaches such as vulcanization and inverse vulcanization 

rely on networked structures, high synthesis temperatures,  thus making them poorly suited for 

applications requiring architectural precision. Moreover, they are burdened by an inherently limited 

recyclability, also due to their lack of reprocessability, either thermal or through solvents. These 
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limitations further reinforce the need for linear, sequence-controlled sulphur-containing polymers, 

which can be accessed through the ring-opening polymerisation strategies introduced in the 

following chapters. 

Literature shows numerous examples of linear polymers that contain sulphur atoms. For instance, 

linear polymers made from monomers with di-mercaptan groups were first synthesized in 1968 by 

E. Goethals and C. Sillis,[57] who created poly(disulfides) by thermally oxidizing di-mercaptan 

monomers at 160 °C in DMSO. These materials were mostly insoluble in organic solvents due to 

their high molecular weights. Later methods improved the control over poly(disulfide) synthesis, 

such as using reactive pyridyl disulfides[58] to include dithiol monomers, producing polymers up to 

10 kDa. More recent catalytic techniques enable rapid synthesis of poly(disulfides) with molecular 

weights reaching 50 kDa (Scheme 7).[59] 

HS SH

HS SH
HS SH

HS SH

SHHS S

HS SH

HS SH
OHS O SH

P
O

SO

OHS O SH

O

O

HS SH
SH

HS

HS R SH

N

O

O N

O

O

DIAD

PPh3
  

CHCl3, rt  1 min

S R S
n

 

Scheme 7: General representation for rapid poly(disulfide) synthesis. Modified with permission from ACS Publications. 
[59] 

Recent developments have expanded the synthetic toolkit through multicomponent 

polymerisation.[60] One example involves alternating dithiol and dibromo short chains in carbon 

disulfide (CS₂) to create linear trithiocarbonate-bearing polymers, which show unusual luminescent 

properties, crystallinity, and adjustable mechanical strength. Another approach uses elemental 

sulphur combined with diamines and dicarboxylic acids to produce poly(thioureas).[61] Although 

sulphur is incorporated in this process, the amount used is low and does not fully address the large 

surplus of elemental sulphur.  
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Linear sulphur-containing polymers have also been synthesized through Michael-type additions of 

acrylates, yielding both linear and crosslinked materials. These polymers are promising as 

adhesives and structural materials due to their strength, self-healing properties, and ability to be 

photocured.[62,63] A related method involves Sodium allyl sulfonate[64] and elemental sulphur 

(activated by NaOH), producing polymers around 10 kDa (Scheme 8). These materials have 

dehydrating properties and can be used as flocculants for the capture of metals such as V2+, Cr3+, 

Mn2+, Ni2+, Co2+, As3+, Cd2+, Au3+, and Hg+ due to their sulfonate groups, and importantly, this 

process uses elemental sulphur in a 1:1 ratio with the monomer, making it attractive for industry.  
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SO3Na
H

OH

SO3Na

HS

SO3Na

NaS S S SNa

SO3Na
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SO3NaS
NaS

Propagation
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Scheme 8: Proposed mechanism for the polymerisation between sodium allyl sulfonate and NaOH-activated elemental 
sulphur. The process involves deprotonation by OH- followed by reaction with S62- polysulfide in propagation, and S42- 

polysulfides in termination. Modified with permission from Wiley.[64] 

Ring-opening, a polymerisation strategy that will be further discussed in Chapter 3 of this 

introduction, has also been explored. Cyclic disulfide precursors derived from short-chain dithiols[65] 

or monomers like 1,4,5-oxadithiepan-2-one (OTP)[66] were deployed as building blocks for the 

synthesis of sulphur-containing polymers. However, these monomers often require expensive or 

complex precursors. A greener option uses naturally derived cyclic disulfide,[30,31,67] for example, 

lipoic acid, which is easily functionalised because of its reactive carboxylic group. While disulfides 

are appealing due to their dynamic exchange and ease of breaking under reducing conditions, 

e.g., with dithiothreitol (DTT) (Scheme 9),[68] their functional use in advanced applications remains 

somewhat limited.  



12 
 

HS
OH

OH
SH

dithiothreitol (DTT)

+
R S S R

1
R S S

OH

OH
SH+HS R

1

R SH + S
S

OH

OH  

Scheme 9: Mechanism of disulfide reduction by DTT oxidation. This principle can be used to have a controlled 
depolymerisation of polymers containing disulfide moieties in the repeating unit. 

Professor Hadjichristidis’ group recently developed a step-growth polymerisation involving 

elemental sulphur and aziridines, with DBU as the catalyst.[69] In this process, sulphur anions open 

the aziridine rings, forming linear polymers with strong adhesive properties on various surfaces. 

However, this method still only uses limited sulphur amounts and requires the complex synthesis 

of bis-aziridines, including chromatography steps, which limits scalability.  

 

2.2.1 Challenges and Theoretical Basis 
The synthesis of linear sulphur polymers presents significant challenges due to the intrinsic 

reactivity of elemental sulphur. The conversion of S8 rings into linear chains involves ring-opening 

reactions. These can compete with side reactions such as cyclization, which can be 

thermodynamically favoured due to the entropic gain. This happens naturally  with the 

homopolymerisation of elemental sulfur, which, after a short time, reverts to the more stable 

octasulfur configuration, chain transfer, or uncontrolled crosslinking. Crosslinking side reactions 

are of relevance when considering monomers bearing olefins, which can be attacked by activated 

sulfur, thus generating networks and errors in the polymer sequence; the same goes for functional 

groups that can undergo a substitution-like reaction. A clear example is epichlorohydrin, in which 

the chlorine group can exchange itself with a nucleophile group such as S-.This intrinsic reactivity 

makes achieving controlled polymerisation difficult as it requires careful consideration of reaction 

kinetics, thermodynamics, and experimental conditions. Defining methods to control the amount 

and the position of sulfur atoms throughout the polymer sequence enables the tuning of material 

properties. For example, incorporating thioether or trithiocarbonate units at defined positions along 

the chain can enhance flexibility, introduce redox-active sites, or provide anchor points for post-
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polymerisation modification.[70] Such control is challenging in crosslinked systems, making linear 

polymers an attractive platform for advanced material design. 

 

3. Ring-Opening Polymerisations 
Ring-opening polymerisation (ROP) is a well-established polymerisation mechanism that enables 

the formation of linear or branched polymer chains from industrially relevant monomers, playing a 

critical role in the development of advanced materials. ROP involves the conversion of cyclic 

monomers into linear polymers through ring bond cleavage. The cyclic monomers typically 

possess inherent ring strain, which drives the polymerisation reaction toward the formation of linear 

chains. A key feature of ROP, especially when compared to polymerisations involving vinyl 

monomers, is its often-reversible nature. At equilibrium, a substantial portion of monomers may 

remain unreacted, particularly in systems where the energy barrier for ring-closing is similar to the 

one for ring-opening. This type of polymerisation requires three main steps to happen in a synergic 

way: initiation, propagation, and termination (Scheme 10).  

 

Scheme 10: General steps for successful ring-opening polymerisation. The propagation step must be faster and more 

favourable than ring closing. For a living polymerisation situation, the termination step must happen in a controlled 

manner, and the chain transfer reaction must be suppressed. 

This approach accommodates a broad array of monomer structures, including purely hydrocarbon-

based rings as well as heterocycles incorporating oxygen,[71,72,73] nitrogen,[74,75] sulphur,[76,77] 

phosphorus,[78,79] or silicon.[80,81] Examples include epoxides, lactones, lactams, aziridines, 

cyclosiloxanes, thioanhydrides, cyclic thioesters and disulfides.  

Historically, ROP has been applied primarily to oxygen-containing monomers such as lactones and 

epoxides. However, the expansion of ROP to sulphur-containing systems has opened new 
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possibilities for creating high sulphur-containing polymers with unique properties. The controlled 

introduction of sulphur along a linear chain also allows for an exploration of dynamic chemical 

behaviour, such as reversible disulfide linkages, which can impart self-healing or stimuli-

responsive capabilities. Thanks to decades of research, robust polymerisation conditions have 

been developed for many of these systems, allowing for the synthesis of polymers with controlled 

architectures, molecular weights, and functionalities. 

The success of ROP depends on meeting two central criteria: thermodynamic favourability and 

kinetic feasibility. From a thermodynamic standpoint, polymerisation must lead to a net decrease in 

Gibbs free energy. In practice, this requires the ring strain or enthalpic driving force of the 

monomer to outweigh the entropic penalty of converting many monomers into a single 

macromolecule (Figure 4). Commonly, strained cyclic structures such as small lactones or 

epoxides fulfil this criterion, shifting the equilibrium toward polymer formation. 

Ring Strain Release
Formation of Stable Bonds

Entropic Loss

ΔG

ΔH

ΔS

ΔG=ΔH−TΔS<0  

Figure 4: For the ROP to take place, the enthalpic effect must outweigh the entropic penalty. 
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However, thermodynamic favourability alone is insufficient: kinetically accessible mechanisms are 

also essential. Polymerisation must proceed at a practical rate under the reaction conditions, with 

sufficient selectivity and minimal side reactions. Depending on the system, a variety of 

mechanisms can be employed to achieve this goal, including ionic (both anionic and 

cationic),[82,83,84] coordination-insertion,[79] radical,[85] metathesis,[86,87] covalent, and even enzymatic 

processes.[88,89] Additionally, solvent, temperature, and monomer concentration can significantly 

impact reaction outcomes, particularly regarding the polymer length and its sequence control, 

highlighting the importance of precise experimental control. 

Considering an anionic ROP, initiation is typically achieved using nucleophilic reagents such as 

organometallic compounds (e.g., alkyl lithium, alkyl magnesium bromide, alkyl aluminium), metal 

amides, alkoxides, phosphines, amines, alcohols, or even water. Monomers that participate in this 

process generally contain polarized bonds, including ester, carbonate, amide, urethane, and 

phosphate groups, which generate the corresponding polyester, polycarbonate, polyamide, 

polyurethane, and polyphosphate polymers. 

When the monomer structure contains a three-membered ring, the inherent ring strain facilitates 

polymerisation even in the presence of less electrophilic functionalities such as ether, amine, or 

thioether groups. Examples of such strained cyclic monomers include epoxides, thiiranes, and 

aziridines, of considerable technological relevance. This is particularly true for epoxides since 

ethylene oxide and propylene oxide constitute major industrial products with around 11 million tons 

of propylene oxide produced yearly.[90] The reactive site of the cyclic monomer can be represented 

by atoms X and Y, where X is most often a carbon atom rendered electron-deficient due to the 

strong electron-withdrawing influence of Y (typically oxygen, nitrogen, or sulphur). 

The nucleophilic initiator attacks X, cleaving the bond and releasing Y-. The resulting anionic 

species then propagates by successively attacking additional monomer units, thereby generating 

the polymer chain (Scheme 11). 

X
Y
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-

δ+
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Scheme 11: Anionic ring-opening of a three membered ring 
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For sulphur-containing monomers, the polarizability and nucleophilicity of sulphur atoms influence 

both the reactivity of the monomer and the stability of the propagating species. Ring-opening 

reactions of sulphur-containing cycles, just like the others, must be carefully controlled. 

Consequently, the selection of catalysts, initiators, and reaction conditions is crucial for achieving 

high-fidelity linear polymers. 

The advantages of ROP extend beyond molecular weight control. This approach enables tailored 

end-group functionality,[91] allowing for further chemical modification,[92] chain extension, or 

grafting[93,94,95] of functional moieties. 

ROP can be adapted to living or controlled polymerisations, where termination and chain transfer 

reactions are suppressed. In such systems, careful tuning of the initiation rate, which must be 

equal to or faster than the propagation rate, enables precise control over the molecular weight 

distribution and chain-end fidelity (Figure 5).  

Monomer

Active specie

Rate of initiation

Initiator

Uncontrolled living polymerisation
Initiation rate < propagation rate

Controlled living polymerisation
Initiation rate > propagation rate  

Figure 5: When the rate of initiation is slower than the propagation rate, polymerisation is not controlled, and the result is 
a polymer with a high molecular weight dispersity. A faster initiation rate causes all the reactive species to form 

simultaneously, allowing the chain growth to occur at the same rate. 

These features are essential for the synthesis of block copolymers, sequence-defined polymers, 

and other advanced macromolecular architectures. The concept of living polymerisation, first 

demonstrated in the anionic polymerisation of vinyl monomers by Szwarc et al.,[96,97] has since 

been extended to numerous ROP systems. 

Modern polymer chemistry increasingly depends on ring-opening polymerisation as a flexible 

method for creating well-defined polymers. ROP allows for accurate control over molecular weight, 

dispersity, and the placement of functional groups. In the realm of sulphur polymers, ROP and its 

advanced variations offer a way to produce linear polymers with customized sequences, 

functionalities, and performance. 
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3.1 ROCOP and ROTERP Principles 
Ring-opening copolymerisation (ROCOP) and ring-opening terpolymerisation (ROTERP) represent 

advanced strategies for achieving sequence control in polymer synthesis. ROCOP involves the 

alternating polymerisation of two different monomers, where at least one of them has a cyclic 

structure, enabling the construction of regular, predictable sequences with specific functional 

groups. ROTERP extends this concept to three monomers, allowing the formation of more 

complex structures with higher variation, composition, and functionality, while aiming for the same 

sequence control typically achieved in successful ROPs. 

For sulphur-containing polymers, ROCOP and ROTERP are particularly valuable because, unlike 

vulcanization and inverse vulcanization, they allow the introduction of sulphur units at defined 

intervals along the polymer backbone. This precise placement[98] is critical for tuning physical 

properties such as thermal stability, mechanical strength, and solubility, as well as for incorporating 

redox-active or chemically reactive sites. By combining sulphur monomers with oxygen- or carbon-

based monomers, chemists can create hybrid materials that leverage the advantages of both types 

of building blocks. 

The practical implementation of ROCOP and ROTERP relies on careful catalyst design and 

reaction engineering: the ideal catalyst must selectively activate one monomer over another, 

control chain propagation rates, and minimize side reactions. Recent advances in homogeneous 

and heterogeneous catalysis have expanded the scope of ROCOP and ROTERP for sulphur 

polymers, enabling the synthesis of well-defined block copolymers, gradient copolymers, and 

sequence-controlled architectures (Figure 6).[99,100] 

Block

Alternating

Gradient

Random

Comb

Cross-linked  

Figure 6: Typical examples of copolymers. 
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4. Ring-Opening Polymerisation as a Strategy to Obtain Linear Sulphur-Containing 
Polymers. 

 

4.1 Copolymers of Epoxides with Sulphur-Containing Monomers 
Epoxides are fundamental intermediates in polymer synthesis and, through ring‐opening 

copolymerisations with sulphur‐containing monomers, provide access to structurally diverse 

poly(monothiocarbonates), poly(trithiocarbonates), polysulfides, and polythioesters (scheme 12). 
[101,102,103,104,105]  
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Scheme 12: Typical copolymerisations with epoxide and sulphur-containing monomers, accurate catalyst choice leads to 
unscrambled polymers with controlled sequence. Modified with permission from ACS Publications [144]. 

Despite this versatility, achieving structural precision remains difficult. The high nucleophilicity of 

sulphur and the strong coordinating ability of thiolate intermediates frequently trigger competing 

pathways such as transesterification, O/S exchange, and catalyst deactivation. These 

complications make stereochemical and sequence control significantly more demanding than in 

oxygen‐based systems.  

 

4.1.1 Copolymerisation of Epoxides with Carbon Disulfide 
Among sulphur derivatives, carbon disulfide (CS₂) stands out because it is produced commercially 

by reacting methane with sulphur at elevated temperatures (Scheme 13) and is one of the main 

large-scale uses of elemental sulphur.  
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Scheme 13: Industrial synthesis of CS2. Requires 600 °C, and the natural gas acts as a carbon source in the presence of 
silica gel or alumina catalysts.  

Copolymerisation of CS₂ with epoxides was first reported by Inoue et al. using ZnEt₂ combined 

with electron donors. These initial systems displayed low efficiency and sequence control, yielding 

mixtures of dithiocarbonate and trithiocarbonate linkages generated through extensive O/S 

exchange during propagation.[106,107] Subsequent studies improved catalytic performance using 

double‐metal cyanide complexes such as Zn–Co(III), which increased activity and enabled the 

formation of polymers with moderate molecular weights, although detailed analyses still revealed 

the coexistence of carbonate and thiocarbonate linkages due to persistent O/S scrambling.[108] 

Further exploration with meso‐epoxides afforded polymers with molecular weights up to 34 kg 

mol⁻¹ and narrow dispersity. Structural analysis indicated that the polymeric fraction was oxygen-

enriched, while the cyclic byproducts were sulphur-enriched thiocarbonates, a distribution 

consistent with the higher thermodynamic stability of sulphur-rich cyclic species and the proposed 

mechanism for transesterification and thiocarbonate rearrangement [109,110] (Scheme 14). 
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Scheme 14: Proposed mechanism for the O/S exchange reaction in the presence of a chromium catalyst. Modified with 
permission from ACS Publications [144]. 

Anionic pathways initiated with lithium tert‐butoxide enabled access to higher molecular weights 

(up to 109 kg mol⁻¹), yet O/S exchange remained unavoidable. The predominant linkages were 
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monothiocarbonates and trithiocarbonates, formed with high regioselectivity, leading, respectively, 

to tail-to-tail (TT) and head-to-head (HH) configurations of the carbon–sulphur fragments. [111]  

The terms “head” and “tail” refer to the two non-equivalent ends of an unsymmetrical monomer, 

typically arising from differences in substitution or electronic environment. During chain-growth 

processes, monomers can connect in different orientations depending on which end of one 

monomer reacts with which end of the next. The most common arrangement is head-to-tail (HT), 

where the “head” of one monomer links to the “tail” of the next. Less common but still significant 

are head-to-head (HH) and tail-to-tail (TT) linkages (Figure 7). The presence and proportion of HH 

or TT linkages can significantly influence polymer properties, affecting crystallinity, tacticity, 

thermal transitions, and mechanical behaviour. 
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Figure 7: Different configurations for polymer chains. 

 

4.1.2 Copolymerisation of Epoxides with Carbonyl Sulfide 
Carbonyl sulfide (COS), structurally analogous to CO₂ but more reactive, can undergo uncatalysed 

copolymerisation with epoxides.[112,113,114,115] However, uncontrolled O/S exchange and cyclic 

monothiocarbonate formation often occur, motivating the development of catalysts capable of 

suppressing such side reactions. 

A key advance was the introduction of the SalenCrCl/PPNCl system, which enabled alternating 

copolymerisation at room temperature with high turnover frequencies and high polymer selectivity. 

At higher temperatures, O/S exchange reappeared, and mechanistic studies identified water-

mediated formation of Cr–OH and Cr–SH species as the initiators of undesired pathways.[101] 
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To overcome these issues, bifunctional catalysts combining a Lewis acidic metal centre with a 

proximal organic base were developed. Chromium and iron complexes of this type produced highly 

regular poly(monothiocarbonate)s with no detectable O/S exchange even at elevated temperatures 

and with activities significantly higher than earlier systems. These catalysts demonstrate how 

spatially adjacent acidic and basic sites can cooperatively activate both epoxide and COS, 

enhancing monomer insertion while suppressing transesterification.[116,117] 

Metal-free systems have also proven effective. Combinations of weak Lewis’s acids such as 

trialkylboranes with suitable bases yield colourless, high‐molecular‐weight polymers at elevated 

temperatures without cyclic byproducts.[118] 

Regioselectivity is strongly influenced by catalyst steric hindrance. SalenCrCl, for example, directs 

nucleophilic attack toward the benzylic carbon of styrene oxide, while less hindered catalysts 

favour the alternative site. Even small percentages of regioerrors affect tacticity and crystallinity 

and have been traced to water-mediated chain-transfer events[119] (Scheme 15). 
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Scheme 15: Regioselectivity during the copolymerisation of COS and terminal epoxides. Modified with permission from 
the Royal Society of Chemistry. [119] 

Stereochemical control is equally crucial. Enantiopure epichlorohydrin yields crystalline 

poly(monothiocarbonate)s with melting points near 97 °C, whereas racemic mixtures lead to 

amorphous materials. Dinuclear SalenCo(III) complexes have demonstrated remarkable stereo 

control in the polymerisation of meso‐epoxides, producing isotactic polymers with melting points 

between 141 and 232 °C, highlighting the importance of precise catalyst geometry[120] (Scheme 

16). 
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Scheme 16: Stereo-controlled copolymerisation of COS and epichlorohydrin. Modified with permission from ACS 
Publications.[120] 

4.1.3 Epoxides with Cyclic Thioanhydrides 
Cyclic thioanhydrides such as phthalic thioanhydride (PTA) form alternating ester–thioester 

copolymers with epoxides. Early systems using SalenCrCl/PPNCl suffered from side reactions that 

produced mixtures of ester–thioester, thioester–thioester, ester–ester units, and ether byproducts. 

These irregularities arise from transesterification caused by a nucleophilic attack of the 

propagating alkoxide on thioester moieties unless monomer insertion occurs rapidly.[104] 

Intramolecularly cooperative chromium catalysts bearing tethered Lewis basic sites were later 

developed to accelerate thioanhydride insertion relative to transesterification, yielding perfectly 

alternating copolymers through simultaneous activation of epoxide and thioanhydride. [121] Chiral 

SalenCr complexes further enabled stereoselective copolymerisations, affording isotactic 

polythioesters with regioselectivities above 92%. Blends of opposite isotactic configurations formed 

stereo complexes with melting points near 127 °C, significantly higher than the amorphous 

homochiral materials.[122] 

Multicomponent polymerisations involving epoxides, thioanhydrides, and anhydrides have been 

used to form block copolymers through chemoselective monomer insertion. Lithium tert‐butoxide 

enables sequence‐controlled terpolymerisation of epoxides/PTA/CS₂, achieving high molecular 

weights and controlled alternation patterns. This approach, pioneered by Plajer and co-workers, 

established the (ABA′C)ₙ enchainment motif characteristic of Li-mediated selective ring‐opening 

terpolymerisation.[123,124] 

 

4.1.4 Epoxides with Sulphur Dioxide 
SO₂ behaves as a strong sulphur electrophile capable of alternately inserting into epoxide ring-

opening sequences to form polysulphides. Early systems displayed low molecular weights and 

extensive epoxide homopolymerisation. Lewis acids such as SnCl₄, SbCl₅, FeCl₃, or TiCl₄ 
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promoted cationic pathways that produced long polyether segments interrupted by occasional 

sulphite units.[125] Lewis’ base catalysis provided an alternative mechanistic pathway: Amines such 

as pyridine or quinoline form zwitterionic adducts with SO₂ and epoxides that propagate in an 

anionic, alternating fashion. Solvents like dimethoxyethane are essential to suppress epoxide 

homopolymerisation and obtain perfectly alternating structures. [126,127] 

4.2 Copolymers from Thiiranes 
Thiiranes (Episulphides), the sulphur analogues of epoxides, exhibit substantially higher reactivity 

due to increased ring strain and weaker C–S bonds. Their polymerisation typically proceeds 

without Lewis’ acid activation, although uncontrolled homopolymerisation often results in broad 

dispersity. For this reason, copolymerisation is frequently employed to channel thiirane reactivity 

into more selective ring-opening pathways [128,129] (Scheme 17). 
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Scheme 17: Typical copolymerisations with thiiranes and sulphur-rich monomers, accurate catalyst choice leads to 
unscrambled polymers with controlled sequence. Modified with permission from ACS Publications [144]. 

Early thiirane copolymerisations with CS₂, initiated by organometallic reagents such as CdEt₂, 

ZnEt₂, or Hg(SBu)₂, produced mixtures of poly(trithiocarbonate)s and unreacted cyclic 

trithiocarbonates, illustrating the limited stereoelectronic control achievable in early systems.[102] 

Improved sequence control was later obtained using SalphenCrCl/PPNCl, which enabled fully 

alternating CS₂/propylene sulfide copolymers with molecular weights up to 42.6 kg mol⁻¹ and 

refractive indices close to 1.78.[130] Metal-free approaches, including phosphazene benzoxides or 

PPNCl alone, also demonstrated that thiiranes can be efficiently activated through purely 

nucleophilic mechanisms. [131] 

Within the broader context of sulphur chemistry, the most relevant thiirane processes for the 

present discussion are those involving elemental sulphur (S₈). Early work by Penczek showed that 

thiiranes undergo rapid anionic copolymerisation with S₈ at room temperature, forming sulphur-rich 
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polysulfides containing up to 90% sulphur (Scheme 18a). This behaviour arises because thiolate 

intermediates preferentially react with S₈ over thiirane, resulting in alternating insertions and 

characteristic sulphur chain-length distributions.[132] A major conceptual advance came with the 

development of sterically demanding organic cations capable of promoting the controlled 

disassembly of S₈. Ren and co-workers showed that combining the strong MTBD base with a 

weakly coordinating counterion such as SbF₆⁻ enables living polymerisation based on the selective 

formation of linear S₂ units. This method yields exclusively polydisulfides, with predictable 

molecular weights up to 371 kg mol⁻¹, narrow dispersity, and refractive indices around 1.66[133] 

(Scheme 18b). 
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Scheme 18: Copolymerisations of thiiranes with elemental sulphur. The length of the polysulfide chain depends on the 
catalyst. a) An anionic initiator leads to a polymer with uncontrolled polysulfide length. b) A combination of a strong base 

and a weakly coordinating counterion allows selective formation of polydisulfides. Modified with permission from ACS 
Publications [144]. 

These controlled pathways produce linear, well-defined polysulfides that are markedly different 

from traditional inverse vulcanization products, which often form cross-linked or statistical 

networks. As such, S₈-based thiirane copolymerisation represents a sustainable and versatile 

platform within modern sulphur polymer chemistry and is particularly relevant in the context of 

sulphur-rich materials. 

Cyclic thioanhydrides can undergo alternating copolymerisation with thiiranes to form sulfur-rich 

polythioesters, although this strategy has been explored far less extensively than epoxide-based 

systems. The first successful example was reported in 2019 using quaternary ammonium salts as 

initiators for the copolymerisation of propylene sulfide (PS) and succinic thioanhydride (STA). 

When [PPN]OAc was employed, efficient polymerisation proceeded at ambient temperature, 

affording high-molar-mass polythioesters (Mₙ up to 43.7 kg·mol⁻¹) with narrow dispersity and 

perfectly alternating microstructures, as evidenced by the absence of thioether linkages.[134] 
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The copolymerization of episulphides with isothiocyanates was first reported in 1972,[135] yielding 

low-molar-mass but crystalline materials, after which the field remained unexplored for decades. 

Recently, Wu et al. revived this chemistry using organic ammonium salts to efficiently initiate the 

alternating copolymerization of episulphides and isothiocyanates under mild conditions, obtaining 

perfectly alternating sulfur-rich copolymers.[136] Polymerisation efficiency was strongly influenced by 

both the steric bulk of the ammonium cation and the nucleophilicity of the counterion. The system 

further enabled a self-switchable, one-pot process combining alternating copolymerisation and 

episulphide homopolymerisation to access triblock copolymers with thermoplastic elastomeric 

behaviour.[137] 

 

4.3 Copolymers from Aziridines 
Aziridines are strained three-membered nitrogen heterocycles whose reactivity depends strongly 

on the electronic properties of the nitrogen substituent. Electron-withdrawing groups promote 

anionic ring-opening polymerisation, whereas electron-donating groups favour cationic 

pathways.[138] 

A representative example is the copolymerisation of aziridines with carbonyl sulfide (COS). Luo 

and Darensbourg demonstrated that unsubstituted aziridines undergo catalyst-free, zwitterionic 

alternating polymerisation with COS to form cyclic polythiourethanes with high efficiency.[139]  

Beyond COS, aziridines also copolymerise with cyclic thioanhydrides. Under phosphazene 

catalysis (for example, t-BuP₁), aziridines undergo selective ring-opening to form well-defined, 

alternating poly(thioester sulphonamide)s. These materials exhibit controlled molecular weights 

and can serve as building blocks for more complex block copolymer architectures.[140] 

 

5. Sequence Control and Advanced Strategies 
Control over monomer sequence is a central parameter in synthetic polymer design, as it directly 

determines microstructure and, consequently, macroscopic material properties. In sulphur-

containing polymers, sequence effects are especially pronounced because the incorporation of C–

S, C–O, and S–S linkages introduces large contrasts in bond strength, polarity, and chemical 

reactivity. These differences enable access to properties such as dynamic behaviour, redox 

activity, and degradability, but simultaneously impose stringent demands on polymerisation 

selectivity. 
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In practice, sequence control in sulphur polymers is most effectively achieved through 

chemoselective ring-opening polymerisation processes, in which the identity of the propagating 

chain end and the relative reactivity of heteroallenes dictate monomer enchainment. Alternating 

copolymerisations between sulphur-containing monomers (e.g., CS₂, COS, cyclic thioanhydrides, 

episulphides) and oxygen-based comonomers provide a direct route to periodic sequences while 

suppressing uncontrolled homopolymerisation pathways.[99] However, the high nucleophilicity of 

alkoxide and thiolate propagating species often promotes side reactions such as 

transesterification, O/S exchange, or chain transfer, which can rapidly degrade sequence fidelity if 

monomer insertion is not kinetically favoured.[124] 

Catalyst and initiator design, therefore, play a decisive role in enforcing sequence selectivity in 

sulphur-rich systems. Cooperative metal catalysts and alkali-metal initiators have been shown to 

regulate propagation kinetics, selectively activate specific monomers, and stabilise reactive chain 

ends, thereby suppressing scrambling pathways. In particular, lithium-mediated selective ring-

opening terpolymerisation (ROTERP) enables controlled enchainment from ternary monomer 

mixtures by exploiting the differential reactivity of heteroallenes toward lithium alkoxide and thiolate 

species, resulting in predictable and reproducible sequence motifs.[123] This approach has 

demonstrated that high levels of sequence control are achievable even in systems containing 

highly reactive sulphur monomers. 

Beyond intrinsic chemoselectivity, temporal control over monomer availability provides an 

additional lever to regulate sequence evolution along the polymer chain. Temporal monomer 

addition allows deliberate switching between distinct propagation regimes, such as alternating 

copolymerisation and homopolymerisation, enabling the formation of block or gradient 

architectures within a single reaction vessel[141,142] (Figure 8).  
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Figure 8: Temporal addition polymerisation, a copolymer chain is formed at first, and then a third monomer is added to 

the reaction mixture to generate a terpolymer in a controlled manner. 

In sulphur-containing ring-opening systems, such strategies are particularly effective because 

changes in the monomer feed directly alter the dominant chain-end chemistry and thus the active 

propagation pathway.[100] 

Post-polymerisation modification further expands the design space of sequence-controlled sulphur 

polymers. Functional motifs such as disulfides, thioethers, and trithiocarbonates can be selectively 

transformed after polymer formation, allowing the introduction of dynamic, degradable, or stimuli-

responsive elements without disrupting the underlying backbone sequence.[41]  

These transformations exploit the inherent chemical versatility of sulphur and provide access to 

self-healing materials, redox-active polymers, and adaptive networks with spatially defined 

functionality. 

As a consequence of these combined strategies, sequence-controlled sulphur polymers frequently 

exhibit properties that are inaccessible to statistical analogues. Precise control over sulphur 

placement also enables systematic investigation of structure–property relationships, providing 

insight into how local monomer environments influence bulk behaviour.[133] Despite these 

advances, achieving high-fidelity sequence control over long chain lengths remains challenging 

due to competing side reactions and the intrinsic reactivity of sulphur-based monomers. Therefore, 

continued further development of selective catalysts, reaction engineering strategies, and 

advanced microstructural characterisation methods remain necessary. 
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Synopsis 
 

1. Research Context and Conceptual Motivation 
Elemental sulphur (S₈) is one of the most abundant byproducts of the petrochemical industry, 

generated on a multimegaton scale each year due to desulphurization processes in fossil fuel 

refinement. Its accumulation has led to massive stockpiles of a chemically rich but industrially 

underutilized element. Transforming this low-value byproduct into functional, processable materials 

has therefore become a key goal in sustainable polymer chemistry. In recent decades, sulphur has 

transcended its classical association with vulcanized rubbers, gaining prominence in new forms of 

sulphur polymerisation, from inverse vulcanization to step-growth and ring-opening strategies. 

While traditional approaches, such as vulcanization and inverse vulcanization, have successfully 

integrated sulphur into crosslinked polymeric networks, these materials are often thermosets, 

insoluble, and thermally unstable at processing temperatures above 160 °C. Moreover, inverse 

vulcanization typically yields amorphous networks with limited processability and little molecular 

control. In contrast, linear sulphur-containing polymers offer a platform for molecular precision, 

allowing tuning of chain length, sulphur content, and sequence: parameters that directly govern 

physical properties such as flexibility, semi-crystallinity, and mechanical strength. 

The goal of this research was to establish a controlled and scalable method for incorporating 

elemental sulphur into linear polymer chains, using ring-opening terpolymerisation (ROTERP) as a 

guiding strategy. Across three interconnected studies, this work demonstrates how kinetic control, 

mechanistic insight, and modular design can be leveraged to direct S-incorporation and tune 

material performance, progressing from fundamental chemistry to stable functional materials and, 

ultimately, hybrid interfaces. 

 

2. Theoretical Framework: O/S Scrambling and Mechanistic Foundations 
The ring-opening of elemental sulphur to achieve linear polymers was first clarified through the 

pioneering studies of Penczek and Duda on the nucleophilic activation of elemental sulphur via 

thiiranes.[1] They showed that thiolate species could open S₈ rings to form polysulfides, which 

challenged the perception of sulphur’s inertness in polymer chemistry (Scheme 19 b1). 

The traditional approach relies on the use of costly thiiranes, many of which are not commercially 

available. A more appealing alternative would be to copolymerise elemental sulphur (S₈) with the 
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oxygen analogues of thiiranes: epoxides, since several, such as propylene oxide (PO), are 

produced on an industrial scale. However, direct copolymerisation of S₈ with epoxides is not 

feasible because the metal-alkoxide intermediates generated upon epoxide ring-opening fail to 

form stable linkages or intermediates with sulphur (Scheme 19 b2).[2,3,4] A potential solution lies in 

generating thiolate intermediates during epoxide polymerisations, which could in turn react 

productively with S₈. 

 

Scheme 19: b1) Representation of PS-S8 copolymerisation proposed by Penczek and Duda, b2) impossibility to achieve 
octasulphur ring-opening with an alkoxide, b3) CS2/PO copolymerisation proposed by Komber and Werner, the two 

monomers yield a polymer bearing an unexpected monothiocarbonate-alt-trithiocarbonate structure—explanation of the 
mechanism behind the formation of such a sequence. Reproduced with permission from Wiley. [6] 

In this context, Komber and Werner and co-workers demonstrated that the lithium-alkoxide-

catalysed ring-opening copolymerisation (ROCOP) of CS₂ and PO produces 

poly(monothiocarbonate-alt-trithiocarbonate)s comprising alternating –O–C(=S)–O– (“OSO”) and –

S–C(=S)–S– (“SSS”) linkages (Scheme 19 b3) instead of poly(dithiocarbonate)s bearing –O–

C(=S)–S– (“OSS”) units.[5] These polymers display an atypical head-to-head–alt–tail-to-tail 

microstructure, in which tertiary CH groups (from PO ring-opening) are adjacent to OSO units, 

while secondary CH₂ groups are positioned next to SSS linkages. This specific sequence has been 
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attributed to an O/S exchange process occurring at the propagating chain end, which converts 

lithium alkoxide species into thiolate intermediates. Such O/S scrambling phenomena are 

frequently observed, though seldom precisely controlled, in ROCOP reactions involving epoxides 

or oxetanes with sulphur-containing comonomers. 

Suddenly, this O/S scrambling allowed the formation of a thiolate chain end, able to open 

octasulphur. From a cheap and industrially relevant epoxide such as PO, it was then possible to 

include elemental sulphur as a monomer in a terpolymerisation involving epoxides and another 

sulphur-bearing compound such as CS2 or phthalic thioanhydride (PTA). 

Across all three studies, the reactions rely on nucleophilic ring-opening catalysis—typically lithium 

alkoxide-mediated—to initiate polymer growth from small, strained monomers such as epoxides. 

The catalysis follows a cascade sequence: (1) nucleophilic opening of the epoxide ring to form an 

alkoxide chain end, (2) capture of an electrophilic sulphur species (either CS₂, PTA), (3) 

intramolecular backbiting leading to the O/S scrambling that generates a thiolate chain end, and 

(4) the nucleophilic attack on S8 or CS₂. Characterization across the project relies on 

complementary techniques: multinuclear NMR spectroscopy, Raman spectroscopy (to probe S–S 

and C–S bonds), GPC (for molecular weights), DSC/TGA (for thermal transitions), and application-

specific tests (lap-shear tests, DLS, Rheology). 
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 3. Conceptual Progression Across the Three Publications 

 

3.1 Overview 
The three publications forming this thesis are designed as a progressive narrative, each 

addressing a limitation or open question left by the previous one: 

• Publication I: Ring-Opening Terpolymerisation of Elemental Sulphur Waste with Propylene 

Oxide and Carbon Disulfide via Lithium Catalysis. 

Establishes the mechanistic feasibility of incorporating S₈ directly into polymer chains, 

defining control over the polysulfide sequence and its length along the polymer’s repeating 

unit. Cross-linking is briefly investigated, but the low thermal resistance of the material 

poses an issue for its applications. 

• Publication II: Kinetically Enhanced Access to a Dynamic Polyester Platform via Sequence 

Selective Terpolymerisation of Elemental Sulphur:  

Introduces aromatic esters into the polymer backbone, which enhances the mechanistic 

stability, allowing for a wider range of epoxides to be used, while boosting the thermal 

stability of the material. This enables post-polymerisation chain modification through 

molecule insertion into the polysulfide groups. Finally, the material is reversibly cross-linked 

and evaluated as a reprocessable adhesive on different substrates. The reversible 

character of the adhesive allows simple substrate detaching with acid hydrolysis. 

• Publication III: Sulphur-containing polyesters from thioanhydride/CS2/epoxide ring-opening 

terpolymerisation: monomer scope and gold-nanoparticle functionalisation. 

Switches from elemental sulphur to CS2, an industrially relevant derivative of S8. This 

allows the introduction of trithiocarbonate linkages, achieving functional interaction with 

gold nanoparticles to obtain a pH-responsive nanoprobe, and demonstrating practical 

hybrid applications. 

Together, these works represent a coherent evolution from conceptual feasibility to functional 

materials development, to investigate the applications of elemental sulphur waste products as a 

monomer for relevant and controlled polymerisations, guided by mechanistic insight into O/S 

exchange chemistry and kinetic control. 
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4. Mechanistic Control and Proof of Concept (Publication I) 

 

4.1 Objective and Chemical Strategy 
The first study establishes the chemical basis by addressing a straightforward question: Can 

elemental sulphur itself engage in a controlled ring-opening terpolymerisation with affordable and 

industrially available epoxides, to produce linear polymers with specific sequences and sulphur 

content?  

Using different epoxides and CS₂ as co-monomers, the research shows that S₈ function as a direct 

sulphur source under lithium alkoxide catalysis, forming poly(monothiocarbonate-alt-Sₓ) structures 

presenting a variety of lateral chains depending on the employed epoxide. 

 

4.2 Kinetic and Stoichiometric Control 
The central achievement of Publication I lies in the kinetic tunability of the resulting polymers. By 

varying the S₈ ratio, it was possible to define the average length of polysulfide (Sₓ) segments and 

the ratio of oligo- versus disulfide linkages in a reproducible manner. Kinetic analysis, supported by 

DFT calculations, revealed distinct activation barriers for CS₂ insertion versus S₈ propagation, 

allowing the reaction to be tuned toward selective outcomes. 

• Increasing CS₂ concentration favoured trithiocarbonate due to competition with elemental 

sulphur for the nucleophilic attack of the lithium thiolate. While CS2 is thermodynamically 

more favoured than S8, the nucleophilic attack on CS2 has a reversible nature, while this is 

not the case with elemental sulphur. This, united with a higher nucleophilic character of the 

polysulfide moieties obtained from the nucleophilic attack on octasulphur, acts as a 

thermodynamic sink that drives the reaction towards the consumption of S8. 

• Variations of S8 loadings allowed the tuning of the polysulfide length. A higher amount of 

elemental sulphur led to a maximum chain length of S4 and S5, as demonstrated through 

Raman analysis and DFT calculations. Higher loadings of octasulphur led to unreacted 

leftovers in the reaction vessel. 

• Temperature control proved essential: mild conditions minimized unwanted scrambling and 

favoured monomer alternation at the expense of the reaction speed. 
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These results provide a resolution of both the O/S scrambling and the scarcity of thiiranes 

challenges, demonstrating that sulphur can be predictably integrated when the reactive sequence 

is properly orchestrated. 

 

4.3 Mechanistic Elucidation 
Spectroscopic and kinetic evidence support a stepwise chain-growth mechanism: epoxide ring-

opening forms a lithium alkoxide, which can attack CS₂ or S₈ (Scheme 20). The reversibility of 

these steps allows for partial equilibration of O/S linkages, as shown by time-dependent NMR 

spectra. Computational modelling further confirms that the lithium cation has a dual role, acting as 

both a Lewis acid that polarizes the epoxide and a templating ion that organizes sulphur species, 

thus promoting regioselective propagation (Figure 9). 

 

Scheme 20: Mechanistic hypothesis for S8/CS2/PO ROTERP. Gibbs free energies associated with the respective 
intermediates, labelled below, were assessed from a series of structures involving different Li coordination modes. 

Reproduced with permission from Wiley. [6] 
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Figure 9: Computed PO ring-opening barriers by S and TT. lower activation energies for the lithium polysulfide S 

inserting into PO than for the trithiocarbonate TT. In other words, lithium polysulfides S are better nucleophiles than 
lithium trithiocarbonates. Reproduced with permission from Wiley. [6] 

 

4.4 Limitations  
The resulting polymers achieved molecular weights up to ≈30 kDa with moderate dispersity. 

Raman and NMR spectra confirmed alternating sequences, while DSC/TGA data revealed limited 

thermal stability (~180 °C onset). The materials exhibited promising reprocessability but suffered 

degradation upon extended heating due to cleavage of monothiocarbonate linkages and the 

subsequent elimination of COS gas. 

These shortcomings defined the next research step: enhancing thermal and mechanical stability 

while retaining control over sulphur insertion. 

 

  



53 
 
5. Thermal Stabilization, Functionality, and Post-Modification (Publication II) 

 

5.1 Objective and Chemical Strategy 
Building on the insights from Publication I, the second study aimed to improve material stability and 

functionality by replacing CS₂ with phthalic thioanhydride (PTA) (Scheme 21). The PTA monomer 

supplies sulphur atoms while also introducing aromatic ester linkages that enhance mechanical 

strength and structural resistance. This method not only stabilizes the polymer backbone but also 

makes it stiffer and increases its thermal stability, enabling new post-functionalisation chemistry 

through heat-driven processes. Part of the improvement stems from the aromatic ring of PTA, 

which stabilizes reaction intermediates via resonance, thereby facilitating the incorporation of more 

challenging monomers that need longer reaction times. For this reason, the study employs a 

broader range of functional and bio-based epoxides, such as vanillin-derived epoxides. 
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Scheme 21: Representation of PTA/PO/S8 terpolymerisation yielding a poly(ester-alt-polysulfide) material. Reproduced 
with permission from Wiley. [7] 

Thermal gravimetric analysis revealed onset degradation temperatures up to 270 °C, a significant 

improvement over Publication I. Glass transition temperatures (Tg) spanned from −40 °C to +127 

°C depending on the monomer’s structure and sulphur loading, confirming the system’s 

adaptability from viscous liquids to rigid plastics. 

Moreover, vanillin-derived epoxide bearing free aldehyde groups allowed the reversible cross-

linking reaction with diamines via imine bond formation, generating a reprocessable network that 

could be easily degraded under acid hydrolysis conditions. These networks were then evaluated 

as reprocessable adhesives on different substrates. 

 

5.2 Post-Functionalisation Enabled by Thermal Stability 
One of the key achievements of Publication II is demonstrating that enhanced stability allows 

chemical modification of the polymer after synthesis (Scheme 22). 
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• Additional sulphur loadings: Thermal activation of elemental sulphur in the presence of the 

polymer material enabled further sulphur incorporation, increasing the oligosulphide chains' 

length, without running into material decomposition. 

• Lipoic acid incorporation: Cyclic disulfide-containing lipoic acid was successfully inserted 

into the polymer backbone through the thermal activation of its polysulfide moieties. This 

allowed the inclusion of a monomer that is not compatible with the polymerisation 

mechanism due to the presence of carboxylic acids that would interact with the lithium 

catalyst. This procedure worked not only on the linear polymer but also on the imine 

network, where the obtained material proved to possess an improved surface adhesion 

towards aluminium due to its increased polarity derived from the inclusion of carboxylic acid 

moieties. 
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Scheme 22: Polymer post-functionalisation with elemental sulphur and lipoic acid. The carboxylic acid groups on lipoic 
acid make them unsuitable for direct polymerisation with lithium catalysts. Reproduced with permission from Wiley. [7] 

The improved materials opened the door for targeted applications but remained limited in terms of 

interface specificity or advanced function. This prompted the third and final phase: directing 

sulphur chemistry toward coordination and interfacial applications. 
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6. Trithiocarbonate Chemistry and Hybrid Interfaces (Publication III) 

 

6.1 Conceptual Expansion 
The final study extends the sulphur-polymer platform from bulk materials to hybrid systems 

capable of interfacing with metal nanoparticles. The key design element is the trithiocarbonate unit, 

a motif that combines sulphur-rich bonding with coordinative potential toward metals. The goal was 

to demonstrate how sulphur-rich linear polymers can bridge molecular design and interfacial 

function, transforming reactive chains into tuneable coatings or nanoparticle stabilizers. 

 

6.2 Synthetic Design 
Monomers such as fluorinated and trimethylsilyl-functionalised epoxides endowed the polymers 

with tailored surface energies and post-functional handles. Hydrolysis of silyl groups afforded 

rubber-like materials. Thermal and spectroscopic analyses confirmed the retention of high stability 

and controlled sequence formation. 

 

6.3 Gold Nanoparticle Grafting and Hybrid Properties 
Collaboration with the Leibniz Institute of Polymer Research demonstrated the polymers’ ability to 

graft onto gold nanoparticles (AuNPs) through sulphur–metal coordination. Exploiting sulphur–

metal affinity to generate stable nanocomposites that were then conjugated with a rhodamine 110 

dye, and the system was used as a pH-responsive nanoprobe (Scheme 23). The resulting hybrids 

retained plasmonic characteristics and displayed tuneable interparticle spacing depending on 

polymer grafting density. UV–vis spectroscopy and TEM imaging (Figure 10) confirmed 

homogeneous coating and strong metal–sulphur binding. This confirmed that trithiocarbonate 

linkages provide strong, selective anchoring to metal surfaces, paving the way for sulphur-based 

hybrid nanomaterials. 
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Scheme 23: Schematic illustration of the dye release process, showing the aldehyde functionalised polymer pre-
conjugated with the dye, grafted onto the gold nanoparticles, and subsequent dye release upon acid treatment. 

Reproduced with permission from Elsevier. [8] 

 
Figure 10: a). TEM image of Au nanoparticles deposited from an aqueous dispersion onto a carbon-coated copper grid 

by drop-casting. b) Visible extinction spectrum of Au nanospheres dispersed in water, showing the characteristic 
localized surface plasmon resonance. Reproduced with permission from Elsevier [8] 
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7. Conclusions and Outlook 
Across the three studies presented in this thesis, O/S scrambling emerges not as a mechanistic 

complication but as a central design principle. What initially appears to be an uncontrolled side 

reaction becomes a tuneable feature once its kinetic and thermodynamic foundations are 

understood. By learning how to direct, suppress, or exploit O/S exchange, the work reshapes a 

mechanistic obstacle into an enabling tool for constructing sulphur-rich linear polymers with 

sequence control. 

From a sustainability perspective, the research contributes to the broader effort of valorising 

elemental sulphur, a waste product increasingly abundant due to modern desulphurisation 

technologies. Transforming this low-value byproduct into tuneable, high-performance polymers 

demonstrates a feasible route from waste feedstock to functional materials. The trajectory of the 

three publications illustrates this progression clearly. Conceptual proof-of-principle polymers in 

Publication I evolve into more thermally robust and post-functionalisable materials in Publication II, 

and ultimately into hybrid nanomaterials with metal-coordination capabilities in Publication III. 

Together, these studies show how fundamental mechanistic understanding can enable new 

applications and unlock the potential of industrial sulphur derivatives. 

Although these works establish a methodology for generating linear polymers from elemental 

sulphur and its derivatives, several aspects require refinement before the technology can reach its 

full potential. Improving sequence control and increasing achievable molecular weights remain 

important objectives. In addition, closing the loop through controlled depolymerisation and 

repolymerisation strategies is essential for developing materials that can meaningfully contribute to 

circular-materials initiatives and environmental sustainability. 

Stoichiometric investigations performed during this research clarified optimal monomer ratios, yet 

catalyst development remains comparatively underexplored. Empirical findings, supported by DFT 

analysis, consistently indicate that Li⁺ plays a pivotal role in enabling selective polymerisation, 

whereas other alkali-metal counterions such as Na⁺ or K⁺ fail to support productive catalysis. 

Expanding the catalyst scope, for example, by exploring alternative bases or more sterically 

demanding alkoxides, may enhance sequence control or allow more precise regulation of 

polysulfide segment length. The use of chiral catalysts also represents an intriguing opportunity for 

stereo control in epoxide insertion, with the potential to produce tactic polymers whose 

semicrystalline behaviour could provide enhanced mechanical properties. 
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Recyclability represents another critical direction for future development. The relative weakness of 

C–S bonds enables depolymerisation through hydrolysis, reduction, or thermal pathways. 

However, the challenge lies in achieving controlled depolymerisation rather than indiscriminate 

chain cleavage. An ideal scenario would involve backbiting processes that generate well-defined 

cyclic species capable of undergoing clean ring-opening polymerisation. Achieving this type of 

closed loop would enable a true chemical recycling strategy. Designing systems that consistently 

favour such cyclic depolymerisation pathways remains an open but promising research avenue. 

Finally, the long-term impact of this chemistry depends on its scalability. Developing dependable, 

safe, and economically viable procedures capable of producing kilogram-scale batches is essential 

if sulphur-rich polymers are to make a substantive contribution to mitigating global sulphur waste 

accumulation. 

Sulphur has proven to be a highly versatile element in polymer chemistry. It imparts dynamic 

behaviour, enables post-synthetic modification, and adopts multiple oxidation states that provide 

diverse reactivity beyond that of oxygen. These features present significant opportunities for 

designing next-generation materials that address both technological needs and environmental 

challenges. Continued exploration of sulphur-based polymer architectures, including their 

synthesis, reactivity, and recyclability, will be crucial in transforming this abundant waste element 

into a cornerstone of sustainable materials science. 
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Publications 
 

1. Individual Contributions to Joint Publications 
All publications included in this thesis are the result of close collaborative work of several 

researchers across multiple disciplines. The individual contributions of each author and coauthor 

are given in this section. 

Publication I: Ring-Opening Terpolymerisation of Elemental Sulphur Waste with Propylene 
Oxide and Carbon Disulfide via Lithium Catalysis. 

Angewandte Chemie International Edition 2024, 63, e202319810 

Cesare Gallizioli, David Battke, Helmut Schlaad, Peter Deglmann, and Alex J. Plajer. 

The first publication investigates a mechanistic phenomenon initially observed during the 

copolymerisation of carbon disulfide (CS₂) and propylene oxide (PO), where an intramolecular 

backbiting reaction converts an alkoxide chain end into a thiolate, a process known as O/S 

scrambling. This distinctive pathway enables the selective incorporation of elemental sulphur, 

which can be attacked and opened by negatively charged sulphur species. 

I performed most of the synthetic work for this study, including the optimization of reaction 

conditions presented in Table 1, the monomer scope detailed in Table 2, and the cross-linking 

experiments employing pentaerythritol tetrakis(3-mercaptopropionate). David Battke, a master’s 

student from Freie Universität Berlin, assisted by reproducing polymerisations to verify data 

reproducibility and to generate material for subsequent experiments, such as cross-linking studies. 

He also conducted kinetic investigations that elucidated the polysulfide–disulfide rearrangement 

and established kinetic relationships for both the terpolymerisation and copolymerisation 

processes occurring after complete consumption of elemental sulphur. 

Peter Deglmann conducted the DFT calculations that defined the underlying reaction mechanism 

and the maximum length of the polysulfide segments within the repeating units. Helmut Schlaad 

provided valuable insights during polymer characterization and proposed end-capping the 

polymers with Ellman’s reagent to enhance their stability during GPC analysis. Alex J. Plajer 

conceived the initial research idea, contributed to ongoing scientific discussions, and assisted in 

interpreting the results. Both Alex J. Plajer and Peter Deglmann participated in finalizing the 

manuscript.  
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Publication II: Kinetically Enhanced Access to a Dynamic Polyester Platform via Sequence 
Selective Terpolymerisation of Elemental Sulphur:  

Angewandte Chemie International Edition 2025, 64, e202501337 

Cesare Gallizioli, Peter Deglmann, and Alex J. Plajer 

This publication describes the development of a more thermally and mechanically robust material 

synthesized from elemental sulphur, phthalic thioanhydride (PTA), and various epoxides. Among 

the resulting polymers, one derived from a vanillin-based epoxide was subsequently cross-linked 

through the formation of reversible imine bonds, yielding a dynamic network that was applied as an 

adhesive for diverse substrates. Post-synthetic modifications of the polymer chains enabled fine-

tuning of the adhesive performance. 

I conducted all the synthetic aspects of this project, including the initial condition screening 

reported in Table 1, the monomer scope summarized in Table 2, the cross-linking experiments, 

and the subsequent post-synthesis modifications. I also performed the kinetic investigations using 

in situ IR spectroscopy and conducted lap-shear tests to evaluate the adhesion strength of the 

material. Peter Deglmann provided the DFT analysis for this study, offering mechanistic insight into 

the different kinetic behaviours observed between terpolymerisation and copolymerisation. Alex J. 

Plajer contributed to the interpretation of the results and the overall narrative development of the 

publication. 

All three authors contributed to the finalization of the manuscript. 
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Publication III: Sulphur-containing polyesters from thioanhydride/CS2/epoxide ring-opening 
terpolymerisation: monomer scope and gold-nanoparticle functionalisation. 

Cesare Gallizioli, Marina Sebastian, Malte Cornelsen, Christian Rossner, Alex J. Plajer 

European Polymer Journal 2025, 188, 122345. 

In this publication, a terpolymer containing trithiocarbonate moieties was synthesized. To achieve 

this, elemental sulphur was replaced with carbon disulfide (CS₂), an industrially relevant sulphur 

derivative. The resulting polymers were then evaluated as functionalizing agents for gold 

nanoparticles, as the trithiocarbonate groups readily interact with metal surfaces. A polymer chain 

bearing free aldehyde groups, derived from a vanillin-based epoxide, was employed as a grafting 

agent for the nanoparticles. The presence of aldehyde functionalities enabled post-

functionalisation of the polymer with rhodamine dye through imine bond formation. Rhodamine 

fluorescence was quenched by its interaction with the gold nanoparticles; however, upon 

acidification of the solution, hydrolysis of the imine bonds released the rhodamine dye and restored 

fluorescence, thereby demonstrating the potential of this system as a pH-responsive nanoprobe. 

I conducted the monomer screening with various epoxides, characterized each polymer, and 

elucidated the polymerisation mechanism. Marina Sebastian, from the Leibniz-Institut für 

Polymerforschung in Dresden, synthesized the gold nanoparticles, grafted the polymer chains onto 

their surface, and performed dynamic light scattering (DLS) measurements to determine their 

hydrodynamic diameters. She also conducted visible extinction spectroscopy to observe the red 

shift of the plasmon resonance and conducted the acid-triggered dye release experiments. Malte 

Cornellsen assisted during the polymer synthesis and the purification of the monomers. He also 

conducted the stoichiometric investigations and synthesized the polymer derived from enantiopure 

R-propylene oxide (R-PO). Christian Rossner provided crucial expertise on nanoparticle 

deployment within hybrid systems, guiding the optimal integration of our polymers for this 

application. He also contributed to the finalization of the manuscript. Alex J. Plajer contributed to 

the interpretation of the scientific data and the conceptual development of the work toward hybrid 

materials. Marina Sebastian and I jointly prepared the initial draft of the manuscript, which was 

subsequently refined by Alex J. Plajer. All authors contributed to the final version of the 

manuscript.  
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publication 1: Ring-Opening Terpolymerisation of Elemental Sulphur 
Waste with Propylene Oxide and Carbon Disulfide via Lithium Catalysis. 
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