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Abstract  

Polysiloxanes have become by far the most important material in the class of  inorganic 

polymers, with a vast and still growing industry located in various countries around the 

globe.[1–3] Amongst the different types of polysiloxanes, the segment of cured elastomers leads 

the silicone market with a global share of 41 % in 2020.[4] Silicone elastomers are usually 

produced via addition or condensation curing by means of platinum- or tin-based catalysts. 

The employed metal remains in the cured product and can only be recovered through 

extensive purification efforts, thus creating environmental and economic challenges. In this 

work, different methods for alternative curing of polysiloxanes without the utilization of 

metal catalysis are investigated and described. The first method that will be addressed is based 

on multifunctional silacyclopropanes (siliranes) as thermally controlled linker scaffolds to 

crosslink different functionalized polysiloxanes. Herein, the described siliranes act as stable 

precursors and can be activated to generate the respective transient silylenes via 

fragmentation at temperatures above 120 °C.  This highly active low valent silicon species 

reacts with the silicone functionalities (Si-H or Si-OH) in an insertion reaction, thus curing 

the liquid polymer chains to the desired elastomer. Broadening the scope of alternative curing 

methods, a light mediated curing is described via the introduction of silacyclopropenes 

(silirenes) as photo-labile silylene precursors. A model study confirms the required coupling 

reactivity upon irradiation and reveals an undesired side reaction, which attenuates the curing 

effectiveness. To counteract this issue, a method to create higher functional silirenes is 

described. This technique allows the functionalization of Si-H containing substrates with 

vinyl substituted silacyclopropenes in a hydrosilylation reaction. Providing an efficient and 

versatile technique to generate multi-functional silacyclopropene derivatives, ranging from 

small molecules to polymeric materials like polysiloxanes. This way, access is given to 

polymeric silirene linker scaffolds and their application as UV-active curing agents for 

crosslinking liquid silicones, including hydride, hydroxy, or vinyl terminated PDMS. By 

combining these curing methods, two different approaches are reported to produce catalyst 

and additive free silicone elastomers, thus creating genuine alternatives to the conventional 

curing methods.  
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Zusammenfassung 

Polysiloxane sind im Laufe der Zeit zu einem der wichtigsten Materialien innerhalb der Klasse 

der anorganischen Polymere geworden, aufgebaut und gestützt durch eine enorme und immer 

noch wachsende Industrie, in den verschiedensten Ländern der Welt.[1–3] Unter den 

verschiedenen Sorten an Polysiloxanen führt das Segment der vernetzten Elastomeren den 

Silikon Markt mit einem globalen Anteil von 41 % in 2020.[4] Silikonelastomere werden 

normalerweise durch Additions- oder Kondensationsvernetzung, mithilfe von Platin oder 

Zinn basierten Katalysatoren, hergestellt. Das eingesetzte Metall verbleibt im vernetzten 

Produkt und kann nur unter aufwendigen Reinigungsmethoden wieder entfernt werden, was 

somit umwelttechnische und ökonomische Herausforderungen erzeugt. In dieser Arbeit 

werden verschiedene Methoden für alternatives Vernetzen von Polysiloxanen, ohne den 

Gebrauch von Metallkatalyse, beschrieben. Die erste Methode basiert auf multifunktionellen 

Silacyclopropanen (Siliranen) als thermisch kontrollierbare Linkerstrukturen, welche 

unterschiedlich funktionalisierte Polysiloxane vernetzt. Die hierbei beschriebenen Silirane 

agieren als stabile Vorstufen und können aktiviert werden, um die entsprechenden 

kurzlebigen Silylene durch Abspaltung bei Temperaturen oberhalb von 120 °C zu erzeugen.  

Diese hochreaktiven niedervalenten Siliciumspezies reagieren mit den Silikon-

funktionalitäten (Si-H oder Si-OH) in einer Insertionsreaktion, welches die flüssigen 

Polymerketten zu dem gewünschten Elastomer vernetzt. Um den Einsatzbereich der 

alternativen Vernetzungsmethoden zu erweitern, wird zusätzlich eine lichtvermittelte 

Vernetzung durch das Einführen von Silacyclopropenen (Silirenen) als lichtlabile Silylene-

vorstufe beschrieben. Eine Modellstudie bestätigt die erforderliche Kupplungsreaktion 

mittels Bestrahlung und zeigt eine ungewünschte Nebenreaktion, welche die 

Vernetzungseffektivität abschwächt. Um diesem Problem entgegenzuwirken, wird eine 

Methode beschrieben die höher funktionelle Silirene erzeugt. Dieses Verfahren erlaubt die 

Funktionalisierung von Si-H enthaltenden Substraten mit vinylsubstituierten Silacyclo-

propenen durch eine Hydrosilylierung. Auf diese Weise ist es möglich, polymere 

Silirenlinkerstrukturen zu erzeugen und diese als UV-aktive Vernetzer für die Verbrückung 

von flüssigen Silikonen (hydrid-, hydroxy-, oder vinylterminierte PDMS) zu nutzen. 

Kombiniert man diese Vernetzungsmethoden, erhält man zwei unterschiedliche Ansätze, um 

katalysator- und additivfreie Silikonelastomere zu erhalten, welche tatsächliche Alternativen 

zu den konventionellen Vernetzungsmethoden darstellen.  
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1. Introduction – Building a Network 

The conceptual introduction of polymers as long chains of relatively simple repeating units 

by Herman Staudinger in 1920, marks the beginning of a new class of materials: the class of 

macromolecules.[5,6] Though their emergence only began in the middle of the last century, 

today, polymers and their applications are numerous and play an essential role in our modern 

world. Many products, ranging from simple commodities to essential components for 

advanced space rockets are based on innovative research to create new polymer materials. 

Even though there is a plethora of different polymers available today, not all polymers meet 

the desired properties depending on their application. Thus, further modification of these 

materials is key and will help to widen their application scope. There are various techniques 

to modify polymers, affect their chemical or physical properties and combine a variety of 

functions in a single material. The creation of polymer networks is one of the most effective 

modification techniques, which can be realized through grafting, crosslinking or blending.[7] 

Grafted copolymers are macromolecules, which consist of a main polymer chain as backbone 

with branches of different polymers attached to it. This covalent attachment process is 

irreversible and forms a hybrid material network. Depending on the production process a 

polymer can either be grafted to, in which the functionalized polymer branch is directly 

attached to the backbone, or grafted from, where the branching results from an in situ 

polymerization onto the backbone.[8,9] The creation of a network by multidirectional chain 

extension through the formation of covalent bonds is defined as crosslinking. This irreversible 

process can be the result of the polymerization of monomers with more than two 

functionalities or the formation of covalent bonds between premade polymer chains. This 

inter- or intramolecular bond formation can either be accomplished by chemical reactions 

(sulfur vulcanization, peroxide curing, metal catalysis, etc.) or irradiation. Once the polymer 

network has formed covalent linkages, the polymer chains are immobilized and generate an 

elastic, amorphous polymer. This transformation renders the material more robust towards 

solvents, light, heat, or other mechanical agencies.[10–12] Blending describes the process of 

mixing two or more different polymers to obtain a macroscopic homogeneous mass. The 

resulting blend combines the favorable properties of all its constituents and provides a 

completely new material. Due to their nature, most polymers are immiscible and mixing them 

results in an arbitrary dispersed polymer matrix. This quasi-binary mixture does not provide a 
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true two-phase or single-phase structure but something in between, without the creation of 

a distinct interface of the involved phases. Thus, this multi-phased material depends on a 

variety of factors, such as the relative concentration of the polymers in each phase, the extent 

of phase separation, the interaction of the respective polymers, the character of the 

predominant phase, or the nature of the dispersed phase. [12,13]  

 

Figure 1. Schematic overview of different polymer association. (I) “Physisorption” describes the reversible 
attachment of polymers through physical attractive forces. (II) “Grafting from” is the covalent attachment of a 
monomer to a polymer chain followed by a polymerization, while (III) “grafting to” is referred to the 
functionalization of the polymer backbone with already finished polymer to create branches. (IV) “Crosslinking” 
describes the irreversible formation of a polymer network via chemical bonding of the individual polymer chains.   

There are many different approaches to modify polymers and thus even more polymer 

materials with different properties. However, the technique of crosslinking, polysiloxane 

crosslinking in particular, is primarily considered and discussed as polymer modification in 

this thesis.  
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2. Silicon based materials  

Silicon based materials have gained increasing relevance over the last decades due to their 

numerous practical applications as useful ingredients, additives, ceramics, or polymeric 

materials. This involves the various technical fields: Solar cells and photovoltaic applications 

are highly dependent on polycrystalline silicon as base material, while the development of 

microelectronic and optoelectronic devices have become interested in the utilization of 

silicon nanowires (SiNWs), crystalline or amorphous silicon (c-, a-Si) as high performance 

materials.[14] Silica, silicates and other functional silanes are frequently used as filler materials 

or additives in various industrial processes, whereas many high-tech ceramic materials derive 

from organosilicon scaffolds, like silicon nitride (Si3N4), silicon carbide (SiC), or silicon 

oxycarbide (SiCO) ceramics.[15,16] Yet, one of the most successful silicon based materials are 

the class of polysiloxanes and other silicone derived polymers, like polysilanes, 

polycarbosilanes, or polysilazanes, due to their vast range of application in different products 

and industries.[1] In the following these silicon based polymers will be further described, 

regarding synthesis, properties and applications thereof.    

 

2.1. Polysilanes 

Polysilanes are polymers with a backbone consisting solely of silicon atoms. Different 

substitution at the silicon allows the creation of a variety of polymers with variable properties. 

Although the general chemical structure of polysilanes seems rather simple and comparison 

with their carbon-based analogues seems obvious, the polymerization of these 

macromolecules is characterized by difficult to control and harsh synthesis conditions as well 

as product formations with broad and polymodal molecular weight distributions.[17] 

 
Figure 2. Representation and chemical structure of polysilanes consisting of a continuous silicon-silicon bond.  
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Since its first preparation by Kipping in the late 1920s, the most common procedure to create 

polysilanes is the reaction of dichlorosilanes with dispersed alkali metals via the Wurtz-type 

reduction.[18,19] Conducting the reaction in boiling aromatic solvents, most commonly in 

toluene or xylene, bears the risk of spontaneous ignition and attenuates the scope of 

employable functional groups, which can withstand these conditions, to a minimum.[17,20–22] 

Different approaches have been investigated to improve the reaction control and obtain a set 

of better manageable conditions. Variation of the reducing agents confirmed that alkali 

metals show the highest activity for producing polysilanes. Lithium favors the formation of 

cyclic oligomers, due to its lower reactivity compared to sodium.[23] While Na/K alloys or pure 

potassium metal promote polymer growth, also polymer degradation and back-biting is 

favored under these conditions.[24] The usage of toluene/diglyme mixtures[25] as well as 

different crown ethers or cryptands[26–28] in low concentrations often enhance product yields 

but affect the molecular weights towards lower values. To avoid these hard to control reaction 

conditions alternative procedures have been reported to successfully produce polysilanes. 

 

Scheme 1. Overview of synthetic processes to generate polysilanes. (a) Reductive Wutz-type coupling of 
dichlorosilanes. (b) Ring-Opening Polymerization of cyclotretrasilanes. (c) Anionic polymerization of masked 
disilenes mediated by organolithium compounds. (d) Dehydrogenative coupling of organosilanes by metallocene 
based catalysts.  
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The first one describes the ring-opening polymerization (ROP) of small strained cyclosilanes. 

Matyjaszewski polymerized tetramethyl-tetraphenyl-cyclotetrasilane in nearly quantitative 

yield by employing (PhMe2Si)2Cu(CN)Li2. This way, polysilanes with predominant heterotactic 

tacticity, molecular weights up to 30 kg/mol and a PDI of 1.5 could be realized.[29,30] Further, 

various transition metal catalysts have been investigated to mediate the ROP, although only 

the formation of dimers could be achieved by utilizing Pd- or Pt-based compounds.[31] A 

different approach is offered by the anionic polymerization of masked disilenes in 

combination with an organolithium initiator.[32] The repetitive attack of the polysilanyl anion 

at the silicon atom of the monomer results in the propagation of the polymer anion. 

Subsequent addition of ethanol terminates this living-type polymerization, whilst adding 

methylmethacrylate (MMA) at low temperatures creates a block copolymer.[33–36] In addition, 

a very promising alternative derives from the dehydrogenative coupling of organosilanes by 

applying metallocene based catalysts. The catalytic disproportionation of the Si-H bond to 

create the respective Si-Si bond allows much milder reaction conditions, thus decreasing the 

limitation of applicable substituents and further increasing the control of the product’s 

molecular weight and tacticity.[37–39] Due to various synthetic challenges and the problematic 

instability of polysilanes under UV-light, it is no surprise that this polymer class is only of 

minor interest for possible industrial applications. Nevertheless, first approaches to 

implement polysilanes as functional material have been made, as Yajima reported the 

rearrangement reaction of polydimehtylsilane for the generation of β-siliconcarbide fibers in 

the late 1970s.[40] The discovery of unique photophysical properties, caused by interactions 

and electronic delocalization within the σ-bonded silicon backbone, gave access to the 

semiconductor industry and the application in electronic devices.[41] Today, polymethyl-

phenylsilane is applied as emitter material in the production of various OLEDs,[42] or as 

semiconductor layers in organic field-effect transistors (OFET).[43] However, the still 

challenging generation of polysilanes, especially of high purity for applications in the 

semiconductor industry, remains the dominant issue in applying polysilanes as functional 

material. 
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2.2. Polycarbosilanes 

Polycarbosilanes are referred to as a broad class of silicon-based polymers, in which the 

polymer backbone generally consists of the elements silicon and carbon in alternate 

positions.[44] Other definitions describe polycarbosilanes as organosilicon polymers composed 

of substituted silicon atoms and difunctional organic groups which bridge these silicon atoms, 
[45] or simply as a polymer containing silicon-carbon bonds as a backbone.[3] The most relevant 

members of these polymers are linear polycarbosilanes with a regular -Si-C- framework 

structure, yet their hyperbranched analogues have currently gained interest as base material 

to silicon carbide ceramics.[46,47]  

 

Figure 3. Depiction and chemical structure of linear polycarbosilanes of alternating silicon-carbon bonds. 

The creation of polycarbosilanes coincides with the origin of organosilicon chemistry in the 

first half of the 20th century. In the beginning alkylation of chlorosilanes with zinc or mercury 

reagents, or the utilization of sodium in a Wurtz-Fittig coupling to combine alkyl halides with 

chlorosilanes, was the initial methodology to synthesize the required silicon carbon bonds. 

Later, organolithium and Grignard reagents have become more extensively applied over the 

last century and still continue to be widely used in the creation of carbosilanes to this day. 

However, novel approaches including hydrosilylation of alkenes and alkynes, electrolysis, 

ring-opening of cyclic organosilanes or gas phase pyrolysis have been investigated to form 

carbosilanes in recent years.[3] The first identified poly(silylenemethylene) (PSM) was formed 

in low molecular weight via the coupling reaction of (chloromethyl)chlorodimethylsilane in 

combination with sodium.[48] Soon after, the ring-opening polymerization (ROP) of 

disilacyclobutane was established to afford high molecular weight PSM.[48,49] The greatest 

driving force for the either thermal or transition metal-catalyzed ROP has been assigned to 

the strain energy (17.2 kcal/mol) of the disilacyclobutane monomer.[48] Saturated and 

unsaturated polycarbosilanes with a general Si-C-C- backbone scaffold are mainly created by 
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a hydrosilylation reaction, promoted by chloroplatinic acid (H2PtCl6).[50,51] Whereas the 

thermal ROP of monosilacyclobutane affords polycarbosilanes with an even greater amount 

of carbon atoms incorporated into the polymer chain.[52] Numerous PSMs have been reported 

in addition to the parent poly(silylenemethylene) over the last years, which demonstrate their 

unique position between the class of organic polyolefins and the class of truly inorganic 

polysilanes or polysiloxanes.[53] A glass transition temperature of Tg = -87 °C for 

poly(silylenemethylene) shows this intermediate between poly(isobutylene) (Tg = -20 °C) and 

polydimethylsiloxane (Tg = -150 °C).  

 

Scheme 2. General procedures to create different polycarbosilanes. (a) Platin catalyzed ROP of 
disilacyclobutane.[48] (b) thermal ROP of monosilacyclobutane.[52] (c) Initial Wurtz coupling reaction, subsequent 
reduction with AlCl3 and final substitution via Grignard coupling.[54] (d) Hydrosilylation polymerization of 
vinyldimethylsilane[50] and (e) hydrosilylation polymerization of acetylenedimethylsilane.[51]  

This observation is consistent with the expected barrier decrease for the chain torsion and an 

increase in the chain flexibility as the carbon-carbon bond is replaced by the elongated 

silicon-carbon bond and finally substituted by the silicon-oxygen bond.[55] While its thermal 

stability seems to be significantly higher than that of a polysiloxane in inert atmosphere, the 

oxidation of bridging CH2 groups decreases its thermal stability in air.[56]  Even though this 

polymer class exhibits interesting properties and promising features, there are only few 

industrial applications of polycarbosilanes, most of them involve the production of silicon 

carbide ceramics or related SiC-based fibers.[46,47]  
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2.3. Polysilazanes 

Polysilazanes are characterized as polymers containing repeating Si-N bonds in the main 

chain. Albeit polysilazanes represent the nitrogen bridged analogues to the isoelectronic 

polysiloxanes, their industrial importance is rather small in comparison.[2,57] As we have seen 

before, this is mainly the result of their comparably high reactivity towards protic reagents, 

just as a lack of suitable synthesis procedures to afford high molecular weight polymers.[58] 

Most endeavors to produce linear polysilazanes result in the generation of oligomers or cyclic 

compounds with rather complex scaffolds.[59–61] 

 

Figure 4. Depiction and chemical structure of linear polysilazanes, with a backbone of repeating Si-N bonds.   

However, there are two general approaches to create linear polysilazanes. Most of them 

involve a polycondensation process by employing di- or trichlorosilanes and amines.[47,60] Due 

to its simplicity and its analogy to the generation of polysiloxanes, the aminolysis reaction 

has become the preferred route for producing polysilazanes. First reports on this subject were 

provided by Stock et al. in the early 1920s,[62] followed by other groups over the last 

decades.[60,61,63] It has been shown that the product formation and selectivity is strongly 

dependent on the steric properties of both the chlorosilane as well as the amine. The usage of 

dichlorosilane and ammonia results in the formation of oligomers, whereas with increasing 

demand of the substituents the generation of three- or four-membered cyclosilazanes is 

favored.[61] The obtained oligomeric or cyclic structures are usually chemically unstable and 

are predominantly used as ceramic precursors under pyrolysis.[15,16] However, these cyclic 

silazanes can be applied as monomer units in a ring-opening polymerization to afford 

polysilazanes with increased molecular weights. Some attempts have been made to introduce 

transition metal-based catalysts for the ROP of cyclosilazanes, yet only oligomeric structures 

could be obtained.[60,64] Till now, solely cationic and anionic ROP lead to longer polysilazane 

chain-lengths and higher molecular weights. For these processes cyclodisilazane is primarily 
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utilized, due to its high ring strain.[65] In addition, the substitution at the nitrogen is of 

significant importance for the polymerization initiation as well as propagation. With 

increasing steric hinderance the reaction slows down and decreases the final molecular weight, 

thus mostly N-methyl cyclosilazanes are used for the ROP. Various initiators have been tested 

for the cationic ROP, such as MeCOCl/AgSbF6, TfOH, BF3/Et2O or Me3OBF4, however methyl 

triflate (MeOTf) has been reported as most effective amongst them.[66] Despite the high 

reactivity, back-biting reactions remain a major concern in cationic ROP, which leads to 

depolymerization and storage incapability. This is not the case for the anionic ROP, in which 

organo-alkali reagents mediate the polymerization of cyclodisilazanes.[67] The employment of 

lithium amides, alkyl lithium/aryl lithium, or naphthyl sodium are reported in literature.[68] In 

the case of benzyl lithium linear polysilazanes with molar masses higher than 100 kg/mol 

could be afforded. In addition, no end- or back-biting could be observed over a long period, 

allowing a controllable and stable generation of linear polysilazanes.  

 

Scheme 3. Synthesis overview for producing polysilazanes. (a) Polycondensation via aminolysis reaction of 
dichlorosilane with amines. (b) Cationic ROP initiated by methyl triflate to polymerize cyclodisilazane. (c) Anionic 
ring opening polymerization of cyclodisilazane mediated via benzyl lithium.  

In general, polysilazanes exhibit promising properties regarding their thermal stability and 

mechanical features. Although the Si-O bond energy with 432 kJ/mol lies above the one of the 

Si-N bond (316 kJ/mol),[59,69] polysilazanes are reported to be more thermally stable. This 

stability manifests in an almost 50 °C higher degradation temperature (Td = 450 °C) compared 

to polysiloxanes.[70] Nevertheless, polysilazanes are quite labile towards strong bases and acids, 

resulting in the depolymerization of the polymer chains.[71] Furthermore, the long term 

stability is of major concern, but can be avoided by applying anionic ring opening 
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polymerization processes. So far, the only industrial application for polysilazanes is in the 

field of ceramics as precursors for silicon nitride Si3N4 or silicon carbonitrite SixNyCz in 

pyrolysis processes.[47,60,72] Albeit their similarity to polysiloxanes, no other potential 

application as functional material was reported so far and still has to be discovered.  

 

2.4. Polysiloxanes  

Polysiloxanes commonly known as silicones are by far the most important material among 

the inorganic and semi-inorganic polymers. Numerous patents and publications regarding 

synthesis, properties, and applications of polysiloxanes showcase their commercial relevance 

in our present world, created by a large industry in various countries.[14,70,72–90] The backbone 

of polysiloxanes consists of repetitive Si-O units, which provides this polymer class different 

unique and intriguing properties.[1]  

 

Figure 5. General depiction and chemical structure of the Si-O backbone present in a polysiloxane chain.    

One of them is the high thermal stability of silicones due to the strength of the silicon-oxygen 

bond, which is crucial for the utilization in high-temperature applications. The chemical 

properties of typical side groups create polymer chains with considerable low surface free 

energy, thus applications as waterproof coating, mold-release agents, or biomedical 

compounds can be realized. The distinct difference in atom size of silicon and oxygen and 

their respective bond angles create a very irregular cross section within the polymer chain, 

resulting in a characteristic amorphous state and unique equation-of-state properties.[91,92] 

Due to the general importance, as well as their major part as research subject in this thesis, 

the history, synthesis, production, properties, and applications of polysiloxanes will be 

described more extensively in the following chapters.  
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2.4.1. History and Origin  

The first appearance of polysiloxanes dates back to the year 1872, when Landenburg observed 

the unintentional formation of a viscous oil by reacting Et2Si(OEt)2 in acidic water. To his 

surprise this polymeric material exhibited a high decomposition point and did not freeze 

at -15 °C.[70,93,94] However, F.S. Kipping is considered to be the actual discoverer and name giver 

of the polysiloxanes, by his attempts to synthesize a R-(Si=O)-R doble bond in 1901. The 

strongly polarized Si-O bond and the resulting tendency to polymerize however resulted in 

the formation of polysiloxanes.[95] Yet, the first synthesis of a silanone was realized almost a 

century later, due to its unexpected high reactivity.[96,97]  Due to Kipping’s original objective, 

this new material was named silicoketones or silicones, in analogy to the carbon-based 

ketones R-(C=O)-R.[1] Although the term of “silicones” is a misnomer, it has persisted to this 

day and is commonly accepted as description for this polymer class, albeit the term 

“polysiloxane” is technically more accurate and preferred by researchers working in this field. 

The actual introduction of polysiloxanes as an industrial product however took another 30 

years with the discovery of the Müller-Rochow process in 1940. The direct synthesis of 

elemental silicon with methyl chloride and subsequent hydrolysis creates 

polydimethylsiloxane and remains the method of choice for producing linear polysiloxanes to 

this day.[98] The constant search for new applications and their vast implementation in 

numerous fields has allowed the polysiloxane industry to grow continuously over the last 

century. This renders the polysiloxanes the most successful inorganic polymer and a highly 

relevant polymeric material in our present world.[99]  

2.4.2. Synthesis and Production 

Most sources of polysiloxane monomers are functional silanes R4-nSiXn with moieties that can 

readily be hydrolyzed, for instance X = Cl, NR2, OR, OCOR. One of the most common 

precursors is dimethyldichlorosilane Me2SiCl2 (DDS) for the synthesis of polydimethylsiloxane 

(PDMS). Due to the fact that organosilicon compounds are solely artificial and cannot be 

retrieved from a natural source, all polysiloxane monomers are afforded on a synthetic route. 

Elemental silicon is used as a base material for this technology, which is obtained by 

electrochemical reducing of mineral silica SiO2 in a carbothermal reaction. This major 

industrial process requires high temperatures of about 2000 °C and provides elemental silicon 

in a purity of 99.8 %.[100–103] For the usage as semiconductor material additional purification 
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methods have to be applied to afford even higher levels of purity. The production of 

polysiloxanes however relies primarily on this “raw” material due to its availability and cost-

benefit efficiency.[1]  

 

Figure 6. Industrial refinement of silica SiO2 to elemental silicon by a reductive carbothermal reaction. 

The generated silicone is then transformed into the respective organosilicon species via 

different approaches. The reaction of silicon with chlorine and subsequent substitution by 

organic groups with the help of organolithium, Grignard reagents or organic zinc compounds 

allows the formation of a variety of organosilicons.[104,105] Converting silicon into silyl-hydrides 

and subsequent addition of multiple bonds in a hydrosilylation reaction represents another 

method. Nevertheless, the most significant process is the Müller-Rochow process or “Direct 

Process”, which transforms elemental silicon directly into the desired organosilicon 

compound.[106–108]   

 

Scheme 4. Transformation of elemental silicon to organosilicon compounds. (a) Chlorination of silicon, followed 
by a Grignard reaction. (b) Transformation of silicon into silyl hydrides with subsequent hydrosilylation reaction. 
(c) “Direct Process” or “Müller-Rochow-Process” to convert silicon directly into the organosilicon species.    

The present silicone industry is primarily based on the employment of Me2SiCl2 (DDS), which 

is exclusively synthesized via the Direct Process. Gaseous methyl chloride MeCl is reacted on 
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contact with solid silicon in combination with a copper catalyst at temperatures between 250-

300 °C to afford a mixture of different methylchlorosilanes (MenSiCl4-n, n=0-4).[106] Process 

parameters like the purity of the reagents, the preparation of the contact mass, or the applied 

reaction temperature strongly affect the product distribution, with the result that more than 

90 % DDS can be achieved.[109,110] By applying other alky/aryl chlorides a variety of 

organochlorosilanes for the synthesis of more complex polysiloxanes can be obtained.  

The subsequent polymerization of the organochlorosilane monomer involves an industrial 

process consisting of two steps. Firstly, a hydrolysis reaction converts the chlorosilane into 

hydroxy silanes, which will then condense to afford the basic Si-O repeating unit. This first 

process step results in the formation of linear and cyclic oligosiloxanes. Depending on the 

reaction conditions the product distribution can be controlled to create either mostly cyclic 

or linear polysiloxanes. [111–113] Many efforts have been made to optimize this reaction towards 

purely linear or cyclic oligomers.[114] In addition, the replacement of the hydrolysis by a 

methanolysis process allows the direct formation of methyl chloride, which can be utilized in 

the Direct Process again, thus creating a beneficial cycle process.[89,94,98]   

 

Scheme 5. Two-step process to afford polysiloxanes. Initial hydrolysis/methanolysis of the organochlorosilane to 
obtain linear or cyclic siloxane oligomers. Subsequent polymerization via polycondensation or ROP. 

The second step is the final polymerization of the siloxane oligomers to high Mw polysiloxanes. 

Linear siloxane oligomers are thus transformed by a polycondensation process to obtain the 

desired product. Different approaches are utilized to perform the respective polycondensation. 

The most important one is the homofunctional polycondensation, which is inherent to a 

variety of catalyst systems, including protic acids, Lewis acids, strong charged bases, stannous 

salts, phosphonitrile chlorides or other heterogeneous catalysts.[115–120] To shift the 

equilibrium reaction towards longer polymers, the accruing water from the polycondensation 

is removed by a continuous distillation during the process. However, disproportionation 

reactions usually accompany acid or base initiated polycondensation reactions and can 
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become unfavorable to provide precise product attributes.[121–124] Other approaches involve 

heterofunctional polycondensation processes by reacting hydroxy functionalized siloxanes 

with different substituted ones. The silanol moiety presents reactivity towards a broad range 

of silyl functionalities, such as Si-H, Si-Cl, Si-OR, Si-OCOR or Si-NR2. [115] Yet, condensation 

with chlorosilanes (Si-Cl) and alkoxysilanes (Si-OR) are particularly important for the 

synthesis of polysiloxanes. The condensation with chlorosilanes requires basic or nucleophilic 

catalysts (triethylamine or pyridine) since acidic catalysts favor the protonation of the silanol 

and promote a self-condensation.[125] Whereas condensation of alkoxysilanes with hydroxy-

terminated polysiloxanes is exploited for creating block copolymers or even polysiloxane 

networks.[126,127] Realization of this reaction can be promoted by various catalysts, like SnII 

carboxylates,[116,128] trifluoroacetic acid,[129] or phosphazenium salts.[130]  

 

Scheme 6. Polycondensation processes to obtain polysiloxanes via homo- or heterofunctional approaches.  

Despite everything, the hydrolytic polycondensation to generate high Mw polysiloxane has 

been mostly replaced by the ring-opening polymerization of cyclic tri- and tetramers by ionic 

initiators.[73,102,131]  The nature of this process is a reversible one, albeit the correct choice of 

monomer, initiator and reaction conditions provides an essentially irreversible method in 

practice. For instance, one crucial requirement is the elimination of all initiator/catalyst from 

the final product via neutralization of the ionic species, thermolysis and volatilization of the 

initiator. Anionic ROP usually involves the employment of hydroxides, alkali-metal oxides, or 

bases in general.[89,132–136] The polymerization commences through a nucleophilic attack on the 

monomer. Consequently, the ring gets opened, which is followed by a propagation attack on 

the next siloxane ring, resulting in the chain elongation.[1] In contrast to most other 

polymerizations the driving force of this process is not an decrease in enthalpy but rather an 

increase in entropy caused by an increase of internal molecular freedom due to the 

transformation of a strained cyclic structure to a linear chain.[1,131] The cationic ROP is of less 
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industrial importance, although polymerization yields and product distribution are 

comparable to the anionic ROP method. Typical catalysts are conventional Lewis acids, tin-

based catalysts, or combinations of metal sulfonates and acid chlorides.[136,137] The complete 

mechanism of the cationic ROP is still under consideration. While the formation of a 

siloxonium ion as the initiation step is widely accepted, the propagation is assumed to 

proceeds either through a chain-growth or a step-growth polymerization.[137–140] In all ionic 

ROP an end group blocking is performed to prevent potential back-biting or re-equilibration 

reactions. In addition, this technique allows to introduce reactive end groups, that can be used 

for subsequent modifications.[141,142]  

 

Scheme 7. Anionic and cationic ring opening polymerization processes of cyclic siloxane monomer units. 

Another powerful tool is the equilibrium polymerization, often referred to as equilibration. It 

utilizes the equilibrium state of the polymerization to control the average molecular weight 

of the final polysiloxane. This way, mixtures of cyclic and linear polysiloxanes of different 

chain lengths and weight distributions can be equilibrated to form polysiloxanes with 

homogenous characteristics. The equilibrium of the constant chain formation and chain 

deconstruction is influenced by the reaction conditions, such as distillation of volatile small 

siloxanes, or the choice of catalyst. Thus, the equilibration represents a very useful method to 

obtain polysiloxanes with distinct properties or create copolymers by mixing different 

functionalized siloxanes.[94,143] 

 
Scheme 8. Equilibration of linear and cyclic polysiloxanes to create high molecular polysiloxane material.  
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2.4.3. Properties and Application 

The combination of unique thermal properties over a vast range of temperatures and 

mechanical features like an exceptional elasticity contribute to the technological and 

industrial importance of polysiloxanes. It has become the preferred material for applications 

under extreme conditions. With a Tg of -125 °C and an onset of thermal degradation up to 

350 °C, polysiloxanes satisfy given requirements to withstand an exceptional range of low or 

high temperatures. Most of these properties originate from the basic structure of the 

polysiloxane backbone and thus are expressed in almost every member of this polymer class. 

Of paramount importance is the fundamental nature of the siloxane bond, which exhibits 

partially double-bond and partly ionic character. The Si-O bond is relatively long with a 

typical length of 1.64 Å, yet smaller than the simple addition of the respective atomic radii (Si 

1.17 Å and O 0.66 Å).[144] This is a result of the large difference in electronegativity of silicon 

with a value of 1.8 and oxygen with 3.5 (according to Pauling),[145] which implicates an 

estimated ionic character of up to 51 %.[146] At the same time, an additional attraction 

originates from the overlap of the oxygen’s p orbital and the low-lying vacant 3d orbital of the 

silicon resulting in the partial double-bond character and a π-back donation.[147] 

 

Figure 7. Characteristic properties of a polydimethylsiloxane chain, such as bond length, enthalpy, or angle.  

The combination of these attributes defines the exceptional strength of this bond and further 

contributes to the conformational flexibility of the polysiloxane chain. This flexibility is the 

result of the prior described Si-O bond length as well as the Si-O-Si bond angle. The elongated 

bonds in the polymer backbone create an increase in spatial separation and hence reduce the 

hinderance for the organic substituents at the silicon. This allows the rotation of these 

substituents and facilitates the resulting “umbrella-type” motion even at temperatures as low 
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as -196 °C.[148] In addition, the Si-O-Si bond angle is considered to be comparable “soft” with 

an energy barrier to linearize of 1.3 kJ/mol, thus allowing considerable bending and stretching 

of the polysiloxane chain.[58,149,150] Due to this constellation the Si-O bond exhibits a 

surprisingly small rotation energy barrier of only 3.8 kJ/mol.[151] As a consequence, the 

polymer can readily minimize internal strain by rotating and bending its siloxane backbone. 

This freedom of motion was shown to be the main reason for their high degree of flexibility 

and their low-lying glass transition point of around Tg = -123 °C.[152] Another crucial effect 

originates from the relatively weak intermolecular interaction between the individual 

polymer chains. Thus, only small friction forces and low viscosities are associated with these 

polymers with activation energies for a viscous flow below 40 kJ/mol in general. However, 

these mechanical properties are dependent of and increase with the molecular weight of the 

polymer chains as well as with the size of the substituted organic side groups.[153,154] 

Polysiloxanes show surprisingly constant Newtonian fluidity over the entire applicable 

temperature range. At low temperatures the siloxane backbone is structured in a coiled helical 

conformation, which in turn shifts the organic substituents outwards towards the neighboring 

chains. As a consequence, the polar siloxane backbone experiences effective shielding from 

the pendent organic substituents as well as only weak attraction or interpenetration of the 

individual chains, due to the weak interaction of the respective side groups.[14] By increasing 

the temperature this helical scaffold converts gradually to a more random coil formation, 

which attenuates the described shielding effect and allows more entanglement and 

interactions. On the other hand, the increase in temperature results in a general decrease of 

viscosity, which counterbalances the previous effect. This interplay of effects retains the 

Newtonian-type flow characteristic of polysiloxanes and allows to use this constant behavior 

in a wide range of temperatures.[155,156] This property and the high thermal stability render 

polysiloxanes particularly suitable fluid materials in many high or low temperature 

applications. In general, silicones are a highly stable material, since they are considerably 

resistant towards hydrolysis, oxidation, or UV-irradiation under ambient conditions.[89,157] 

However, due to the partially ionic bond character in the backbone, the siloxane chain is prone 

to decompose in both strong basic as well as acidic conditions.[70] In contrast to common 

opinion, polysiloxanes are considered ecologically compatible since they undergo 

degradation with natural clay and their degradation products are non-toxic and consist mostly 

of simple silica SiO2.[158] Thus, polysiloxane products are available in various forms either as 
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bulk material or in surface applications. A first commercial utilization was development as 

silicon-based damping fluid by the US Air Force during the Second World War.[159] These days, 

established silicone applications are provided as fluids, surfactants, greases, gels, coatings, 

foams, resins, or even elastomers. Silicone fluids can be found as hair conditioners, polishes, 

antifoaming agents, or lubricants.[3,160] The exceptional weather resistance and water repellent 

properties render polysiloxanes ideal as coating material for outdoor applications. While 

silicone elastomers are used as flexible rubbers in our daily life, they have become particularly 

useful as outdoor high voltage insulation.[161] By incorporating different fillers and additives 

like silica to increase tensile strength or alumina trihydrate to improve heat conductivity for 

instance, these elastomers can be readily modified for their specified applications. This 

renders this material applicable in a vast variety of industries ranging from automotive, aero-

space, metallurgy, insulation, electronic or household appliance. However, one of the most 

relevant commercial segments is the field of medical applications. The stability, inertness, 

and pliability of polysiloxanes is crucial for medical tubing, catheters, protheses, or artificial 

organs. In combination with its high permeability, silicones are found as contact lenses, 

artificial skin, or drug delivery systems.[80,87,162,163] 

 

2.5. Curing of Polysiloxanes  

The described benefits and applications from silicone fluids render them valuable materials 

in a vast range of industries. However, many use cases require solid materials, which do not 

flow. In contrast to most carbon-based polymers, polysiloxanes do not show a high degree of 

entanglement and experience only very week attractive forces towards each other, thus simple 

chain elongation does not result in solidification of this material.[89,111] As a result, the 

polysiloxane chains need to be crosslinked to form covalently linked silicone networks. These 

cured silicones range from soft gels and coatings to highly flexible elastomers and rigid resins. 

Most curing processes include either the utilization of tri- or tetrafunctional silanes as 

reactive joints affording solely siloxane bridged networks or the implementation of organic 

residues (Si-Me, Si-vinyl, Si-H), which results in silicone material linked by organic spacers.[89] 

Today, the large majority of industrial silicone rubbers is produced by three different curing 

methods each providing specific advantages and disadvantages: the moisture or condensation 

cure, the transition metal-catalyzed or addition cure, and the heat controlled or radical cure.   
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2.5.1. Condensation Curing  

In general, hydroxy terminated polysiloxanes (Si-OH) react with multifunctional compounds 

in a condensation reaction to form the desired elastomer. Due to the fact that hydroxy 

moieties in polysiloxanes occur exclusively at terminal positions no curing is feasible by 

employing just polysiloxanes. Thus, using at least trifunctional linkers ensure the effective 

formation of a silicone network, most common are tri- or tetrafunctional silanes (RSiX3, SiX4). 

To create stable curing mixtures, the linkers are protected by hydrolysable substituents. The 

respective leaving group on the linker controls the reaction rate, consequently the curing rate 

as well. Chlorosilanes would react fast and are widely available, however the formation of 

hydrochloric acid (HCl) excludes them for practical application. More common is the 

incorporation of carboxylates, oximes, alkoxides, or amines as effective leaving groups for the 

condensation curing. Depending on the formed byproduct the curing mixture can react acidic, 

neutral, or basic, which can be crucial for choosing a suitable linker besides its curing rate.[89] 

 

Scheme 9. Condensation curing of hydroxy-terminated polysiloxanes with a variety of silane derivate linkers.  

The curing reaction occurs at room temperature, which is the reason why this process is also 

referred to as room temperature vulcanization (RTV). However, the respective hydrolysis 

usually requires additional catalysis, conducted by tin- and titanium-based catalysts, acids, 

or bases. All procedures share the necessity of H2O being present in form of moisture as a 

cocatalyst for the hydrolysis reaction.[164] Acid catalysts are employed to accelerate the 

hydrolysis reaction by protonation of the respective leaving group on the linker, hence 

increasing its leaving ability. Basic catalysts, on the other hand, realize the deprotonation of 

the terminal hydroxy functionality of the polysiloxane, thus improving its nucleophilicity. 

Several studies have shown that stronger acids, like trichloroacetic acid were more efficient 
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than weaker ones. Similar results were obtained by comparing triethylamine as a strong base 

with weaker bases like pyridine.[165,166] Even bifunctional catalysis can promote this reaction by 

employing simple buffer solution as a combination of both acidic and basic catalysts.[167,168] 

Metal based catalysis for the condensation curing are usually tin or titanium derived alkoxides 

and esters. The requirement of water as an initiator for the active catalyst species allows the 

preparation of a one component system, hence the classification as RTV-1. The hydrolysis of 

the catalyst upon contact with moisture creates the actual hydroxy metal catalyst. 

Consecutive substitution of the linker silane generates the activated metal alkoxide, followed 

by the nucleophilic attack of the silanol to produce the polysiloxane elastomer and regenerate 

the activated catalyst. Adjustment of the reaction humidity allows a simple way to control the 

respective curing rate. With increasing activity of the employed tin catalysts some curing 

systems are prepared as a two-component system, one containing the hydroxy terminated 

polysiloxane, the other the catalyst in combination with the multifunctional linker and a 

defined amount of water. Due to their two-part segmentation, these curing systems are called 

RTV-2. Upon mixing the condensation reaction is initiated instantly, generating the desired 

elastomer.[89,169] 

 

Scheme 10. Comparison of the condensation curing process RTV-1 (one-component system) and RTV-2 (two-
component system) by using tin-based catalysis to generate silicone elastomers.  



Silicon based materials 
__________________________________________________________________________________
   

23 
 

Due to the nature of the condensation reaction, all condensation curing processes generate 

elimination products during the reaction progress. The resulting shrinkage and mass loss of 

the final elastomer product must be considered. Moreover, volatile elimination products 

might create safety and health concerns, thus limiting its application range.[170] The same 

applies to the limitation of creating thicker elastomer layers, since the hydrolysis reaction 

with moisture is dominated by the diffusion of H2O in the polysiloxane. Nevertheless, their 

simplicity, practicality, and robustness towards catalyst poisons render this type of curing one 

of the most successful for general, unspecified applications.[89]  

 

2.5.2. Addition Curing 

The second curing method is the addition curing also referred to as hydrosilylation curing, 

due to the defining type of reaction for this crosslinking type. In general, two different 

polysiloxanes, a vinyl-functionalized and a hydrid-functionalized silicone are combined with 

a catalyst to perform the hydrosilylation reaction, thus affording the cured elastomer. Since 

this curing method is prepared as a two-component system and conducted at room 

temperature it is technically categorized as an RTV-2 system as well. Platinum or rhodium 

based catalysts are most commonly employed for this type of addition reaction, however a 

variety of different transition metals can be utilized likewise.[171,172]  

 

Scheme 11. Addition curing of hydrid- and vinyl-functionalized PDMS via a transition metal catalyzed 
hydrosilylation reaction. 

The curing is initiated by mixing the two components together. Usually, the vinylpolysiloxane 

is combined with the hydrosilylation catalyst in one component and the hydridopolysiloxane 

in the other. The resulting curing rate is comparable fast, yet an increase of temperature or 

pressure contributes to an additional acceleration of the reaction speed. Well known catalyst 



Silicon based materials 
__________________________________________________________________________________
   

24 
 

systems are the Speier- and Karstedt-catalyst as Pt-based or the Wilkinson-catalyst as Rh-

based option. Nevertheless, continuous efforts have been made to improve the catalyst 

efficiency or reduce its required concentration, by employing platinum carbene complexes for 

a new generation of hydrosilylation catalysts.[173] The respective catalytic mechanism was 

proposed by Chalk and Harrod in 1965 on the basis of the Speier catalyst H2PtCl6.[174] Reduction 

of the Pt(II) complex affords the active Pt(0) species, which forms a hydrido-silyl-complex 

with the hydrosilane in the initial oxidative addition. Subsequent coordination of the olefin 

to the metal center, is followed by a migratory insertion of the olefin into the Pt-H bond. As a 

last step, the alkyl silane is cleaved of the catalyst complex in a reductive elimination, forming 

the desired product and regenerating the active Pt-catalyst. In general, this reaction is 

regioselective, forming in most cases the anti-Markovnikov product. The original mechanism 

was proposed via an insertion reaction of the olefin into the Pt-H bond, however recent 

studies suggest the prior described pathway, which also allows the transformation of vinyl- or 

allylsilanes by a β-hydride elimination.[175]  

 

Figure 8. Hydrosilylation mechanism via oxidative addition of the hydrosilane to the platinum, followed by the 
insertion of the olefine, and finalization by the reductive elimination of the carbosilanes closes the reaction cycle.    
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The processing time can be manipulated by the use of different inhibitors or filler materials. 

This way even heat initiated one component systems can be prepared by choosing the right 

inhibitor.[89,94] Additionally, also photosensitive catalyst are employed to allow an one-

component curing system at ambient temperatures.[1] Due to the nature of the hydrosilylation 

reaction as an addition reaction no elimination product is formed, hence no significant 

shrinkage or mass reduction is observed. Albeit the celerity and effectiveness of this curing 

method, one of the biggest issues is the entrapment of the metal catalyst in the final silicone 

elastomer. This results in the simple loss and waste of very expensive and rare transition 

metals in most cases, as well as an alteration of the elastomer properties over time. The 

employed Pt-catalyst agglomerates in the polymer matrix, forming nanoparticles and 

resulting in a yellowish discoloring of the product. A recovery of the metal is economically 

not beneficial due to the low concentration of the employed catalyst. However, by combining 

of the global production of silicone elastomers, an estimated loss of up to 6 tons of pure 

platinum is assumed each year.[1] 

 

2.5.3. Radical Curing 

The third industrial relevant process to create silicone elastomers is the radical curing process. 

Due to the necessity of employing high-temperature conditions, this type of curing is also 

referred to as high temperature vulcanization (HTV) and shares similarities to the traditional 

rubber production. Organic peroxides are commonly used as comparably stable precursors for 

the generation of radical species at elevated temperatures. Examples of applicable initiators 

are benzoyl peroxide, di-tert-butyl peroxide, m-chlorobenzyl peroxide, or commercially 

available peroxides like Lupersol 130 (2,5-bis(tert-butylperoxy)-2,5-dimethyl-3-hexyne) and 

Lupersol 101 (2,5-bis(tert-butylperoxy)-2,5-diemthyl-hexane).[89,94] The effective curing 

temperature is dependent on the peroxide structure and stability, therefore common 

temperature conditions range from 110-200 °C.[176] The active peroxides, usually employed in 

a concentration range from 0.02 to 1.0 mol %, can be inhibited by various antioxidants (radical 

traps) to increase the stability and storability of the one-component curing mixtures. Widely 

applied are 2,6-di-tert-butyl-4-methylphenol (BHT) and vitamin E as radical inhibitors, due 

to their availability and low costs.  These bulky phenol derivatives react readily with the free 

radical to form stable phenoxyl radicals.  
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Scheme 12. Overview of commonly used radical initiators and inhibitors for the HTV cruing process of silicones.   

There are essentially two types of radical reactions utilized for the HTV process of 

polysiloxanes. The first one proceeds via an abstraction of a hydrogen atom from a pendent 

methyl group of the PDMS chain, after initial thermal activation and homolytic fission of the 

peroxide. The resulting Si-CH2
• radicals couple in a recombination reaction and subsequently 

form an ethyl-bridged network. Increasing conversion of the elastomer affords an increase in 

the reaction viscosity, thus attenuating the rate and efficiency of the curing by restricting the 

movement of the free radicals in the material.[177] Accruing hazardous phenol byproducts need 

to be removed through heat stripping or by superficial neutralization with NaHCO3.[89] The 

higher activity of vinyl moieties towards radical addition compared to the radical abstraction 

of alkanes is exploited for the second type of radical curing. This allows lower curing 

temperatures and milder process conditions, thus reducing production costs. In addition, less 

reactive peroxides provide a better control of the crosslinking reaction, for instance di-tert-

butyl peroxide exclusively reacts with vinyl-containing polysiloxanes.[176] As a first step, the 

highly reactive radical initiator reacts in an addition reaction with the vinyl group at the 

polysiloxane. Subsequent coupling of the polymer attached radical with pendant methyl-

groups (Si-Me) result in the formation of a propyl-bridge and the creation of the elastic 

network, while eliminating and regenerating the initial radical. Alternative reaction paths 

enable the recombination of a vinyl-originating radicals with a methyl radicals, while 

recombination of vinyl-derived radicals is generally not observed.[89]  



Silicon based materials 
__________________________________________________________________________________
   

27 
 

 

Scheme 13. HTV or Radical curing of polysiloxanes with organic peroxides. Overview of possible reaction pathways 
dependent on the type of polysiloxane functionality and crosslinking conditions.  

Electron beams, γ- or high energy UV-radiation represent additional methods to create free 

radicals for the curing of polysiloxanes.[89]  The respective C-H or Si-C fission allows analogous 

radical curing to the peroxide based HTV process. However, these alternative techniques bear 

almost no industrial significance, due to their high costs and complex production set-ups.   

 

2.5.4. Alternative Approaches 

The presented curing methods via condensation, addition or radical crosslinking showcase 

the efficiency and potential of these curing processes to create silicone elastomers for a 

plethora of different applications. Regardless of their many advantages, each crosslinking 

type bears specific drawbacks like shrinkage of the elastomer due to the formation of side 
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products, or entrapment of the employed catalyst in the elastic material, among others. These 

issues emphasize the need of alternative silicone crosslinking for a more sustainable creation 

and safer use of these materials in the future. In the following a selection of different 

approaches will be presented to highlight recent and promising advances in the field of 

silicone curing.   

A facile, metal-free method to obtain polysiloxane elastomers from inexpensive and readily 

available liquid PDMS via an autoxidation process was presented by Book et al. in 2019.[178] By 

oxidizing hydrosilane functionalized polymers at temperatures above 250 °C in air, a silyl 

radical is generated by a facile hydrogen abstraction of the molecular oxygen. The respective 

silyl radical either converts into a silanol, followed by a condensation reaction, or initiates a 

radical chain reaction, resulting in silyl ether linked polysiloxane elastomers. While lower 

temperatures favor the condensation pathway, higher temperatures up to 300 °C facilitate the 

latter process. Subsequent research emphasizes the curing controllability of this method 

through the ratio of hydrosilanes in the starting material, the reaction temperature and time, 

and the type of functionality (lateral, terminal, pendant, telechelic moiety).[179] This simple 

process allows catalyst free curing of hydrosilane functionalized polysiloxanes. However, the 

reported process suffers from long curing durations and the employment of cost intensive, 

high temperatures, which limits its applicability and attenuates its economic benefit.  

 

Scheme 14. Thermal oxidative crosslinking of hydrosilane functionalized PDMS by employing molecular oxygen. 
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A different approach for metal free curing was realized through the usage of the click reaction, 

introduced by the same group of Brook et al. in 2012.[180] This process required the synthesis 

of alkyne and azido functionalized polysiloxanes as reagents for the respective cycloaddition. 

The formation of alkyne terminated polysiloxanes was conducted by introducing the alkyne 

moiety through a condensation reaction onto small siloxane-diols and subsequent acidic 

equilibration of D4 (octamethyl-cyclotetrasiloxane) units to create the polymeric backbone. 

The counterpart reagent, the polysiloxane functionalized with pendant azido-propyl branches, 

was afforded by reacting commercially available chloropropyl functionalized polysiloxane 

with sodium azide (NaN3) in the presence of tetra-n-butylammonium azide ((Bu)4NN3) as a 

phase transfer catalyst. Depending on the electronic properties of the employed alkyne, the 

final curing could be enabled thermally in the range of 60-90 °C, resulting in the described 

cycloaddition (click) reaction and the formation of the metal-free elastomer. However, the 

necessary preparation of these different functionalized polysiloxanes affords complex 

synthetic challenges, while the UV-lability of the ligating triazole rings further reduces their 

stability, and limiting their application range.[181]    

 

Scheme 15. Schematic overview of the metal free curing via click ligation of alkyne and azide functionalized PDMS. 
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Additional efforts have been made by Brook et at. to exploit the reactivity of the Piers-

Rubinstein reaction for the crosslinking of hydride functionalized polysiloxanes with 

alkoxysilanes.[182] This way, highly stable siloxane bridged polysiloxane networks can be 

created through the utilization of B(C6F5)3 (BCF) as catalyst for the hydrogen abstraction. The 

biggest advantage is the employment of readily available hydride polysiloxanes and 

multifunctional silyl-ethers as crosslinking joints. However, the need of a strong Lewis acid 

as catalyst is the major disadvantage of this method. Since comparably high concentrations 

of the catalyst (10 mol%) are required for a successful curing, the resulting catalyst ratio in 

the final elastomers remains at a high level. In addition, the lasting activity of this strong 

Lewis acid facilitates the catalytic degradation of the silicone network. Moreover, the 

elimination of a volatile alkane due to the nature of the Piers-Rubinsztajn reaction results in 

a shrinkage of the elastic material.  

 

Scheme 16. Piers-Rubinsztajn catalyzed curing of hydride functionalized with multifunctional silyl-ethers.    

A recent alternative process based on cyclic disulfides allows light mediated curing of 

bottlebrush silicone elastomers, without using any catalysts, additives, or solvents.[183] 

Introduction of α-lipoic acid onto carbinol terminated PDMS by a condensation reaction 

affords the required disulfide functionalized PDMS. Irradiation under UV-light connects the 

respective cyclic units in a ring-opening polymerization. The resulting disulfide backbones 

are branched and intersected by the original polysiloxane backbone, thus creating the desired 

elastomer. Subsequent irradiation of these elastomers allows dynamic redistribution of the 

disulfide bonds, which can be utilized for light mediated self-healing or on demand 

degradation. Even though the curing process is rather a creation of a secondary polymer 

backbone within the polysiloxane matrix, this method showcases the possibility to create 

elastic hybrid materials by introducing different types of polymer networks. At the same time, 

the introduction of this disulfide backbone narrows the application range of this product in 

terms of thermal and photochemical lability to highly specific use cases.   
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Scheme 17. Crosslinking of cyclic disulfide functionalized PDMS through UV-light mediated initiation to afford 
bottlebrush elastomers containing two different types of polymer backbones.  

Another light controlled curing process is the photoinitiated thiol-ene curing of vinyl-

terminated PDMS with lateral propyl-thiol functionalized PDMS, reported by Daugaard et al 

in 2014.[184] By preparing short chained hyperbranched PDMS precursors in a first step, the 

second thiol-ene reaction results in the formation of highly flexible PDMS elastomers. The 

utilization of DMPA (2,2-dimethyloxy-2-phenylacetophenone) is required as a photo-

initiator to promote the UV-controlled reaction. Albeit the benefits of this metal free option, 

the comparable slow curing rate and the necessity of a two-step crosslinking process hinders 

its use for a broader field of application.  

 

Scheme 18. Thiol-ene based curing to create PDMS elastomers from vinyl- and thiol-functionalized polysiloxanes. 

A recent study from Daugaard et al. in 2022 reports of an unexpected fragmentation 

mechanism of polysilazanes, which enables catalyst free curing of carbinol functionalized 
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polysiloxanes.[185] As described earlier, polysilazanes are primarily used as ceramic precursors, 

however this new curing method casts a new light on this type of material. The proposed 

mechanism of fragmentation is initiated by the reaction of a carbinol moiety and proceeds via 

the Si-N bond fission in the polysilazane backbone. The subsequent elimination of ammonia 

is the consequence of the formation of the respective silyl-ether and the silicone network. 

This way, soft silicone elastomers can be generated at ambient conditions without the use of 

any catalyst. Yet, the formation of a side product can cause shrinkage or foaming of the final 

elastomer. In addition, the nature of ammonia as a Brønsted-base facilitates the ionic 

degradation of the polysiloxane backbone and thus its long-term stability. However, it is 

worth noting that polysilazanes can be employed as curing agents for silicone elastomers. 

 

Scheme 19. Overview of the underlying polysilazane fragmentation mechanism (top) and the resulting curing 
concept based on the reaction with carbinol functionalized PDMS (bottom).  

In 2019, Wulff et al. reported of the utilization of in-situ generated carbenes for curing of a 

variety of different polymer types, such as polyolefins or polysiloxanes.[186] Diaziridines are 

employed as comparably stable precursors to afford the carbene-linker scaffolds through 

thermal or photochemical initiated elimination of N2 . The high reactivity of these compounds 

facilitates C-H insertion reactions and enables crosslinking of polymers, which are usually 

unreactive towards post-modification. This way, facile polysiloxanes without specific 

attached functional groups can be cured at mild process conditions. However, the necessity 

of perfluorinated moieties incorporated in the linker structure raise ecological or health 

concern. Moreover, the instability of the diaziridine functionalities and the elimination of 

molecular nitrogen bears a relatively high explosive potential, resulting in additional safety 

precautions and specific storage and application measures.  
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Scheme 20. Carbene based curing of polysiloxane through thermal or light induced activation of bis-diaziridines. 

These reports of recent efforts to introduce alternative methods to prepare polysiloxane 

rubber materials show the necessity of new, more sustainable, more economical, and safer 

curing options. Many of these processes focus on metal free crosslinking as a major advantage, 

due to the increasing scarcity of rare noble metals as catalyst material. Others try to establish 

new fields of application and expand the beneficial properties of elastic polysiloxanes for 

other use cases.  

 

2.6. Organosilicon Compounds 

In general, organosilicon compounds are referred to as a combination of the metalloid silicon 

and the most basic organic atom carbon. However, compounds consisting of silicon and other 

heteroatoms, like oxygen, nitrogen, or sulfur amongst others, are also included in this 

description of organosilicon compounds. Naturally occurring silicon is found almost 

exclusively as silicate, thus the nature of organosilicon compounds is solely a synthetic one.[89] 

With an electronegativity of 1.9 (Pauling), silicon is considered a classical metalloid and sits 

between actual metal like lithium or aluminum (1.0-1.6) and the organic carbon (2.55). Thus, 

most organosilicon compounds exhibit polarized bonds. Yet, this polarization is weaker 

compared to classical organometallic compounds which grants the respective silicon-based 

species a comparable higher stability. In analogy to their carbon counterparts, organosilicon 

moieties can be found in a variety of (hetero)cycles, chains, or aromatic compounds. Albeit 

their similarities, the reactivity of organosilicon compounds is usually distinctly higher and 

can differ quite drastically. There are several reasons to explain this, the most important ones 

are the already mentioned difference in electronegativity as well as their respective atom radii 

of 1.06Å (Si) and 0.66 (C), which influences their orbitals and the energetic position thereof.[89]  
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Figure 9. Selection of relevant organosilicon compounds and their description (X = F, Cl, Br, I).  

 

2.6.1. Silylenes  

A particular interesting case of organosilicon species are the silylene compounds, due to their 

unique oxidative state of (+II). The majority of organosilicon compounds share the common 

oxidative state (+IV), which is why silylenes are also referred to as low-valent silicon species. 

Compounds of this kind were considered unstable and impossible to obtain synthetically.[89] 

However, through sufficient thermodynamic and kinetic stabilization, a plethora of different 

silylenes is now synthetically available and draws increasing attention towards academic and 

industrial applications. One of these intended applications is the introduction of low-valent 

silicon as potential catalyst, since there is a general tendency to substitute rare and 

unsustainable transition metals with more abundant and safer metals like iron or even 

metalloids like silicon.[96,187] The difficulty of silicon based catalysts to provide similar 

properties like transition metals is aggravated by the limited number of oxidative states, 

provided solely by valence electrons of the s- and p-block. In general, silylenes are highly 

reactive and tend to undergo immediate consecutive reactions like polymerization of 

disproportionation. Thus, adequate stabilization is key to control these silylenes according to 

their specific application.[89]  

There are various approaches to synthesize silylenes. Depending on the respective synthesis 

strategy, different types of organosilicon precursors can be employed. Some of the most 

commonly used methods to obtain the desired silylene species are either by reduction of 

halosilanes, pyrolysis of silanes, degradation of polysilanes or fragmentation of strained 

silacycles.  
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Scheme 21. Common synthetic approaches to create silylenes by employing different types of silicon precursors.  

One of the most common synthetic approaches to generate silicon (II) species is the 

degradation of polysilanes through cleavage of the comparably weak Si-Si bond. Silanes 

consisting of at least three consecutive coupled silicon atoms occupy the necessary molecular 

structure, thus cyclic or linear polysilanes are an obvious choice for this purpose. Cyclic 

trisilanes represent an ideal silylene source. Due to their small ring size, the resulting ring 

strain facilitates the Si-Si fission. Either thermolysis at high temperatures or photolysis with 

hard UV-light can be employed to enable to required reactivity. In addition, transition metal 

catalysts can be utilized as well, albeit their examples in literature is rather scarce.[188–190]  

 

Scheme 22. Exemplary synthesis of silylenes through thermal or photochemical induced Si-Si cleavage.  

The fragmentation reaction of small silacycles is driven by the release of the ring strain within 

these circular scaffolds. Although in theory, all silacycles are suitable for generating silylenes, 

only the highly strained siliranes (silacyclopropanes) are practically capable of doing so. The 

thermal or photochemical induced fragmentation of the three-membered Si-C ring results in 

the formation of an alkene and the desired silylene. This type of reaction was initially reported 

for the fragmentation of the stable hexamethylsilacyclopropane into dimethylsilylene under 

thermolytic conditions by Seyferth et al. in 1975.[191] Formally, silacyclopropanes are the 

addition product of a silylene and an olefine. Thus, they are referred to as “trapped” silylenes 

and can be considered as a stabilized precursor of highly reactive but unstable silylenes.[192,193] 
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In addition, silacyclopropenes as an unsaturated version of the respective silacyclopropanes 

can undergo similar fragmentation reactions, resulting in the formation of the aimed silylene 

and an alkyne. Many silacyclopropenes can be photochemically activated even at higher 

wavelengths, due to the pseudo-π aromatic character of these compounds.[194–196]  

 

Scheme 23. Fragmentation of stable three-membered silacycles to obtain the desired silylenes.  

Another frequently used method is the reduction of dihalosilanes in combination with strong 

reduction agents. Commonly used reductants are metals like lithium, sodium, potassium, 

magnesium, and alloys thereof or compounds like KC8, lithium- or sodium-naphthalene. 

Depending on the stability of the dihalosilanes the choice of the reductant and thus its 

reduction potential is key to successfully obtain the aimed silylene. Due to the increasing bond 

strength with decreasing atomic number (F > Cl > Br > I), fluorosilanes are less favored 

candidates for this reaction. Chloro-, bromo, or iodo-silanes on the other hand can be reduced 

much easier and are therefore commonly employed as silylene precursors. To accelerate the 

reduction, this type of reaction is usually performed in polar, aprotic solvents.[89,197,198] This 

way, the first stable silylene at ambient conditions was isolated via the reaction with 

potassium to form the first N-heterocyclic silylene (NHSi) by Denk et al. in 1994.[199] 

 

Scheme 24. Reduction of dihalosilanes with different reducing agents to afford the respective silylenes.  
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Among the low-valent silicon species, the divalent silylene occupies the most important place. 

The name “silylene” is derived from their carbon-based analogue, the carbene, which are well 

studied and broadly employed as σ-donating ligands in a variety of different catalyst systems 

in organometallic chemistry.[200] All members of the tetrels possess four valence electrons in 

the general configuration of (ns)2(np)2. However, it has become apparent that carbenes differ 

significantly in regard of their electronic properties from their related, yet heavier elements 

of group 14. The reason for this difference lies in the respective electronic ground state. 

Typically, carbenes are found in the triplet ground state consisting of two valence electrons 

with the same spin, resulting in a diradical. This property originates from the negative single-

triplet splitting (∆ES,T = -14 kcal/mol) of H2C(II), generating a stabilizing effect in the triplet 

state.[201] This singlet-triplet energy difference increases significantly along the elements of 

group 14. Thus, the singlet ground state is already favored in the case of silylenes due to a 

positive value of ∆ES,T = +16.7 kcal/mol for H2Si(II), with an even more distinct tendency 

towards the singlet-ground state for the heavier analogues (Ge, Sn, an Pb).[201] 

 

Figure 10. Comparison of singlet-triplet energy difference, hybridization energy, stability and metal character of 
the divalent compounds within the group 14 elements and orbital depiction of the triplet and singlet ground states.  

Similar tendencies can be observed for the energy of hybridization (Ehybrid) increase along the 

heavier atoms of this group. A higher effective nuclear charge and a reduced overlap between 

the s- and p-orbitals can explain the resulting increase in energy separation as well as the 

spatial separation of these orbitals. As a consequence, silylenes and their heavier analogues 

exhibit a filled sp2-type orbital with a high s-character, while the respective bonding orbitals 

show a particular high p-character. This is further demonstrated by the decrease of the inter-

ligand bond angle for H2M(II): from 134 ° for H2C(II), over 92.7 ° for H2Si(II), to eventually 

90.5 ° for H2Pb(II).  The bond angle for the respective carbene in the triplet ground state 

approaches the ideal orbital geometry of 180 ° for a sp-hybridized orbital and further 
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emphasizes the significant difference to the heavier tetrels.[201] The comparable small energy 

of hybridization for the carbon-atom enables a variety of differently bonded carbon-

compounds, thus a combination of two carbenes results in the generation of a sp2-hybridized 

and planar C=C doble bond.[202] In the light of classical consideration, no such bonding is 

possible for silylenes or heavier analogues, due to the interatomic Pauli-repulsion of the 

inner-shell electrons in combination with the lone pair repulsion between the two 

compounds.[203] However, West et al. succeeded in creating the first known disilene, which 

disproved the original bonding hypothesis and resulted in the creation of an adapted bonding 

model by Carter-Goddard-Malrieu-Trinquier. The CGMT-model describes the bond as an 

electron donor-acceptor interaction between the filled sp2-hybridized orbital and the vacant 

p-orbital of the second fragment. The combination of these interactions generates a bonding 

with effective double-bond character, revealing a trans-pyramidal geometry. The degree of 

deflection is strongly related to the single-triplet energy difference (ΔES,T), resulting in a 

greater distortion from the original planarity with an increased value for the energy 

difference.[204] 

 

Figure 11. Different bonding models for the dimerization of single- and triplet-ground state fragments and their 
resulting molecular geometry.  

The resulting electronic properties of these low-valent species are strongly influenced 

through the bound ligands, which enable an effective degree of reactivity control. Silylenes 

exhibit an amphiphilic character, due to their singlet-ground state. The vacant p-orbital 

provides the possibility to act as a Lewis-acid, while the electron lone-pair acts as a Lewis-

base. In regard of the octet rule, silylenes possess solely six valence electrons and are formally 
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in a state of electron deficiency. The resulting high reactivity is showcased through 

polymerization-, dimerization-, insertion-, or addition-reactions and emphasizes the 

instability of this compound class. Even the respective dimerization products are usually 

highly instable and tend to polymerize, due to a small HOMO-LUMO gap (approx. 3 eV) and a 

weak π-orbital overlap.[205] 

 

Scheme 25. Silylene reactivity overview of σ-, π-bond insertion as well as dimerization and polymerization reactions.[206]  

As a result, effective stabilization and protection is key to isolate the respective silylene 

species as such. In general, two potential stabilization methods are employed to achieve the 

desired silylene properties and guarantee their stability. One method is the introduction of 

sterically demanding ligands, effectively blocking the silicon atom. This kinetic control 

protects the Si(II) center from nucleophilic attacks or dimerization, and polymerization 

reactions. Over the years, a variety of different ligands with controllable steric demand have 

been developed and introduced, such as silyl-, aryl-, or alkyl-based ligands. Through 

exaggeration of the steric bulk, a counteracting destabilization and repulsion of the ligands 

takes places, which leads to an increase of the ligand bond angle and eventually the transition 

towards a triplet ground state. The second method relies on the thermodynamic stabilization 

of the silicon atom, in which mostly heteroatom-based ligands have proven themselves as 

useful. The effective stabilization can originate from ligand substitution either through σ-

acceptor or π-donor effects. Electron withdrawing ligands with heteroatoms like nitrogen, 

oxygen, sulfur, or phosphor drain electron density from the non-bonding orbital (HOMO) at 

the silicon. This way, the orbital and the respective singlet ground state is stabilized, by 

lowering its energy and increasing its s-character. Additional stabilization is possible through 

electronic resonance, caused by the π-donor effects of the ligand. The donating electron 

density affects the vacant p-orbital (LUMO), resulting in a less electrophilic character as well 

as a larger HOMO-LUMO energy difference, eventually stabilizing the silylene.[203] 
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Figure 12. Depiction of stabilization methods for silylene compounds via kinetic or thermodynamic control.  

On the basis of these techniques, Jutzi et al. succeeded in creating the first stable silylene thus 

laying the foundation of low valent silicon chemistry in 1986.[207] In 1994, West et al. were able 

to isolate another stable silylene based on the framework of N-heterocyclic silylenes.[208] By 

combining these stabilizing ligand effects, it was possible to create entirely new and unknown 

compounds. Since then, the scope of available and stable silylenes has increased significantly, 

while the introduction of future ligand systems will ensure new horizons.[209–211] 

  

2.6.2. Silacyclopropanes 

Silacyclopropanes, also referred to as siliranes are three-membered silicon heterocycles. In 

regard to their electronic properties, silacyclopropanes do not belong to the class of low-

valent silicon compounds, however they represent a highly reactive precursor species for the 

generation of the prior described silylenes. Silacyclopropanes exhibit a strong structural 

resemblance with the all-carbon based cyclopropanes, yet their respective reactivities and 

properties differ significantly. Siliranes show a higher strained ring system, experience less 

stabilization and are consequently more reactive than their carbon-based analogues. This 

distinct difference is shown by comparing bond-lengths and angles of the respective cycles.[212] 

 

Figure 13. Comparison of silacyclopropanes and cyclopropanes in regard to bond-lengths, angles, and ring strain. 
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In the case of cyclopropane, the bond-angles are all equivalent with a value of 60.0°, resulting 

in the generation of a comparably low value for the respective ring strain. The different bond 

angles and lengths in the case of silacyclopropane deform the ring system further and thus 

increase its ring strain energy. Another effect occurs from the polarized Siδ+-Cδ- bond, which 

facilitates nucleophilic or electrophilic attacks in the case of the heteroatomic 

silacyclopropane. In addition, the attenuated interaction of the 3p-orbital of the silicon and 

the 2p-orbial of the carbon atoms further destabilizes the silicon containing ring system. In 

accordance with the Dewar-model, cyclopropanes are stabilized through the σ-aromaticity of 

the delocalized six bonding-electrons within the ring. It is considered that this aromaticity is 

primarily responsible for the low ring-strain energy in cyclopropanes.[213–215] Due to the 

difference in orbital size and energy in the case of siliranes, this type of stabilization is less 

probable and decreases the delocalization of the contributing electrons. As a result, 

silacyclopropanes are generally less stable compounds compared to cyclopropanes, yet 

exhibit a significantly more interesting and higher reactivity.[216] This instability manifests in 

a high reactivity towards moisture or oxygen, which prohibits the handling of this compound 

class under ambient conditions in most cases.  

Initial attempts to synthesize silacyclopropanes originated from the generation of 

cyclopropanes via the Gustavson-reaction, by reacting 1,3-dihalopropane with zinc to afford 

the desired three-membered ring.[217] Unfortunately, this reactivity could not simply be 

transferred to siliranes, due to the emergence of various side and consecutive reactions. The 

first successful isolation of a stable silirane was reported by Seyferth et al. in 1972 by 

employing magnesium in a Wurtz-coupling reaction.[218]  

 

Scheme 26. Fist synthesis of a stable silacyclopropane by Seyferth et al. in 1972 via the Wurtz-coupling reaction. 

Since then, various approaches have been presented to enable alternative synthesis pathways 

for their generation. One of them is based on the photolysis of polysilanes to generate 

silylenes by irradiation with UV-light. The photo lability of the Si-Si silane bond allows 

homolytic scission thereof to afford the highly reactive low valent silylene species. This 
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concept was initially introduced by Ishikawa and Kumada 1972, by irradiating 

dodecamethylcyclohexasilane at a wavelength of 250 nm for several hours.[219] The actual 

creation of the silirane proceeds through the addition of an olefin to the respective silylene. 

This way, the isolation of diaryl substituted silylenes with 2-butene was first reported by Ando 

and Sekiguchi in 1988.[220] 

 

Scheme 27. Silane photolysis reaction to create the silirane in the presence of butene reported by Sekiguchi, as 
well as the mechanistic theory to explain the respective reaction pathway, provided by Kira et al. 

To explain the reaction mechanism, Kira et al. suggested that the photo-addition of the olefins 

proceeds over the excitation of the electronic ground state of the silylene. The respective 

singlet-ground state S1 gets excited by the energy input of the photon to reach the higher lying 

singlet state S*
1. This transient species can subsequently react with the present olefin forming 

a biradical compound, which will eventually recombine the two radicals in a ring-closure 

reaction to form the desired silacyclopropane.[221] Even though this technique provides a 

powerful tool to create siliranes, the necessity to generate highly reactive silylene species in 

the process can be critical in regards of side reactions.   

Besides the prior mention reduction of 1,3-dihalosilanes via the Wurtz-coupling reaction, the 

direct reduction at the silicon center has become comparably prominent for the generation of 

silacyclopropanes. Strong reducing agents are employed for the direct reduction of the 1,1-

dihalosilane in combination with an olefin as a trapping agent. Typical reducing agents are 

alkali metals, sodium-naphthalene, or potassium graphite.[222,223] The respective silanes are 

usually substituted by chloride or bromide, while a higher reaction rate is observed for the 

latter one, based on the better polarizability of the bromide compared to the chloride.[224] Thus, 

the correct choice of reducing agents is crucial for an effective synthesis of the desired silirane 
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and can prevent consecutive reactions or other side reactions. Based on the wide range of 

different substituted halosilanes this method bears many possibilities to create a variety of 

silacyclopropanes. The mechanism behind this reduction is believed to involve the generation 

of a silylenoide intermediate, which is considered a radical reaction process and proceeds 

through the cycloaddition of the present olefin. Boudjouk et al. were the first to present this 

hypothesis,[225] while Lee et al. later showed the synthesis of various siliranes by employing 

lithium-bromosilylenoides emphasizing this theory even further.[226] 

 

Scheme 28. Lithium based reduction of 1,1-dibromosilane through the formation of a silylenoide species.  

A different and effective concept of altering existing silacyclopropane compounds is the 

silylene-transfer reaction. The incorporated olefine can be exchanged by another olefin to 

afford a new silirane through the transient formation of the respective silylene species. This 

equilibrium reaction is dependent on the reaction conditions and the difference in stability of 

the respective siliranes. In order to initiate the reaction, the reactant silirane species has to 

be activated, which can either be done thermally, photochemically, or via metal catalysis. 

Depending on the stability of the silirane temperatures between 60 °C for hexamethylsilirane 

and 110 °C for cyclohexyl-di-tert-butylsilirane are required in order to activate them and 

release the silylene species.[223,227] Photochemical activation, on the other hand, is less 

prominent for the silylene-transfer reaction, however some examples have been reported in 

the past for the analogue reaction with alkynes to from silirenes.[223] The last, yet most utilized 

approach is the metal catalyzed silylene-transfer reaction. Thorough research has been done 

by Woerpel et al. to establish the metal catalyzed version of this reaction over the years.[228–

231] Exploiting the high ring strain in cyclohexyl-di-tert-butylsilirane and its consecutive 

lability, a variety of different di-tert-butyl substituted siliranes were accessible in high yields. 

The main advantage of this approach are the mild reaction conditions, which allows even the 

creation of thermally labile siliranes with ease. Various metal-based catalysts can be 

employed, albeit the use of copper or silver-based catalysts has shown to be most effective, 

whith fast reaction rates as well as a broad tolerance for different olefins or other trapping 

agents.[228–230] In 2004, Driver et al. proposed a reaction mechanism for the catalytic transfer 
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of cyclohexyl-di-tert-butylsilirane with styrene in the presence of AgOTf.[230] It has been 

shown that the olefine addition to the transient silylene species proceeds stereospecific, and 

results in the respective cis- or trans-product.[225] 

 

Scheme 29. Proposed mechanism of the silver-catalyzed silylene transfer reaction in the presence of styrene.  

With these synthesis methods at hand, it was possible to create a variety of silirene species, 

yet their stability still is highly dependent on the electronic and steric protection by the 

substituents. While mostly steric effects have been utilized for the isolation of the first 

siliranes by Seyferth,[218] also electronic stabilization via hyperconjugation resulted in the 

successful generation of various siliranes.[218,227] Over the time, stable siliranes containing 

different heteroatoms have been reported by Boudjouk,[225] Power,[232] Rieger,[233] or Inoue.[96] 

Usually these compounds have to be handled under protective atmospheres, however Fink,[234] 

Gaspar,[235] and Kira each reported examples of a stable silirane, withstanding ambient 

conditions.[220]  

 
Figure 14. Overview of some literature known stable and isolable silacyclopropanes.   
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In general, silacyclopropanes exhibit a strong tendency towards ring opening reactions as a 

result of the highly polarized Si-C bond and the ring strain energy. The respective attack of 

the nucleophile always proceeds at the positive polarized silicon atom and thus initializes the 

ring opening.[218] Exemplary are the reactions of siliranes with alcohols, acids, thiols, amies, 

or water, resulting in the formation of the respective ring-opening product.[236] 

 

Scheme 30. Selection of ring-opening reactions of various nucleophiles with silacyclopropanes.  

Besides the ring opening reaction, the reaction of alkynes, carbonyls, imines, or isocyanides 

results in the insertion and cycloaddition into silacyclopropanes. Employing carbonyl 

moieties in form of aldehyds, formamides, esters, or ketones affords the creation of the 

respective oxasilacyclopentane scaffold in high yields and selectivity.[237–239] 

Iminosilacyclobutanes are the product of the reaction with isocycanides at elevated 

temperatures, which can readily be transformed in the prior mentioned oxasilacyclopentane 

by hydrolysis.[240] With the help of the silylene-transfer reaction, either thermally or 

catalytically controlled, silaazaridines can be created in the presence of imines, by releasing 

the respective olefin in the process.[241] 

 

Scheme 31. Overview of different cycloaddition reactions with carbonyls, alkynes, isocyanides, and imines.  
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However, one of the most useful and broadly exploited reaction of silacyclopropanes is the 

generation of transient silylenes by the elimination of the respective olefin. This 

fragmentation can be initiated either thermally, or photochemically and provides a 

controllable access to various silylene species. Due to this fact, siliranes are considered as 

“masked silylenes”, which usually need less stabilization and can be easier synthesized. In 

most cases, the respective transient silylenes are not stabilized enough to be isolated, thus 

consecutive reactions are inevitable due to their high reactivity. As earlier described the 

silylenes can undergo various types of reactions, including different insertion reactions.[225,242] 

 

Scheme 32. Equilibrium reaction of siliranes and silylenes, with possible consecutive reactions of the transient 
silylene.  

 

2.6.3. Silacyclopropenes 

Silacyclopropenes (silirenes) belong to the class of three-membered sila-cycles as well and 

represent the unsaturated version of the prior described silacyclopropanes. Albeit their 

resemblance towards siliranes or cyclopropenes, their stability and reactivity differ 

significantly based on their unique electronic structure. Comparing the calculated C-C bond 

lengths and the respective apex bond angel C-Si-C would indicate that silacyclopropenes 

exhibit a higher degree of ring deformation and thus a higher ring strain energy.[243,244] 

However, comparably low values for the ring-strain energy (RSEsilirene = 175.5 kJ/mol) in 

silirenes suggest that these ring systems experience a significant stabilization through 

increased aromatization within the ring. The participation of the completely vacant 3d-orbital 

of the Si-atom with the two electrons at the π bonding C=C bond enable the delocalization of 

these electrons, thus affording an increased amount of aromaticity. This effect is attenuated 

in the case of Ge or Sn due to the decreased participation of the 4d or 5d-orbitals respectively. 

Whereas cyclopropene exhibits no aromatic character at all because of the sheer lack of any 

d-orbitals in the carbon atom, hence explaining the comparable high ring strain energy in the 

cyclopropene ring (222.6 kJ/mol).[243] The stabilization of silirenes is further consolidated by 

the hyperconjugation and the strong molecular orbital (MO) overlap of the C=C π-bond orbital 
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with the vacant low-lying antibonding σ*-orbital of the SiR2 fragment. Due to these effects, 

this type of stabilization is referred to as “pseudo-π” or “hyperconjugative” aromaticity in the 

literature.[194] As a consequence, silacyclopropenes are generally more stable than their 

saturated counterparts and exhibit an unusual absorption band at higher wavelengths above 

300 nm, which can be exploited for their photochemical reactivity.[196,245]  

 

Figure 15. Top: Comparison of the calculated C=C bond lengths and apex bond angels of silacyclopropanes, 
silacyclopropenes, and cyclopropenes in combination with their resulting ring strain energy (RSE).[243] Bottom: 
Depiction of the aromaticity in silacyclopropenes and their respective MO overlap.[194] 

First synthetic attempts have been reported by Volpin et al. in 1962 for the reaction of 

dimethylsilylene with diphenylacetylene,[246] however Atwell and Weyenberg later 

demonstrated the formation of a disilane as the only reaction product, not the creation of a 

silacyclopropene.[247,248] It were Conlin and Gasper, who successfully isolated the first 

literature known silacyclopropene through a gas-phase flow-pyrolysis at 600 °C by reacting 

1,2-dimethoxytetramethyldisilane with 2-butyne.[249] Seyferth et al. followed soon after with 

the thermolysis of hexamethylsilacyclopropane in the presence of bis(trimethylsilyl)-

acetylene to afford 2,3-bis(trimethylsilyl)-1,1-dimethyl-1-silacyclopropene in good 

yields.[250,251] In general, the synthesis of silacyclopropenes is based on the initial generation 

of an unstable transient silylene species, which undergoes a cycloaddition reaction with a 

present alkyne compound. Besides the thermally controlled synthesis routes, photolysis of 

cyclic and acyclic polysilanes can be exploited for this purpose as well. Photochemically 

generated silylenes react with various alkynes to afford the desired silacyclopropenes.[252,253]  

However the photo-lability of many silacyclopropenes facilitates side reactions and 
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attenuates or prevents an effective isolation of these compounds under irradiation. 

Rearrangement reactions arising from a 1,2-hydrogen or TMS shift in the three-membered 

rings are well known side reactions occurring through the irradiation of the respective 

silacyclopropenes.[253] With the first introduction of stabile silylenes in the 1990s, the 

possibility to construct silacyclopropenes on the basis of N-heterocyclic, acyclic, or 

carbocyclic silylenes allowed a controlled and facile access to generate a variety of new 

silacyclopropenes.[254–257] The exclusive generation of silirenes via the addition of silylenes to 

alkynes was expanded in the year 1977 by the photolysis of alkynyl-substituted disilanes to 

afford silacyclopropenes on a much more convenient route.[258] Since then several procedures 

have been reported for the photochemical reaction of (phenylethynyl)disilanes yielding the 

desired silacyclopropenes in high yields by utilizing a low-pressure mercury lamp.[259,260] Most 

silacyclopropenes are unstable towards air and moisture, however introduction of sufficiently 

bulky substituents at all participating atoms of the ring system leads to the formation of stable 

and comparably inert silacyclopropenes. Various examples have been reported for the 

isolation of air-stable silirenes, which can be handled without protective measures or special 

care.[245,261]  

 

Scheme 33. Overview of various synthesis methods to generate silacyclopropenes through different approaches. 
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The thermal and photochemical reactivity of silacyclopropenes is highly influenced by the 

respective substituents at the silicon and carbon atoms of the unsaturated ring system. In 

general, the thermal reactions of silacyclopropenes can be divided in five different reaction 

types. Silylene fragmentation,[245,250,251,253,261] dimerization,[262–264] insertion,[248,251,264–267] 

isomerization,[245,262] and polymerization reactions have been reported in the literature.[196,245] 

Upon thermal activation, the silacyclopropene can eliminate the respective acetylene to 

afford the in situ generated silylene again. The silylene can thus undergo various insertion or 

other reactions as prior described. Because of this behavior, silacyclopropenes are also 

referred to as masked silylenes, just like the saturated silacyclopropanes. However, σ-

dimerization reactions occur regularly through thermolysis of these compounds as well. The 

respective head to tail dimerization yields in the formation of six-membered silacycles, while 

affording side products such as smaller five- or four-membered ring systems as well. Due to 

the nature of this dimerization, only trans isomers are generated in this thermolysis indicating 

that steric control is key in this type of reaction. The reaction mechanism is believed to 

proceed through a concerted pathway, since no evidence for a homolytic scission of the Si-C 

bond could be observed. In addition, molecular orbital calculations are in accordance with this 

hypothesis.[264] 

 

Scheme 34. Thermal dimerization reaction of silacyclopropenes to afford dimeric six-membered silacycles.  

The insertion reaction of different compounds into the Si-C bond of the silirene ring is a well-

known reaction type. Most of them include one- or two-atom insertion, which can also be 

seen as ring expansion reactions in fact. A facile one-atom insertion occurs from the reaction 

of silacyclopropenes with silylenes to afford the respective 1,2-disialcyclobutene. Seyferth 

and Atwell have reported a variety of silylene based insertion reactions under thermolytic 

conditions.[266,268] Prominent two-atom insertions include the reaction of silirenes with 

alkynes or related compounds containing triple bonds. While the one-atom insertion results 

in the formation of a silacyclobutene ring, this two-atom insertion generates the respective 

silacycopentadiene as a product. Since the thermolysis of silirenes can yield the silylene and 

acetylene fragmentation respectively, this type of insertion reactions usually occurs as side 
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reaction upon thermolysis conditions.[260,263] Another two-atom insertion reaction is based on 

reactivity of silirenes with aldehydes and ketones, in which the carbonyl C=O bond gets 

inserted into the ring system. For instance, Seyferth et al. reported the reaction of dimethyl-

bistrimethylsilyl-silacyclopropene with benzaldehyde to afford the respective 1-oxa-2-

silacyclopent-3-ene in high yields at room temperature.[268] 

 

Scheme 35. Insertion reactions of silacyclopropenes via one- and two-atom insertion. One-atom insertions 
proceed via the reaction with silylenes, while two-atom insertions occur in combination with alkynes or aldehydes.  

The photochemical behavior of silacyclopropenes depends strongly on the type of substituent 

attached to the silacycles. In general, silirenes containing a hydrogen on one of the 

participating carbon atoms originate from the photolysis reaction of an ethynyldisilane and 

are in most cases thermally as well as photochemically labile. In the presence of a trapping 

agent like methanol, a consecutive ring-opening reaction occurs without the possibility to 

isolate any intermediate compounds. In the absence of methanol as a trapping agent, 

undefined polymerization or rearrangement reactions can be observed. The latter reaction 

can be understood as a 1,2-hydrogen shift to afford the respective ethynyl-hydrosilane.[260] 

Similar rearrangement reactions were also reported through the migration of silyl-based 

substituents, like trimethylsilyl, to generate the respective ethynyl-disilanes via the 1,2-shift 

of these silyl-substituents from the carbon to the silicon atom.[269] However, 2,3-disubstituted 

silirenes bearing no hydrogen or silyl-moieties undergo selective fragmentation under 
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irradiation to generate the silylene species in combination with the respective acetylene. This 

type of reaction can be readily exploited for the selective and controlled generation of 

silylenes, due to the nature of silirenes as masked silylenes. In general, hydrogen and silyl-

substituted silacyclopropenes can perform this type of fragmentation as well, however the 

respective rearrangement cannot be prevented and the effective formation of the silylene 

species remains compromised.[269] In contrast to the saturated silacyclopropanes, the photo-

lability of the silacyclopropenes arising from the aromatic nature of this type of compound, 

bears great potential to be utilized for photochemical reactions and light-controlled 

applications.  

 

Scheme 36. Overview of differently substituted silacyclopropenes and their different behavior upon irradiation. 
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3. Motivation and Aim – Innovative Curing of Polysiloxanes 

 

The industrial importance of silicones is emphasized by their outstanding physical and 

chemical properties, yielding in numerous applications for a variety of different industries. 

Silicone-based elastomers have become the most relevant segment within the polysiloxane 

industry. While silicones are used as fluids, gels, or resins, the segment of cured elastomers 

led the global silicone market with a share of more than 41% in 2020.[4] However, conventional 

curing strategies primarily proceed through hydrosilylation or condensation by employing 

metal catalysts based on tin or platinum, which become non-recoverable in the polymer 

networks. For instance, this results in the waste of 4-6 tons of pure platinum each year, solely 

attributed to the hydrosilylation curing process.[270] Disadvantages of the respective 

condensation curing include the elimination of small and volatile compounds, such as 

alcohols or carboxylic acids, resulting in a mass loss and shrinkage of the final material. 

With regard to the resulting environmental, social, and financial challenges arising from the 

continuous utilization of these conventional processes, development of innovative and more 

sustainable methods for the crosslinking of polysiloxanes are the main focus of this work. By 

excluding metal catalysts or additives in the curing process, the environmental impact and 

financial expenses can be effectively reduced, while preventing to deterioration of the final 

elastomer properties through contamination.  

The fundamental idea to eliminate metal catalysts in the curing process is to replace these 

catalysts with highly active crosslinker-molecules. These should be able to connect the 

functional groups present on the polysiloxane-chains thus forming a polymer network and 

the desired silicone rubber. By this process the crosslinker will be introduced into the silicone 

and will be a part of the final rubber itself, thus it would be desirable to keep contamination 

and implementation of foreign heteroelements by addition of these crosslinkers low. A 

suitable candidate to achieve this task is the general motif of the low valent Si(II) species, the 

silylenes. In general, silylenes are difficult to isolate and have to be stabilized kinetically or 

thermodynamically. At the same time, this instability renders silylenes a very reactive species 

which are known to react with various moieties. 
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Scheme 37. Conceptional crosslinking method based on the application of silylenes with functionalized silicones. 

To create an effective crosslinker compound it is crucial to combine at least three active 

silylene functionalities on one scaffold. Each silylene reacts with the functional group of 

individual silicone-chains, thus generating the desired silicone network. Furthermore, due to 

the chemical composition of the silylene-motif itself, the introduction of foreign elements in 

the polysiloxane matrix can be prevented. This way, the consistency of the final silicone 

rubber will be maintained and contamination is reduced to a minimum. Consequently, the 

backbone of the silylene based crosslinker scaffold will be composed of a silicone-based 

structure to further ensure this homogeneity.  

 
Scheme 38. Protecting of the silylene through silacyclopropane precursor structures, gaining synthesis and 
application control.  

The high reactivity of the silylene is key to obtain fast and efficient crosslinking reactions. 

However, the silylene instability under ambient conditions complicates the direct isolation 

and usage of these structures. Three-membered silacycles act as masked silylenes and 

represent stable precursors, which can readily be employed for this type of usage. This way, 

the crosslinkers can be isolated and stored without decomposition, allowing facile one 

component curing mixtures. The silacyclopropane moiety allows thermal (ΔT), while the 

silacyclopropene moiety enables photochemical (hv) activation to form the respective 

transient silylene. This way control over the synthesis and crosslinking process will be 

obtained. The final step in the project is the usage and application of the synthesized 

crosslinker molecules with various types of polysiloxanes and their respective functional 

groups. The curing process itself as well as the resulting silicon rubbers will be investigated 

to gain insights into the reaction and to assess the network formation potential compared to 

the established metal catalyzed curing processes. 



Silacyclopropanes as Crosslinker in Thermal Silicone Curing 
__________________________________________________________________________________
   

54 
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Figure 16. Table of Content for the manuscript titled “Application of multifunctional silylenes and siliranes as 
universal crosslinkers for metal-free curing of silicones” 
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4.3. Content 

Conventional industrial crosslinking of silicones is usually done by the well-established tin-

catalysed condensation, platinum-catalysed addition, or peroxide curing. The choice of the 

appropriate crosslinking method is always a trade of individual advantages and disadvantages. 

The introduction of new crosslinking methods for silicone rubbers allows to combine their 

beneficial attributes, while reducing drawbacks with the help of highly reactive silylenes and 

silacyclopropanes. These new crosslinking methods are not dependent on non-recoverable 

Pt- or toxic Sn-catalysts and enable the production of clean polysiloxane elastomers. The 

reactive silylene species is generated by thermal decomposition of stable silirane precursors 

and reacts with various functionalities of silicone building blocks. This way, curing of hydride 

or hydroxy functionalized PDMS is possible through silylene insertion reactions into the 

respective moieties. Due to the nature and stability of the synthesized silirane linker 

structures, a thermally controlled activation allows the preparation of stable one-component 

mixtures and their direct application. Alternatively, polymeric multifunctional silirane linkers 

can be ring-opened by nucleophilic compounds like siloxanols, facilitating an alternative 

curing with standard nucleophilic siloxanes. The utilization of curing temperatures below the 

silylene-activation facilitates this second crosslinking pathway. By combining these two 

related concepts, most functional groups in siloxane chemistry can be crosslinked with just 

one universal cross-linking agent. Considering the growing importance of green chemistry 

and sustainable solutions, the renouncement of non-recoverable noble or toxic metals (Pt/Sn) 

is a seminal improvement which could become a relevant resource-saver. Silylenes play a big 

role in organometallic chemistry but unlike their carbon analogues (carbenes) only very few 

applications have been reported so far. The herein described alternative crosslinking method 

acts as basic concept of silirane crosslinking, including the synthesis of the multifunctional 

siliranes as model compounds and their application. To our knowledge this is the first 

application of silylenes in the field of applied polymer chemistry and comes with a broad 

spectrum of advantageous characteristics, which are ready to be utilized.  
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Figure 17. Table of content for the manuscript titled “Modular silacyclopropenes: synthesis and application for 
Si–H containing substrate functionalization” 
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5.3. Content 

Silacyclopropenes are known since the early 1970s and can be considered as stable precursors 

for transient silylenes. To this day, applications of these compounds remain scarce beyond 

the world of organosilicon chemistry. Disadvantages are their complex synthetic accessibility 

and their limitation as monofunctional compounds. Consequently, there is no particular use 

for silacyclopropenes in other academic or industrial fields at the moment. To address these 

challenges, a novel concept of “modular” silacyclopropenes as building blocks was reported 

which can simply be attached to various Si-H containing substrates. A facile synthetic access 

for these modular compounds was described to create a variety of different substrates, ranging 

from small molecules to siloxane polymers. This way introduction of multifunctional 

silacyclopropenes will be feasible without synthetic complications since the coupling reaction 

is performed via hydrosilylation reaction with common and widely applied catalysts. The 

described method renders the class of silacyclopropenes applicable for various fields including 

surface or nanomaterial modification as well as a source for multifunctional transient 

silylenes. These findings demonstrate the first creation of higher-functional 

silacyclopropenes and hence could enable this compound class for a broad spectrum of 

applications. In the context of the superior purpose of this thesis to develop new and 

alternative curing concepts for silicone rubbers, the synthesis of higher multifunctional 

silirene compounds was a key prerequisite to facilitate the creation of silirene based linker 

scaffolds. The complex synthesis of this compound class prohibited the generation of higher 

functional scaffolds via the established synthesis procedures. The reduced reactivity and 

stability with an increasing number of silirene-moieties per linker molecule results in longer 

reaction times and higher ratios of side reactions. The introduction of the modular silirenes 

provides a facile synthesis procedure by creating the silacyclopropene moiety in the beginning 

as a monofunctional unite, thus eliminating the prior described disadvantages. This reactive 

silirene unit can then be grafted on a hydroxy functionalized PDMS to afford the desired 

polymeric linker structure. The presented technique could be applied for a diverse 

introduction of silacyclopropenes on different types of substrates or surfaces, extending 

towards other fields of application than just PDMS crosslinking.    
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6.3. Content 

The concept of multifunctional silacyclopropenes as photo-active linker scaffolds for PDMS 

curing was introduced. Silirenes display characteristic absorption bands in the near ultraviolet 

regions, due to their ”pseudo-π” aromatic ring-system. This property is crucial, because 

although polysiloxanes exhibit an excellent transmittance in the visible and near-ultraviolet 

light spectrum, the absorbance of the polymer at wavelengths shorter than 280 nm increases 

significantly. Thus, all photo-based curing efforts below this limit are considered improbable, 

including the utilization of silirane based linker scaffolds for such purposes. To establish a 

fundamental understanding of this compound class, the general reactivity of various 

monofunctional silirenes towards different substrates under UV-irradiation was investigated. 

For this purpose, different di-tert-butyl substituted silirenes were synthesized and examined 

for their photo reactivity towards insertion reactions with common PDMS functionalities, 

including silanes (Si-H), silanoles (Si-OH), and vinylsilanes (Si-C=C). As a main challenge, the 

occurrence of an undesired side product, originating from a light-induced rearrangement 

reaction, could be observed. Attenuation of the respective side reaction ratio could be 

achieved through low-temperature control or variation of the chemical structure. It could be 

shown that with decreasing reaction temperatures the yield of the desired insertion reaction 

could be improved to higher yields (up to 90 %). As a result, the reaction time and 

consequently the curing duration increase significantly. The alteration of the chemical 

configuration of the silirene itself allowed better product ratios without the disadvantage of 

gaining longer reaction times. This way, the most suitable silirene candidates could be 

identified which met the necessary reactivity and crosslinking criteria. The subsequent 

synthesis of multifunctional silirene linkers based on these candidates was accessible via the 

prior discussed technique of modular silirenes. Final curing of functionalized PDMS provides 

the general proof of concept for this alternative curing system by employing the synthesized 

linker scaffolds based on the most suitable silirenes. The described method renders this class 

of crosslinker scaffolds applicable for a variety of differently functionalized polysiloxanes. 

These findings demonstrate the many possibilities of light controlled curing and its potential 

as a metal- and additive-free alternative to the conventional methods. In addition to the prior 

discussed silirane curing of chapter 4, this concept represents an even more gentle 

crosslinking method, suitable for thermo-sensitive applications as well.   
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7. Summary and Prospects 

Throughout this work, alternative curing concepts in the context of metal-free and additive-

free crosslinking of functionalized polysiloxanes have been investigated. Industrial curing of 

silicones is based on hydrosilylation, condensation or radical curing reactions. Albeit their 

effectiveness and advantages, each of these methods suffers from specific drawbacks, like 

rubber shrinkage, occurrence of side reactions or metal contamination of the final product. In 

regards of these problems, alternative curing methods have been developed on the basis of 

three-membered silacycles and their respective transient silylene species. The chemical motif 

of silylenes was chosen to avoid introducing additional heteroatoms into the silicone matrix 

and possibly deteriorating the final elastomer properties, while obtaining a highly reactive 

and fast curing agent, which can compete with conventional methods. As a first concept the 

thermally induced curing with multifunctional silacyclopropanes has been introduced. These 

organosilicon compounds function as crosslinker agents and can be utilized via two different 

reaction pathways. The silirane based linker scaffolds can directly be employed with hydroxy 

terminated polysiloxanes to afford the desired elastomer through a ring opening reaction of 

the silacycles with the hydroxy functionality. A second reaction pathway is facilitated by the 

thermal activation of these linker agents to generate the respective transient silylene species. 

Above the activation temperature of approximately 120 °C the silirane undergoes a 

fragmentation and transforms into the respective silylene. Thus, enabling the silylene linker 

to perform insertion reactions into hydride, hydroxy and alkoxy functionalized polysiloxanes. 

While the silirane linker compounds are stable at room temperature and can be pre-combined  

with the silicone material to afford a one-component curing mixture, the curing duration can 

be controlled and accelerated through an increase in temperature.[271]   

 
Scheme 39. Alternative concepts based on silirane or silirene containing linker scaffolds for PDMS crosslinking. 
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To further broaden the scope of application, an additional curing concept has been developed 

by exploiting the photo activity of the unsaturated silacyclopropene moieties. Initial 

investigations on small monofunctional silirenes in a model study provided evidence for the 

photo lability and reactivity with common polysiloxane functionalities, including silanols, 

hydrosilanes, and vinylsilanes. Substitution of the 3-membered ring-system allowed effective 

tunability towards the required absorption properties. Due to the absorption of the silicone 

matrix the respective activation wavelength for the silirene had to be above 300 nm to be 

effectively exploited. Undesired rearrangement reactions through the photo-activation could 

be attenuated by minimizing silyl-substitution or reduction of the reaction temperature. 

Multifunctional silirene linker scaffolds were successfully obtained either via the silylene 

transfer reaction or utilization of modular silirenes. Bifunctional and tetrafunctional linkers 

were unable to create any silicone elastomers due to the reduced reaction selectivity caused 

by the formation of the rearrangement product. Polymeric crosslinkers compensate this issue 

by introducing a higher number of silirenes per linker-scaffold, and finally enables a light-

mediated curing of silicones. Curing of hydroxy, hydride, or vinyl functionalized polysiloxanes 

allows a versatile application for common silicone moieties used in industry. These results 

provide the proof of concept for a light controlled, metal- and additive-free curing process 

through multifunctional silirenes. Additionally, a major advantage is the broad applicability 

of the silirene linkers towards different PDMS functionalities. In summary, these features 

result in a genuine alternative to the conventional catalyst or heat-based curing methods.[269]  

Regarding the synthesis of silirene linkers based on polymeric silicone structures, a new 

technique to afford higher functional silirenes was developed, overcoming the limiting scope 

of conventional synthesis procedures. The synthesis of silirenes and siliranes is a complex and 

delicate reaction sequence, prone to overreduction and various types of side reactions. With 

an increasing number of silirene moieties accumulating on one molecule or linker structure, 

this synthesis step becomes more and more intricate, eventually prohibiting the synthesis of 

highly functionalized silirenes entirely. By introducing monofunctional silirenes as modular 

building blocks, an access is provided to create higher functional silirene substrates. The 

covalent bonding of these modular units was afforded through a hydrosilylation reaction of 

the vinyl containing silirene unit with a Si-H containing material. Thus, the implementation 

of silirenes onto hydride functionalized PDMS via this facile grafting method allowed the 

generation of the desired polysiloxane based high functional silirene linker scaffolds.[272]  
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In conclusion, several new curing concepts to create polysiloxane elastomers have 

successfully been addressed. Thus, alternative and more sustainable possibilities have been 

demonstrated for silicone crosslinking, without the use of metal catalysis or hazardous 

additives. On the basis of three-membered silacycles and their respective transient silylene 

species both a thermal, as well as a photochemical curing process could be realized. Major 

advantages besides the metal omission and the consequent resource conservation, are the 

wide scope of applicable silicone functionalities, the controllable activation for various use 

cases and the possibility to create one component crosslinking mixtures. However, the 

reported concepts serve as an initial proof of concept for this type of curing and are a first step 

towards innovative curing methods. Nevertheless, additional research would help to better 

assess the potential of these concept in larger scales or industrial applications. The impact of 

this research will help to challenge the described economic and environmental issues and will 

directly contribute to the vision for more sustainable polymer materials and their production.  
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