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Zusammenfassung 

Silikone finden zunehmend Anwendung in optischen Materialien, wie zum Beispiel als 

Verkapselungsmaterial für Leuchtdioden (LEDs) oder als Kontaktlinsen in Form von 

Silikon-Hydrogel. Trotz einer hohen Transparenz, sowie exzellenter chemischer und 

thermischer Stabilität limitiert ein niedriger Brechungsindex ihre Anwendung. Im ersten 

Teil der vorliegenden Dissertation wurden daher neuartige polycyclische aromatische 

Dialkoxysilane verwendet, um deren Einfluss auf den Brechungsindex der mittels 

Hydrolyse und Kondensation erhaltenen Silikonharze zu untersuchen. Hierbei konnte 

eine deutliche Erhöhung des Brechungsindex, hohe thermische Stabilität und 

Transparenz, jedoch auch ein Verflüssigen bei hohen Temperaturen beobachtet werden. 

Im zweiten Teil dieser Arbeit wurde daher das zuvor erfolgversprechendste Silikonharz 

auf verschiedene Arten nachvernetzt. Das bei zwei Silikonen auf diese Art deutlich besser 

ins Netzwerk eingebaute polycyclische Dialkoxysilan verhindert ein Verflüssigen bei 

hohen Temperaturen und ermöglicht somit einen Einsatz in 

Hochtemperaturanwendungen. Zuletzt wurden sogenannte „polyhedral oligomeric 

silsesquioxanes“ (POSS) mit den bereits zuvor verwendeten polycyclischen 

aromatischen Gruppen mittels Tetrabutylammoniumfluorid (TBAF) oder KOH hergestellt. 

Bei allen Ansätzen konnten POSS-Systeme erhalten, jedoch nur der T8-POSS mit 

1-Naphthylgruppen an allen Ecken rein hergestellt und mittels Kristallstruktur bestätigt 

werden. 
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Abstract 

Silicones are becoming increasingly popular in optical materials, for example as 

encapsulation material for light-emitting diodes (LEDs) or as contact lenses in the form 

of silicone hydrogel. Despite their high transparency and excellent chemical and thermal 

stability, a low refractive index limits their application. In the first part of this dissertation, 

novel polycyclic aromatic dialkoxysilanes were therefore used to investigate their 

influence on the refractive index of silicone resins obtained by hydrolysis and 

condensation. A significant increase in the refractive index, high thermal stability and 

transparency, but also liquefaction at high temperatures were observed. In the second 

part of this work, the previously most promising silicone resin was therefore post-cross-

linked in various ways. The polycyclic dialkoxysilane, which is now much better 

integrated into the network in two of the silicones, prevents liquefaction at high 

temperatures and thus enables use in high-temperature applications. Finally, so-called 

‘polyhedral oligomeric silsesquioxanes’ (POSS) containing the previously used polycyclic 

aromatic groups were prepared using tetrabutylammonium fluoride (TBAF) or KOH. POSS 

systems could be obtained in all approaches, but only the T8-POSS with 1-naphthyl 

groups at all corners could be produced purely and was confirmed by means of crystal 

structure. 
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1 Theoretical Background 

1.1 General Overview of Silicones 

Siloxanes are also known by the term “silicone” which was introduced by Frederick S. 

Kipping at the beginning of the 20th century.1 In 1904 he prepared organosilicon 

compounds by using the Grignard reaction and discovered that the condensation of 

silanols leads to siloxanes and polysiloxanes. He thought of these substances as carbon 

analogues or “silicones” doubting they would play a major part in future developments 

due to their limited variety and inertness. In addition, he did not assign great importance 

to the investigation of silanols due to their low stability.2 In the 1930s James F. Hyde 

produced silicone resins for impregnating and coating glass building on Kipping’s work.3,4  

In 1941 and 1942, Eugene Rochow5 and Richard Müller6 independently developed a 

method for the production of methylchlorosilanes in the United States and Germany, 

respectively. These methylchlorosilanes are the starting compounds for silicone 

synthesis.7 

For a long time it was an exclusively American industry and only started to flourish in 

Germany and England after the second world war.8 The growing interest in this field can 

best be seen in the increasing demand for siloxane products over the years as more than 

150.000 applications had been registered until 2015.7 The amount of siloxanes produced 

rose from 2 million tons to 7.4 million tons between 2002 and 2017 with only a slight 

decline in 2019 to 6.75 million tons.9–11 Large manufacturers of siloxanes for example 

include Wacker Chemie (Germany), Dow Corning (USA), Shin-Etsu Chemical (Japan), 

Evonik Industries (Germany), and many more.7 

Siloxanes are widely used by adults, children, and infants as about 50% of skin care 

products contain at least one type of silicone. Since they differ in particle size, molecular 

weight, shape and physico-chemical properties, there is a discussion on their effect on 

safety and risk of application.7 Therefore, the Committee for Socio-economic Analysis 

(SEAC) of the European Chemicals Agency (ECHA) agreed to various restrictions 

regarding the use of octamethylcyclotetrasiloxane (D4) and 

decamethylcyclopentasiloxane (D5) in 2016 as well as adding those substances to the list 

of Substances of Very High Concern (SVHCs) in 2018.10 
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Silicones are used in optoelectronic and optical applications, for example, due to their 

high flexibility, good film-forming ability and optical transparency. These include organic 

light emitting diodes (OLEDs), organic photovoltaic devices and elastic optoelectronic 

devices, as they are required for biomedical, mountable and wearable applications. 

Linear silicones such as polydimethylsiloxane (PDMS) show high optical transparency 

and a homogeneous morphology, while cross-linked systems display high elongation at 

break, tensile strength and Young's modulus.12 

Their flexibility, elasticity and high biocompatibility also make them interesting for optical 

fibre coatings,13 while their low viscosity, stress-relieving properties and heat resistance 

are useful in light guides.14 Other applications include lenses,15 optical fibres,16 optical 

diffusers,17 optical adhesives18 and optical sensors.19 
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1.2 Binding Theory and Characteristics in Silicones 

Silicones are hybrid organic-inorganic polymers with a backbone of alternating silicon 

and oxygen atoms and can be linear or branched (Figure 1).20 Their widespread use is due 

to their positive characteristics like thermal stability, electronically inertness, high 

dielectric constants and low toxicity,21 as well as their chemical stability, flexibility, self-

healing abilities, high thermal insulation22,23 and their tensile strength which among 

others is related to the degree of condensation.24  

 

Figure 1: Different silicone structures, a) linear, b) branched, c) distinct branches. 

 

Some of the properties of silicones can be attributed to the special characteristics of the 

Si-O bond. The Si-O bond length (1.64 Å) is longer than the C-C bond length (1.53 Å) which 

is caused by the larger atomic radius of the silicon atom (1.17 Å) compared to the carbon 

atom (0.77 Å). Furthermore, the bond angle of the Si-O-Si bond is wider than that of the 

C-O-C bond which is caused by the partial double bond character of the Si-O-Si bond 

compared to the sp3 hybridized C-O-C bond. A result of this larger bond angle is a lower 

energy barrier for the rotation of the organic groups on the silicon atom and therefore a 

higher flexibility of the silicone backbone.25,26 Hydroxyl-terminated polydimethylsiloxane 

(HTPDMS) for example has a Si-O-Si bond angle of 143 ° which is much larger than the 

tetrahedral bond angle of 110 °.27 Furthermore, the Si-O bond shows a substantial ionic 

character (~40 %), leading to its shortening compared to theoretical values.26 The ionic 

character is caused by the high difference in electronegativity between the silicon atom 

(ENSi = 1.7) and the oxygen atom (ENO = 3.5) compared to the carbon atom for example 

(ENC = 2.5). This high polarity of the Si-O bond together with the high electron density at 

the oxygen atom ensures better π-backbonding of oxygen to the silicon. Furthermore, the 

backbonding into σ*(Si-R) orbitals causes a competition between electron donation 
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towards electrophiles and Si-O bond stabilization, which lowers the basicity and also 

weakens the Si-C bonds.26,28 In addition, the Si-O and Si-O-Si bond show a much higher 

bond dissociation energy (460 kJ mol−1 and 422 kJ mol-1) compared to the C-O bond 

(345 kJ mol−1) which results in high thermal stability.25,26 This stability can be further 

increased by incorporating phenyl groups, as these are not only more difficult to oxidize 

than methyl groups, for example, but also cause a steric hindrance that makes it more 

difficult to degrade the Si-O bond.29 Epoxy resins for example, which contain C-C as well 

as C-O bonds, show good optical transparency and low gas permeability but have low 

refractive indices and undergo heat-induced yellowing. Silicones on the other hand 

provide excellent thermal stability against said yellowing, therefore replacing epoxides 

for example as LED encapsulation materials.30,31 

Most properties of silicones can be modified via the organic groups, such as phenyl 

groups for example, which are very frequently used. In polymethyl phenyl siloxane 

(PMPS), the amount of phenyl groups increases the dielectric constant or electrical 

breakdown strength and diphenyl silicone elastomers show better radiation resistance 

and thermal stability than dimethyl silicone elastomers.32,33 The phenyl groups increase 

the monomeric friction,34 the refractive index35 and, as the comparison of polydiphenyl 

siloxanes with polydimethyl siloxanes shows, can cause an increase in the 

decomposition temperature.36 

An important part of silicones are their functional groups at the end of the chains which 

determine their use as they change their characteristics. Alkyl-terminated PDMS can for 

example can be used as lubricant due to local changes in surface energy.37 PDMS 

terminated with groups like hydroxy, alkoxy, hydrido and vinyl groups is called 

“telechelic”. Telechelic hereby describes polymers which can further polymerize or 

undergo polymer-like reactions due to their reactive chain ends. This changes the 

structure of the polymer while its degree of polymerization is not changed. These 

end-groups originate from initiators or terminating agents, not from the used monomers. 

If the polymers have the same reactive groups at both chain ends, they are called 

homotelechelic, if they have different groups at each chain end, they are called 

heterotelechelic.11 
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1.3 Synthesis of Monomers 

1.3.1 Organochlorosilanes 

Up to this day organochlorosilanes are mainly produced on an industrial scale by the 

already mentioned Müller–Rochow process, which was developed independently by E. 

Rochow5,38 and R. Müller6 in the early 1940s. In this copper catalyzed process elementary 

silicon is reacted with chloroalkanes in fluidized bed reactors leading mainly to hydrido-, 

methyl-, ethyl- and phenylchlorosilanes. When producing methylchlorosilanes by the 

Müller–Rochow process (Scheme 1) the main reaction (a) leads to 

dimethyldichlorosilane as the main product, as well as other methylchlorosilanes (b and 

c) and hydride-containing silanes (e) as side products, the latter of which are important 

raw materials for hydrosilylation reactions.11,39,40 Furthermore, organochlorosilanes can 

be produced by using Grignard reactions, hydrosilylation or radical additions.41–44  

 

 

Scheme 1: Müller-Rochow process for the preparation of methylchlorosilanes. 
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Trialkylchlorosilanes with large alkyl groups, such as isopropyl groups, can be used as 

protecting groups and can be prepared by chlorination of alkoxysilanes, silanols or 

hydrosilanes (Scheme 2).45 

 

Scheme 2: Synthesis of triisopropylchlorosilane from a) triisopropylmethoxysilane,  
b) triisopropylhydroxysilane, c) triisopropylsilane.  

 

Other reactions include, for example, the synthesis of tetrachlorosilane from 

tetramethoxysilane by adding hydrochloric acid, acetonitrile and various catalysts such 

as LiCl, ZnCl2, FeCl3 and hexamethylphosphoramide (HMPA)46 or the more specialized 

preparation of chlorosilanes from fluoroalkylsilanes.47 

If protic compounds such as water are present, organochlorosilanes can hydrolyze, 

which can be used to synthesize polymeric silicones with cyclic or linear structures, for 

example.48–50  

 

1.3.2 Alkoxysilanes 

In a similar way to chlorosilanes, E. Rochow also developed a process to produce 

tetramethoxysilane from silicon and methanol using a copper catalyst (Scheme 3).51,52 

 

Scheme 3: Synthesis of tetramethoxysilane from methanol and silicon. 
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As in the production process for chlorosilanes, some side reactions can also occur here, 

some of which can lead to the formation of water and thus to hydrolysis and 

condensation of the previously formed products.53 

Another possibility for their synthesis is the conversion of chlorosilanes into 

alkoxysilanes using alcohols in the presence of bases such as pyridine or a tertiary amine 

(Scheme 4). This reaction can also be used to protect alcohols.54 

 

 

Scheme 4: Reaction of a silicon halide with an alcohol to form a Si-O bond, used to synthesize a new 
silane or to protect an alcohol.  

 

Tetraalkoxysilanes can also be produced by direct syntheses starting from SiO2.55 

Base-catalyzed reactions with diols (Scheme 5, a),56 alcohols (Scheme 5, b)57 or dialkyl 

carbonates (Scheme 5, c) are used for this purpose.58 

 

Scheme 5: Syntheses of tetraalkoxysilanes from SiO2 and a) diols, b), alcohols and c) dialkyl carbonates. 
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Another method to form Si-O bonds is dehydrogenative coupling, a one-step and atom 

economical approach also known as dehydrogenative silylation.59,60  

Furthermore, compounds that have a double bonded silicon, such as silenes and 

disilenes, can react with alcohols and water via a nucleophilic addition to form silanols 

and alkoxysilanes, respectively.61–63  

Another special case is the synthesis of alkoxysilanes using mechanochemistry, which 

has increased in recent years. This involves grinding silicon with alcohols and using 

various metals like copper (Scheme 6).64,65 

 

Scheme 6: Mechanochemical synthesis of alkoxysilanes using different metals as catalysts.  

 

1.3.3 Grignard Reaction 

The Grignard reaction was discovered by Victor Grignard in 1900.66,67 This reaction is 

mainly used to form carbon-carbon bonds between an organomagnesium species, the 

so-called Grignard reagent, and an electrophilic substrate and can be applied to a wide 

variety of compounds.67 

However, the Mg/Br exchange is quite slow and therefore requires high temperatures, 

which are incompatible with many functional groups and can lead to unwanted by-

products in the case of electron-rich aromatic bromides. A further development of the 

classic Grignard reaction is therefore the use of the so-called turbo Grignard reagent 

(iPrMgCl*LiCl), which accelerates the Mg/Br exchange considerably (Scheme 7).68,69  
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Scheme 7: Turbo-Grignard reaction, utilizing the increased reactivity of iPrMgCl*LiCl compared to 
magnesium. Adapted from reference [68]. 

 

By utilizing reagents of this type, it is also possible to convert chlorosilanes into other 

chlorosilanes using Grignard coupling and HCl (Scheme 8).45  

 

Scheme 8: Grignard coupling reaction to modify chlorosilanes. 

 

The Grignard reaction can also be used to prepare silanes like trimethoxy-

(1-naphthyl)silane (Scheme 9, a) or trichloro-(1-naphthyl)silane (Scheme 9, b) of which 

the former was also used in this work.70,71 As the silicon-chlorine bond is very reactive, 

chlorosilanes can easily be hydrolyzed by moisture, resulting in gaseous hydrochloric 

acid, which is toxic and poses a health and safety risk. As this not only decomposes 

alcohols, but also leads to condensation, a Lewis base must also be used as an acid 

scavenger.72–74 

 

Scheme 9: Synthesis of a) trimethoxy-(1-naphthyl)silane and b) trichloro-(1-naphthyl)silane using a 
Grignard reaction.
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In addition to the example just shown, numerous other alkoxy- and chlorosilanes were 

produced utilizing Grignard reactions (Figure 2).70,75–77  

 

Figure 2: Exemplary structures of alkoxysilanes and chlorosilanes. 

 

1.4 Synthesis of Silicones via Hydrolysis and Condensation 

Silicones are usually produced from chlorosilanes or alkoxysilanes by means of a 

polycondensation reaction. As they are used in this work, the hydrolysis and 

condensation of alkoxysilanes, which can be acid- or base-catalyzed, is discussed in 

more detail below. In both acid-catalyzed reactions (Scheme 10, a), the alkoxy group 

(hydrolysis) or hydroxyl group (condensation) is first protonated, followed by a 

nucleophilic attack by water or another silanol. Hydrolysis hereby produces a silanol, 

while condensation results in a Si-O-Si bond. In the base-catalyzed reaction (Scheme 10, 

b), a nucleophilic attack of OH- (hydrolysis) or Si-O- (condensation) takes place with the 

formation of a 5-fold coordinated intermediate with subsequent elimination of OH- or 

OR-. The relative reaction rates of both reactions are pH dependent. For example, while 

hydrolysis for Si(OR)4 is slowest at approx. pH 7, this is the case for the condensation 

reaction at approx. pH 4.5. 78,79 
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Scheme 10: Synthesis of silicones via hydrolysis and condensation, a) acid catalyzed, b) base catalyzed. 

 

The silanols produced during hydrolysis can react with alkoxysilanes, which is why 

hydrolysis and condensation cannot be separated from each other.80 The reaction rate of 

the alkoxy group herby is determined by the chain length of the alkoxide, decreasing with 

longer chains.81 Furthermore, the ratio of alkoxysilane, water and the corresponding 

alcohol influences the behavior of the solutions.82,83 If an acid catalyst is used, the first 



Theoretical Background  Hydrolysis and Condensation 

 

12 

 

hydrolysis will increase the difficulty of any subsequent hydrolysis at the same silicon 

atom favoring linear silicones while a base catalyst facilitates the subsequent hydrolysis 

on the same silicon atom leading to branched structures.84 Furthermore, the substituents 

on the silicon atom also play an important role. In an acid catalyzed reaction, the 

nucleophilic attack of water on the silicon atom is the rate determining step which occurs 

via an SN2 mechanism.80,85 Here, silicon compounds with methyl instead of methoxy 

groups react faster, as these have a +I-effect. The opposite is true for basic catalysis, 

where a high electron density reduces the reaction rate. When different groups are 

compared in this process, those with less steric hindrance react faster.81,86,87 

Hydrolysis and condensation can be observed by liquid NMR, as has been done for 

example with tetraethoxysilane (TEOS) using 1H NMR (Figure 3).88 The methylene moiety 

of the ethoxy group causes a quartet which shifts slightly downfield because of the 

hydrolysis and even further depending on the degree of condensation as it was observed 

for methyltrimethoxysilane.89 The Si-OH moiety of the silanol formed during the hydrolysis 

can be difficult to detect because of their fast exchange with water or a quickly occurring 

condensation. In this case the decreasing methoxy signal of the alkoxysilane or the 

corresponding alcohol which is formed can be studied.90 It is also possible to detect 

monohydrolyzed or higher hydrolyzed species. Nevertheless, it is still possible to see and 

integrate the Si-OH signals if, for example, a condensation of silanols is carried out 

without solvent.91 

Furthermore, it is possible to see and quantify the organic groups present on the silicon 

atom in addition to the alkoxy groups. The former can be used to determine the 

composition of the final polymer,92 while the latter is suitable for obtaining an impression 

of the progress of the hydrolysis.93,94 

Another commonly used application for 1H NMR spectroscopy is the reaction control of 

hydrosilylation reactions. The quantification of the hydrogen atoms and vinyl groups used 

for cross-linking allows a statement on how far the reaction has progressed.95–98 
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Figure 3: 1H NMR of the methylene moiety of the ethoxy group during hydrolysis and condensation of 
TEOS. Reproduced with permission from Springer Nature.99 
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1.5 Different Types of Silicones 

The hydrolysis and polycondensation of di-, tri- and tetrafunctional silanes leads to the 

formation of three-dimensional silicones and silsesquioxanes which include linear, 

cyclic, and ladder-like structures, as well as cages and partial cages (Figure 4) and 

influence the characteristics of the final polymer.28,100  

 

Figure 4: Possible structures of silicones after polycondensation of di-, tri- and tetrafunctional silanes. 
Adapted from reference [99].  

 

In general, silicones can be found in many different applications which include anti-

foaming agents, lubricants, cosmetics, and coatings,101 as well as in the construction 

sector, medicine and electronics.102,103 They can also be used in insulating materials, 

spreading agents, implants, adhesives, sealants and in drug delivery systems.104–107 Other 

possible applications include protective coatings,108,109 microelectronics,110 

lithography,111
 photoimaging112 and nanotechnology.113,114  

A more detailed insight into properties, applications and syntheses is provided below for 

the individual structure types. 
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1.5.1 Linear Siloxanes 

Linear siloxanes consist of chains in which oxygen atoms and silicon atoms alternate. In 

addition, two organic residues are attached to each silicon atom and three to the 

terminals (Figure 5). 

 

Figure 5: Exemplary representation of a linear siloxane. 

 

They have many interesting properties and are therefore used in a wide range of products. 

Linear siloxanes are characterized by only small changes in their viscosity and elastic 

modulus over a wide temperature range. Copolymers of dimethylsiloxanes and siloxanes 

with large groups show excellent fluidity at low temperatures and do not crystallize but 

stiffen and become hard glasses. Furthermore, dimethylpolysiloxanes exhibit high 

thermal stability, which makes them suitable for use at high temperatures of up to 250 °C. 

Linear siloxanes also have high oxidation resistance, low surface tension and interfacial 

tension. Their water-repellent properties are used as films on metals, ceramics and 

textiles. They can also be used for insulation, as dielectric materials or lubricants in the 

form of silicone fluids and rubbers.115 The high flexibility and low surface energy of 

polydimethylsiloxanes for example stems from the low steric hindrance of the methyl 

groups on the silicon atoms of the siloxane backbone which also make them adhesive. 

Therefore, they are used as carrier or coating material for flexible electronics, biomedical 

devices or soft robotics.116 Poly(dimethyl diphenyl siloxanes) on the other hand can be 

used as adhesives for high temperature service, lubricants or as packing material for 

chromatographic columns due to their thermal stability.36 

 

1.5.1.1 Synthesis 

The partial ionic character of the Si-O bond can be used to synthesize and modify 

silicones by so-called “equilibration” or “redistribution” reactions in the presence of 

acids or bases.11,26 Many processes have been established and are still developed to 
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obtain linear siloxanes in the industry.117–120 The properties of linear siloxanes can also be 

manipulated easily by changing the functional units resulting in a wide selection of linear 

polysiloxane-based hosts. An example is the attachment of carbazole or triphenylamine 

units showing good overall performance. 121–123 

Hydroxy-terminated PDMS, for example, can be synthesized by hydrolysis and 

condensation reactions of organochlorosilanes or by ring opening polymerization (ROP) 

of cyclic polyorganosiloxanes (Scheme 11). The former is not well controlled and leads 

to siloxanes with broad polydispersity while the latter enables more control and therefore 

makes it possible to obtain siloxanes with tailored molecular weights. For this reason, it 

is also used in the industry and there is a variety of suitable initiators, end-capping agents, 

and additives.11 Neutralizing the basic or acidic catalyst is very important since it can lead 

to degradation of the polymer.124  

 

 

Scheme 11: Different synthesis routes for OH-terminated polydimethylsiloxane (PDMS). Adapted from 
reference [11]. 
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1.5.2 Cyclic Siloxanes  

Cyclic siloxanes are inert, colorless, odorless, volatile and have a soft feel. They also 

show thermal stability, chemical inertness and low surface tension. A wide variety of 

consumer products contain linear and cyclic siloxanes and thus contribute to human 

exposure. They can be found in electronics, furniture, cosmetics, skin lotions, hair-care 

products, kitchen appliances, health-care products and medical applications.125 As they 

are very volatile, have a long half-life in air and a high octanol-water partition coefficient, 

they can be transported over long distances and accumulate in the organism.126,127 

Furthermore, studies with rats have displayed harmful effects of D4 and D5 and are 

therefore regulated in many countries.127,128 

1.5.2.1 Synthesis 

The cracking of siloxane polymers at high temperatures leads to cyclic compounds while 

octamethylcyclotetrasiloxane (D4) in turn serves as a starting material for the production 

of polymeric siloxanes.115,125 Hexamethylcyclotrisiloxane and larger cyclic siloxanes, for 

example, can be synthesized by hydrolysis of dichlorodimethylsilane (Scheme 12) in 

which the DMSO reacts with the produced HCl.129 

 

 

Scheme 12: Synthesis of hexamethylcyclotrisiloxane and larger siloxanes by hydrolysis of 
dichlorodimethylsilane. 

 

Another example for the production of cyclic siloxanes is the synthesis of all-cis-

tetrasiloxycyclotetrasiloxanes from trimethoxysilanes130 or their synthesis from 

chlorosilanes such as dichlorosilane (Scheme 13).49
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Scheme 13: Synthesis of hydride containing cyclic siloxanes from the corresponding dichlorosilane. 

 

1.6 Cross-Linking and Coupling Reactions 

Reactions such as the Mizoroki-Heck reaction, the Piers-Rubinsztajn reaction or the 

hydrosilylation can be used to produce silane monomers as well as to form hybrids from 

silicones, modify existing silicones and to form new ones. The Mizoroki-Heck reaction, 

which tolerates for example vinyl groups and Si-OMe groups, has already been used to 

produce pyrene substituted octavinylsilsesquioxane and stilbenevinylsilsesquioxanes, 

as well as σ-π-conjugated polymers from divinyl silane and dibromo carbazole 

compounds.131,132 The Piers-Rubinsztajn reaction catalyzes the reaction between Si-H 

and alkoxy groups to form Si-O bonds without the silicones undergoing redistribution and 

can therefore be used for the synthesis of discrete siloxane structures such as siloxane-

triarylamine hybrids.133,134 Transition-metal-catalyzed hydrosilylation, which involves the 

addition of an Si-H bond to a double or triple bond, is one of the most important industrial 

applications for the production of silane coupling agents or cross-linked silicones.135,136 

 

1.6.1 Mizoroki-Heck Reaction 

The Mizoroki-Heck reaction is a palladium-catalyzed cross-coupling reaction between an 

unsaturated carbon-carbon bond (such as a vinyl group) and an aryl halide (Scheme 

14).131 
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Scheme 14: Mizoroki-Heck Reaction.  

 

A somewhat more specialized application is the coupling of cyclic siloxanes with each 
other via fluorene units (Scheme 15).132 

 

Scheme 15: Synthesis of a conjugated polymer using the Mizoroki-Heck reaction. 

 

1.6.2 Piers-Rubinsztajn Reaction 

The Piers-Rubinsztajn reaction can be used to produce silane monomers, which for 

example involves a reaction between a silicon hydride and an aryl or alkyl which contains 

a hydroxyl or alkoxy group (Scheme 16, a). It is catalyzed by 

tris(pentafluorophenyl)borane (B(C6F5)3 or BCF) which is a strong Lewis acid (Scheme 16, 

b). The Piers–Rubinsztajn reaction only needs low catalyst loadings and produces no 

significant by-products besides gaseous hydrocarbons which must be handled with 

some caution. Many different silanes including small molecules and polymers can be 

produced with this reaction.21,133,134,137 Many other chemical functionalities are tolerated 

by it and also alkoxysilanes will react under these conditions.138,139 
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Scheme 16: Piers-Rubinsztajn reaction, a) reaction, b) catalyst. Adapted from reference [21]. 

 

However, it can also be used as an end-capping reaction (Scheme 17, a),140 to modify 

linear siloxanes (Scheme 17, b)141 or to cross-link polysiloxanes (Scheme 17, c).142 

 

Scheme 17: Different ways to use the Piers-Rubinsztajn reaction to a) end-cap siloxanes, b) modify 
siloxanes and c) cross-link siloxanes. 
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1.6.3 Hydrosilylation 

The last reaction to modify siloxanes is the hydrosilylation reaction. Here a silicon-carbon 

bond is formed by adding a silicon hydride (Si-H) to a carbon–carbon double bond. The 

formation of the product typically follows the anti-Markovnikov addition (Scheme 18, a) 

while the reaction itself is catalyzed by platinum-based catalysts, rhodium, nickel, and 

other transition metals. The two most common platinum catalysts are the Karstedt’s 

catalyst and Speier’s catalyst (Scheme 18, b).135,143 

 

Scheme 18: Hydrosilylation, a) reaction, b) catalysts. Adapted from reference [21]. 

 

In addition to the production of siloxane monomers, hydrosilylation can also be used to 

modify siloxanes on or in their backbone (Scheme 19).97,144,145  

 

Scheme 19: Hydrosilylation reaction to a) modify the siloxane backbone itself, b) modify the groups at the 
silicon atoms. 
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However, one of the main applications is the cross-linking of linear siloxanes, which can 

take place according to or against Markovnikov’s rule, resulting in an α or  product, 

respectively (Scheme 20, a)136 and can be done in various ways (Scheme 20, b and 

c).146,147 

 

Scheme 20: Hydrosilylation reactions to cross-link linear siloxanes. 
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1.7 Silsesquioxanes 

1.7.1 Caged Structures 

Siloxanes consisting of only trifunctional silanes can for example form caged structures 

which have the general formula (RSiO1.5)n. They can have 8, 10, 12 or more silicon atoms 

and are categorized as T8 , T10, T12 and so on, respectively (Figure 6).99,148,149 

 

Figure 6: Exemplary structures of T8 and T10 systems. 

 

These so called polyhedral oligomeric silsesquioxanes (POSS) can be functionalized on 

their edges with organic groups influencing their properties, such as thermal stability or 

solubility.150 These groups can also contain carrier-transporting moieties or 

chromophores enabling them to combine the advantages of a small-molecule and 

polymer light-emitting materials. This leads to high purity and solution processability 

making them interesting for electrophosphorescent devices. POSS-containing polymers 

can also be used for LEDs due to an improved external quantum efficiency, color stability 

and thermal stability. They also increase excimer formation and lead to more 

brightness.151–154 

These cage-like silsesquioxanes can be used as hybrid materials for catalysis, 

biomedical devices, drug delivery systems, dental applications, nanocomposites, 

photoactive materials and tissue engineering scaffolds due to their antimicrobial efficacy 

and biocompatibility. They can be adjusted in terms of their biodegradability and can 
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therefore be used for various tissues.50,155 POSS can also be incorporated into a polymer 

matrix by means of copolymerization, grafting, reactive blending or physical mixing. They 

form so-called polymer nanostructured materials (PNMs), which can replace traditional 

filled polymers or polymer compositions. Further interesting properties include thermal 

and oxidation stability, surface durability, non-toxicity, biostability and improved 

mechanical properties, which make them interesting as flame-retardants, membranes 

and adhesives, as well as for drug delivery systems, medical imaging techniques and 

photodynamic therapy.156,157 Furthermore, water-soluble POSS can be used as sensors or 

for monitoring biological activities.158 

 

1.7.1.1 Synthesis 

POSS systems can be produced from either trichlorosilanes (Scheme 21, a)159 or 

trialkoxysilanes. While the addition of acetone and water is often sufficient for 

trichlorosilanes, trialkoxysilanes are usually synthesized using catalysts such as KOH 

(Scheme 21, b),160 TBAF (Scheme 21, c),161 trifluoromethanesulfonic acid (HOTf)162 or 

dibutyltin dilaurate (DBTDL).163 A wide variety of groups such as phenyl, methyl, ethyl, 

vinyl, hexyl and cyclohexyl groups have already been used.161 The difficulty in producing 

these compounds is finding the right reaction conditions. While the reaction proceeds 

very slowly under acidic conditions and leads to poor yields, very basic reactions can lead 

to cleavage of the cages. Refluxing in acetone with inorganic salts can also lead to a 

partial rearrangement of the T8 cages to T10 or T12.164 
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Scheme 21: Synthesis routes for POSS using, a) trichlorosilanes, water and acetone, b) trialkoxysilanes 
and KOH, c) trialkoxysilanes and TBAF. 

 

In addition to the symmetrical systems just mentioned, there are also non-symmetrical 

POSS systems in which not all corners carry the same group. These can be 

asymmetrically functionalized either by polycondensation of trifunctional monomers or 

starting from incomplete cages by means of corner capping, using phenyl, naphthyl, 

phenanthrenyl or pyrenyl groups, for example.71,165 

They can be further divided into functional and nonfunctional silsesquioxanes. 

Functional silsesquioxanes have one or more functional groups like vinyl, allyl or 

methacryl groups and can be prepared from trialkoxysilanes or trihalogen silanes. 

Nonfunctional silsesquioxanes do not possess functional groups but instead contain 

alkyl or aryl groups like phenylsilsesquioxane or methylsilsesquioxane.100 

Cage structures have been studied extensively in 29Si NMR. T8
R cages for example show 

one single signal in 29Si solution NMR spectroscopy since every silicon atom has the same 

environment. When the substituent is an alkyl group the signal is at -65 to -70 ppm or it is 

at -77 to -83 ppm when the substituent is an aryl group.99,148,166 The same applies to T6
R and 

T10
R cages. Exchanging the organic group at one corner (T8

R7R’) typically leads to three 

signals with a 3:3:1 area ratio. T12
R cages on the other hand have two potential isomers 
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with D2d and D6h symmetries (Figure 7) and therefore display two signals.148,149,167 When 

the Si-O-Si bond angle increases, the signal in the 29Si NMR shifts toward a higher 

magnetic field.168 Many different cages and their chemical shifts in 29Si NMR have been 

studied.162,164,168–171 

 

 

Figure 7: Structures of T12
R, a) less symmetrical structure (D2d), b) higher symmetrical structure (D6h). Each 

corner represents one silicon atom, and each edge represents one oxygen atom. Adapted from reference 
[149]. 

 

Even though ladder-like polysilsesquioxanes, which are discussed in the following 

chapter, cannot be attributed to 29Si NMR as well as cages they show a sharp signal which 

is all the sharper the more regular the structure is. Structural defects on the other hand 

can be seen as shoulder peaks.172,173 

 

1.7.2 Ladder-Like Structures 

Another type of structure based on trifunctional silanes are ladder-like silsesquioxanes174 

which possess the same general formula (RSiO1.5)n as caged structures.175 They show 

excellent thermal and chemical stability, as well as high resistance to various types of 

degradation due to their double-chain structure.176  

The integration of ladder-like polysiloxanes (LPS) can significantly improve the 

performance of various materials, such as gas separation membranes, electronics, 

micro/nano-pattern, imprinting, photonics or LED encapsulations.50,177 Furthermore, they 

can be used as coatings for dental materials due to their antibacterial effects, as well as 

to produce various structures. These include mesomorphic LPSs and tubular 

polysiloxanes (TPs), which are used in liquid crystal displays or nonlinear optical 

materials, as well as block copolymers synthesized by using the hydroxyl groups in 

ladder-like polysiloxanes.178–180 
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1.7.2.1 Synthesis 

One way to synthesize ladder-like silsesquioxanes is to form dimers from trichlorosilanes 

such as PhSiCl3 which subsequently form a ladder superstructure and are then 

condensed to a silsesquioxane (Scheme 22).172 

 

Scheme 22: Formation of a ladder-like silsesquioxane from phenyltrichlorosilane. 

 

An example for their formation based on prefabricated building blocks is the synthesis of 

a pentacyclic ladder siloxane using cis-1,3,5,7-cyclotetrasiloxanetetraol (iPrSi(OH)O)4 as 

a precursor (Scheme 23).181 

 

Scheme 23: Synthesis of pentacyclic ladder siloxane.  
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There are also syntheses that can yield silsesquioxanes with ladder-like, as well as caged 

structures. One example is the base-catalyzed hydrolysis and polycondensation reaction 

using phenyltrimethoxysilane (PTMS) and K2CO3 (Scheme 24).182 Depending on the initial 

PTMS concentration both structure types can be obtained.  

 

Scheme 24: Synthesis of ladder-like and cage structured polyphenylsilsesquioxanes.
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1.8 Melting Gels 

Melting gels are a special form of siloxanes, which are produced from di- and 

trialkoxysilanes in a condensation reaction. These organically modified silica gels are 

rigid at room temperature, soften and flow at elevated temperatures around 110 °C and 

consolidate at even higher temperatures. After condensation they can be repeatedly 

softened at elevated temperatures, while once consolidated they are permanently rigid 

since their cross-linking is complete.183,184 This is due to the fact that consolidation 

increases the reactivity of the retained hydroxyl groups, allowing the cross-linking to 

proceed to a degree where an irreversible network is formed that is permanently rigid.184 

The softening behavior was first observed by Matsuda et al.185,186 and mislabeled as 

“melting”, hence their name.184 Their consolidation temperature can vary between 130 °C 

and 200 °C depending on the used organic groups and their composition.183,187 Simplified, 

their synthesis can be done in three steps. In the first step water, HCl, alcohol and the 

trialkoxysilane are mixed and stirred in a closed vessel. In the second step the 

dialkoxysilane diluted in alcohol is added to the mixture and further stirred in the closed 

vessel. Lastly ammonia is added and stirred again before opening the vessel, heat 

treatment, washing and a second heat treatment to obtain the condensed gels which can 

be reversibly softened.183,188 One of the first of these syntheses was done by Masai et al. 

on siloxane hybrid gels containing methyl and phenyl groups.189 

In this work a simplified version of the melting gel synthesis was applied by using only 

hydrochloric acid. The addition of the base to neutralize the hydrochloric acid is no longer 

carried out, which saves the washing step at the end. Furthermore, all alkoxysilanes were 

already added in the first step. This results in three slightly different steps (Figure 8). In 

the first step all monomers, aqueous HCl and methanol are added, heated, and stirred in 

a closed vial. In the second step the vial is opened and transferred into a beaker where 

gelation takes place by evaporation of water and methanol. In the third step, the samples 

are heated in a vacuum oven to obtain the condensed gels which can be reversibly 

softened. Lastly, consolidation is carried out in an oven at 200 °C to obtain permanently 

rigid samples. 
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Figure 8: General synthesis of the silicones (Melting Gels) used in this work. 
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1.9 Characterization and Property Analysis of Silicones 

Silicones and silsesquioxanes as well as their different structures can be studied using a 

wide variety of characterization methods like nuclear magnetic resonance (NMR) 

spectroscopy, fourier transform infrared (FTIR) spectroscopy, Powder X-ray Diffraction 

(PXRD), Ultraviolet−visible (UV−vis) Spectroscopy, Fluorescence Spectroscopy, Matrix-

Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) spectrometry, Size 

Exclusion Chromatography (SEC), Differential Scanning Calorimetry (DSC), 

Thermogravimetric Analysis (TGA) and Refractive Index (RI) measurements. While some 

of these methods like DSC, TGA and refractive index measurements are used to gain 

more knowledge about properties like glass transition temperature (Tg), thermal stability 

or the refractive index,190,191 other methods like PXRD, Fluorescence spectroscopy, 

MALDI-TOF spectrometry and SEC provide first insights into their structure, aggregation, 

molecular weight/size and polydispersity index.182,192–194 However, NMR and IR 

spectroscopy provide by far the greatest insight into the structure of silicones and the 

incorporation of their respective monomers into the network as their chemical shift in the 

NMR and wavenumber in the IR depend on the substituents attached to them such as 

organic, alkoxy, and hydroxy groups.195 

 

1.9.1 Structural Analysis and Characterization 

1.9.1.1 Liquid Nuclear Magnetic Resonance (NMR) Spectroscopy 

A particularly useful method for analyzing the incorporation of the individual monomers 

into the silicone is 29Si NMR spectroscopy since their chemical shift depends on their 

structure and substituents and has been done on a wide variety of silicones.18,196,197 

Depending on the number of oxygen atoms that are attached to the silicon atom the 

structural units are called M-, D-, T- or Q-units (Figure 9). The superscript number next to 

the letter represents the integration into the silicone network. Q0 for example would be an 

uncondensed tetraalkoxysilane, while Q1 would describe a tetraalkoxysilane where one 

alkoxy or Si-OH group has formed a Si-O-Si bond. Therefore, Q4 would be a 

tetraalkoxysilane that is completely integrated into the network without any alkoxy or 

Si-OH groups left.99,195 
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As it has been shown in other publications liquid 29Si NMR studies should be conducted 

using relaxation agents like chromium(III)acetylacetonate, allowing for their 

quantification.198–200  

 

Figure 9: M-, D-, T- and Q-unit structures of silicones.  

 

If the hydroxyl groups in the hydrolysis of tetraethoxysilane are now also taken into 

account, the 29Si NMR shows even more signals (Figure 10) which show an upfield shift 

with an increasing number of siloxy groups bonded to silicon atoms and a downfield shift 

with an increasing number of silanol groups.198,201–204 This is due to the shielding effect of 

the p-orbital of oxygen to the d-orbital of silicon when bonding.99,205 Furthermore, their 

structural properties are influenced by this type of bonding.28,206 The chemical shift of the 

silanol group for example can be altered by interactions with a solvent as can be seen for 

the chemical shift of (tBuO)3SiOH which is 4 ppm lower in a high-polarity solvent like 

DMSO-d6 than in a low-polarity solvent like CDCl3. Presumably the solvents prevent the 

formation of hydrogen bonds between two silanols or a silanol and an alkoxide.207 The 
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signal in the NMR also changes upon strain. Small structures like cyclotrisiloxanes and T6 

cages appear at lower magnetic field than larger structures like cyclotetrasiloxanes and 

T8 cages and this also follows suit for even larger structures.167,208,209 

 

 

Figure 10: 29Si NMR of different hydrolyzed and condensed TEOS structures. Reproduced with permission 
from Springer Nature.99 

 

1.9.1.2 Solid-state Nuclear Magnetic Resonance (NMR) Spectroscopy 

29Si solid-state NMR spectroscopy can be used to study silicones that cannot be 

dissolved after condensation and is especially useful to determine the degree of 

condensation (DOC) and to distinguish between M-, D-, T- and Q-units, as well as study 

their integration into the silicone network.210 Since 29Si solid-state NMR spectra of 

silicones often show overlapping peaks, spectral deconvolution is used to retrieve these 

peaks. In this way, the incorporation of the monomers and the chemical environment of 

the silicon atoms can be investigated.211 This approach has been widely applied for 

various silicones to study for example silanols in silicas212 or the distribution of silanol 

hydroxyl groups on silica particles.213 It has also been used to determine the composition 

of polysiloxane hybrids210 or to distinguish between different Si environments in hybrid 

glasses.214 Further examples include siloxane hybrid materials,215 organosiloxanes216, 

silsesquioxanes217 and silicones.218–220 
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A distinction can be made between Cross-Polarization Magic-Angle-Spinning Nuclear 

Magnetic Resonance (CP/MAS NMR) spectroscopy and Magic-Angle-Spinning Nuclear 

Magnetic Resonance (MAS NMR) spectroscopy. The former method transfers magnetic 

polarization from abundant nuclei (e.g. 1H) to rare nuclei (e.g. 13C or 29Si) to enhance the 

signal from the rare nucleus.221 It has to be mentioned that the 29Si-1H cross-polarization 

efficiency decreases when the Si-H distance increases and therefore signals are not 

quantitative. This is especially the case for highly cross-linked species as the 29Si nuclei 

are far away from protons.222,223 MAS NMR spectroscopy on the other hand measures the 

silicon nucleus directly, leading to quantitative results but increasing the measuring time 

and decreasing the quality of the spectrum, like the signal to noise ratio due to the low 

natural abundance and long spin lattice relaxation time of 29Si.224 

 

1.9.1.3 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectroscopy is a valuable method to determine the substituent groups and 

structures of silicones as well as the Si-O-Si bond and therefore the success of the 

condensation reaction and was done for numerous silicones.18,190,225,226 In addition to 

condensation, hydrolysis can also be observed by the reduction of the Si-OCH3 band and 

the simultaneous appearance of the Si-OH and methanol bands.227 Especially the Si-O-Si 

stretching vibrations of silicones and silsesquioxanes are important to determine their 

structures (Figure 11). Silicones with random structures are comprised of various 

structures including linear, branched, ladder-like, cyclic, strained cyclic, and cage-like 

structures and therefore their Si-O-Si stretching vibration appears as a broad band at 

1000-1150 cm−1.99 Linear, branched and cyclic structures can generally be found 

between 1000-1150 cm-1, while a decrease in the Si-O-Si bond angle leads to a shift of 

that band to smaller wavenumbers.136,174,228–230 At 1100-1140 cm−1, Si-O-Si networks of 

cages appear as a sharp and strong band.173,182,231–233 Ladder- and ladder-like 

silsesquioxanes show two bands at around 1150 and 1050 cm−1,173,182,234 while 4-fold 

siloxane rings (the cyclic (Si–O)4 moiety) are seen as a band at ~550 cm−1.235–237  
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Figure 11: Si-O-Si bands of different siloxane structures. Reproduced with permission from Springer 
Nature.99 

The position of the Si-O-Si band in cages can differ between different IR methods like the 

KBr pellet, the solution, and the ATR method, as was seen for octa(3-mercaptopropyl) 

octasilsesquioxane showing bands at 1109 cm-1 for the KBr and 1077 cm−1 for the ATR 

method. This is the case because the ATR method maintains certain crystallographic 

phases while they collapse in the KBr pellet method.99,238,239 The Si-OH band in Q units 

appears at around 960 cm−1 while for D and T units it appears at 920-890 cm−1, which is 

due to the formation of hydrogen bonds.99,240,241 Furthermore, the O-H bond of silanols can 

be seen in the form of an absorption band at 3750-3200 cm−1.240–242 

 

1.9.1.4 Further Structural Analysis Methods 

PXRD measurements are another method to gain more insight into the structures of 

silicones. If ladder-like structures are present, two reflexes can be identified at 2θ around 

8° and 20°. The first reflection (d1) describes the chain-to-chain distance, which is the 

width of the superstructure, while the second reflex (d2) describes the thickness of the 

ladder, which is the chain-to-chain distance within the ladder. The ratio of d1 to d2 shows 

the regularity of the structure.182,193,243 

During condensation, the cross-linking increases the molecular weight of the silicones, 

which makes it possible to monitor the reaction, for example, by SEC, GPC or 

MALDI-TOF.96,244–249 While a reduction in cross-link functionality results in a lower elastic 

modulus, an increase in cross-linking leads to a reduction in elasticity. Furthermore, 

increasing the molecular weight can lead to a higher viscosity of the reaction medium and 

thus a lower reaction rate.244,250 
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1.9.2 Thermal Properties and Characterization 

Silicone resins can withstand temperatures of over 1000 °C and are therefore used, for 

example, as binders for ceramic frit coatings.251 They can also form a silica residue during 

combustion, which protects the underlying polymer surface and thus serves as a self-

extinguisher.252 In addition to the protective SiO2 layer, alkyl groups of silicones are 

oxidized at high temperatures and form Si-O-Si bonds, which provide additional 

stability.253 In the field of highly refractive silicones, decomposition temperatures 

between 283 and 442 °C are known.190,254–256 A higher degree of condensation, such as 

occurs during the consolidation of melting gels, an increased cross-linking density and 

bulky, rigid groups, such as phenyl groups, increase the thermal stability. This can be 

demonstrated by a higher T95 value and char residues. On the other hand, silicones that 

still have OH groups show a reduced thermal stability, as these cause degradation via a 

back-biting mechanism.183,190,196,257 Another important parameter is the glass transition 

temperature (Tg), which reflects an interval in the transition from the liquid to the glassy 

state and is influenced, for example, by the viscosity, the dielectric constant and other 

mechanical properties. In relation to silicones, the Tg also depends on the degree of 

cross-linking and should increase with increasing oxygen bridges between the silicon 

atoms and thus during consolidation.258 

 

1.9.3 Optical Properties and Characterization 

Both UV light and free radicals produced at high temperatures cause yellowing of the 

silicones, which can be detected using yellowness index measurements. This helps to 

determine the long-term stability and describes the color change from clear/white to 

yellow. These measurements can be carried out over a long period of time and a wide 

temperature range using colorimeters and UV-vis spectrometers.256,259–261 

As silicones are used in many optical materials, such as displays, organic light-emitting 

diodes and microlens components, a high level of transparency is required. This is 

usually measured in a range between 200 and 800 nm using a UV-vis spectrometer, 

whereby round and square shaped samples as well as samples on glass slides and films 

are used.18,254,262–264



Theoretical Background  Refractive Index 

 

37 

 

In order to avoid the toxicity, poor processability and sometimes high costs of some 

fluorescent materials, silicones with fluorescent properties are being developed as 

coatings, for light emitting diodes or luminescent solar collectors. Aromatic groups can 

herby lead to excimer formation and π-π stacking, which helps to obtain materials with a 

homogeneous morphology and can therefore be advantageous for photovoltaic 

devices.192,265–267 

 

1.9.4 Refractive Index (RI) 

As already mentioned at the beginning, this work aims to increase the refractive index by 

means of polycyclic aromatic groups. The refractive index (RI) is a dimensionless property 

defined as (eq. 1) 

 𝑛 =  
𝑐0

𝑐
 (1) 

 

Where c0 is the speed of light in vacuum and c is the speed of light in the medium.268 

The RI depends on temperature, pressure, density and the wavelength or frequency of the 

incident light and has been extensively studied.269–274 It can be measured by using 

ellipsometry,275–277 thin film analysis274,278 or an Abbe refractometer.190,279 

A high RI can have many advantages for example in optical materials or photonic devices, 

where materials can be thinner with an increase in RI.280  

One other widespread application that requires a high refractive index (HRI) are light 

emitting diodes (LEDs). Here HRI encapsulants are of great importance to reduce the 

total internal reflection (TIR) at the interface of the LED chip enabling light to be refracted 

through the packaging material.190 As soon as light from a medium with a high refractive 

index like a LED chip (n1) enters a medium with a lower refractive index like a silicone (n2) 

and its angle of incidence (θi) is greater than the critical angle (θc), TIR occurs (eq. 2). This 

causes the light to be reflected back into the medium with the higher refractive index 

(Figure 12).281  

 𝜃𝑐 = 𝑠𝑖𝑛−1 (
𝑛2

𝑛1
) (2) 
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This means that the deflection angle on a light-entering surface must be the same as on 

a light-exiting surface of the same lens in order to avoid reflection loss.282 That in turn 

increases the so-called light extraction efficiency (LEE) which is defined as the number of 

photons emitted into free space per second divided by the number of photons emitted 

from the active region per second.283 

 

Figure 12: LED escape cone, a) in air, b) with encapsulation. Adapted from references [284,285]. 

 

The refractive index of LED chips is in the range between 2.5 and 3.5, while it is 1.83 for 

cerium-doped yttrium aluminum garnet (YAG:Ce) yellow phosphor which is used in white 

light-emitting diodes (w-LEDs). Silicones on the other hand usually only have a RI of 1.4 

to 1.5. In order to increase efficiency, the refractive index of the silicones must therefore 

be increased.190,275,286 The RI can be calculated using the Lorentz-Lorenz equation (eq. 3) 

𝑛𝐷 = √
1 + 2𝑅/𝑉𝑀

1 − 𝑅/𝑉𝑀
  (3) 

where R is the molar refraction, nD is the refractive index at 589 nm and VM is the molar 

Volume. 
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The molar Volume in turn can be determined by (eq. 4) 

𝑉𝑀 = 𝑀/𝜌 (4) 

where M is the molecular weight and ρ is the density. Therefore, it can be seen that the 

molar refraction, the molecular weight, and the density of the precursors used for the 

polymer synthesis are of utmost importance.287  

In recent years, numerous attempts have been made to increase the refractive index of 

silicones. One frequently used method, for example, is the incorporation of 

nanoparticles, whereby TiO2 (RI = 1.596-2.01)288–290 and ZrO (RI ≈ 1.55)291,292 are usually 

used. In addition, titanium and zirconium atoms are also incorporated into the silicone 

network by using titanium and zirconium alkoxides instead of silicon alkoxides (RI = 1.58 

- 1.60).30,293–296  

The use of aromatic substituents, such as phenyl and carbazole groups, also leads to an 

increase in the refractive index, whereby these can be located both as a substituent on 

the silicon atom (RI = 1.580, 1.49)95,297 and in the Si-O-Si network (RI = 1.60)254 itself. 

Finally, the additional incorporation of heteroatoms such as oxygen (RI = 1.60)298, sulfur 

(RI = 1.58 – 1.665)255,277,298,299 and nitrogen (RI = 1.56)190 was also investigated. 

The refractive index is usually measured at 25 °C and at different wavelengths, such as 

589 nm or 622 nm, in a soft or solid state using an Abbe refractometer. It is important to 

consider, that the refractive index depends on both the wavelength and the 

temperature.18,190,300,301 In the solid state, however, a contact liquid such as monobromo-

naphthalene is required. Alternatively, solid samples can also be analyzed as films using 

an ellipsometer.191,302,303 
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A selection of monomers and polymers and their refractive indices is shown below (Table 

1 and Table 2).  

Table 1: Selection of monomers including their refractive indices. 

Monomers nD
25  RI @20 °C (Commercial) 

Methyltrimethoxysilane 1.3690304 1.371305 

Dimethyldimethoxysilane 1.3699304 1.369306 

Phenylmethyldimethoxysilane 1.4769304 1.4694307 

Diphenyldimethoxysilane 1.5404304 1.5447308 

Phenyltrimethoxysilane 1.4710304 1.4734309 

Phenyltriethoxysilane  1.4718310 

Phenyltrichlorosilane  1.523311 

 

Table 2: Selection of commercially available and synthesized silicones including their refractive indices. 

Polymers RI Wavelength 

/nm 

source 

Silanol terminated polydimethylsiloxane,  

35-45 cSt 

1.402  Gelest312 

Silanol terminated polydimethylsiloxane,  

3,500 cSt 

1.403  Gelest313 

Poly(methylphenylsiloxane), 450-550 cSt  1.5365  Sigma-

Aldrich314 

Methacryl-diphenyl-polysiloxane 1.54-1.61 633 292 

S-TiO2/silicone nanocomposite (1 wt%) 1.56-1.60 -- 289 

Coumarin-based polysiloxane 1.559-

1.603 

633 315 

Ladder-like diphenylsiloxane-bridged  

methacryl-phenyl-siloxane 

1.59 

1.61 

633 

450 

316 

3-mercaptopropylmethyldimethoxysilane 

containing silicone-oligomer 

1.55-1.65 589 255 

Bromine containing organic–inorganic 

polysiloxanes 

1.54-1.61 632 317 
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2 Aims and Scope of this Work 

Silicone resins with a high refractive index are used today in a variety of applications, such 

as encapsulants for light emitting diodes (LEDs), anti-reflective optical coatings and 

contact lenses. The efficiency of an LED, for example, increases the closer the refractive 

indices of the chip or conversion phosphor and the silicone-containing packaging 

material are, with the former being very high and the latter rather low. Packaging materials 

with a high refractive index are therefore required to increase the efficiency and thus the 

luminous efficacy. 

The aim of this work is to produce transparent, thermally stable and processable silicone 

resins with a high refractive index by using polycyclic aromatic groups, as well as to 

produce polyhedral oligomeric silsesquioxanes (POSS) with said groups as possible 

fillers. For this purpose, the influence of polycyclic aromatic groups on characteristics 

like the transparency, refractive index, thermal stability and processability of the fully 

consolidated silicone resins was investigated in a total of three studies.  

1. Aim: 

1. Development of a thermally stable and highly refractive silicone resin using 

polycyclic aromatic groups from previously self-synthesized highly refractive 

index dialkoxysilanes. 

Objectives:  

1. Synthesis of novel dialkoxysilanes with polycyclic aromatic groups and 

verification of their structure by NMR and FTIR spectroscopy, as well as elemental 

analysis. 

2. Investigation of these monomers regarding further properties such as absorption 

maximum, excimer formation and refractive index using UV-vis and fluorescence 

spectroscopy, as well as refractive index measurements.  

3. Preparation of highly refractive silicone resins from the previously produced 

dialkoxysilanes by means of hydrolysis and condensation reaction. 
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4. Determination of the influence of different organic groups on their structure and 

size using NMR, FTIR and fluorescence spectroscopy, as well as PXRD, MALDI-

TOF and SEC. 

5. Determination of the influence of different organic groups on their transparency 

and thermal properties using UV-vis spectroscopy, DSC and TGA. 

6. Determination of the influence of different organic groups on the refractive index 

using an Abbe refractometer. 

 

2. Aim: 

2. Further improvement of the previously produced, most promising high refractive 

index silicone resin by means of post-cross-linking to achieve a better cross-

linking, which prevents liquefaction at high temperatures, in order to increase the 

possible field of application. 

Objectives: 

1. Post-cross-linking of the most promising sample with various additives. 

2. Determination of the influence of different organic groups and additives on the 

structure and cross-linking of the newly obtained samples using NMR and FTIR 

spectroscopy, as well as PXRD. 

3. Determination of the influence of different organic groups and additives on their 

thermal properties using DSC and UV-vis spectroscopy, as well as TGA. 

4. Determination of the influence of different organic groups and additives on the 

viscoelastic properties and thus possible liquefaction at high temperatures using 

DMA.  

5. Analysis why post-cross-linking with certain additives leads to significantly better 

results. 
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3. Aim: 

3. Synthesis of novel POSS systems containing polycyclic aromatic groups. 

Objectives: 

1. Synthesis of novel trialkoxysilanes with polycyclic aromatic groups and 

verification of their structure by NMR and FTIR spectroscopy, as well as elemental 

analysis. 

2. Investigation of the produced trialkoxysilanes with regard to further properties 

such as absorption maximum, excimer formation and refractive index by means 

of UV-vis and fluorescence spectroscopy, as well as refractive index 

measurements. 

3. Preparation of POSS systems from these trialkoxysilanes using synthesis routes 

known from literature. 

4. Determination of the influence of different polycyclic aromatic groups on their 

structure and size using NMR, FTIR and fluorescence spectroscopy, as well as 

single X-ray crystallography, MALDI-FTICR and SEC. 

5. Determination of the influence of different polycyclic aromatic groups on their 

thermal properties using DSC and TGA. 
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3 Results and Discussion 

The results of this doctoral thesis are summarized in the following chapters in the form of 

publications, whereby the first chapter has already been published. 

Briesenick, M.; Gallei, M.; Kickelbick, G. High-Refractive-Index Polysiloxanes Containing 

Naphthyl and Phenanthrenyl Groups and Their Thermally Cross-Linked Resins. 

Macromolecules 2022, 55, 4675-4691. https://doi.org/10.1021/acs.macromol.2c00265. 

 

3.1 High-Refractive-Index Polysiloxanes Containing Naphthyl and 
Phenanthrenyl Groups and their Thermally Cross-Linked Resins 

 

3.1.1 Abstract 

High-refractive-index polysiloxanes containing naphthyl, phenanthrenyl, phenyl, and 

methyl groups have been synthesized using a polycondensation reaction starting from 

substituted di- and trialkoxysilanes. The obtained polymers comprised linear siloxane 

and partially cross-linked silsesquioxane units and showed optical transparencies of up 

to 99 % at a thickness around 120 μm and high refractive indices of up to 1.622. The 

polymeric structures contained stabilized silanol groups that were further cross-linked at 

increased temperatures of 200 °C resulting in the formation of hybrid inorganic−organic 

resins. These typical thermal treatments at 200 °C for 72 h kept the transparencies as 

high as 98% and slightly lowered the RIs to values up to 1.610. A detailed structure 

evaluation of the resulting systems showed, depending on the size of the polycyclic 

aromatic substituent, excimer formation, which is based on weak interactions of the 

aromatic groups in the polymeric material. After thermal consolidation, glass transition 

temperatures of the cross-linked systems were in the range of 18−74 °C depending on the 

composition. Thermal stabilities of the final resins reached higher values than commonly 

used siloxane resins up to 470 °C. The final materials are potential resins for high-

temperature optical applications. 

 

https://doi.org/10.1021/acs.macromol.2c00265
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3.1.2 Introduction 

High-refractive-index (HRI) polymer-based materials are of great interest in 

optoelectronic applications, for example, as encapsulants for light emitting diodes 

(LEDs),31 organic electroluminescent devices,318 anti-reflective optical coatings,319 and 

immersion lithography.320 The refractive index (RI) of such systems is usually controlled 

through specific polarizable functional groups in the polymer chain or by the formation of 

nanocomposites of highly refractive inorganic nanoparticles in an organic polymer 

matrix.31,276,321,322 Systems containing merely polarizable groups usually show RIs below 

1.80, while the formation of nanocomposites can reach values higher than 1.80.323 

Polyamides with ortho-linked sulfide or sulfoxide linkages, for example show RIs of up to 

1.7401 at a wavelength of 633 nm.324 The introduction of thiazole and naphthalene units 

as well as thioether linkages into polyamides resulted in values of up to 1.7701 at 

633 nm.325 Poly(methylmethacrylate) (PMMA)-titania hybrid thin films reveal RIs in a range 

of 1.505-1.867 at 633 nm depending on the titania content,278 while highly aromatic, 

carbazole-based methacrylates possess RIs of 1.63.326 More examples of high RI 

polymers include a poly(propylene trithiocarbonate) (RI = 1.78),327 naphthyl-containing 

polyferrocenes (RI = 1.82 at 589 nm),328 and a polymer with thioester and thioacetal 

structure (RI = 1.94 at 193 nm).329 Many of these systems have a limited optical 

transparency and low thermal stabilities or show photochemical side reactions such as 

yellowing at increased lifetimes. Some of these disadvantages can be overcome using 

silicone resins. These are usually two-component systems that cross-link via 

hydrosilylation reactions of vinyl- and hydride group containing oligo- and 

polysiloxanes.136 Generally, siloxane resins feature high mechanical flexibility, high 

thermal stability, and excellent optical transparency,322 as well as the option to introduce 

organic groups that can provide additional emission properties, such as fluorescent 

dyes.330 One of the drawbacks of many commercially available polysiloxanes is their quite 

low RI.331 Increasing the refractive index of such materials can, for example, increase the 

efficiency of LEDs if they are used as encapsulation materials.286,332 Already reported 

methods for such an increase for polysiloxanes are the incorporation of ZrO2
276 or ZnS 

nanoparticles.321 Another route is the partial substitution of methyl against phenyl 

groups, which can lead to an RI up to 1.55-1.57.298 Additional incorporation of heavier 

elements such as phosphorus or halogen atoms is also an effective method to increase 
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the RI.316 However, modifications with halogen atoms often decrease stability to light, 

heat, or chemical reagents, resulting in discoloration and degradation of mechanical 

properties of the polymers.333 

In general, the refractive index depends on the electron density and its polarizability and 

can be deduced from the Lorentz-Lorenz equation (eq. 3). 

𝑛𝐷 = √
1 + 2𝑅/𝑉𝑀

1 − 𝑅/𝑉𝑀
  (3) 

where R is the molar refraction, nD is the refractive index at 589 nm and VM is the molar 

Volume. The molar Volume is given in eq. 4 

𝑉𝑀 = 𝑀/𝜌 (4) 

 

where M is the molecular weight and ρ is the density. This equation shows that the RI 

correlates with the molar refraction, molecular weight, and the density of the molecules 

used as precursors for the polymers.287 The molar refraction is particularly high for 

aromatic groups, halogen, and sulfur atoms. In aromatic systems, the size of the 

delocalized electron system has a significant effect on the RI. While a phenyl group, for 

example, has a molar refraction of 25, a naphthyl group shows a value of 43.323 Hence, 

polycyclic aromatic groups as substituents in siloxanes can result in a significant 

increase of the RI. At the same time, however, other properties of the polymer, such as 

the viscosity, are drastically changed.34 

Recently, we were able to show that hybrid siloxane/silsesquioxane polymers are an 

excellent one-component alternative to traditional two-component polysiloxane resins 

for optical applications.334,335 These materials show thermoplastic behavior up to a 

specific temperature and behave like thermosets above this temperature. This means 

they can be reversibly softened in a certain temperature range. If this temperature range 

is exceeded, the siloxanes can no longer be softened or dissolved. Furthermore, the 

systems show high optical transparency and thermal stability. In the study presented 

here, we synthesized one new dialkoxysilane and reinvestigated two others already 

studied in our group containing 1-naphthyl, 2-naphthyl, or 9-phenanthrenyl groups and 

an additional phenyl group as substituents. These monomers were applied as precursors 
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in a polycondensation reaction together with diphenyldimethoxysilane or 

dimethyldimethoxysilane as well as phenyltrimethoxysilane to form polysiloxanes with a 

partial condensation between single chains.334 We investigated the optical and thermal 

properties of the resulting materials with respect to their potential application in 

optoelectronic devices. 

3.1.3 Results and Discussion 

3.1.3.1 Synthesis and Characterization of Dialkoxysilanes  

The purpose of this study is to show how the extension of the delocalized π electron 

system in the substituents on the Si atom to the polycyclic aromatic substituents 

naphthalene and phenanthrene affects the properties of polysiloxane/poly- 

silsesquioxane systems.334,335 Based on previous studies on alkoxysilanes with polycyclic 

aromatic substituents, we synthesized several naphthyl- and phenanthrenyl group 

substituted monomers for polycondensation reactions.74,191 The effect of isomeric 

attachment of the same aromatic group to the polymer backbone on the final material 

properties was investigated using 1-naphthyl or 2-naphthyl substituents. Furthermore, 

we focused only on the phenyl group as the second substituent at the Si atom of the 

substituted alkoxysilane monomers, since a methyl group would result in a lower RI.336 

The dialkoxysilanes were prepared by Grignard reactions between 1- or 

2-bromonaphthalene or 9-bromophenanthrene and trimethoxyphenylsilane (Scheme 

25). Dimethoxyphenyl-(1-naphthyl)silane and dimethoxyphenyl-(9-phenanthrenyl)silane 

hereafter referred to as 1-NaphPhSi(OMe)2 and 9-PhenPhSi(OMe)2, respectively, formed 

as a white solid, while dimethoxyphenyl-(2-naphthyl)silane hereafter referred to as 

2-NaphPhSi(OMe)2 was obtained as a viscous colorless liquid. All compounds were 

obtained in high purity and yields between 54 % and 68%.  
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Scheme 25: General synthetic route of the dialkoxysilanes using a Grignard reaction. 

The molecular structures of all dialkoxysilanes have been verified using 1H, 29Si, 
1H, 29Si HMBC, and 13C NMR as well as IR-spectroscopy and elemental analysis (see 

Figure S 1 – Figure S 13 and Table S 1). All signals are in good agreement with previously 

reported spectra of similar compounds.337–341  

UV-vis spectroscopy revealed the typical absorption bands of aromatic groups 

connected to a silicon atom (see Figure S 14).342 The absorption maxima for 

1-NaphPhSi(OMe)2, 2-NaphPhSi(OMe)2 and 9-PhenPhSi(OMe)2 were found at 284, 272 

and 258 nm, respectively. It must be mentioned here that the absorption maxima of 

naphthalene and phenanthrene are at approx. 220 and 260 nm, respectively.343,344 While 

the absorption maximum of 9-PhenPhSi(OMe)2 therefore corresponds very well with that 

of phenanthrene, 1-NaphPhSi(OMe)2 probably only shows a local maximum, as the 

absorption of all samples below 250 nm was too strong for further evaluation. The 

observable signals in turn show an increasing blue shift in the row 1-naphthyl, 2-naphthyl 

and 9-phenanthrenyl. For optical applications, it is often important to know the 

fluorescent behavior, which also helps to understand potential aggregation phenomena 

particularly in the case of compounds containing polycyclic aromatic substituents. 

Therefore, we applied fluorescence spectroscopy on all three dialkoxysilanes as a 

dilution series in DCM to investigate their potential to form excimers and to determine 

their Stokes shift (see Figure S 15 – Figure S 17). The experiments were performed at an 

excitation wavelength of 290 nm, which provided the highest intensities in the resulting 

emission spectra in previous experiments. For 1-NaphPhSi(OMe)2, two peaks are visible. 
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The peak at a lower wavelength can be assigned to molecular fluorescence, while the 

broad peak at a higher wavelength, which decreases with further dilution, can be 

attributed to excimer fluorescence.345 The sharp peak resulting from molecular 

fluorescence shifts from 331 nm to 342 nm with increasing concentration. Naphthalene 

can self-assemble to form J-aggregates, which show a shift to higher wavelengths and 

sharpening of peaks.346–348 2-NaphPhSi(OMe)2 shows the same peak of molecular 

fluorescence as 1-NaphPhSi(OMe)2 at 341 nm, but not shifted to smaller wavelengths, as 

well as a second signal with a maximum at 356 nm. While the broad band at higher 

wavelengths indicative of excimer fluorescence is not visible, the broad tailing of the 

second band, which decreases with lower concentrations, could be due to ground state 

aggregation.192 It can be concluded that the isomerism has an influence on the 

aggregation behavior in case of naphthyl-substituted alkoxysilanes. 9-PhenPhSi(OMe)2 

shows a similar but less pronounced emission behavior like 2-NaphPhSi(OMe)2 with a 

shift to higher wavelengths typical for the phenanthrene group.349,350  

The main reason for incorporating the naphthyl and phenanthrenyl systems in the 

polymer structures was to increase the RI. Hence, the RI of the dialkoxysilanes was 

determined at 20 °C and 589 nm. The RI for the liquid monomer 2-NaphPhSi(OMe)2 can 

be obtained by standard measuring procedures. For the solid monomers 

1-NaphPhSi(OMe)2 and 9-PhenPhSi(OMe)2, the RI was studied applying a calibration 

curve method of different concentrated solutions to extrapolate the RI of the pure 

substances (for further details, see Supporting Information).255 The obtained refractive 

indices of 1-NaphPhSi(OMe)2, 2-NaphPhSi(OMe)2 and 9-PhenPhSi(OMe)2 are 1.602, 

1.594 and 1.671, respectively (see Figure S 18 and Table S 2), which is rather high 

compared with other alkoxyphenylsilanes generally ranging from 1.471 to 1.540.304 The 

samples show that replacing the 1-naphthyl for a 2-naphthyl substituent has no influence 

on the RI and therefore constitutional isomerism does not play a role for the RI.  

 

3.1.3.2 Polymers 

1-NaphPhSi(OMe)2, 2-NaphPhSi(OMe)2, and 9-PhenPhSi(OMe)2 were polymerized 

together with phenyltrimethoxysilane and dimethyldimethoxysilane or 

diphenyldimethoxysilane as comonomers. All polycondensation reactions have been 



Results and Discussion  High-Refractive-Index Polysiloxanes 

 

51 

 

carried out under HCl catalysis applying tetrahydrofuran (THF) as solvent to obtain 

partially cross-linked polysiloxanes (Scheme 26 and Table 3).334 The abbreviations for the 

sample names are composed as follows: MG refers to melting gel and Naph1 indicates 

the monomer used, while Ph and Ph2/Me2 denote phenyltrimethoxysilane and 

diphenyldimethoxysilane/ dimethyldimethoxysilane, respectively. Post treatment in a 

vacuum drying oven at 70 and 110 °C resulted in the removal of methanol and water, 

which are side products of the condensation reaction. Polycondensation of single 

siloxane units commonly leads to a ring-chain equilibrium, which cannot be excluded in 

our case. However, we showed in a previous study that the final properties of the resin 

are not influenced by these ring structures. We addressed the formation of such ring 

structures in a study of the formation of phenyl-group-containing melting gels.334 The 

possible formation of poly(THF), which can be catalyzed under acidic conditions, was not 

observed at any stage of the preparation.351 

 

Scheme 26: Condensation reaction of alkoxysilanes to cross-linked HRI polysiloxanes. 

 

Table 3: Summary of all synthesized polysiloxanes and their abbreviations. 

R (1 eq) PhSi(OMe)3 Ph2Si(OMe)2 Me2Si(OMe)2 Abbreviation 

1-naphthyl 
(1 eq) (2 eq)  MGNaph1_Ph_Ph2 

(1 eq)  (2 eq) MGNaph1_Ph_Me2 

2-naphthyl 
(1 eq) (2 eq)  MGNaph2_Ph_Ph2 

(1 eq)  (2 eq) MGNaph2_Ph_Me2 

9-phenantrenyl 
(1 eq) (2 eq)  MGPhen9_Ph_Ph2 

(1 eq)  (2 eq) MGPhen9_Ph_Me2 
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The synthesis was based on previously reported synthetic procedures, which resulted in 

reversibly meltable hybrid glasses that consolidated at elevated temperatures (see 

Figure S 19).334 The ratio between the monomers (Table 3) was chosen because 

preliminary studies showed that this ratio should result in crack-free cross-linked 

materials after consolidation. Since the phenyl and polycyclic aromatic groups contained 

in the polysiloxane already greatly increase the molar friction and thus the viscosity, the 

amount of phenyltrimethoxysilane as the cross-linker was kept low. A systematic 

variation of the additional dialkoxysilanes compared to the polycyclic aromatic ones was 

to study the influence of phenyl and methyl groups on the properties of the final polymer 

and resin, such as optical transparency, reversible melting behavior, consolidation, and 

structure.334,335 After polycondensation, a partially cross-linked structure is expected, 

which shows non-condensed silanol and methoxy groups stabilized by intra- or 

intermolecular hydrogen bonds. After consolidation in an oven at 200 °C for 72 h, these 

groups react with each other to form a structure with a higher degree of condensation 

(Scheme 27). 

 

 

Scheme 27: Polysiloxane structure before and after consolidation. 

 

3.1.3.3 Nuclear Magnetic Resonance (NMR) Spectroscopy  

Since the polymers after polycondensation as well as those after consolidation were still 

soluble, NMR spectroscopy was performed before and after consolidation to verify their 

structure (see Figure S 20 – Figure S 49) and to identify differences between the two 

states. Based on the findings regarding the solubility of the consolidated products, it can 
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already be concluded that the degree of cross-linking in the consolidated systems is not 

as high as in previous systems with smaller aromatic units. Former resins did not show 

any solubility after consolidation. 

1H NMR and 13C NMR of the polycondensation products revealed all expected 

signals.335,352 After consolidation the peaks attributed to the methoxy groups decrease 

while the other peaks become broader and more uniform, indicating further 

condensation. 29Si NMR spectroscopy in solution revealed the typical D- and T-signals 

according to the used monomers,291,335,338 which were further confirmed by 1H 29Si HMBC 

spectroscopy and is shown exemplary for MGNaph1_Ph_Ph2 and MGNaph1_Ph_Me2 

(Figure 13), and all other spectra are found in Figure S 20 – Figure S 49. Even though the 

signals in the 29Si NMR cannot be integrated to obtain further information, some trends 

are visible. The unconsolidated MGNaph1_Ph_Ph2 shows D1- and D2- as well as T1- to 

T3-signals, while the consolidated sample shows no T1-signals anymore. 

MGNaph1_Ph_Me2 shows no T1 peak even before consolidation and the D1 peak of 

dimethyldimethoxysilane is almost not visible. This indicates that the condensation is 

more progressed at this stage. Considering that the only difference in both polymers is 

the exchange of the diphenyl- for the dimethylsilane, this can be taken as an indication 

that the substitution pattern of the monomers has an influence on the consolidation 

process. Interestingly, the four other polymers show no difference between the 

consolidated and unconsolidated state.  

 

 

Figure 13: 29Si NMR of MGNaph1_Ph_Ph2 a) unconsolidated, b) consolidated and MGNaph1_Ph_Me2  

c) unconsolidated, d) consolidated. 
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3.1.3.4 Cross Polarization-Magic Angle Spinning Nuclear Magnetic Resonance 
(CP-MAS NMR) Spectroscopy 

One way to quantify the degree of cross-linking after consolidation is 29Si CP-MAS NMR 

spectroscopy, which was performed on all six consolidated samples (see Figure S 50 – 

Figure S 55). All samples show the expected shifts for each alkoxysilane monomer. It 

must be pointed out that in case of the diphenyldialkoxysilane containing samples, the 

D-signals of the latter monomers overlap with those of the polycyclic aromatic 

substituted monomers. Contrary, in cases in which dimethyldimethoxysilane was used 

as a comonomer, the samples show two D signal regions denominated D and D’. 

Phenyltrimethoxysilane shows two shifts at around -70 ppm (T2) and -78 ppm (T3) while 

dimethyldimethoxysilane and diphenyldimethoxysilane show shifts at around -6 ppm 

(D´1) and -19 ppm (D´2) and -33 ppm (D1) and -45 ppm (D2), respectively.335,353 Exemplary 
29Si CP-MAS NMR spectra are shown for MGNaph1_Ph_Ph2, MGNaph2_Ph_Me2, 

MGPhen9_Ph_Ph2 and MGPhen9_Ph_Me2 (Figure 14). Comparing MGNaph1_Ph_Ph2 and 

MGPhen9_Ph_Ph2 (Figure 14, a and c) with each other reveals that after consolidation, 

the T2- and T3-signals are almost identical while MGNaph1_Ph_Ph2 shows a significantly 

lower D2 signal. Considering the only difference in both polysiloxanes are the 1-naphthyl 

and 9-phenanthrenyl groups, it can be concluded that the latter is more cross-linked. 

Comparing both 9-phenanthrenyl containing samples, the ratio of the D-signals at -33.1 

and -44.8 ppm (blue and purple) stayed almost the same, indicating that 

diphenyldimethoxysilane and 9-PhenPhSi(OMe)2 show a similar condensation behavior. 

The dimethyldimethoxysilane shows almost exclusively D’2-signals, while the ratio of the 

T2 and T3-signals is exactly reversed compared to the only phenyl-substituents containing 

samples. This leads to the assumption that the dimethyldimethoxysilane shows a higher 

degree of cross-linking. Examining the samples MGNaph2_Ph_Me2 and 

MGPhen9_Ph_Me2 (Figure 14, b and d) the D’-signals (orange and green) from 

dimethyldimethoxysilane as well as the T-signals from phenyltrimethoxysilane are 

almost identical. The only difference is in the D-signals resulting from the polycyclic 

monomer indicating further condensation of 2-NaphPhSi(OMe)2.  



Results and Discussion  High-Refractive-Index Polysiloxanes 

 

55 

 

 

Figure 14: 29Si CP-MAS NMR spectra of the consolidated polysiloxanes. a) MGNaph1_Ph_Ph2, b) 
MGNaph2_Ph_Me2, c) MGPhen9_Ph_Ph2, d) MGPhen9_Ph_Me2.  

 

Based on the 29Si CP-MAS NMR spectra, the degree of condensation (DOC) can be 

determined according to equation 5 (Table 4 and Table S 3).291 

 

 
𝐷𝑂𝐶 =

𝐷1 + 2𝐷2 + 𝐷´1 + 2𝐷´2 + 𝑇1 + 2𝑇2 + 3𝑇3

2 ∙ (𝐷1 + 𝐷2 + 𝐷´1 + 𝐷´2) + 3 ∙ (𝑇1 + 𝑇2 + 𝑇3)
 

(5) 

 

From these calculations, the following condensation tendency can be formulated 

2-naphthyl > 9-phenanthrenyl ≥ 1-naphthyl. These results demonstrate that 

constitutional isomerism has an influence on the reactivity during the polycondensation 

process. 
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Table 4: Calculated degree of condensation for all oligosiloxanes. 

Oligosiloxane DOC /% 

MGNaph1_Ph_Ph2 80.8 

MGNaph1_Ph_Me2 89.7 

MGNaph2_Ph_Ph2 83.5 

MGNaph2_Ph_Me2 91.1 

MGPhen9_Ph_Ph2 82.7 

MGPhen9_Ph_Me2 89.7 

 

3.1.3.5 Powder X-ray Diffraction (PXRD) 

PXRD measurements were used to gain additional insight into the structures of the 

networks and were performed on the diphenyl containing oligosiloxanes after 

consolidation. These should show more inter- and intramolecular interactions, as they 

consist exclusively of aromatic groups. Similar to measurements already performed in 

our group on related systems, the obtained PXRD patterns show two reflections at 2θ 

around 8  and 20° (see Figure S 56 and Table S 4).334 The first reflection (d1) can be 

ascribed to the chain-to-chain distance of ladder-like structures or the ladder width of 

the superstructure, while the second reflection (d2) indicates its thickness.182,193 Since the 

ratio of both reflections shows the structural regularity, it can be concluded that the 

obtained structures show a certain regularity.243 In contrast to our previous work, not only 

trimethoxy- but also dimethoxysilanes were incorporated into the oligosiloxane. 

Therefore, it can be assumed that the regular, possibly ladder-like structures are limited 

to certain domains.  

 

3.1.3.6 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectra of the polymers (Figure 15 and Figure S 57 – Figure S 58) show the expected 

signals of the aromatic groups at around 3070 cm-1 (νasym CH), 3049 cm-1 (νsym CH), 

1591 cm-1 (γ CHAr), 1429 cm-1(ν C-CAr) and 739, 716 and 694 cm-1 (Ar-Si-Ar) as well as the 
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methyl groups at 2962 cm-1 (νasym CH3) and 2902 cm-1 (νsym CH3).340,354 The stretching 

vibration of the Si-O-Si bond from 1119 cm-1 to 995 cm-1 belongs to the newly formed 

network and is a proof of a successful condensation.190 Furthermore, the absorption band 

of the methoxy group at 1188 cm-1 cannot be detected anymore.227 Considering the liquid 
1H and 13C NMR spectra before consolidation show nearly no methoxy groups and the 13C 

CP-MAS NMR spectrum after consolidation shows no methoxy groups, this is a further 

proof that the network was successfully formed.227 A first indication of how far the 

condensation has progressed is the absorption band of Si-OH from 925 cm-1 to 827 cm-1 

and is shown exemplary for MGNaph1_Ph_Ph2 and MGNaph1_Ph_Me2 (Figure 15).340 This 

band can only be observed for the unconsolidated MGNaph1_Ph_Ph2 and disappears 

upon consolidation, showing that this sample is less condensed than MGNaph1_Ph_Me2. 

Two important signals, which are shown in the FTIR spectrum, are the absorption bands 

of the isolated silanols from 3704 to 3521 cm-1 (ν(OHisolated)) and the mono-hydrogen-

bonded silanols from 3498 to 3126 cm-1 (ν(OHH-bonded)), which develop during the 

hydrolysis step in the polycondensation reaction.355 Prior to consolidation, the latter is 

more pronounced when diphenyldimethoxysilane (green curve) is included instead of 

dimethyldimethoxysilane (red curve), also indicating a less advanced condensation. 

Comparing the polysiloxanes before and after consolidation, this band disappears 

completely, indicating that the OH-groups continue to condense during the 

consolidation, which is also reflected in the higher glass-transition temperatures shown 

later. This would also prove that the condensation reaction proceeds further during the 

consolidation. The more advanced condensation of Me2Si(OMe)2 compared to 

Ph2Si(OMe)2 can be explained by a closer look on the acid-catalyzed sol-gel process, 

which is divided into hydrolysis and condensation. Under acidic conditions, the first is the 

rate-determining step due to the nucleophilic attack of water on the silicon atom and 

proceeds according to an SN2 mechanism.80,85 Its reaction rate is thereby determined by 

the +I-effect and steric hindrance. The methyl groups provide a greater +I-effect as well 

as less steric hindrance. Effects of exchanging substituents on the silicon atom on 

hydrolysis and condensation were already extensively described in literature.81,86,87  
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Figure 15: FTIR spectra of both MGNaph1_Ph_Me2 before (red) and after (black) and MGNaph1_Ph_Ph2 
before (green) and after (blue) consolidation. 

 

3.1.3.7 Ultraviolet-visible (UV-vis) Spectroscopy 

Important properties of polysiloxanes used in optoelectronic devices are transparency, 

resistance against yellowing, and overall thermal stability. When polysiloxanes are 

exposed to high temperatures and UV light, bonds can be broken, creating free radicals 

that lead to yellowing, which also reduces transparency.259 The long-term optical stability 

can be determined by the yellowness index (YI), which can be determined using UV-vis 

spectroscopy and that describes the color change from clear/white to yellow.260 We 

performed measurements on all samples for approximately 120 µm thick films 

doctor-bladed on glass slides. Measurements were carried out before and after 

consolidation and after an additional 72 h and 168 h at 200 °C. The additional thermal 

steps can lead to a change in film thickness (Figure 16 and Figure S 59 – Figure S 60). All 

samples show a transmittance at 450 nm between 98 and 99 % before consolidation, 

which decreases by 1 to 2 % after thermal treatment (Figure 16, a). The only exception is 

MGPhen9_Ph_Ph2, which cracked after consolidation during cooling to room 

temperature, which explains the high drop in transmittance of 6 %. Cracking of this 

sample compared to the others is based on the purely aromatic content and the 

phenanthrenyl group, both making the final polymer very brittle. Furthermore, it is worth 
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mentioning that the polysiloxanes with 2-naphthyl showed a slightly higher decrease in 

transmittance than 1-naphthyl, which could be due to the different bonding of the 

naphthyl group. The transmittance of all oligosiloxanes decreases upon further thermal 

treatment for 3 d and 7 d. MGNaph1_Ph_Ph2, MGNaph2_Ph_Me2 and MGPhen9_Ph_Ph2, 

hereby show the biggest decrease of almost 10 %. For MGNaph1_Ph_Ph2 and 

MGPhen9_Ph_Ph2, this can be attributed to the cracking of the sample. Apart from this, 

their transmittances are decreasing only slowly. The smallest transmission loss is 

observed for MGNaph1_Ph_Me2 and MGPhen9_Ph_Me2 with only 2.3 and 2.7 %, 

respectively. Based on the samples containing dimethylsilanes, none of which cracked, 

the following series for thermal stabilities based on transmittance can be obtained: 

1-naphthyl > 9-phenanthrenyl > 2-naphthyl. YI measurements confirm this trend for the 

afore mentioned silanes (Figure 16, b). Before consolidation, all samples show similar YI 

being the highest for 9-phenanthrenyl. After thermal treatment 2-naphtyl containing 

oligosiloxanes show the highest increase in YI. Siloxanes with dimethylsilane reveal the 

same or a lower YI before and after thermal treatment than those with diphenylsilane. 

MGNaph2_Ph_Me2 hereby is an exception having a significantly higher YI than 

MGNaph2_Ph_Ph2 after thermal treatment. In the literature, it is known that phenyl 

groups can undergo temperature-induced oxidation in air.31 This would explain the 

increase in YI at prolonged times at 200 °C, while the methyl groups seem to play only a 

minor role. YI measurements in literature have been carried out on various silicones in a 

time range between 1 and 1200 h and temperature ranges from room temperature to 

200 °C, thereby increasing by values of up to 21.31,260,261,356 
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Figure 16: UV-vis measurements of all oligosiloxanes: a) transmittance and b) YI. 

 

3.1.3.8 Fluorescence Spectroscopy 

Fluorescence spectroscopy was performed on the unconsolidated siloxanes to 

investigate potential π-π-interactions of the polycyclic aromatic systems expressed in 

the formation of excimers (see Figure S 61 – Figure S 66), which can be shown by a 

concentration-dependent study of the diluted condensed materials and exemplified for 

MGNaph1_Ph_Ph2 and MGPhen9_Ph_Ph2 (Figure 17). If excimers are present, a broad 

peak should appear, which decreases with increasing in dilution.357 For 

MGNaph1_Ph_Ph2, two bands were detected. The signal at 342 nm is the one that is also 

observed for the monomer 1-NaphPhSi(OMe)2 also shifting to lower wavelengths upon 

further dilution. The second peak at 398 nm shows no shift but decreases with increasing 

dilution, which is due to excimer fluorescence.345,358–360. The same behavior can be 

observed for MGNaph1_Ph_Me2 as well as the 2-naphthalene containing siloxanes only 

varying slightly in wavelength. Comparing 1-naphthyl and 2-naphthyl, the excimer 

formation is less pronounced for the latter. Considering the lower decrease of the 

excimer band at high dilutions, intramolecular excimer formation seems to be a factor. 

Since the obtained oligosiloxanes are networked with PhSi(OMe)3 and not just linear, the 

intramolecular excimer formation should arise from neighboring aromatic groups rather 

than from the formation of loops. Clarification on this however would need further 
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investigation. MGPhen9_Ph_Ph2 shows only the three close peaks originating from the 

phenanthrenyl group, which has already been observed in 9-PhenPhSi(OMe)2 and can 

therefore be attributed to molecular fluorescence. The slight decrease in intensity with 

further dilution could possibly be attributed to ground-state aggregation.192 A similar 

observation is made for MGPhen9_Ph_Me2. It was not possible to measure the whole 

dilution series for all siloxanes due to a constant increase in intensity with further dilution, 

which eventually reached the detector limit. The Stokes shifts (see Figure S 61 – Figure S 

66) of all samples show that excitation and emission are heavily overlapping, especially 

for the 9-phenanthrenyl systems. This is a sign for self-quenching phenomena and would 

explain the increase in intensity with further dilution. Diluting even further, the intensity 

of the spectra should decrease again since less molecules become available for 

absorption and subsequent emission.361 Interestingly, even though the larger aromatic 

system of the phenanthrenyl group compared to the naphthalene group should in theory 

lead to more aggregation, no excimer fluorescence is observed.362 This phenomenon was 

already investigated in the literature. According to Förster, the stability of the excited 

dimer mainly results from the resonance force between excited and unexcited molecules 

of the same kind, which is much weaker for phenanthrene than it is for naphthalene.363 In 

summary, it can be concluded that 1-naphthyl shows the highest tendency for 

dimerization and therefore the formation of excimers followed by 2-naphthyl, while 

9-phenanthrenyl shows no aggregation tendency at all.  

 

Figure 17: Fluorescence spectra of a dilution series of a) MGNaph1_Ph_Ph2 and b) MGPhen9_Ph_Ph2 in 
DCM with an excitation wavelength of 300 nm. 
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3.1.3.9 Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) 

The molecular weight and therefore the size of a polymer as well as any low-molecular-

weight species influence the properties and characteristics of the polymer. To gain an 

insight into these characteristics, we used MALDI-TOF measurements (see Figure S 67 – 

Figure S 72). MALDI-TOF measurements of MGNaph1_Ph_Ph2 and MGPhen9_Ph_Ph2 

(Figure 18) show a range in molecular weight up to 1600 and 2000 m/z, respectively, and 

are therefore oligosiloxanes rather than polysiloxanes. It should be noted that a matrix 

was used for these measurements, which can be found up to 800 m/z, preventing 

analysis up to this region. This is supported by the 29Si CP-MAS NMR of MGPhen9_Ph_Ph2 

that shows a slightly higher condensation than for MGNaph1_Ph_Ph2 with DOCs of 83 and 

81 %, respectively. The dimethyl containing polysiloxanes are roughly reaching the same 

values as the samples with diphenylsilane. Considering the monomer Me2Si(OMe)2 has 

less molecular weight then Ph2Si(OMe)2, oligosiloxanes containing the former should 

have more repeat units. They also show a higher DOC. This can also be deduced from the 
29Si CP-MAS NMR results showing higher ratios of T3 to T2 as well as very high ratios of D’2 

to D’1 of the samples with Me2Si(OMe)2 as monomers. The mass fragments of all 

monomer units are present in the spectra, proving that all monomers were incorporated 

in the polymeric structures. Furthermore, for MGNaph1_Ph_Ph2 certain oligomers can be 

identified as, for example at 892, 963 and 1013 m/z. During the ionization in these 

measurements, H+ ions can accumulate on the oligomers, increasing their molecular 

weight slightly. Since the consolidated oligosiloxanes are still soluble, we exemplary 

carried out MALDI-TOF measurements on the consolidated MGNaph1_Ph_Ph2 (see 

Figure S 73). The molecular weight now reaches up to 2400 m/z and therefore has 

increased significantly, indicating further condensation during the consolidation. 
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Figure 18: MALDI-TOF measurement of a) MGNaph1_Ph_Ph2 and b) MGPhen9_Ph_Ph2. 

 

3.1.3.10  Size Exclusion Chromatography (SEC) 

Size exclusion chromatography experiments were performed on MGNaph1_Ph_Ph2 and 

MGNaph1_Ph_Me2 (see Figure S 74 and Table S 5) using a UV detector. The 

chromatogram of MGNaph1_Ph_Ph2 taken with polystyrene (PS) as standard shows only 

one broad peak with two maxima in a range of 300-1200 g mol-1 with an average molecular 

weight (Mw) of 790 g mol-1 and a polydispersity index (Ð) of 1.174. The chromatogram for 

MGNaph1_Ph_Me2 shows one broad peak from 300 to 1500 g mol-1 with an average 

molecular weight (Mw) of 1212 gmol-1 and a Ð of 1.428. Both oligosiloxanes have roughly 

the same size distribution with no monomers being present. It also shows that oligomers 

rather than polymers were obtained during the condensation process confirming the 

MALDI-TOF mass spectrometry measurements. Even though the PS standard which was 

used differed with respect to the hydrodynamic volume in THF compared with our 

systems, the molecular weight is in the same range as already shown by the MALDI-TOF 
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measurements. In contrast to the MALDI-TOF experiments, no interfering matrix is 

present in these investigations. Thus, low-molecular-weight species below 800 g mol-1 

can be observed. We cannot exclude that also ring formation occurred during the 

polycondensation reaction, which would lead to small organo cyclotrisiloxanes or 

cyclotetrasiloxanes. However, these ring systems cannot be specifically detected with 

the instrumental methods used in our studies.  

 

3.1.3.11  Differential Scanning Calorimetry (DSC) 

DSC measurements show the expected reversible thermoplastic behavior of melting-gel-

like structures with a distinct melting process.183 Repetitive heating and cooling was 

applied to the samples to obtain hysteresis curves investigating the repeatability of the 

melting process for the unconsolidated samples as well as their glass transition 

temperature (Tg) (Figure 19). It can be concluded that all oligosiloxanes are reversibly 

meltable without changes in their Tg’s. All samples condensed with 

diphenyldimethoxysilane show a higher Tg then their dimethyldimethoxysilane 

counterparts, which is a literature-known phenomenon.364 It should also be mentioned 

that the Tg increases further with larger aromatic substituents, which can be seen as the 

phenanthrenyl containing oligosiloxanes exhibit higher values then the naphthyl 

derivates. Comparing MGNaph1_Ph_Ph2 with MGNaph2_Ph_Ph2 or MGNaph1_Ph_Me2 

with MGNaph2_Ph_Me2 it becomes obvious that 2-naphthyl leads to a lower Tg then 

1-naphthyl. This could be due to the different binding leading to less steric hinderance 

and less free volume.365 The steric demand of the two groups differently attached to the 

siloxane backbone can result in different degrees of freedom of the polymer chains and 

consequently in variations of the association efficiency (Scheme 28). The measured Tg’s, 

in general, range from -14.5 °C (MGNaph2_Ph_Me2) to 21.8 °C (MGPhen9_Ph_Ph2). 

Generally, the Tg’s for polysiloxanes can range from around -115 to 56 °C depending on 

the groups present, the amount of di- and trialkoxysilanes, and their ratio.183,184,298,366  
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Figure 19: Hysteresis curves of all oligosiloxanes before consolidation. Every sample was measured three 
times. 
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Scheme 28: Differences in steric hinderance of 1-naphthyl and 2-naphthyl in a) MGNaph1_Ph_Ph2 and b) 
MGNaph2_Ph_Ph2. 

 

Usually, consolidation of phenyl structures is obtained upon heating to 200 °C for 24 h.183 

However, for the here described more sterically demanding polycyclic aromatic groups, 

longer consolidation times are necessary; therefore, we heated our samples at 200 °C for 

72 h (Figure 20). Successfully consolidated materials do not show any Tg since the cross-

linking should lead to an irreversible dense network formation, resulting in the loss of a 

softening temperature.183,184 Upon thermal treatment, the Tg of all oligosiloxanes further 

increased, which shows that the condensation process continues. For almost all 

oligosiloxanes, the general trend already discussed for the unconsolidated samples 

continues in that the Tg increases from 2-naphthyl to 1-naphthyl to 9-phenanthrenyl. It 

also increases for the corresponding oligosiloxanes from those containing 

dimethyldimethoxysilane to those containing diphenyldimethoxysilane. The only 

exception is MGNaph2_Ph_Me2, which now shows the second highest Tg of all 

oligosiloxanes. This could possibly be due to the higher degree of condensation of the 

2-naphthyl monomer compared to the 9-phenanthrenyl monomer as already observed in 

the 29Si CP-MAS spectra as well as the highest DOC of all samples. Unfortunately, all 

supposedly consolidated samples still show a Tg, proving that no complete consolidation 

was achieved. This could be due to the steric hindrance originating from the polycyclic 

aromatic groups and high aromatic content in general. Incomplete consolidation is also 
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evidenced by the overall low T3 signals in the 29Si CP-MAS NMR spectra. None of the 

measured Tg increases from one cycle to another which can be taken as an indication that 

the consolidation process is complete. The Tg’s obtained after consolidation are quite low 

in some cases. The highest values being reached at 74 °C for the purely aromatic 

phenanthrenyl containing polymer, which makes them appear unfavorable for high 

temperature applications. In summary, although all polysiloxanes undergo further 

condensation by heating them to 200 °C, the condensation process cannot complete to 

a point where the Tg disappears. 

 

Figure 20: DSC curves of all oligosiloxanes after consolidation. Every sample was measured three times. 
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3.1.3.12  Thermogravimetric Analysis (TGA) and TG-FTIR  

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of the 

polysiloxanes as well as study their decomposition behavior. For this purpose, all 

oligosiloxanes before and after consolidation were heated up to 800 °C under oxygen 

(Figure 21). For the unconsolidated samples, the T95 values range from 222 to 306 °C with 

residual masses between 15.95 and 29.22 %. Oligosiloxanes with 

dimethyldimethoxysilane show a higher residual mass than those with 

diphenyldimethoxysilane due to the lower molecular weight of the methyl groups 

compared to the phenyl groups. Within each group, no logical sequence can be 

determined. This could be due to a different degree of condensation and thus different 

amounts of water and methanol released during heating. Another possibility would be the 

formation of cyclic structures during the condensation reaction, which would also 

evaporate at elevated temperatures. It is clearly visible that the polycyclic group has a 

strong influence on the T95 values with 2-naphthyl providing the highest and 

9-phenanthrenyl the lowest values. For samples containing the same polycyclic group, 

Me2Si(OMe)2 seems to lead to equal or lower values than Ph2Si(OMe)2.367,368 Before 

consolidation, the first mass loss should be due to evaporation of water and methanol 

formed during the ongoing condensation at higher temperatures.369 This would lead to the 

assumption that the oligosiloxanes containing 9-phenanthrenyl are least condensed and 

thus release the most water and methanol followed by 1-naphthyl and 2-naphthyl. To 

investigate this further, TG-FTIR studies were applied using MGNaph1_Ph_Ph2 (Figure 

22). The TG and Gram Schmidt curves (Figure 22, b) show four mass loss steps at 164, 

309, 572 and 679 °C. As already assumed, the first mass loss at 164 °C is due to water 

and methanol. At 309 °C (Figure 22, c), the IR shows water and the typical signals of 

aromatic compounds, indicating the breakage of Si-C bonds and release of benzene and 

naphthalene. A distinction between both is not possible due to their strong similarity.370–

373 At 572 °C (Figure 22, c), the same absorption bands as before can be seen. 

Additionally, a band at 1429 cm-1 (Si-Ph) and a broad band from 1128 to 1012 cm-1 (Si-O-

Si) are appearing, both signifying the existence of small condensed species. Considering 

the amount of dialkoxysilanes, these should be cyclic structures.374,375 At 679 °C (Figure 

22, c), the previously observed bands have almost disappeared and a strong CO2 band 

can be observed indicating further decomposition of the oligosiloxane.  
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Figure 21: TGA curves of all polysiloxanes a) before and b) after consolidation. 

 

 

 

Figure 22: TG-FTIR measurements of MGNaph1_Ph_Ph2. a) 3D plot, b) TG and Gram Schmidt curves, c) IR 
at 164, 309, 572 and 679 °C. 
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The appearance of cyclic species during the thermal decomposition of polymers is a well-

known phenomenon and can be explained by a backbiting mechanism (Scheme 29).228,368  

 

Scheme 29: Cyclization reaction due to backbiting and release of cyclic species shown exemplary on 
MGNaph1_Ph_Ph2. 

 

The consolidated oligosiloxanes show a different order than the unconsolidated ones in 

terms of the residual mass as well as T95 values. For the residual mass, the same trend as 

for the unconsolidated samples can be seen. In general, those with 

dimethyldimethoxysilane show higher values than those with diphenyldimethoxysilane 

due to the lower molecular weight of the methyl groups. After consolidation, the residual 

mass within these two groups decreases with the polycyclic group enlarging from 

naphthyl to phenanthrenyl as expected. MGNaph2_Ph_Ph2 hereby has a higher residual 

mass then MGNaph1_Ph_Ph2, indicating a higher ratio of silicon to organic and therefore 

a higher degree of condensation. This is also evident in the higher proportion of D2 and T3 

signals in the 29Si CP-MAS spectra. The T95 values are in no clear order. MGNaph2_Ph_Ph2 

shows the highest value at 470 °C, while MGPhen9_Ph_Me2 has the lowest at 392 °C. It 

seems that phenyl groups lead to higher thermal stability than methyl groups for the 

respective polycyclic monomer, which is in good agreement with the literature.367,368 

Among the polycyclic aromatic groups, thermal stability tends to be highest for 

2-naphthyl, although this may also be due to the slightly increased cross-linking degree 

also visible in the 29Si CP-MAS spectra. In general, it can be concluded that the obtained 

cured oligosiloxanes show very high thermal stabilities. Other siloxanes consisting 

mainly of phenyl and methyl groups show T95 values between 340 and 460 °C,190,254,277,316 

while the polysiloxanes containing polycyclic aromatic groups previously synthesized in 

our group showed values up to 370 °C.191  
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3.1.3.13  Refractive Index (RI) 

Polymers with a high RI are important for many applications like prisms, lenses, or optical 

fibers.324 The RI was measured via the afore mentioned calibration curve method (see 

Figure S 75 – Figure S 76) before and after consolidation (Table 5). To achieve a high RI, 

a siloxane needs to contain groups with a high molar refraction, which in turn increases 

with more polarizable groups and a higher overall density. Systems with conjugated 

π-bonds also increase the refractive index. Other factors that have to be considered for 

an increase in RI are a low molecular volume and an improved molecular packing, which 

can be influenced by the steric demand of the used groups.280 For the unconsolidated 

samples, the RI increases from naphthyl to phenanthrenyl due to the latter having a 

higher molar fraction, while there is no difference between the 1-naphthyl and 2-naphthyl 

groups. Interestingly, the RI decreases upon consolidation for the samples with 

1-naphthyl and 9-phenanthrenyl groups. One explanation could be the condensation 

reaction considering it leads to more “glass like” structures and the SiO2 in glass has a RI 

of only 1.463, which is significantly lower than that of our polymers.376 A second possible 

explanation could be the cleavage of the methoxy and hydroxy groups during 

condensation. Both methyl and hydroxy groups should have a higher molar refraction 

than the Si-O-Si unit obtained by condensation.35 Interestingly, the RI of both 

oligosiloxanes containing the 2-naphthyl group increases after consolidation and for 

MGNaph2_Ph_Ph2 even reaching the highest value of all samples. A definitive explanation 

for this observation cannot be given at this point. Possibly, the sterically less hindered 

2-naphthyl group leads to a stronger reduction of the molar volume (VM) during 

consolidation than the other polycyclic residues. According to the Lorentz-Lorenz 

equation (eq. 3), this would lead to an increase in the refractive index. The sterically less 

bulky 2-naphthyl groups could also lead to an improved molecular packing, which in turn 

would decrease the molar volume and therefore increase the RI.377,378 Similar attempts to 

increase the RI by modification of the organic residues at the silicon backbone or the 

backbone itself gave similar or lower RIs, whereby higher RIs were obtained by the 

addition of sulfur. Further improvements were made by adding metal atoms such as 

germanium or tin as well as by using halogenated polycyclic aromatics or preparing 

siloxanes consisting of only polycyclic groups. It should be noted that while the former is 
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not a pure siloxane, the latter has no known characteristics other than its refractive index. 

(Table 6).  

Table 5: Refractive indices of the polymers before and after consolidation. 

 RI, unconsolidated RI, consolidated 

MGNaph1_Ph_Ph2 1.603 ± 0.001 1.598 ± 0.001 

MGNaph1_Ph_Me2 1.559 ± 0.002 1.557 ± 0.001 

MGNaph2_Ph_Ph2 1.600 ± 0.003 1.610 ± 0.001 

MGNaph2_Ph_Me2 1.560 ± 0.002 1.585 ± 0.001 

MGPhen9_Ph_Ph2 1.622 ± 0.002 1.603 ± 0.003 

MGPhen9_Ph_Me2 1.585 ± 0.003 1.575 ± 0.001 

 

Table 6: Comparison of refractive indices of different polysiloxanes. 

 RI Wavelength /nm Source 

This work 1.610 589 -- 

Our previous work 1.63 622 191 

adamantane‐based phenyl epoxy‐silicone 1.565 -- 190 

Siloxane−Sulfide Polymer 1.665 546 277 

Polysiloxane-Silphenylene Hybrimer 1.59 520 254 

Epoxy Modified Methyl Phenyl Silicone Resin 1.5367 -- 379 

Thiol-Ene Polymers 1.703 546 380 

Halogenated functional resins 1.770 633 381 

 

 

3.1.4 Experimental Section 

3.1.4.1 Materials 

Magnesium chips (99.9+%, Acros Organics), 1-bromonaphthaline (97%, abcr GmbH), 

2-bromonaphthalene (98%, BLD Pharmatech Ltd), 9-bromophenantherene (99.83%, BLD 

Pharmatech Ltd), and phenyltrimethoxysilane (97%, abcr GmbH) were used without 

further purification. THF (99.8 % HPLC grade, Fischer Chemical) was purified in a MBraun 

SPS-5 solvent purification system. All dialkoxysilane syntheses were carried out under 



Results and Discussion  High-Refractive-Index Polysiloxanes 

 

73 

 

inert atmosphere. For polymer synthesis dimethoxydiphenylsilane (97%, Alfa Aesar), 

dimethyldimethoxysilane (97%, abcr GmbH), phenyltrimethoxysilane (97%, abcr GmbH), 

and THF (99.8 % HPLC grade, Fischer Chemical) were used without further purification. 

Hydrochloric acid (pH 1) was diluted from conc. HCl (for analysis, ACS BerndKraft) using 

demineralized water. 

3.1.4.2 Instrumentation and Characterization Methods 

NMR spectra in solution were carried out on an Avance III HD 400 MHz spectrometer 

(Bruker Corporation, Billerica, USA) with 400.13 MHz for 1H NMR spectra, 100.62 MHz for 
13C NMR spectra and 79.49 MHz for 29Si NMR spectra. All NMR samples were prepared in 

chloroform-d (CDCl3). 29Si spectra of the polymers were analyzed after subtraction of a 

blanc spectrum measured in the same type of tube as the samples containing only 

chloroform-d (CDCl3) to remove the glass peak using TopSpin (4.1.1, 2020, Bruker 

BioSpin GmbH).  

CP-MAS NMR spectra were recorded on an Avance III HD-Ascend 400WB spectrometer 

(Bruker Corporation, Billerica, USA) using 4 mm inner diameter ZrO2 rotors with a 13 kHz 

rotation frequency. The resonance frequencies were 100.67 MHz for 13C and 79.53 MHz 

for 29Si NMR spectra. All spectra except for the 29Si CP-MAS NMR were plotted in 

MestReNova v14.2.1-27684 using the apodization function to adjust the signal-to-noise 

ratio, while the 29Si CP-MAS spectrum was analyzed with OriginPro 2021b and integrated 

using a Gaussian function. For MGNaph1_Ph_Me2 it was only possible to record a 29Si 

CP-MAS spectrum with half of the normal number of scans. Due to its lower viscosity and 

the rotation, the sample was pressed upward against the inner wall of the rotor, causing 

the lid to loosen and the measurement had to be stopped. 

Fourier transform infrared (FTIR) spectra were recorded in attenuated total reflectance 

mode (ATR) on a Vertex 70 spectrometer (Bruker Optics, Ettlingen, Germany) from 4500 

to 400 cm-1 for the monomers but only shown from 3250 to 400 cm-1 due to the absence 

of other signals at higher wavenumbers and from 4000 to 400 for the unconsolidated 

samples, each with a resolution of 4 cm–1 and 16 scans.  

Elemental analysis was performed on a Vario Micro cube (Elementar Analysensysteme 

GmbH, Langenselbold, Germany). 

UV-vis transmission measurements of the monomers were performed in a quartz glass 

cuvette with 1 cm thickness, diluted in dichloromethane from 200 to 800 nm but only 
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presented from 230 to 500 nm due to the absorption of the quartz class at low 

wavelengths and the absence of other signals at high wavelengths. All oligosiloxanes 

were doctor bladed onto glass slides at a thickness of approximately 120 µm, heated to 

110 °C for 5 min in an oven to ensure a uniform film and measured after cooling. The 

measurement range was from 200 to 800 nm but is only presented from 300 to 800 nm 

due to the absorption of the class slides at low wavelengths. Consolidation of the 

oligosiloxanes was performed in a vacuum oven at 200 °C for 24 h to prevent blistering 

and then for an additional 72 h at 200 °C in an oven. Further thermal treatment was also 

done in an oven at 200 °C for an additional 7 days, and measurements were taken after 3 

and 7 days. All transmittance measurements were performed on a Lambda 750 

instrument (Perkin Elmer Inc., Shelton, USA) equipped with a 100 mm integration sphere 

with 2 nm increments and 0.2 s integration time. Yellowness index measurements were 

performed on the same samples at the same time intervals as the transmittance 

measurements from 380 to 780 nm, with 10 nm increments and 0.24 s integration time 

using the same instrumental setup. 

Fluorescence measurements for all samples were performed in a quartz glass cuvette 

with 1 cm thickness, diluted in dichloromethane on a fluorescence spectrometer FP-

6500 (Jasco, Pfungstadt, Germany). All emission spectra were recorded with a band 

width of 3 nm, a response time of 0.5 s, and a scanning speed of 200 nm min-1. The 

excitation wavelengths of the monomers and oligosiloxanes for the emission spectra 

were 290 and 300 nm, respectively. Excitation spectra were recorded in the same manner 

with emission wavelengths of 360, 370 and 400 nm for 1-NaphPhSi(OMe)2, 

2-NaphPhSi(OMe)2 and 9-PhenPhSi(OMe)2 as well as 360 nm for 1- and 2-naphthalene 

and 390 nm for 9-phenanthrene containing oligosiloxanes. 

Thermogravimetric measurements (TG) were carried out applying a TGA/DSC STARe 

System 1 (Mettler-Toledo, Schwerzenbach, Switzerland) applying a heating rate of 

10 K min-1 between 25 and 800 °C using an oxygen gas flow of 40 mL min–1.  

Refractive indices were measured as a dilution series (see Supporting Information) on an 

Abbemat 350 (Anton-Paar OptoTec GmbH, Seelze-Letter, Germany) at a wavelength of 

589 nm and 20 °C. 

TG-FTIR measurements were performed using the above-mentioned Bruker Vertex 70 

spectrometer coupled to a TG F1 Iris (NETZSCH-Gerätebau GmbH, Selb, Germany). Each 
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FTIR spectrum was performed in the wavenumber range 550−4500 cm−1 and by averaging 

16 scans with a spectral resolution of 4 cm−1. TGA was performed under a constant flow 

of N2 (32 mL min−1) and O2 (8 mL min−1) with a heating rate of 20 K min−1 to a maximum of 

800 °C. During the measurements, the samples were placed in an open alumina crucible. 

Differential scanning calorimetry (DSC) was performed with a DSC 204 F1 Phoenix 

calorimeter (NETZSCH-Gerätebau GmbH, Selb, Germany) using aluminum crucibles 

with pierced lids under nitrogen/oxygen-flow (40/60 mL min-1) applying a heating rate of 

10 K min-1. The temperature range was -40 to 200 °C to measure the Tg of the consolidated 

and -40 to 110 °C to determine repeatability of the melting process of the unconsolidated 

samples. The value of the glass transition temperature (Tg) was taken by determining the 

center point of the glass event. 

MALDI-TOF measurements were carried out on a 4800 Plus MALDI tandem TOF (AB Sciex, 

Darmstadt, Germany) in linear mode with a neodym YAG laser (353 nm) and analyzed 

with Data Explorer Software (4000 Series Explorer). The samples were dissolved with a 

dithranol-matrix solved in 70 % TFA and 30 % water, placed on a plate, and left to dry. 

Then, 1 µL AgTFA solved in THF was added and the samples were measured. 

Size exclusion chromatography (SEC) was performed with a PSS SECcurity2 system 

composed of a 1260 IsoPump-G7110B (Agilent Technologies, Santa Clara, CA, USA) and 

a 1260 VW-detector G7162A at 270 nm (Agilent Technologies) at 25 °C, with THF as the 

mobile phase (flow rate 1 mL min-1) on an SDV column set (SDV 103, SDV 105, SDV 106) 

from PSS (Polymer Standard Service, Mainz, Germany). Calibration was carried out using 

PS standards (from PSS).  

Powder X-ray diffraction (PXRD) patterns of the pulverized samples were recorded at 

room temperature on a D8-A25-Advance diffractometer (Bruker AXS, Karlsruhe, 

Germany) in Bragg-Brentano θ-θ geometry (goniometer radius, 280 mm) with Cu Kα 

radiation (λ = 154.0596 pm). A 12 μm Ni foil working as a Kβ filter and a variable divergence 

slit were mounted at the primary beam side. A Lynxeye detector with 192 channels and a 

variable slit diaphragm in front of it was used at the secondary beam side. Experiments 

were carried out in a 2θ range of 3−40° with a step size of 0.013° and a total scan time of 

1 h. The recorded data was evaluated using TOPAS 5.0 (Bruker AXS, 2014, Karlsruhe, 

Germany) software, with the observed reflections being treated via single-line fits. 
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3.1.4.3 Synthesis of Dialkoxysilanes 

All three dialkoxysilanes were synthesized and purified according to modified literature 

procedures.70,382 All temperatures were taken from the heating block. 

 

Dimethoxyphenyl-(1-naphthyl)silane (1-NaphPhSi(OMe)2) 

A 1000 mL three-necked round bottom flask equipped with a reflux condenser, a 

dropping funnel, and a gas inlet was charged under a nitrogen atmosphere with 

magnesium chips (12.32 g, 506.8 mmol, 1.5 eq) and 400 mL abs THF and heated to 45 °C. 

1-bromonaphthalene (71.04 g, 343.1 mmol, 1 eq) was diluted with 50 mL abs THF in the 

dropping funnel and added dropwise over a period of 30 minutes. The reaction mixture 

was stirred at 60 °C for 2 h. Phenyltrimethoxysilane (201.78 g, 1017.6 mmol, 3 eq) was 

added to a 1000 mL Schlenk flask, which was charged under nitrogen atmosphere, 

cooled to -10 °C using an ethanol/nitrogen bath, and the still-hot reaction mixture was 

added via cannula. The solution was stirred overnight and allowed to warm up to room 

temperature.  

After the solvent was removed, 400 mL n-hexane was added to the residue, refluxed for 

10 minutes, and decanted after cooling to room temperature. 200 mL n-hexane was 

added to the remaining residue, refluxed for 10 minutes, and filtered while hot. The 

combined organic solvents were subsequently removed with a rotary evaporator and in 

high vacuum. The crude product was distilled by fractionating distillation: 1. Fraction 

(1.0x10-2 mbar, 80 °C) was excess phenyltrimethoxysilane, 2. fraction (1.2x10-2 mbar, 

160 °C) was the desired product. The product was allowed to solidify overnight, crushed, 

and then washed with cold ethanol and precipitated from the filtered ethanol to gain a 

total yield of 66.8 g (yield: 66 %) of a white crystalline solid. 

1H NMR: (400 MHz, CDCl3) δ 8.30-8.24 (phenyl/naphthyl, m, 1H), 8.06-8.01 

(phenyl/naphthyl, dd, J = 6.8, 1.4 Hz, 1H), 7.98-7.93 (phenyl/naphthyl, dt, J = 8.2, 1.1 Hz, 

1H), 7.89-7.84 (phenyl/naphthyl, m, 1H), 7.73-7.68 (phenyl/naphthyl, m, 2H), 7.55-7.50 

(phenyl/naphthyl, dd, J = 8.2, 6.8 Hz, 1H), 7.48-7.44 (phenyl/naphthyl, m, 2H), 7.44-7.41 

(phenyl/naphthyl, m, 1H), 7.40-7.34 (phenyl/naphthyl, m, 2H), 3.67 (OCH3, s, 6H) ppm. 

29Si NMR (79 MHz, CDCl3) δ -27.65 ppm. 
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13C NMR (101 MHz, CDCl3) δ 137.20, 136.36, 134.80, 133.40, 133.07, 131.35, 130.46, 

130.17, 128.86, 128.36, 128.09, 126.52, 125.73, 125.20, 51.11 ppm. 

CHN: calc. C: 73.43 %, H: 6.16 %; found C: 73.21 %, H: 5.78 % 

 

Dimethoxyphenyl-(2-naphthyl)silane (2-NaphPhSi(OMe)2) 

Dimethoxyphenyl-(2-naphthyl)silane was synthesized in the same manner as 

dimethoxyphenyl-(1-naphthyl)silane. After removing the solvent of the combined 

filtrates, the crude product had to be purified by Kugelrohr distillation (2.5x10-2 mbar, 

200 °C) and yielded 68.4 g (68 %) of a viscous colorless liquid.  

1H NMR: (400 MHz, CDCl3) δ 8.33-8.25 (phenyl/naphthyl, m, 1H), 7.96-7.85 

(phenyl/naphthyl, m, 3H), 7.81-7.70 (phenyl/naphthyl, dd, J = 7.9, 1.6 Hz, 3H), 7.61-7.41 

(phenyl/naphthyl, m, 5H), 3.74 (OCH3, s, 6H) ppm. 

29Si NMR (79 MHz, CDCl3) δ -28.76 ppm. 

13C NMR (101 MHz, CDCl3) δ 136.47, 135.01, 134.53, 132.94, 132.30, 130.57, 130.42, 

129.71, 128.55, 128.13, 127.87, 127.38, 127.03, 126.12, 51.12 ppm. 

CHN: calc. C: 73.43 %, H: 6.16 %; found C: 73.30 %, H: 6.39 % 

 

Dimethoxyphenyl-(9-phenanthrenyl)silane (9-PhenPhSi(OMe)2) 

Dimethoxyphenyl-(9-phenanthrenyl)silane was synthesized in the same manner as 

dimethoxyphenyl-(1-naphthyl)silane. After filtration of the twice refluxed solution, the 

crude product crystallized in the filtrate. It was filtered off again, recrystallized from 

n-hexane, and yielded 53.9 g (54 %) of a crystalline white solid.  

1H NMR: (400 MHz, CDCl3) δ 8.78-8.70 (phenyl/phenanthrenyl, m, 2H), 8.47-8.43 

(phenyl/phenanthrenyl, s, 1H), 8.38-8.33 (phenyl/phenanthrenyl, dd, J = 8.1, 1.3 Hz, 1H), 

8.04-7.99 (phenyl/phenanthrenyl, dd, J = 7.9, 1.5 Hz, 1H), 7.82-7.77 

(phenyl/phenanthrenyl, dt, J = 6.6, 1.6 Hz, 2H), 7.77-7.70 (phenyl/phenanthrenyl, ddd, J = 

8.3, 7.0, 1.5 Hz, 1H), 7.69-7.62 (dddd, J = 8.3, 7.0, 2.7, 1.3 Hz, 2H), 7.61-7.54 
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(phenyl/phenanthrenyl, ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.50-7.39 (phenyl/phenanthrenyl, 

m, 3H), 3.75 (OCH3, s, 6H) ppm. 

29Si NMR (79 MHz, CDCl3) δ -27.54 ppm. 

13C NMR (101 MHz, CDCl3) δ 139.08, 134.80, 134.72, 132.97, 131.76, 131.06, 130.51, 

130.11, 129.47, 129.10, 128.87, 128.12, 127.93, 126.92, 126.75, 126.41, 123.07, 122.60, 

51.12 ppm. 

CHN: calc. C: 76.71 %, H: 5.85 %; found C: 76.07 %, H: 5.68 % 

 

3.1.4.4 Polymers 

All oligosiloxanes were prepared according to a modified literature procedure.184 

Therefore, a general synthetic route is described. The monomers and exact ratios can be 

found in the text. 

Condensation and Consolidation of the Oligosiloxanes 

All di- and trialkoxysilanes as well as THF (150 %v/w related to the mass of all monomers, 

1.5 mL of THF would be used for a combined mass of all monomers of 1 g) and HCl (pH=1; 

one equivalent of HCl for every methoxy group of the monomers was used, 1 eq of PTMS 

would require 3 eq of HCl, also the molar mass of water was used for the calculations 

due to its dilution) were added into a vial, which was then closed and stirred for 72 h at 

45 °C and 400 rpm. The reaction mixture was then transferred into a beaker and stirred 

until stirring was no longer possible. THF, methanol, and water were removed first in 

vacuum at room temperature until no more bubbling could be seen, then in a vacuum 

drying oven for 24 h at 70 °C and 24 h at 110 °C at 10 mbar. The transparent polysiloxanes 

were then allowed to cool to room temperature before further characterization.  

Consolidation of the oligosiloxanes was done in a vacuum oven at 200 °C for 24 h to 

prevent blistering and to remove any volatile components that may be present, followed 

by an additional 72 h at 200 °C in an oven to finish the consolidation process. 
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3.1.5 Conclusions 

Three dialkoxysilanes containing polycyclic aromatic groups were synthesized and 

characterized. These compounds exhibit high refractive indices, making them promising 

precursors for HRI siloxanes. Six oligosiloxanes containing naphthalene and 

phenanthrene groups as well as phenyl and methyl groups were prepared and 

characterized from the dialkoxysilanes, three of them containing exclusively aromatic 

groups. By FTIR spectroscopy, it was shown that only methoxy and hydroxy groups that 

had already formed hydrogen bonds after condensation were integrated into the siloxane 

network. These groups are important for a further cross-linking during the consolidation 

process. CP-MAS NMR spectroscopy also revealed a decreasing reactivity sequence 

from 2-naphthyl via 9-phenanthrenyl to 1-naphthyl in the condensation reaction. 

Furthermore, it was found that the refractive index of oligosiloxanes containing 

1-naphthyl and 9-phenanthrene decreased during consolidation and that of 2-naphthyl 

increased, possibly due to a decrease in molar volume due to lower steric demand. All 

samples exhibit glass transition temperatures up to 74 °C after consolidation. In addition, 

high thermal stability could be demonstrated, which is characterized by T95 values of up 

to 470 °C of the cured samples. Furthermore, the oligosiloxanes show a high 

transparency of up to 99 %, which decreases only by 2-10 % depending on the sample 

even after 1 week at 200 °C. However, it should be noted that the samples gradually turn 

yellow at this temperature and the pure aromatic oligosiloxanes tend to crack. Almost all 

measurements showed that the constitutional isomerism of the 1- and 2-naphthyl 

samples has an influence on the properties of the prepared oligosiloxanes. For example, 

2-naphthyl shows a higher condensation tendency, higher T95 values, and a higher RI but 

also less excimer formation and stronger yellowing upon thermal treatment. The Tg and 

RI showed unexpected features as 2-naphthyl has a higher RI than 1-naphthyl after 

consolidation and its Tg depends strongly on the comonomer used. All samples also show 

high refractive indices of up to 1.610, making them promising materials for optoelectronic 

applications.  
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3.2 Post-Cross-Linking of Siloxane/Silsesquioxane Mixtures Containing 
Polycyclic Aromatic Groups to Modify their Softening Behavior for Usage 
in High-Temperature Applications 

 

3.2.1 Abstract 

High-refractive-index hybrid siloxane/silsesquioxane materials containing phenyl, 

methyl, and polycyclic aromatic groups synthesized by condensation of the 

corresponding alkoxysilanes are often not completely cross-linked after thermal cross-

linking, most likely due to the steric demand of the incorporated aromatic groups. For 

many potential applications of such materials, for example in optical applications, a rigid 

structure is required. In this study we conducted a systematic analysis of the post-cross-

linking strategy with various additives. These include dimethyldimethoxysilane, 

diphenyldimethoxysilane and phenyltrimethoxysilane, as well as the organotin 

condensation catalyst di-n-butyltin diacetate (DBTA). The highest thermal stability of up 

to 453 °C was achieved with a high amount of phenyltrimethoxysilane. A transparency of 

up to 99 % even after prolonged times at 200 °C with only little yellowing on the other hand 

was achieved with diphenyldimethoxysilane. Even though all of the consolidated 

siloxane/silsesquioxane mixtures showed glass transition temperatures up to 68 °C 

according to DSC and up to 124 °C according to dynamic mechanical analysis (DMA) only 

the two samples post-cross-linked with phenyltrimethoxysilane and 

diphenyldimethoxysilane reached a rubbery plateau during heat treatment instead of 

becoming liquid indicating a higher rigidity. It was shown that the number of phenyl 

groups, the cross-linking density, the structural regularity and the degree of condensation 

(DOC) are important to obtain high-temperature stable siloxanes. The most important 

characteristic however is the complete incorporation of the monomer carrying the 

sterically demanding naphthyl group into the sample during the consolidation. All of the 

above-mentioned characteristics but especially the incorporation of the naphthyl group 

containing monomer are positively influenced by post-cross-linking. 
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3.2.2 Introduction 

Siloxanes are used in a wide variety of applications from architecture, health care 

industry and aerospace to optical applications like organic light-emitting diodes (OLEDs) 

and displays and are even tested in biomedicine as intraocular lenses.95,254,294,297,379 Their 

widespread use is due to their excellent properties like flexibility, biocompatibility and 

gas permeability.366 They also show high transparencies as well as thermal stability and 

stability against UV radiation, are shock resistant and possess good adhesion 

properties.277,291,294,316,379 One major downside for optical applications like LEDs is their 

comparatively low refractive index (RI) which is commonly between 1.4 and 1.5.292 Several 

routes are described in literature to increase the RI, such as the incorporation of 

polycyclic aromatic groups or titanium or zirconium containing compounds into the 

siloxane network.191,291,293,294,383 While the former increases the friction and therefore the 

viscosity of the siloxane, the latter can lead to agglomeration and thus to light scattering 

which is particularly unfavorable for optical applications.34,384 As shown in previous 

studies, siloxanes with various structures can be produced in many different 

ways,11,174,193,379,385,386 one of which is, for example, the use of diphenylsilanediol and 

trialkoxysilanes to achieve a high refractive index.31,190,387 By using acid-catalyzed 

hydrolysis and condensation reactions of aromatic di- and trialkoxysilanes, so-called 

melting gels can be produced, as has already been done in our group.334,335,383 After 

condensation these materials can reversibly soften at temperatures around 110 °C. 

Once they have been treated at temperatures higher than 110 °C for a longer time they 

consolidate. This means the cross-linking is complete and the melting gels can no longer 

be softened. The consolidation temperature hereby depends on their 

composition.183,184,187 

In previous studies we applied an acid-catalyzed condensation reaction between di- and 

trialkoxysilanes containing methyl, phenyl and polycyclic aromatic groups, which 

resulted in siloxane/silsesquioxane hybrids with high refractive indices383 that also exhibit 

excellent thermal stability and high transparency. We were also able to show that, for 

example, the isomerism between 1- and 2-naphthyl influences the formation of excimers, 

thermal stability, and the glass transition temperature (Tg) , but has only a minor influence 

on the refractive index of the resulting material. Despite these advantages, however, 

prolonged exposure to high temperatures results in slight yellowing and liquefaction of 
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all samples, which makes them unsuitable for high-temperature applications such as 

encapsulation materials in LEDs, which can reach temperatures of up to 120 °C.388 To the 

best of our knowledge this behavior is exclusive to materials featuring polycyclic 

aromatic substituents, as systems containing phenyl groups yield hard materials upon 

consolidation. Even with phenyl groups, it is known that a large number of them leads to 

less bridging oxygens resulting in weak interactions between siloxane networks which in 

turn is necessary to prevent softening,389 while also creating steric hindrance to the cross-

linking process which in turn leads to higher consolidation temperatures.184 It is therefore 

reasonable to conclude that the polycyclic aromatic groups are responsible for the lack 

of consolidation as the final degree of cross-linking cannot be achieved. Hence, we 

considered if subsequent post-cross-linking applying small reactive molecules could 

lead to an enhanced cross-linking of the materials. For this approach we decided to use 

methyl and phenyl containing di- and trialkoxysilanes as they are commonly used in 

melting gel synthesis.183 Another method to condensate siloxanes is by using alkyltin 

carboxylates like di-n-butyltin diacetate (DBTA), which is known to vulcanize a mixture of 

siloxanes within a day under ambient conditions involving the formation of Si-O-Sn 

bonds.390,391 All of these approaches can change the properties of these siloxanes as they 

can be adjusted by the organic groups, the amount of substitutions on the alkoxide, the 

chain length, as was shown for dimethylsilphenylene dimethylsiloxane oligomers for 

example, or their structure itself.140,183,392–394 Therefore, studies were carried out to show 

the effect of post-cross-linking with the afore mentioned methods on different 

characteristics of the final siloxanes like thermal stability and cross-linking density.  

 

3.2.3 Results and Discussion 

For the following studies we selected NaphMG from our previous investigations for post-

cross-linking experiments, which contains 1-naphthyl groups, as it showed the lowest Tg 

but at the same time excellent processability and exceptional thermal stability after 

consolidation. This system is composed of a 1:2:1 mixture of dimethoxyphenyl-

(1-naphthyl)silane, dimethyldimethoxysilane and phenyltrimethoxysilane (see Scheme 

30). The synthesis of the model system followed the protocol outlined in our prior study.383 

All monomers were combined in a closed headspace vial with methanol and aqueous 
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HCl (9 eq, pH = 1) and stirred at 45 °C for 72 hours. Subsequently, the reaction mixture 

was transferred to a beaker for gelation, followed by further condensation in a vacuum-

drying oven at 110 °C for 24 h. The subsequent consolidation was carried out for 72 h at 

200 °C in a drying oven. The resulting siloxane was hard at room temperature but could 

still be liquefied at elevated temperatures. The synthesis of dimethoxyphenyl-

(1-naphthyl)silane can be found in the Supporting Information. 

 

 

Scheme 30: Synthesis of the siloxane NaphMG. 

 

Contrary to phenyl silsesquioxane melting gels (PhMG) incomplete consolidation in these 

samples was observed through the presence of a higher proportion of residual silanol and 

methoxy groups in the infrared spectrum, along with remaining methoxy groups in the 

NMR analysis (Figure 23). 

 

 

Figure 23: Incomplete cross-linking of NaphMG (a) compared to PhMG (b) after consolidation, shown by 
the larger number of hydroxyl groups, as well as methoxy groups still present. 
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In order to condense the remaining groups and thus achieve improved material 

properties regarding stiffness and Tg, as well as liquefication behavior and yellowing at 

high temperatures, a comparative study of various post-cross-linking methods of the 

partially condensed but insufficiently consolidated NaphMG sample was carried out 

(Scheme 31). As a first method, we post-cross-linked via dialkoxysilanes, which can 

react with available silanol groups by a condensation reaction. We used 

dimethyldimethoxysilane (DMDMS) and diphenyldimethoxysilane (DPDMS) for this 

purpose, as they are commonly used in melting gel synthesis and lead to a more flexible 

cross-linking compared to trialkoxysilanes due to the presence of only two reactive 

groups for condensation (Scheme 31, a and b).183 Another cross-linking agent that was 

investigated is phenyltrimethoxysilane (PTMS). In contrast to the previously used 

molecules, a trialkoxysilane can achieve a higher cross-linking density as it can cross-

link with three groups (Scheme 31, c). In order to rule out the possibility that only the 

increase in cross-linking density is responsible for any improvements in properties such 

as liquefaction at high temperatures, a direct approach was also chosen. In a single step, 

a sample with the same cross-linking density was produced as for post-cross-linking with 

PTMS (Scheme 31, e). Finally, we compared the addition of alkoxysilane cross-linking 

agents with the use of di-n-butyltin diacetate (DBTA), which is known as a condensation 

catalyst (Scheme 31, d). 
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Scheme 31: Post-cross-linking of NaphMG with various alkoxysilanes and di-n-butyltin diacetate (a-d) 
and the direct approach (e). The numbers before each alkoxysilane represent the used equivalents 

related to NaphMG and therefore translate to the composition of the final siloxane. 

 

The abbreviations of the resulting samples are as follows: MG refers to Melting Gel, Naph, 

Me2, Ph2, Ph and Sn denote 1-NaphPhSi(OMe)2, DMDMS, DPDMS, PTMS and di-n-butyltin 

diacetate, respectively. The last part of each abbreviation indicates the difference 

between the samples. The sample which was prepared directly from the monomers 

without post-cross-linking was labeled NaphMG_5Ph_d, whereas 5Ph refers to the 

amount of cross-linker used, and d stands for the direct preparation.  

The partially condensed but not yet consolidated NaphMG was still soluble and was 

therefore dissolved in MeOH and then either monomers and HCl (Scheme 31, a to c) or 

di-n-dibutyltin diacetate (Scheme 31, d) were added for further condensation. The 

samples were afterwards stirred at elevated temperatures, gelled, and further 
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condensed at elevated temperatures (Figure 24). Given the toxicity of the organotin 

compound, all heat treatments of the samples before consolidation were performed in 

opened headspace vials in a heat block in the fume hood, as opposed to a vacuum drying 

oven as had been used previously. This method ensures comparability of all samples. 

Consolidation was performed in a drying oven under air (Scheme 31, a to c, e), with the 

exception of the organotin compound (Scheme 31, d), which was consolidated in a tube 

furnace under wet argon to facilitate the safe removal of potentially harmful substances. 

Wet argon was chosen as the atmosphere because polycondensation with organotin 

compounds does not work under anhydrous conditions.390 All resulting consolidated 

siloxane/silsesquioxane mixtures were hard at room temperature with the exception of 

NaphMG_2Me2 which was still viscous.  

 

Figure 24: Synthesis and consolidation of all siloxanes. 

 

At 200 °C, all consolidated samples turned into a liquid state, except for NaphMG_2Ph2 

and NaphMG_4Ph which were softened, retaining their elasticity. To further investigate 

these findings, we used DSC and dynamic mechanical analysis (DMA) measurements 
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and performed a series of heat treatment experiments at different temperatures in an 

oven. These analyses were intended to provide information about the Tg, the elasticity, 

and the softening behavior of our samples. We then attempted to correlate the obtained 

observations to possible differences in their structure by carrying out NMR, FTIR and 

PXRD measurements. Finally, we evaluated the transparency and thermal stability of our 

siloxanes by UV-vis spectroscopy and TGA measurements.  

 

3.2.3.1 Differential Scanning Calorimetry (DSC)  

We employed differential scanning calorimetry (DSC) to determine the Tg after 

consolidation. Each sample was measured within the temperature range of 40 °C to 

250 °C, except for NaphMG_2Me2, which was limited to 100 °C due to its anticipated low 

Tg (Table 7 and Figure S 77). Typically, systems containing only phenyl and/or methyl 

groups are consolidated over a period of 24 hours at temperatures up to 200 °C. Given 

the steric hindrance of the naphthyl groups, which influences the cross-linking reaction, 

and to maintain consistency with our previous methodology, we have extended the 

consolidation time to 72 hours at 200 °C.383 Successful consolidation should result in a 

non-detectable Tg, as a result of enhanced cross-linking rendering the samples 

permanently rigid.183,184 A first comparison of the post-cross-linked samples with the 

initial sample NaphMG shows that all methods have a significant influence on the Tg and 

either lead to a strong increase or strong decrease. The comparison between 

NaphMG_2Ph2 and NaphMG_2Me2 shows that the replacement of phenyl by methyl 

groups in the pristine samples leads to a significant decrease in Tg from 68 °C to -34 °C, 

which is in line with expectations.364,365 Further investigation of NaphMG_Sn and of the 

initial sample NaphMG shows that the use of an organotin catalyst leads to an increase 

in Tg from 5 °C to 19 °C, indicating improved cross-linking. Similarly, there are large 

differences in Tg values between NaphMG_4Ph and NaphMG_5Ph_d, which are 33 °C and 

67 °C respectively, indicating structural differences after their consolidation. 

NaphMG_2Ph2 and NaphMG_5Ph_d exhibit the highest Tg values of all samples at 68 °C 

and 67 °C, respectively. It is worth noting that although both samples contain a similar 

amount of phenyl groups, their different cross-linking densities indicate that the 

influence of the bulky phenyl groups predominates in the determination of their Tg. 
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Comparing the Tg values of other cured polysiloxanes containing methyl, phenyl and 

carbazole groups in various ratios, which typically range between -83 °C and 56 °C, 

NaphMG_2Ph2 and NaphMG_5Ph_d exhibit relatively high Tgs.183,184,366 Since melting gels 

no longer soften after consolidation, the presence of a Tg after attempted consolidation 

is an indication that it was not complete.183,184,395,396 Generally, cross-linking in siloxane 

networks can be hindered by sterically demanding substituents on the silicon atoms, 

which means that higher consolidation temperatures could be required.183 It could even 

be possible that the exceptionally bulky naphthyl groups hinder successful consolidation 

completely.  

 

Table 7: Glass transition temperatures of the siloxane samples. Each sample was measured three times 
and the mean value of the three measurements is given. 

Siloxane Tg, average (°C) 

NaphMG_2Me2 -34.3 

NaphMG_2Ph2 67.8 

NaphMG_4Ph 33.1 

NaphMG_5Ph_d 66.7 

NaphMG 5.3 

NaphMG_Sn 19.3 

 

3.2.3.2 Thermal Treatment Experiments 

Since the DSC measurements still showed a Tg for all samples after consolidation, the 

question now arose as to whether the samples only soften at high temperatures or if they 

liquefy. A first, quick investigation in this regard was carried out using thermal treatment 

experiments. We conducted this investigation by grinding all solid specimens into 

powders and subjecting them to incremental heating up to 200 °C in 25 °C increments, 

with each step lasting 20 minutes (see Figure S 78). Our observations reveal distinct 

thermal responses among the samples: NaphMG_Sn exhibits an initial liquefication at 

approximately 100 °C, followed by NaphMG_5Ph_d at 150 °C, while NaphMG_2Ph2 and 

NaphMG_4Ph demonstrate no signs of liquefication, even at the maximum temperature 

of 200 °C. 
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It is noteworthy that NaphMG_4Ph and NaphMG_5Ph_d show a significantly different 

behavior despite having the same composition. While the former has a significantly lower 

Tg, it remains solid even at high temperatures, in contrast to the latter. This discrepancy 

emphasizes that the measured Tg values indicate temperatures at which the mobility of 

the polymer chains increases rather than the onset of liquefaction. It also shows that 

post-cross-linking exerts a significant influence on the softening behavior of the samples, 

effectively preventing them from transitioning into a liquid state at elevated 

temperatures. Consequently, it can be affirmed that we have successfully synthesized 

two siloxanes capable of maintaining their solid state, even at 200 °C. 

 

3.2.3.3 Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical analysis (DMA) of the samples was performed using oscillatory 

rheometric measurements by placing the samples between two plates and oscillating the 

upper one with a frequency of 1 Hz and an amplitude of 5 %. To assess viscosity, storage 

modulus (SM), and loss modulus (LM) across various temperatures,397 the samples were 

initially heated to either 150 °C or 200 °C, followed by a temperature reduction to 35 °C 

(Figure 25 and Figure S 79 - Figure S 80).  

As the viscosity of the samples varied greatly, the starting temperatures had to be 

adjusted to minimize the risk of the samples losing contact with the plates due to too low 

viscosity at higher temperatures. In addition, it was essential to start the measurements 

at high temperatures, as most samples were rigid and solid at room temperature, which 

increased the risk of breakage. This was particularly observed in the case of 

NaphMG_5Ph_d, which is therefore only presented from 200 °C to 100 °C. The loss factor 

tan δ was calculated from the storage and loss modulus, and by identifying the peak 

maximum in the resulting curves, the Tg could be determined (see Figure 25, c and 

d).397,398 In the case of NaphMG, the Tg increases from 43 °C to 74 °C due to consolidation 

and further increases to 80 °C due to the additional use of DBTA (NaphMG_Sn). This 

indicates an advancing condensation, which leads to an increasingly dense network. It 

can also be seen that the increasingly low viscosity of the unconsolidated sample 

NaphMG at high temperatures has repeatedly led to loss of contact with the plates, 

resulting in high peaks. Despite an increase in viscosity and storage modulus upon 
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consolidation (Figure 25, a and b and Figure S 79 and Table S 6) as was shown for 

NaphMG, their Tg’s remain relatively low. As expected, NaphMG_2Me2 exhibits the lowest 

viscosity and storage modulus among all samples (Figure 25, a and b and Figure S 79), 

as methyl groups favor a lower modulus, while phenyl groups increase the stiffness.399 

Firstly, this means that the measurement could only be carried out from 150 °C to avoid 

contact loss with the plates. On the other hand, it was not possible to determine a Tg in 

the investigated temperature range. As this sample was already very soft at room 

temperature, additional cooling would most likely have been necessary to determine its 

Tg. However, such a measurement was not possible with our experimental setup. The 

tan δ curves of NaphMG_2Ph2 and NaphMG_4Ph reveal Tgs of 124 °C and 67 °C, 

respectively in contrast to the Tgs from the DSC measurement which were 68 °C and 

33 °C, respectively. These experiments show that a modification with DPDMS leads to a 

higher Tg than the use of PTMS. NaphMG_5Ph_d was only measured from 200 °C to 

100 °C, as it was too hard at lower temperatures and would very likely have shattered due 

to the rotation of the plates. This sample shows no peak in the observed temperature 

range but a steadily increasing curve. It is noticeable that the Tgs obtained by DMA are 

much higher than those obtained by DSC. The results of DMA measurements differ from 

those obtained by DSC because DMA measurements take into account the change in 

modulus versus temperature, which is a bulk phenomenon and therefore not uniformly 

distributed. It therefore takes into account the effects of temperature on the chains. A 

similar trend, namely a higher Tg in the DMA measurements, has already been observed 

in the literature.400 In summary, the following sequence of measured Tg's results: 

NaphMG_2Ph2 > NaphMG_Sn > NaphMG_cons. > NaphMG_4Ph > NaphMG_cond. If one 

also considers the Tg's of NaphMG_5Ph _d and NaphMG_2Me2, which are very likely too 

high or too low for our measurement in the applied temperature range, the following can 

be determined. Further condensation by means of consolidation and DBTA leads to an 

increase in Tg, while post-cross-linking with additional phenyl or methyl groups leads to 

the highest or lowest Tg's, as already described in the literature.399 Only the rather low Tg 

of NaphMG_4Ph cannot be explained and may have something to do with the post-cross-

linking compared to the direct synthesis of NaphMG_5Ph_d. At this point it should be 

mentioned once again that the measurements were not carried out as usual with a 
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precisely measured sample body clamped in a measuring device, such as a rod or a thin 

plate, but with tablet-shaped samples and an oscillating measuring plate.  

Comparing the viscosities at 200 °C (Figure S 79 and Table S 6) NaphMG_4Ph shows the 

highest values by far, followed by NaphMG_2Ph2, NaphMG_Sn and NaphMG_5Ph_d. The 

same trend was observed for the storage modulus (Figure 25, a and b). NaphMG_4Ph 

reaches the highest rubbery plateau of all samples already at around 130 °C, followed by 

NaphMG_Sn reaching the third highest plateau at 160 °C and NaphMG_2Ph2 reaching the 

second highest plateau at around 190 °C, while NaphMG_5Ph_d does not reach a rubbery 

plateau at all, which shows that the former three keep their elasticity at high 

temperatures and form a cross-linked structure.397,401 This was also confirmed during the 

thermal treatment experiment. Interestingly NaphMG_Sn did turn liquid during this 

experiment either because it has the lowest elastic modulus of the three samples 

reaching a rubbery plateau or because the thermal treatment experiment was done with 

grinded samples instead of tablet shaped and compressed samples as in the DMA.  

In summary the dynamic mechanical analysis showed an increase in viscosity and 

storage modulus by adding phenyl groups or increasing the cross-link density which was 

to be expected since it is known that the modulus of elastomer increases with increasing 

cross-link density.402,403 By comparing NaphMG_4Ph and NaphMG_5Ph_d it was also 

shown that post-cross-linking seems much more favorable to obtain siloxanes that are 

elastic and not liquid at high temperatures. Consequently, it was possible to prepare 

three samples which show a rubbery plateau at 200 °C and therefore should keep their 

elasticity. 
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Figure 25: DMA measurements of all siloxanes. a) storage modulus, b) storage modulus (zoomed in), c) 
tan δ of NaphMG_cond. (black) and NaphMG_cons. (red), d) tan δ of NaphMG_2Ph2 (black), NaphMG_4Ph 

(red), NaphMG_5Ph_d (blue) and NaphMG_Sn(green).  

 

3.2.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Since our consolidated samples behaved very differently in the previous measurements, 

we applied NMR spectroscopy to investigate potential correlations between the degree 

of condensation (DOC) and the observed Tgs of the samples, as well as their liquefaction 

behavior. Therefore, we used 29Si- and 13C CP-MAS NMR spectroscopy and 29Si- and 
13C SP-MAS spectroscopy for samples NaphMG_2Ph2, NaphMG_4Ph and 

NaphMG_5Ph_d, as well as 29Si solution NMR measurements for samples 

NaphMG_cond., NaphMG_cons. and NaphMG_2Me2. NaphMG_Sn could neither be 

measured in liquid nor solid form, as it was not soluble in any solvent and due to its still 

slightly deformable consistency, pushing the lid of the rotor in the solid-state NMR 

upwards, which meant that uniform rotation was not possible. Furthermore, the DOC of 
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all samples was determined (for further details see Supporting Information). When 

comparing the results obtained by 29Si CP-MAS and 29Si SP-MAS NMR spectroscopy 

(Table 8 and Figure S 81 - Figure S 101 and Table S 7) it becomes obvious that the 

differences in the signals corresponding to each monomer, as well as for the DOC in 

general are only minor and could also stem from the fitting of the spectra themselves. 

Therefore, only the 29Si CP-MAS spectra were used for further comparison as they display 

a better resolution which can be fitted more precisely. Interestingly the obtained DOCs 

(Table 8) indicate that any form of post-cross-linking does in fact decrease the DOC. This 

would suggest that the additional aromatic groups and the higher cross-link density could 

play a more important role for the viscosity and softening characteristics after 

consolidation, especially since phenyl groups increase the monomeric friction and 

therefore viscosity.34 Furthermore, this was also seen in the polyphenylsilsesquioxane 

melting gel (PhMG) from previous studies, which did not soften after consolidation, 

despite having a DOC of 83 %.334. Looking at NaphMG_2Me2 and NaphMG_2Ph2 the 

former shows a higher DOC. This is in accordance with our hypothesis that smaller 

substituents at the Si atom result in a better cross-linking. In the case of the monomer 

DMDMS we expect steric and electronic effects to be the reason for the increased DOC.85–

87 Comparing the DOCs of NaphMG_4Ph and NaphMG_5Ph_d indicates that post-cross-

linking leads to a higher DOC. The signal of 1-NaphPhSi(OMe)2 (D2, purple) for these two 

samples is particularly interesting (Figure 26). It is almost 20 % higher for NaphMG_4Ph, 

which indicates that the post-cross-linking actually causes the remaining Si-OH groups 

on the sterically hindered 1-NaphPhSi(OMe)2 to react further as we intended and is also 

observed for NaphMG_2Ph2. This in turn increases the number of bridging oxygens, which 

reduces their softening.389 Considering all observations this shows that a high DOC is 

important for properties such as high viscosity and no liquefication in the final siloxane 

but that other factors also play an important role as the highest DOC was obtained for 

NaphMG_2Me2 which is soft even at room temperature. Therefore, it can be concluded 

that aromatic groups, cross-linking density and in our case the incorporation of sterically 

demanding groups into the siloxane network are also crucial. For the latter we proved that 

post-cross-linking is much more effective which seems to be the key to prevent 

liquification upon high temperatures.  
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Figure 26: Integrated 29Si CP-MAS NMR of a) NaphMG_4Ph and b) NaphMG_5Ph_d. 

 

Table 8: Degree of condensation (DOC) for all siloxanes calculated from different NMR methods. 

 29Si SP-MAS 29Si CP-MAS  29Si Liquid NMR 

 DOC /% DOC /%  DOC % 
NaphMG_cond.  - -  88.8 

NaphMG_cons. - -  93.7 

NaphMG_2Me2 - -  93.4 

NaphMG_2Ph2 94.8 91.0  - 

NaphMG_4Ph 92.0 92.1  - 

NaphMG_5Ph_d 87.6 88.6  - 

NaphMG_Sn - -  - 

 

 

3.2.3.5 Fourier Transform Infrared (FTIR) Spectroscopy  

FTIR spectroscopy was performed on all samples as an additional characterization 

method to further study their condensation behavior, as well as the remaining hydroxy 

and methoxy groups (Figure 27 and Figure S 102 and Table S 8). Besides the aromatic 

groups and the methyl groups, the Si-O-Si stretching vibration can be found in form of two 

absorption bands, one from 1131 cm-1 to 996 cm-1 and the other one at 798 cm-1 indicating 

a successful network formation. This is further supported by the missing band of the 

methoxy groups at 1188 cm-1.190,227,354 During the condensation process hydrolyzation 

plays an important role. Therefore the absorption bands at 3712 cm-1 to 3575 cm-1 

(ν(OHisolated)), 3500 cm-1 to 3120 cm-1 (ν(OHH-bonded)) and 920 cm-1 to 890 cm-1 (ν(Si-OH)) are 
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of great importance.227,355 After the consolidation with additives there are no hydrogen 

bonded hydroxyl groups (3500 - 3120 cm-1) left indicating that the condensation is 

finished.334,383 Comparing all samples only NaphMG_2Me2 and NaphMG_Sn show no 

isolated OH groups anymore, leading to the assumption that these have the highest DOC. 

For NaphMG_2Me2 this can be attributed to electronic and steric effects also mentioned 

in the last chapter.81,86 NaphMG_Sn was further condensed with an organotin catalyst 

which are known for room temperature vulcanizing (RTV) of siloxanes and therefore could 

explain the better condensation. In summary it can be said that the FTIR spectra show a 

successful condensation of all samples which was also seen in the 13C CP-MAS NMR 

spectra which show either no remaining or only very small signals of methoxy groups. 

 

Figure 27: FTIR spectra of the consolidated samples NaphMG_2Me2 (black), NaphMG_2Ph2 (red) and 
NaphMG_Sn (blue). Left: full spectrum, right: enlarged area. 

 

The afore mentioned Si-O-Si absorption band (1131 – 996 cm-1) can be used to gain more 

insight into the structures that could have formed inside the network (Figure 28). Since 

our samples are random networks formed of three to four different monomers no clear 

statement can be made but only trends can be identified. For better comparison all 

spectra were normalized using the Si-CH3 absorption band (1261 cm-1). The broad band 

ranging from 1115 cm-1 to 1037 cm-1 shows linear, branched, and cyclic structures and is 

not of much interest since they are random and cannot be further analyzed. The 
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absorption bands at 1131 cm-1 and 1012 cm-1 on the other side can be attributed to ladder 

like structures99 where the band at higher wavenumbers gets more intense when the 

regularity of the structure increases.182,243 For our samples this would mean that the 

amount of ladder like structures and therefore the structural regularity is highest for 

NaphMG_2Ph2, NaphMG_5Ph_d and NaphMG_4Ph which also contain the highest 

amount of phenyl groups. This shows that a higher aryl content leads to more regular 

structures which most likely can arrange better in a solid sample resulting in no 

liquification in the case of NaphMG_2Ph2 and NaphMG_4Ph at higher temperatures. 

However, since NaphMG_5Ph_d did turn liquid at higher temperatures the high number 

of oxygen bridges from the better incorporated 1-NaphPhSi(OMe)2 shown in the NMR 

seem to be more important than the structural regularity.  

 

Figure 28: FTIR measurements of all samples. Left: zoomed into the OH band, right: zoomed into the Si-
O-Si band. 

 

3.2.3.6 Powder X-ray Diffraction (PXRD) 

We applied PXRD measurements to obtain additional insight into the intra- and 

intermolecular spacing of our partly ladder-like structured siloxanes.193 Two main peaks 

are identified in such polymers, one around 7° 2θ (d1), corresponding to the 

chain-to-chain distance, and a second one around 19° 2θ (d2) that is attributed to the 

intra-chain distance or the average thickness of the ladder. The ratio of their heights 

(R=I(d1/d2)) indicates the structural regularity of the ladder-like siloxane which increases 
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for higher d1 values.182,193,243 All samples were measured in one piece without being 

pulverized (Figure 29 and Figure S 103 - Figure S 104). The first reflex increases from 

NaphMG_cond. to NaphMG_cons. to NaphMG_Sn. This shows an ongoing consolidation 

process which leads to more Si-O-Si bonds by condensing free hydroxy and methoxy 

groups, herby decreasing irregularities. For the former two this was already seen via the 

DOC in the NMR spectra. The increasing DOC during the consolidation process leads to 

a denser and more rigid structure resulting in an increase in d1 from 0.73 to 0.95 nm for 

these three samples. Masai et al. and Klein et al. for example also use a condensation 

method in which an acid is added first, followed by a base to complete hydrolysis and 

further cross-linking.183,189 An increase in d1 from 0.80 to 1.04 nm, as well as in its intensity 

from NaphMG_2Me2 to NaphMG_2Ph2 indicates an increase in structural regularity and 

rigidity due to higher phenyl content, possibly due to π-π stacking. In addition to the IR 

spectra, where the increasing phenyl content showed more ladder-like structures and 

therefore a higher structural regularity this time a clear trend can be seen. NaphMG_2Ph2 

shows the highest regularity, followed by NaphMG_4Ph, while NaphMG_5Ph_d displays 

almost no regularity despite having the same amount of aryl groups. It seems that 

structural regularity decreases if high amounts of PTMS are reacted at once as well as 

with increased cross-link density. The corresponding d1 positions of these three samples 

show the same trend indicating a denser, more rigid structure which also gets supported 

by the NMR spectra showing an increasing DOC from NaphMG_5Ph_d to NaphMG_4Ph. 

The values of the d2 reflexes of all samples representing the intra-chain distance or 

thickness of the ladder are almost identical, which was to be expected, considering the 

ladders are always comprised of Si-O-Si bonds. In summary the PXRD measurements 

show that the regularity of the siloxanes seems to increase with the amount of phenyl 

groups but decreases with cross-link density, at least when the same amount of phenyl 

groups is present. Furthermore, adding PTMS to an existing siloxane seems to increase 

the regularity compared to adding all monomers at the start.  
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Figure 29: PXRD measurements of all samples directly as tablets. a) NaphMG_2Me2 (grey), NaphMG_2Ph2 
(red), NaphMG_4Ph (blue) and NaphMG_5Ph_d (green), b) NaphMG_cond. (grey), NaphMG_cons. (red) 

and NaphMG_Sn (blue). 

 

3.2.3.7 Ultraviolet-Visible (UV-vis) Spectroscopy 

We studied the thermal stability and optical transparency of our siloxanes by measuring 

their transparency and yellowness index (YI) via UV-vis spectroscopy. The YI hereby 

describes the change from clear/white to a yellow color260 and plays an important role 

regarding thermal stability, since high temperatures as well as UV light can lead to the 

creation of free radicals causing yellowing of the material.259 All samples were doctor 

bladed onto glass slides after their condensation at a thickness of approximately 120 µm, 

heated in a vacuum drying oven for 24 h at 200 °C to remove any blistering, consolidated 

for 72 h at 200 °C and were kept for an additional 3 as well as 7 days at 200 °C in an oven 

(see Figure 30 and Figure S 105 - Figure S 106). Due to the toxicity of the organotin 

catalyst, NaphMG_Sn was only measured after condensation, consolidation and after 7 d 

at 200 °C in a tube furnace (see experimental part). At 450 nm all samples show 

transmittances of 98 % or higher after condensation. After vacuum drying and 

consolidation the transmittance for NaphMG_5Ph_d decreased the most, which can be 

attributed to the cracking of the sample due to its high PTMS content. In comparison, no 

cracks are visible for NaphMG_4Ph even though it has the same ratio of monomers. All 

other transmittances stayed the same or increased, which can be attributed to the films 

becoming slightly thinner during consolidation. Comparing all completely heat-treated 

samples, with the exception of NaphMG_5Ph_d, those having higher phenyl ratios seem 

to lose less transmittance. This is consistent with literature, according to which phenyl 
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groups increase thermal stability in siloxanes.367,368 This is attributed to the fact that the 

phenyl group is difficult to oxidize and that it forms a steric hindrance against the 

degradation of the Si-O unit by ring degradation.29 If comparing the sample that was not 

further post-cross-linked (NaphMG) with the sample that was post-cross-linked using tin 

(NaphMG_Sn), it can be seen that the decrease in transmission of both samples after an 

additional 7 days at 200 °C is almost identical. The tin catalyst therefore does not appear 

to have a negative influence on thermal stability in terms of transmission. The YI 

measurements (Figure 30, b) show a very similar trend to the extent that samples with 

higher phenyl content show less yellowing which was to be expected. Since all samples 

are transparent, loss in transmittance should mainly stem from yellowing. NaphMG_2Ph2 

which already had the highest transparency, now also shows the least yellowing. 

Comparing NaphMG_2Ph2 and NaphMG_4Ph with NaphMG_2Me2, NaphMG and 

NaphMG_Sn higher amounts of phenyl groups seem to reduce yellowing which is 

consistent with the statement above that phenyl groups lead to higher thermal stabilities. 

A comparison of the samples NaphMG and NaphMG_Sn also shows an almost identical 

yellowness index, which again shows that the tin catalyst does not appear to have a 

negative influence on the thermal stability. In summary both measurements show that 

phenyl groups increase the thermal stability of siloxanes by showing higher 

transmittances and leading to less yellowing after heat treatment. Additionally, 

post-cross-linking (NaphMG_4Ph) compared to reacting all monomers at once 

(NaphMG_5Ph_d) seems to be beneficial not only to obtain siloxanes which keep their 

elasticity at high temperatures but also in terms of transmittance and avoidance of 

cracks.  
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Figure 30: UV-vis measurements of the obtained samples at different heat treatment steps. a) 
Transmittance, b) Yellowness Index (YI). 

 

3.2.3.8 Thermogravimetric Analysis (TGA) 

To further evaluate the thermal stability and decomposition behavior of our siloxanes 

thermogravimetric analysis (TGA) was performed. All samples were heated up to 800 °C 

under oxygen with a heating rate of 10 K min-1 (Figure 31, Table 9). NaphMG shows a T95 

value of 374 °C. Further cross-linking using an organotin catalyst (NaphMG_Sn) leads to 

a slight decrease to 361 °C while adding DMDMS (NaphMG_2Me2) does not change it. 

Using DPDMS (NaphMG_2Ph2) or PTMS (NaphMG_4Ph and NaphMG_5Ph_d) on the other 

hand increases the T95 value to 419 °C, 390 °C and 453 °C, respectively. This shows that 

aromatic groups convey higher thermal stability368 and that while Si-O-Si chains 

consisting of only D2 units are susceptible to thermal rearrangement degradation, 

complex structures have better thermal stability.367  

All samples show two decomposition steps. The first is around 410 to 460 °C and the 

second between 540 and 570 °C. Only NaphMG_Sn shows a very broad first 

decomposition step between 310 to 500 °C. These two decomposition steps were 

already observed for the samples in our previous work and further analyzed via TG-FTIR 

measurements.383 These studies led to the conclusion that during the first decomposition 

step aromatic groups are released due to Si-C bond cleavage. During the second 

decomposition step small condensed species, possibly cyclic structures, were detected. 
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Comparing the first decomposition step for NaphMG_4Ph and NaphMG_5Ph_d, the 

former shows much more Si-C bond cleavage, possibly due to different structures that 

may have formed which also explains the lower T95 value. 

Residual masses exhibit the same general trend as the T95 values. NaphMG_5Ph_d shows 

the highest value, followed by NaphMG_2Ph2, while NaphMG has by far the lowest 

residual mass with only 14 % which is due to the low amount of cross-linking.374,404 Further 

cross-linking with the organotin catalyst (NaphMG_Sn) leads to a significant increase of 

the residual mass to 35 %. Comparing NaphMG_2Me2 and NaphMG_2Ph2, the latter has 

a higher residual mass although the sample has more carbon incorporated. One possible 

explanation could be the slightly lower degree of condensation, while another reason for 

this could be found in the structure. Looking at the two decomposition steps of these two 

samples it can be seen that NaphMG_2Me2 lost most of its mass due to Si-C bond 

cleavage compared to NaphMG_2Ph2. It is known from literature that the insertion of 

phenyl groups increases the thermal stability of siloxanes. In addition the thermo-

oxidative stability of methyl group containing siloxanes is poor due to the oxidation of 

Si-CH3 at relatively low temperatures, which leads to the breaking of this bond.405–409 

Similar to the T95 values, NaphMG_4Ph also shows a lower residual mass than 

NaphMG_5Ph_d which can also be explained by a significantly higher Si-C bond cleavage. 

In summary the number of aromatic groups as well as the cross-linking density play an 

important role for the thermal stability of siloxanes. We also observed that the 

preparation route has a significant influence on their structures and thus on their 

decomposition behavior. 
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Figure 31: TGA measurements of all samples including T95 values and residual masses, measured under 
oxygen. 

 

Table 9: TGA measurements of all siloxanes including residual masses, decomposition temperatures and 
mass losses. 

 T95 

(°C) 

Residual 

mass (%) 

Decomp

osition 1 

(°C) 

Mass 

loss 1 

(%) 

Decomp

osition 2 

(°C) 

Mass 

loss 2 

(%) 

NaphMG_2Ph2 419 42 440 15 540 42 

NaphMG_2Me2 376 35 450 41 560 23 

NaphMG_4Ph 390 31 460 36 540 32 

NaphMG_5Ph_d 453 45 410 9 560 45 

NaphMG 374 14 440 74 570 11 

NaphMG_Sn 361 35 310-500 13/23 560 28 
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3.2.4 Experimental Section 

3.2.4.1 Materials 

Dialkoxysilane synthesis was carried out under inert atmosphere. Magnesium chips 

(99.9+%, Acros Organics), 1-bromonaphthaline (97%, abcr GmbH) and 

phenyltrimethoxysilane (97%, abcr GmbH) were used without further purification. THF 

(99.8 % HPLC grade, Fischer Chemical) was purified in a MBraun SPS-5 solvent 

purification system (M. Braun Inertgas-Systeme GmbH, Garching, Germany). For polymer 

synthesis dimethoxydiphenylsilane (97%, Alfa Aesar), dimethyldimethoxysilane (97%, 

abcr GmbH), phenyltrimethoxysilane (97%, abcr GmbH), di-n-butyltin diacetate (for 

synthesis, Merck-Schuchardt) and MeOH (98 %, BCD Chemie GmbH) were used without 

further purification. Hydrochloric acid (pH 1) was diluted from conc. HCl (for analysis, 

ACS BerndKraft) using demineralized water.  

 

3.2.4.2 Instrumentation and Characterization Methods 

Solid state CP-MAS NMR spectra were recorded on an Avance III HD – Ascend 400WB 

spectrometer (Bruker Corporation, Billerica, USA) using 4 mm inner diameter ZrO2 rotors 

with 13 kHz rotation frequency. The resonance frequencies were 100.67 MHz for 13C and 

79.53 MHz for 29Si NMR spectra. Solid state SP-MAS NMR spectra were recorded with the 

same instrumental setup. 

NMR spectra in solution were recorded on an Avance III 300 MHz spectrometer (Bruker 

Corporation, Billerica, USA) with 59.63 MHz for 29Si NMR spectra. The NMR samples were 

dissolved in chloroform-d (CDCl3) and 10-2 mol/l chromium(III)acetylacetonate as a 

relaxation agent was added. All spectra except for the integrated solid state 29Si CP-MAS 

and integrated solid state 29Si SP-MAS spectra, were plotted in MestReNova (v14.2.0-

26256, Mestrelab Research, Santiago de Compostela SPAIN) using the apodization 

function to adjust the signal to noise ratio. The 29Si solution NMR spectra were also 

adjusted using a Multipoint Baseline Correction. The solid state 29Si CP-MAS and 29Si 

SP-MAS spectra were analyzed with OriginPro (Version 2021b. OriginLab Corporation, 

Northampton, MA, USA) and integrated using a Voigt function.  

Fourier transform infrared (FTIR) spectra were recorded in attenuated total reflectance 

mode (ATR) on a Vertex 70 spectrometer (Bruker Optics, Ettlingen, Germany) from 
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4500-400 cm-1 for the consolidated siloxanes but only shown from 4000-400 cm-1 due to 

the absence of other signals at higher wavenumbers, each with a resolution of 4 cm–1 and 

16 scans.  

Powder X-ray diffraction (PXRD) patterns of the tablet shaped samples were recorded at 

room temperature on a D8-A25-Advance diffractometer (Bruker AXS, Karlsruhe, 

Germany) in Bragg-Brentano θ-θ geometry (goniometer radius 280 mm) with Cu Kα 

radiation (λ = 154.0596 pm). A 12 μm Ni foil working as a Kβ filter and a variable divergence 

slit were mounted at the primary beam side. A Lynxeye detector with 192 channels and a 

variable slit diaphragm in front of it was used at the secondary beam side. Experiments 

were carried out in a 2θ range of 3−40° with a step size of 0.013° and a total scan time of 

1 h. The recorded data was evaluated using TOPAS 5.0 (Bruker AXS, 2014, Karlsruhe, 

Germany) software, with the observed reflections being treated via single-line fits and a 

background of 5 but no sample displacement. 

For UV-vis transmittance measurements all siloxanes were doctor bladed onto glass 

slides (Microscope Slides, VWR, Radnor, Pennsylvania, USA) at a thickness of 

approximately 120 µm, heated to 110 °C for 5 minutes in an oven to ensure a uniform film 

and measured after cooling. The measurement range was from 250 to 800 nm but is only 

presented from 300 to 800 nm due to the absorption of the class slides at low 

wavelengths. Consolidation of the siloxanes was performed in a vacuum drying oven at 

200 °C for 24 h to prevent blistering and then for an additional 72 h at 200 °C in a drying 

oven. Further thermal treatment was carried out in a drying oven at 200 °C for an 

additional 7 days and additional measurements after 3 and 7 days. Consolidation of 

NaphMG_Sn was performed in a tube furnace under wet argon at 200 °C for 72 h, while 

thermal treatment was performed under synthetic air (N2/O2 : 16/4) for an additional 7 d 

at 200 °C. All transmittance measurements were performed on a Lambda 750 instrument 

(Perkin Elmer Inc., Shelton, USA) equipped with a 100 mm integration sphere with 2 nm 

increments and 0.2 s integration time. Yellowness index measurements were performed 

on the same samples at the same time intervals as the transmittance measurements 

from 380 to 780 nm, with 10 nm increments and 0.24 s integration time using the same 

instrumental setup. 
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Thermogravimetric measurements (TG) were carried out applying a TGA/DSC STARe 

System 1 (Mettler-Toledo, Schwerzenbach, Switzerland) applying a heating rate of 

10 K min-1 between 25 and 800 °C using an oxygen gas flow of 40 ml min–1.  

Differential scanning calorimetry (DSC) was performed with a DSC 204 F1 Phoenix 

calorimeter (NETZSCH-Gerätebau GmbH, Selb, Germany) using aluminum crucibles 

with pierced lids under nitrogen/oxygen-flow (40/60 mL min-1) applying a heating rate of 

10 K min-1. The temperature range was -100 to 250 °C, depending on the sample and each 

sample was measured three times and averaged. The value of the glass transition 

temperature (Tg) was determined at the center point of the glass event. 

Thermal treatment experiments were conducted with all solid samples by grinding them 

into powder and placing them on Teflon molds. They were heated in 25 °C steps from 50 

to 200 °C for 20 minutes at each step in an oven. 

Dynamic mechanical analysis (DMA) was performed using a MCR-301 rheometer with a 

CTD-450 convection heating system (Anton Paar GmbH, Graz, Austria) in oscillatory 

mode with a plate–plate geometry using a 25 mm PP25 measuring plate, an amplitude of 

5 %, a frequency of 1 Hz and a normal force value of 0. The samples were cooled from 

150 °C or 200 °C to 35 °C with a cooling rate of 0.03 °C s-1 depending on the viscosity to 

prevent them from losing contact with the upper plate.  

 

Synthesis of NaphMG and NaphMG_5Ph_d 

The synthesis of NaphMG and NaphMG_5Ph_d was carried out applying a similar 

approach. The amount of monomers, catalyst and solvent is documented in Table 10. All 

monomers were weighed into a 50 mL headspace vial, dissolved in methanol and HCl (pH 

= 1) was added. After closing the headspace vial, the solution was stirred at 400 rpm at 

45 °C for 72 h. The headspace vial was opened to gel over night at room temperature and 

then heated to 110 °C for 24 h in a heat block.  
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Table 10: Equivalents of all monomers, solvent, and catalyst for the syntheses of NaphMG and 
NaphMG_5Ph_d. a) 150 %v/w of MeOH was used related to the mass of all monomers combined (1.5 mL 

of MeOH would be used if the mass of all monomers combined was 1 g). b) One equivalent of aqueous HCl 
for every methoxy group was used (1 eq of PTMS would require 3 eq of HCl, also the molar mass of water 

was used for the calculations due to its dilution). 

Sample 1-NaphPhSi(OMe)2 DMDMS PTMS MeOH HCl (pH 1) 

NaphMG 1 eq 2 eq 1 eq a) 9 eqb) 

NaphMG_5Ph_d 1 eq 2 eq 5 eq a) 21 eqb) 

 

Synthesis of NaphMG_2Me2, NaphMG_2Ph2, NaphMG_4Ph and NaphMG_Sn 

Synthesis of NaphMG_2Me2, NaphMG_2Ph2 and NaphMG_4Ph were carried out in a 

similar manner as already described above but with different amounts of solvent and 

HCl. The amount of added monomer, catalyst and solvent is documented in Table 11. In 

a 50 mL headspace vial NaphMG (1 eq) was dissolved in methanol, the respective 

monomer and HCl were added, and the vial closed. After stirring at 400 rpm for 24 h at 

45 °C, the headspace vial was opened to gel overnight at room temperature. After that the 

siloxanes were further condensed for 24 h at 110 °C in a heat block.  

Synthesis of NaphMG_Sn was done in a slightly different way. In a 50 mL headspace vial 

NaphMG (1 eq) was dissolved in methanol, di-n-butyltin diacetate (DBTA) was added and 

the vial closed. After stirring at 400 rpm for 24 h at 45 °C, the headspace vial was opened 

so that the reaction mixture could gel overnight at room temperature. After that, the 

sample was further condensed for 24 h at 110 °C in a heat block. 

 

Table 11: Equivalents of all monomers, solvent, and catalyst used for the siloxane syntheses. a) 200 %v/w 
of MeOH was used related to the mass of NaphMG (2 mL of MeOH would be used for 1 g of NaphMG). b) 

Half an equivalent of HCl for every methoxy group of the monomer was used (1 eq of PTMS would require 
1.5 eq of HCl, also the molar mass of water was used for the calculations due to its dilution). c) Related to 

the mass of NaphMG. 

Sample Monomer MeOH HCl (pH 1) DBTDA 

NaphMG_2Me2 DMDMS (2 eq) a) 2b) -- 

NaphMG_2Ph2 DPDMS (2 eq) a) 2b) -- 

NaphMG_4Ph PTMS (4 eq) a) 6b) -- 

NaphMG_Sn -- a) -- 2 wt%c) 
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Consolidation of the Siloxanes 

All siloxanes except for NaphMG_Sn were consolidated for 72 h at 200 °C in a drying oven 

to obtain the cured siloxanes. Due to its toxicity NaphMG_Sn was consolidated for 72 h 

at 200 °C in a tube furnace under wet argon.  

 

3.2.5 Conclusions 

Various siloxanes were synthesized by adding dimethyldimethoxysilane, 

diphenyldimethoxysilane, phenyltrimethoxysilane or di-n-butyltin diacetate to an already 

condensed but not consolidated siloxane to obtain samples with a high degree of 

condensation and with an increased rigidity at high temperatures, preventing them from 

liquefying. The obtained polymers therefore contained naphthyl groups, as well as 

different amounts of phenyl and methyl groups and varied in their cross-linking density. 

Since only two of them (NaphMG_2Ph2 and NaphMG_4Ph) showed the desired 

properties, all samples were analyzed via NMR, IR and PXRD measurements to gain more 

insights into structural issues related to the observed characteristics. All studies 

revealed that not only the amount of phenyl groups and the cross-linking density play an 

important role for their characteristics but that post-cross-linking an already existing 

siloxane is more effective than reacting all monomers at once in terms of usability at high 

temperatures. This was confirmed in NMR studies showing that post-cross-linking is not 

only beneficial to achieve a higher DOC but above all excels at integrating sterically 

demanding alkoxysilanes such as 1-NaphPhSi(OMe)2 into a siloxane network. This 

creates more bridging oxygens resulting in stronger interactions between siloxane 

networks which in turn is necessary to prevent them from liquefying. The consolidated 

siloxanes showed high transparencies of up to 99 % even after a week at 200 °C, little 

yellowing, T95 values of up to 453 °C and Tg’s between -34 and 68 °C according to DSC 

measurements while dynamic mechanical analysis revealed higher glass transition 

temperatures up to 124 °C. The storage modulus also showed that three samples had a 

rubbery plateau at 200 °C indicating that they were still elastic but not liquid which was 

confirmed for two of the samples by a thermal treatment experiment in an oven heating 

them up to 200 °C. These two siloxanes are thus potentially suitable for high-temperature 

applications. Therefore, we were able to show that post-cross-linking a siloxane affects 



Results and Discussion  Post-Cross-Linking 

 

109 

 

DOC, structure, thermal stability, transmittance and Tg, as well as viscosity and elasticity 

and is beneficial to prepare samples which show less cracking at room temperature and 

stay elastic at high temperatures. 
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3.3 Synthesis of Polyhedral Oligomeric Silsesquioxanes (POSS) Containing 
Polycyclic Aryl Groups 

 

3.3.1 Abstract 

Polyhedral oligomeric silsesquioxanes (POSS) containing polycyclic aromatic groups 

exhibit exceptional chemical, thermal, and photochemical stability, making them 

suitable for numerous applications such as sensors and optical devices. In this study, 

POSS derivatives containing 1-napthyl, 2-naphthyl and 9-phenantrenyl groups were 

prepared via two distinct approaches. Initially, trialkoxysilanes were synthesized from the 

corresponding polycyclic aromatic bromides using a Barbier-type reaction. Subsequent 

condensation to POSS derivatives was achieved either by refluxing the monomers with 

potassium hydroxide or by using tetrabutylammonium fluoride (TBAF). Only the first 

method successfully yielded T8 1-naphthyl POSS, while the other methods produced 

compounds with varying cage sizes and possibly higher molecular weight species, as 

indicated by silicon NMR, as well as MALDI-FTICR. The successful formation of 

1-naphthyl POSS using the KOH method was confirmed by NMR, IR, and single crystal 

X-ray crystallography. Further characterization through fluorescence spectroscopy, DSC 

and TGA revealed no excimer formation, a high thermal stability (Tonset = 453.6 °C) and a 

melting point of 311 °C.  

 

3.3.2 Introduction 

Silsesquioxanes with the general formula (RSiO1.5)n
100 can form different structures like 

cages, open cages,166,410 ladder-type oligomers411,412, nanoparticles413,414 and star-shaped 

structures.415,416 A typical example for a cage-like silsesquioxane is the T8 POSS with a 

cubic structure and the formula R8Si8O12. Herein the substituents R are placed at each 

corner and are either hydrogen atoms or other organic groups like for example alkyl, 

alkylene, aryl, or arylene substituents with or without further functional groups 

attached100,148 and allow for easy functionalization.417 These organic groups make POSS 

compatible with polymers, surfaces or biological systems and can also be designed to be 

reactive or unreactive.150 Their incorporation into polymers can be achieved by chemical 

cross-linking and copolymerization, attaching them through covalent bonds or by 
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blending.418 These systems show high thermal and mechanical stability,419,420 high 

oxidative resistance and gas permeabilities,421–423 are hydrophobic or hydrophilic and 

have the ability to aggregate.424 They possess high biocompatibility, little cytotoxicity425,426 

and can improve thermal and mechanical properties in polymers,427,428 as well as reduce 

flammability.429 Therefore, possible applications for POSS based composites are 

fluorescence sensors, coating materials, drug delivery systems, organic semiconductors 

and medical applications.430431,432 Within a polymer they can also lower cross-link density 

since they add a substantial volume to the polymer or can act as centers of a local cross-

linked network and hereby increase or decrease the RI,150,433 whereas the RI of the cubes 

themselves is generally around 1.5.433 Different sized POSS structures with various 

organic groups have been already synthesized (Figure 32).71,159,162,434–442 While symmetric 

POSS systems, such as octaphenylsilsesquioxanes, facilitate crystalline packing due to 

their high symmetry and low dipole moment, they often lead to poor solubility in organic 

solvents and a neutral response to mechanical shear. These limitations can be overcome 

by asymmetric POSS systems in which at least one corner carries a different organic 

group (Figure 32).71 POSS systems also offer the ideal opportunity to introduce polycyclic 

groups into various systems. They exhibit high thermal and photochemical stability, high 

fluorescence, tunable luminescence and low toxicity, which makes them interesting for 

example as sensors for biological imaging and sensing, for LEDs and as optical 

switches.442–444 
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Figure 32: Presentation of several POSS systems and their possible organic groups. 
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In general, there are two major methods to synthesize POSS systems. The first method is 

the new formation of Si-O-Si bonds by assembling silsesquioxanes from monomers with 

the general formula RSiX3 where R is a chemically stable substituent like methyl, phenyl 

or vinyl and X is a reactive substituent like Cl, OH or OR. The second method is their 

formation from linear, cyclic, or polycyclic siloxanes which are derived from the 

RSiX3-type.150 Furthermore, they can be formed by sol-gel reactions445 like hydrochloric 

acid and trimethoxysilane in methanol446 or trichloroalkylsilane in ethanol and water.447 

The yield, reaction rate and degree of oligomerization hereby depend on the 

concentration of the initial monomer, solvent, substituents R and X, catalyst, reaction 

temperature, water addition and solubility of the formed oligomers.150 Monofunctional 

POSS are produced by corner-capping an open cage which contains three residual Si-OH 

groups with a trifunctional monomer and can be synthesized by kinetic controlled 

condensation of for example cyclohexyltrichlorosilane. Depending on the monomer this 

method can lead to various types of products like styryl-substituted-, amino-

substituted- or norbornyl POSS.448–451 Multifunctional POSS on the other hand are 

synthesized by hydrolysis and condensation of trialkoxysilanes or trichlorosilanes.150 A 

well-known representative is the phenyl POSS which for example can be synthesized 

from phenyltrichlorosilane and benzyl trimethyl ammonium hydroxide.452–454 Another way 

to form POSS systems from phenyltrialkoxysilanes is by using different bases like KOH, 

TBAF or KF. When using TBAF, fluoride ions are used to catalyze the formation of the 

corresponding POSS systems, whereby the fluoride ions must subsequently be removed 

again using CaCl2, for example. KF, on the other hand, is used together with crown ethers 

such as 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6) due to its poor solubility. 

These crown ethers not only help to dissolve KF in polar and non-polar, aprotic solvents, 

but also reduce the strong solvation forces acting on the fluoride ion to produce a 

“naked” fluoride, which should be able to react as a nucleophile and base. This “naked” 

fluoride attacks the silicon atoms as a nucleophile and causes rearrangements of the 

skeleton and thus does not serve to hydrolyze the alkoxy groups.160,164,455–457  

POSS systems containing various organic groups have been extensively studied for many 

years. However, in case of polycyclic aromatic systems until now only POSS were 

synthesized were one corner was modified with a naphthyl group, as well as the T8 

1-naphthyl POSS from 1-naphthyltrichlorosilane. While the former are asymmetric POSS, 
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which differ in their properties from symmetric systems, the T8 1-naphthyl cage was 

mainly investigated for its architecture, decomposition and thermal properties.71,434,442 

Therefore, we wanted to extend these studies to symmetric POSS systems consisting 

purely of 1-naphthyl, 2-naphthyl or 9-phenanthrenyl groups, to investigate their 

fluorescence behavior and also to compare possible differences due to the isomeric 

attachment regarding the 1-naphthyl and 2-naphthyl group. Furthermore, by using 

trimethoxysilanes as opposed to trichlorosilanes, we wanted to investigate new possible 

reaction pathways to produce POSS systems. To this end, in the present study we have 

tried to synthesize POSS systems from trimethoxysilanes containing 1-naphthyl, 

2-naphthyl and 9-phenanthrenyl groups by reaction with KOH as well as TBAF.  

 

3.3.3 Results and Discussion 

The precursors for the POSS systems, i.e. trimethoxysilanes with polycyclic aromatic 

groups, were prepared by Barbier-type reactions between 1- or 2-bromonaphthalene or 

9-bromophenanthrene and tetramethoxysilane (TMOS) (Scheme 32). Trimethoxy-

(1-naphthyl)silane and trimethoxy-(2-naphthyl)silane hereafter referred to as 

1-NaphSi(OMe)3 and 2-NaphSi(OMe)3 formed as colorless liquids, while trimethoxy-

(9-phenanthrenyl)silane hereafter referred to as 9-PhenSi(OMe)3 was obtained as a white 

solid. All compounds were obtained in high purity and yields between 31 and 63 %.  

 

Scheme 32: General synthetic route of all three trialkoxysilanes using a Barbier-type reaction. 
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The molecular structures of all trimethoxysilanes have been verified using 1H, 29Si, 1H-29Si 

HMBC, and 13C NMR spectroscopy as well elemental analysis and IR-spectroscopy (see 

Figure S 107 – Figure S 119 and Table S 9). All signals are in good agreement with similar 

literature known compounds.72,340,341 

UV-vis spectroscopy shows the typical absorption bands of naphthalene and 

phenanthrene, as well as similar compounds where aromatic groups are bound to a 

silicon atom (see Figure S 120).342 The absorption maxima of 1-NaphSi(OMe)3, 

2-NaphSi(OMe)3 and 9-PhenSi(OMe)3 are at 284, 278 and 256 nm, respectively and 

thereby show an increasing blue shift. In previous studies dialkoxysilanes with polycyclic 

aromatic groups revealed excimer formation, which might have an influence on ordering 

phenomena during condensation reactions. Therefore, we investigated the three 

trimethoxysilanes for the same phenomena using fluorescence spectroscopy (see Figure 

S 121 – Figure S 123). The concentration dependent excimer formation for the three 

synthesized trimethoxysilanes was studied using a dilution series in dichloromethane at 

an excitation wavelength of 290 nm for 1-NaphSi(OMe)3 and 2-NaphSi(OMe)3 and 340 nm 

for 9-PhenSi(OMe)3. The fluorescence spectra revealed for 1-NaphSi(OMe)3 only one 

broad peak at 339 nm for high concentrations, which can be attributed to the molecular 

fluorescence of naphthalene.345,348 With an increase in dilution this peak shifts to lower 

wavenumbers, getting sharper and more detailed. The latter part was already observed 

by Nishimura et al. for -naphthalene,458 as well as similar compounds.459 Instead of a 

broad peak at around 410 nm which would show excimer formation a broad tailing of the 

peaks can be observed. Since it decreases with lower concentrations it can be attributed 

to ground state aggregation.192 2-NaphSi(OMe)3 shows the same peak at 338 nm which is 

due to the molecular fluorescence of naphthalene. Interestingly two more peaks can be 

seen at 323 and 352 nm. While the former increases with decreasing concentration, the 

latter shows the opposite behavior. In their form they resemble the peak of 

1-NaphSi(OMe)3 at low concentrations. The opposite behavior has already been observed 

for naphthalene460,461 and a somewhat similar behavior in an anthracene derivative, with 

the latter being attributed to static quenching.462 Furthermore, no excimer formation or 

ground state aggregation can be seen. The fluorescence spectra of 9-PhenSi(OMe)3 only 

shows the peaks typical for the phenanthrene group.350,463 The first peak at 349 nm 

interestingly also increases with decreasing concentration. Comparing now the spectra 
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of the diluted samples with those of the pure samples, one can recognize a band at 

approx. 400 nm in all undiluted samples, which indicates excimer fluorescence. This 

behavior was already observed in poly(acetoxy-p-phenylene vinylene), for example, when 

the fluorescence of the solid film was compared with that of a diluted sample464 and even 

more clearly in a thiophene-flanked pyrene carbon analogue. Here, a dilute solution 

showed mainly monomer fluorescence, while the solid sample showed considerable 

excimer fluorescence. This was attributed to closely adjacent molecules in the solid 

phase, which allow excimer formation due to a large molecule-to-molecule overlap 

area.465 From this it can be concluded that, in contrast to the dialkoxysilanes already 

investigated, none of the trialkoxysilanes shows excimer formation in dilution, but only in 

pure form.  

Polycyclic aromatic groups usually also have a large influence on the refractive index (RI) 

of substances, which can be also used to generate high RI sol-gel materials.191,383,466,467 We 

measured the RI of all three trialkoxysilanes at 20 °C and 589 nm. 9-PhenSi(OMe)3 is a 

solid compound at room temperature. Its melting point of 86 °C (Figure S 124) was too 

high to be measured on our refractometer. Therefore, it could only be measured by 

applying a calibration curve method, which already proofed reliable in our previous 

studies on dialkoxysilanes (see Figure S 125 and Table S 10).383 To stay consistent and 

obtain comparable results we decided to measure all three samples with this method. In 

short this means that different concentrated solutions of 1-NaphSi(OMe)3 and 

2-NaphSi(OMe)3 in toluene and 9-PhenSi(OMe)3 in THF were prepared, measured, and 

plotted. In the linear equation of the resulting calibration curve, x was set as 100 to 

simulate the pure substance and calculated. The obtained refractive indices of 

1-NaphSi(OMe)3, 2-NaphSi(OMe)3 and 9-PhenSi(OMe)3 are 1.554, 1.541 and 1.615, 

respectively. These values are high compared to those of standard trialkoxysilanes like 

phenyltrimethoxysilane (1.4710) or benzyltriethoxysilane (1.4628).304 Furthermore, it can 

be seen that the constitutional isomerism of the naphthyl groups does not play a 

significant role for the refractive index. 
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3.3.3.1 Condensation of Trimethoxysilanes 

1-NaphSi(OMe)3, 2-NaphSi(OMe)3 and 9-PhenSi(OMe)3 were condensed to 

silsesquioxanes using two different methods. In the first method KOH and acetone were 

applied under reflux for 24 h. This method has proven its suitability in the synthesis of 

octaphenylsilsesquioxane, octamethylsilsesquioxane and fluorodecyl POSS.160,232,468 The 

second method was using DCM and tetrabutylammonium fluoride (TBAF) while stirring 

the mixture at room temperature for 24 h (Scheme 33) which has already been done to 

synthesize T8, T10 and T12 phenylsilsesquioxanes.456 While the former method strongly 

favors T8 cages with yields between 81 % and 95 %,160,232 the latter tends to lead to all three 

cage sizes.456 To study the obtained structures NMR, IR, MALDI-FTICR and SEC 

measurements were performed. Additionally, the successfully synthesized POSS 

structure was confirmed by single crystal X-ray crystallography and further studied using 

UV-vis and fluorescence spectroscopy, as well as DSC and TGA measurements. 

 

 

Scheme 33: Condensation reactions of trialkoxysilanes to form POSS systems, including their 
abbreviations. a) using KOH and acetone, b) using TBAF and DCM. 
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3.3.3.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

As already mentioned, different sized cages as well as partially open structures or 

random polysiloxanes can form during the synthesis. Liquid NMR spectroscopy was 

performed to study the obtained products (see Figure 33 and Figure S 126 – Figure S 

143). After the successful synthesis the 1H and 13C NMR should show only sharp peaks in 

the aromatic region without any remaining methoxy signal, while the 29Si NMR is 

supposed to show only one signal for the T8 cube.232 Additional peaks can result from 

larger cages or open structures.438,469 It can be seen that only 1-Naph_POSS_KOH was 

formed exclusively as a T8 cage as it shows sharp signals in the 1H and 13C NMR as well as 

only one signal in the 29Si NMR at -77.26 ppm which corresponds well with 

octaphenylsilsesquioxane (OPS) at -78.3 ppm.232 The other POSS systems show very little 

to no peaks for the methoxy groups in the 1H NMR and multiple signals in the 29Si NMR 

which can result from low molecular weight species, cages of various sizes and open 

cages for example. 2-Naph_POSS_KOH shows four silicon signals which could be based 

on a mixture of T8, T10 and T12 cubes, especially since the latter can result in more than one 

signal. The T10 phenyl POSS shows a signal at -79.6 ppm while the T12 phenyl POSS 

displays two signals at around -79.5 ppm and -81.5 ppm.440,456 Therefore the observed 

signals at -77.76 ppm and -79.14 ppm could belong the T8 and T10 species, respectively. 

Another possibility would be one closed and one open T8 POSS since the open cage would 

lead to three signals with the one for the silicon atoms next to the hydroxy groups being 

more downfield shifted than the others. For OPS with one corner missing this results in 

signals at -69.05, -77.55 and -78.52 ppm.470 However, as these signals differ significantly 

from those observed for 2-Naph_POSS_KOH, this possibility can be ruled out. Also 

considering no hydroxy or methoxy signals are present in the 1H and 13C NMR, it seems 

more likely that the previously mentioned mixture of T8 and T10 cages is present. For 

9-Phen_POSS_KOH a lot of signals in the 29Si NMR can be found, which leads to the 

assumption that many different species may be present. The highest signals 

at -77.75 ppm, -79.13 ppm and -78.35 ppm could originate from T8 and T12 cages. For 

1-Naph_POSS_TBAF the signals at -69.37 ppm, -77.87 ppm and -78.04 ppm could stem 

from an open T8 cage, while the signals at -77.20 ppm, -76.17 ppm and -78.69 ppm could 

belong to closed T8 and T12 cages, respectively. 2-Naph_POSS_TBAF shows three signals 

at -78.83 ppm, -80.98 ppm and -78.94 ppm which could be attributed to T12 and T8 cages. 
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Lastly, 9-Phen_POSS_TBAF shows signals at -69.07 ppm, -77.93 ppm and -78.54 ppm 

potentially stemming from open T8 cages, as well as a signal at -77.66 ppm from closed 

T8 cages. In general, further purification by recrystallizing and subsequent column 

chromatography of the supernatant could help to separate different sized cages and 

polymeric products which was not possible due to time constraints.231 

 

Figure 33: NMR spectra of 1-Naph_POSS_KOH in CD2Cl2. a) 1H NMR (400.13 MHz), b) 29Si NMR 

(79.49 MHz), c) 13C NMR (100.62 MHz), d) Illustration of 1-Naph_POSS_KOH. 

 

3.3.3.3 Fourier transform Infrared (FTIR) Spectroscopy  

FTIR spectra of the POSS systems (Figure 34) show the expected signals of the aromatic 

groups at around 3100-2950 cm-1 (ν(CH)Ar), 1650-1480 cm-1 (ν/δ(C=C)Ar) and 770-680 cm-1 

(ν(CH)Ar) as well as the vibration of the Si-O-Si bond from 1200 to 950 cm-1. The typical 

absorption bands for the methoxy groups that were present in the trialkoxysilanes at 2836 

and 1183 cm-1 as well as the broad OH absorption bands between 3700 and 3100 cm-1 

cannot be observed anymore.340,341,354,355,471 Therefore, it can be concluded that all 

methoxy groups have been hydrolyzed and the condensation has progressed to such an 
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extent that almost no hydroxy groups are present. The very weak Si-OH absorption band 

at around 896 cm-1 can be observed in all samples except for 1-Naph_POSS_KOH and 

1-Naph_POSS_TBAF.227 This is consistent with the previous observation that complete 

hydrolysis has taken place and condensation has progressed to such an extent that only 

cages, ladders, partially open cages, or other very high condensed species should exist. 

As already mentioned, the only exceptions being 1-Naph_POSS_KOH and 

1-Naph_POSS_TBAF, where the former shows no additional signals in the silicon NMR 

indicating that no open cages or highly condensed species are present and the latter 

shows only very small signals, especially compared to the other samples. The most 

important signal in identifying POSS systems in the IR is the form of the Si-O-Si band 

which allows to determine the species of polysiloxane/network. While ladder-like 

polysilsesquioxanes show two absorption peaks at 1150 and 1050 cm-1 due to the 

asymmetrical horizontal (Si-O-Si) and vertical (Si-O-Si-R) siloxane bond, cages show only 

one peak at around 1100 cm-1 due to the Si-O-Si vibration band, depending on the organic 

group.182 It should also be mentioned that silsesquioxanes can rearrange from ladder-like 

structures to caged structures, thereby changing from the afore mentioned two 

absorption bands to one.472 While a broad absorption band at around 1100 cm-1 indicates 

other species, such as cycles, ladders or random networks,99 no further statement can 

be made about the size of the cages or if they are open or closed.232,438,439,456,469,473 This 

sharp peak was only observed for 1-Naph_POSS_KOH and also supports the conclusion 

from the NMR that only this substrate was successfully obtained in the form of pure 

cages. For the remaining samples this band is wider or shows more peaks indicating 

together with die Si-OH band that other species are present and therefore also confirming 

the NMR results. 
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Figure 34: FTIR spectra of a) 1-Naph_POSS_TBAF (black), 2-Naph_POSS_TBAF (red) and 
9-Phen_POSS_TBAF (blue) and b) 1-Naph_POSS_KOH (black), 2-Naph_POSS_KOH (red) and 

9-Phen_POSS_KOH (blue). 
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3.3.3.4  Matrix-Assisted Laser Desorption/Ionization Fourier-Transform Ion 
Cyclotron Resonance (MALDI - FTICR) Mass Spectrometry  

MALDI-FTICR measurements were used to gain more insight into the sizes of the 

synthesized samples and therefore possible T8, T10, T12 or even larger cages as well as 

other high molecular weight species that might have formed (Figure 36). For 

1-Naph_POSS_KOH two mass peaks at 1457 m/z and 1473 m/z were found in the spectra. 

These belong to the T8 cage with added sodium which is omnipresent in MALDI spectra474 

and added potassium stemming from the KOH used in the synthesis, respectively and are 

further proof that this POSS was successfully formed. For 2-Naph_POSS_KOH among all 

signals only one mass at 2532 m/z can be identified which belongs to the corresponding 

T14 cage with added sodium. This cage can either have D3h symmetry, which results in a 

total of three signals in the 29Si NMR, or C2v symmetry, which results in five signals (Figure 

35).168 Assuming D3h symmetry, the three signals in the 29Si NMR 

at -77.76 ppm, -78.36 ppm and -79.14 ppm can thus be explained. 

 

 

Figure 35: Depiction of the two different symmetries of the T14 cage. 

 

For 9-Phen_POSS_KOH among all signals again only one at 1942 m/z can be identified 

which belongs to the T8 cage with additional silver, originating from the silver 

trifluoroacetate used in the matrix. Therefore, the other signals in the 29Si NMR could 

belong to high molecular weight species which cannot be identified any further. Looking 
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at the samples synthesized with TBAF and starting with 1-Naph_POSS_TBAF three signals 

corresponding to the T8 cage (1434 m/z [M], 1457 m/z [M+Na+] and 1542 m/z [M+Ag+]) and 

one signal corresponding to the T10 cage (1815 m/z [M+Na+]) can be observed. Both cages 

lead to one signal in the silicon NMR. This would explain two of the five signals but due to 

their proximity to each other no direct assignment can be made.168,475 The most prominent 

signal at -77.20 ppm could be attributed to the T8 cage as it has the same chemical shift 

as for the T8 cage of 1_Naph_POSS_KOH. 2-Naph_POSS_TBAF shows signals for the T10 

cage (1792 m/z [M], 1815 m/z [M+Na+]) and the T12 cage (2151 m/z [M], 2174 m/z [M+Na+]). 

Considering that the T10 cage shows one and the T12 cage two signals in the silicon NMR, 

all three signals in the silicon NMR for 2-Naph_POSS_TBAF can be explained. For 

9-Phen_POSS_TBAF a total of six signals can be identified. Three belong to the T8 cage 

(1853 m/z [M+F-], 1906 m/z [M+THF], 1942 m/z [M+Ag+]) and the other three belong to the 

T10 cage (2312 m/z [M+F-], 2316 m/z [M+Na+], 2401 [M+Ag+]). Since each cage leads to one 

signal in the silicon NMR only two of the five signals can be explained. In general, it seems 

that the synthesis with TBAF leads to different sized cages for each sample ranging from 

T8 to T12 while the synthesis with KOH leads only to one cage size per synthesis which was 

either T8 or T14. This was also seen in studies were the KOH approach yielded the T8 OPS 

with yields of 81 % and 95 %, respectively, while the synthesis with TBAF led to T8, T10 and 

T12 phenyl POSS systems.160,232,456 Looking at the two approaches separately, it is 

noticeable that 1-naphthyl and 9-phenanthrenyl each lead to cages of the same size, 

namely T8 and T10, while 2-naphthyl leads to larger cages in both cases. A possible 

explanation for this can be found in two recent theoretical studies, which show that the 

Si-O bond length decreases with increasing cage size.476,477 This can be observed by 

looking at the Si-O bond lengths for octaphenyl POSS (1.618 - 1.626 Å)478 compared to 

dodecaphenyl POSS (1.604 - 1.618 Å),479 or for styryl-functionalized POSS, where the 

average bond length also decreases from T8 (1.617 Å) to T10 (1.610 Å) to T12 (1.60 Å).149 This 

would bring the organic groups closer together and could possibly explain why the 

sterically less demanding 2-napthyl group forms larger cages. 



Results and Discussion  Synthesis of Polycyclic Aromatic POSS 

 

125 

 

 

Figure 36: MALDI-FTICR measurements of all samples synthesized with KOH a) 1-Naph_POSS_KOH, c) 
2-Naph_POSS_KOH, e) 9-Phen_POSS_KOH and synthesized with TBAF b) 1-Naph_POSS_TBAF,  

d) 2-Naph_POSS_TBAF, f) 9-Phen_POSS_TBAF. 
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3.3.3.5 Size Exclusion Chromatography (SEC) 

Size exclusion chromatography experiments were performed on all POSS systems to get 

more insight into their size distribution and their polydispersity index value (Ð) using an RI 

detector (Figure 37). Even though polystyrene was used as a standard which is quite 

different with respect to the hydrodynamic volume in THF compared with our POSS 

systems, the obtained Ð values can still be used to estimate if many substances of 

different sizes were obtained and to compare if the molecular weight is in the same range 

as already shown by the MALDI-FTICR measurements. The Ð value for all samples is very 

narrow, ranging from 1.05 to 1.12 indicating very little molar mass distribution. This 

displays that mostly POSS systems, namely T8-, T10- and T12 cages, or structures of similar 

size should have formed. The average molecular weight (Mw) ranges from 815 to 

1401 g mol-1. T8 cages of 1-Naph_POSS and 2-Naph_POSS have a molecular weight of 

1434.00 g mol-1 and that of 9-Phen_POSS has one of 1834.48 g mol-1. Considering the 

afore-mentioned shortcomings of this method, those results are in good agreement with 

our expectations. Only 9-Phen_POSS_KOH stands out since it not only shows a larger 

polydispersity index value at 2.86 but also a much larger average molecular weight at 

144 790 g mol-1. It seems that in this synthesis in particular, in addition to the T8 cage, 

substances with different sizes and generally more polymeric structures were formed, 

which has not yet been noticed in the MALDI-FTICR measurements, as these are only 

possible up to 3000 m/z in our setup. These results in general are in good agreement with 

the MALDI-FTICR measurements which showed between one and three different sized 

cages for each sample as well as signals mostly in a range of 1000 to 2000 m/z indicating 

that not many different species were formed. Since the MALDI-FTICR measurements in 

our case can only be done up to 3000 m/z no more statements regarding the large average 

molecular weight of 9-Phen_POSS_KOH can be made. 
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Figure 37: SEC profiles for a) all three POSS systems synthesized via TBAF and b) all three POSS systems 
synthesized via KOH, measured on a RI detector. 

 

3.3.3.6 Single Crystal X-ray Crystallography 

We obtained single crystals of 1-Naph_POSS_KOH by dissolving the powder in DCM and 

subsequently evaporating the solvent slowly but not completely (Figure 38 and Table S 

11 – Table S 16). Single crystals of 1-Naph_POSS_KOH were investigated by X-ray 

diffraction experiments at 133(2) K. The compound was found to crystallize in the triclinic 

crystal system with space group P1̅. The measured values for the Si-O bond length (161.0 

to 162.1 pm; average 161.6 pm), the Si-C bond length (183.9 to 185.0 pm; average 

184.5 pm), the Si-O-Si bond angle (145.0 to 153.8 °; average 149.4 °) and the O-Si-O bond 

angle (107.0 to 109.6 °; average 108.3 °) are very close to the values known in the literature 

for similar compounds such as octaphenylsilsesquioxane159 or styryl functionalized 

silsesquioxane149 and only differ a bit more from fluorine containing 

octaphenylsilsesquioxane480 which can be attributed to the fluorine within the cage 

(Table 12). In addition, the O-Si-O bond angle matches almost exactly a tetrahedral angle 

suggesting that the sterically more demanding 1-napthyl group has no major influence on 

these values. Furthermore, each unit cell contains a total of two cages, which do not 

show any π-π interactions. There are two non-equivalent cages in the lattice in which two 

opposing naphthyl groups differ in their orientation (Figure 38, b). This has already been 

observed in styrene functionalized silsesquioxanes and was attributed to the fact that 

these were formed to enable optimal packing in the solid state.149 Furthermore, two 

dichloromethane molecules from the solvent used to crystallize the cage can be seen. 
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Table 12: Characteristic bond distances and angles for 1-naphthyl functionalized T8 POSS, as well as 
phenyl functionalized T8 silsesquioxane with and without fluorine and styryl functionalized T8 

silsesquioxane as comparison. 

 1-Naph-T8 Ph-T8
159 Ph-T8 fluoride480 Styryl-T8

149 

Bond lengths [pm]     

Si-O (min) 161.0 160.6 162.1 160.3 

Si-O (max) 162.1 161.8 162.8 163.1 

Si-O (average) 161.6 161.2 162.5 161.7 

     

Si-C (min) 183.9 182.8  182.7 

Si-C (max) 185.0 183.9  185.2 

Si-C (average) 184.5 183.4  184.1 

     

Bond angles [°]     

Si-O-Si (min) 145.0 144.7 139.1 138.6 

Si-O-Si (max) 153.8 151.6 143.4 161.5 

Si-O-Si (average) 149.4 148.2 141.2 149.1 

     

O-Si-O (min) 107.0 108.0 112.4 107.5 

O-Si-O (max) 109.6 109.9 113.6 110.2 

O-Si-O (average) 108.3 109.0 113.0 109.1 
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Figure 38: Single X-ray structure of 1-Naph_POSS_KOH. a) single T8 cube, b) single T8 cube in order to 
highlight the two differently oriented naphthyl groups and c) unit cell . 
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3.3.3.7 Further Purification and Separation Attempts 

Having shown that only 1-Naph_POSS_KOH was successfully synthesized in pure form, 

further efforts towards obtaining pure POSS systems were made. We tested several 

washing procedures to purify the crude products as well as column chromatography, 

which is a known method to separate larger cages from smaller ones. All separation 

efforts were tested with 9-Phen_POSS_KOH and 9-Phen_POSS_TBAF as a model system. 

Both showed broad Si-O-Si signals in the IR spectra and impurities in the NMR spectra. 

The attempted purification by washing was done with 9-Phen_POSS_KOH, using ethanol 

and acetone and characterized by FTIR (Figure 39). As already mentioned, POSS systems 

show only one narrow peak at around 1100 cm-1.182 Therefore, the changes to this band 

were observed during the washing procedure. Washing with acetone only removes a few 

byproducts as the shoulder in the absorption band at 1084 cm-1 gets smaller, while 

additional washing with ethanol does not seem to lead to further improvements. 

 

Figure 39: FTIR measurements of 9-Phen_POSS_KOH. After synthesis (black), washed with acetone (red) 
and washed additionally with ethanol (blue).  

 

All substrates synthesized using TBAF showed signals in the 29Si NMR, which could result 

from a variety of very highly condensed species in addition to the desired cages. 

Therefore, 9-Phen_POSS_TBAF was used for column chromatography hoping that any of 

those structures would remain on the silica due to their hydroxy groups. To investigate 

the suitability of column chromatography for purification, a thin layer chromatography 
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was carried out using pure DCM as eluent, showing one spot which did not move at all 

and one spot moving with the solvent front. Hence, a column chromatography using pure 

DCM was done and characterized by NMR (Figure S 144). It can be seen from the 1H and 
13C NMR that some byproducts were successfully removed in that almost all aliphatic 

signals disappeared. The silicon NMR on the other hand shows the same number of 

signals as before the column chromatography with only slight variations in their intensity, 

which means that no silicon compounds were removed. This leads to the conclusion that 

either other purification and separation steps are needed to remove everything besides 

the desired cages or that only cages are left. As already mentioned in the beginning 

further separation could possibly be achieved by dissolving the substrate and slowly 

precipitating it again, followed by evaporation of the resulting supernatant and 

purification by column chromatography using a gradient.231 However, as this method 

requires a lot of time and experience, it could unfortunately not be carried out in the 

remaining time available. 

 

3.3.3.8 Further Characterization of 1-Naph_POSS_KOH 

Since the previously described purification attempts did not lead to pure substrates 

further characterization was carried out only with 1-Naph_POSS_KOH. 

Even though we saw no excimer formation for any of the used trialkoxysilanes, we 

decided to also investigate the fluorescence properties of 1-Naph_POSS_KOH using a 

dilution series in dichloromethane (Figure 40 and Figure S 145). Since the excitation 

wavelength for the monomer was 290 nm it was kept for the POSS system. It can clearly 

be seen that the diluted POSS system shows the exact same fluorescence behavior as its 

diluted monomer 1-NaphSi(OMe)3 in that only the fluorescence of the naphthyl groups 

can be seen at high concentrations. This peak also shifts to lower wavelengths and 

becomes sharper and more detailed with further dilution. Furthermore, no excimer 

formation can be observed which would be indicated by a broad peak at around 400 nm 

as we observed in our previous work.383 In contrast to its undiluted monomer 

1-NaphSi(OMe)3, the undiluted POSS system shows no excimer fluorescence, which 

suggests that there is no overlap of the naphthyl groups.465  
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Figure 40: Fluorescence spectra of a dilution series of 1-Naph_POSS_KOH in DCM with λex = 290 nm. 

 

Furthermore, we also investigated the absorption properties of 1-Naph_POSS_KOH 

(Figure 41). It can be seen that its absorption spectrum looks exactly like 1-NaphSi(OMe)3 

with its maximum at 284 nm which is due to the naphthyl group. 

 

Figure 41: UV-vis spectrum of 1-Naph_POSS_KOH (red) and 1-NaphSi(OMe)3 (black) as comparison. 
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Thermogravimetric analysis (TGA) was performed to analyze the thermal stability as well 

as the decomposition behavior of 1-Naph_POSS_KOH. Therefore, the sample was heated 

up to 900 °C under air (Figure 42, a and Table 13). It can be seen that the sample has a 

high thermal stability (Tonset of 453.6 °C) which is very close to that of polyhedral 

oligomeric octaphenylsilsesquioxane (OPS) which is at 465 °C.481 1-Naph_POSS_KOH 

also shows three mass losses at 483.9 °C, 572.2 °C and 649.7 °C with mass losses of 

17.0 %, 19.6 % and 29.5 %, respectively. In comparison, Zhang et al. observed an onset 

temperature of 474.0 °C and three mass losses at 519.5 °C, 581.6 °C and 628.1 °C with 

mass losses of 61.6 %, 6.5 % and 15.7 %, respectively for OPS. According to their 

research the first mass loss occurs due to sublimation, the second one due to 

sublimation, detachment of phenyl groups and destruction of caged structures, while the 

third mass loss is due to the oxidation of the residual organic part into carbon monoxide 

and carbon dioxide.482 As the present DSC measurement was only carried out up to 

400 °C, sublimation can unfortunately not be checked. The temperatures for the three 

mass losses are close to those observed in our system, except for the first step, which 

could be due to the presence of naphthyl instead of phenyl groups.  

Looking at the masses of the individual decomposition steps compared to OPS, 

differences become clear. While the highest mass loss in OPS occurs in the first stage 

through sublimation, 1-Naph_POSS_KOH shows the highest mass loss in the third stage, 

which is the oxidation of the organic groups into carbon monoxide and carbon dioxide. 

The sterically demanding naphthyl groups could make sublimation in the first stage much 

more difficult, but due to their significantly higher molecular weight they lead to a higher 

mass loss during decomposition. Closer analysis is not possible due to the proximity of 

the individual decomposition stages to each other. DSC measurements which were 

performed under a nitrogen/oxygen-flow (40/60 mL min-1) applying a heating rate of 

10 K min-1 revealed a melting point of 1-Naph_POSS_KOH of 311 °C (Figure 42, b).  
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Figure 42: a) TGA measurement of 1-Naph_POSS_KOH under air, mass loss (black) and DTG (red), b) DSC 
measurement of 1-Naph_POSS_KOH under air. 

Table 13: TGA data of 1-Naph_POSS_KOH under air. Tmax: Temperature at maximum mass loss rate. 

Tonset 

/°C 

Tmax1 

/°C 

Tmax2 

/°C 

Tmax3 

/°C 

1st mass loss 

/% 

2nd mass loss 

/% 

3rd mass loss 

/% 

453.6 483.9 572.2 649.7 17.0 19.6 29.5 

 

3.3.4 Experimental Section 

3.3.4.1 Materials 

All trimethoxysilane syntheses were carried out under inert atmosphere. Magnesium 

chips (99.9+ %, Acros Organics), 1-bromonaphthalene (97 %, abcr GmbH), 

2-bromonaphthalene (98%, BLD Pharmatech Ltd), 9-bromophenantherene (99.83 %, 

BLD Pharmatech Ltd), tetramethoxysilane (98 %, abcr GmbH) and n-hexane (for 

synthesis, BCD Chemie GmbH) were used without further purification. THF (99.8 % HPLC 

grade, Fisher Chemical) was purified in a MBraun SPS-5 solvent purification system (M. 

Braun Inertgas-Systeme GmbH, Garching, Germany). For POSS synthesis acetone (97 %, 

BCD Chemie GmbH), KOH (Fisher Chemical), anhydrous ethanol (99.5 %, Thermo Fisher 

Scientific), DCM (99 %, Fisher Scientific) and TBAF (1M in THF, TCI chemicals) were used 

without further purification. For column chromatography DCM (99 %, Fischer Scientific) 

and silica gel 60 (particle size 0.063 – 0.200 nm (70 – 230 mesh ASTM), Merck) were used. 
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3.3.4.2 Instrumentation and Characterization Methods 

NMR spectra in solution were carried out on an Avance III HD 400 MHz spectrometer 

(Bruker Corporation, Billerica, USA) with 400.13 MHz for 1H NMR spectra, 100.62 MHz for 
13C NMR spectra and 79.49 MHz for 29Si NMR spectra. All NMR trialkoxysilane samples 

were prepared in chloroform-d (CDCl3) and all POSS samples were prepared in CD2Cl2. 

All spectra were plotted in MestReNova (v14.2.0-26256, Mestrelab Research, Santiago 

de Compostela SPAIN). 

Fourier transform infrared (FTIR) spectra were recorded in attenuated total reflectance 

mode (ATR) on a Vertex 70 spectrometer (Bruker Optics, Ettlingen, Germany) from 

4500-400 cm-1 for the trialkoxysilanes but only shown from 3500-400 cm-1 due to the 

absence of other signals at higher wavenumbers and for the POSS systems from 

4000-400 cm-1, each with a resolution of 4 cm–1 and 16 scans.  

Elemental analysis was performed on a Vario Micro cube (Elementar Analysensysteme 

GmbH, Langenselbold, Germany). 

UV-vis absorption measurements of the trialkoxysilanes were performed in a quartz glass 

cuvette with 1 cm thickness, diluted in dichloromethane from 236 to 800 nm in 2 nm 

steps, but only presented from 236 to 500 nm due to the absence of other signals at high 

wavelengths. 1-Naph_POSS_KOH was measured with the same setup from 200 to 

800 nm but only presented from 240 to 500 nm due to strong absorption at low 

wavelengths and the absence of other signals at high wavelengths. All UV-vis 

measurements were performed on a Lambda 750 instrument (Perkin Elmer Inc., Shelton, 

USA) equipped with a 100 mm integration sphere with 2 nm increments and 0.2 s 

integration time.  

Fluorescence measurements of all samples were performed in a quartz glass cuvette 

with 1 cm thickness, diluted in dichloromethane or in pure form in a quartz glass tube 

with a diameter of 2 mm on a FluoroMax 4 spectrofluorometer (Horiba Scientific, Kyoto, 

Japan). The excitation wavelength for the emission spectra of 1-NaphSi(OMe)3 and 

2-NaphSi(OMe)3 were 290 nm, while 9-PhenSi(OMe)3 was measured at 340 nm. 

Excitation spectra of the trimethoxysilanes were recorded in the same manner with 

emission wavelengths of 350, 340 and 370 nm for 1-NaphSi(OMe)3, 2-NaphSi(OMe)3 and 

9-PhenSi(OMe)3, respectively. The emission and excitation spectra of 1-Naph_POSS KOH 
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were measured with the same setup at an excitation wavelength of 290 nm and an 

emission wavelength of 350 nm. 

Thermogravimetric Analysis (TGA) was performed on a TG F1 Iris (Netzsch-Gerätebau 

GmbH, Selb, Germany) under a constant flow of N2 (16 mL min-1) and O2 (4 mL min-1) as 

purge gas and N2 (20 mL min-1) as protective gas with a heating rate of 10 K min-1 from 

25 °C to 900 °C. During the measurements, the samples were placed in an open alumina 

crucible. 

Differential scanning calorimetry (DSC) was performed with a DSC 204 F1 Phoenix 

calorimeter (NETZSCH-Gerätebau GmbH, Selb, Germany) using aluminum crucibles 

with pierced lids under nitrogen/oxygen-flow (40/60 mL min-1) applying a heating rate of 

10 K min-1 and a cooling rate of 15 K min-1 in a temperature range between 50 to 400 °C for 

1-Naph_POSS_KOH and in a temperature range from 40 to 150 °C for 9-PhenSi(OMe)3. 

The value of the melting point was taken by determining the peak maximum. 

MALDI-FTICR measurements were carried out on a 4800 Plus MALDI tandem TOF (AB 

Sciex, Darmstadt, Germany) in linear mode with a neodym YAG laser (353 nm) and 

analyzed with Data Explorer Software (4000 Series Explorer) and DCTB/Ag triflate was 

used as a matrix. 

Size exclusion chromatography (SEC) was performed with a PSS SECcurity2 system 

composed of a 1260 IsoPump-G7110B (Agilent Technologies, Santa Clara, CA, USA) and 

a 1260 VW-detector G7162A at 270 nm (Agilent Technologies) at 25 °C, with THF as the 

mobile phase (flow rate 1 mL min-1) on an SDV column set (SDV 103, SDV 105, SDV 106) 

from PSS (Polymer Standard Service, Mainz, Germany). Calibration was carried out using 

PS standards (from PSS).  

For X-ray crystallography the data set was collected using a Bruker D8 Venture 

diffractometer with a microfocus sealed tube and a Photon II detector. Monochromated 

MoK radiation ( = 71.073 pm) was used. Data were collected at 133(2) K and corrected 

for absorption effects using the multi-scan method. The structure was solved by direct 

methods using SHELXT483 and was refined by full matrix least squares calculations on F2 

(SHELXL2018484) in the graphical user interface Shelxle485. All non H-atoms were located 

in the electron density maps and refined anisotropically. C-bound H atoms were placed 
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in positions of optimized geometry and treated as riding atoms. Their isotropic 

displacement parameters were coupled to the corresponding carrier atoms by a factor of 

1.2 (CH, CH2). During the structure refinement, disorder of one of the eight naphthalene 

groups (C62A-C70A, C62B-C70B) and of one of the two dichloromethane solvent 

molecules were split over two positions. Their occupancy factors refined to 0.50(1) and 

0.78(1), respectively. 

Refractive indices of the trialkoxysilanes were measured as a dilution series (for further 

information see results and discussion part) on an Abbemat 350 (Anton-Paar OptoTec 

GmbH, Seelze-Letter, Germany) at a wavelength of 589 nm and 20 °C. The refractive index 

of 1-Naph_POSS_KOH could not be determined since it was insoluble. 

Column chromatography was done with a mixture of silica gel and DCM as stationary 

phase and DCM as mobile phase/eluent. 

 

3.3.4.3 Syntheses of Trimethoxysilanes 

The corresponding trimethoxysilanes were prepared in a similar way as the 

dialkoxysilanes in our previous studies74,383 which was derived from literature.70,382 

Trimethoxy-(1-naphthyl)silane (1-NaphSi(OMe)3) 

To a 1000 mL three-necked round bottom flask equipped with a reflux condenser, a 

dropping funnel and a gas inlet which was flame-dried under vacuum and back-filled with 

argon 7.37 g magnesium chips (303.2 mmol, 1.5 equiv.), 90 mL tetramethoxysilane 

(604.5 mmol, 3 eq) and 270 mL abs THF were added and heated to 45 °C. 43.36 g 

1-bromonaphthalene (209.4 mmol, 1 eq) was diluted with 60 mL abs THF in the dropping 

funnel, added dropwise over a period of 30 minutes and stirred at 60 °C for 2 h. The 

solution was then stirred overnight and allowed to cool to room temperature.  

After the solvent was removed 260 mL n-hexane were added to the residue, refluxed for 

10 minutes, and decanted while still hot. 130 mL n-hexane were added to the remaining 

residue, refluxed for 10 minutes, and filtered while hot. The combined organic solvents 

and tetramethoxysilane were removed in high vacuum. The crude product was distilled 

(1.2 x 10-2 mbar, 120 °C) to yield 31.9 g (61 %) of a colorless liquid. 
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1H NMR: (400.13 MHz, CDCl3) δ 8.36-8.30 (naphthyl, d, J = 8.3 Hz, 1H), 8.03-7.95 

(naphthyl, dd, J = 14.4, 7.5 Hz, 2H), 7.91-7.86 (naphthyl, d, J = 8.1 Hz, 1H), 7.61-7.55 

(naphthyl, m, 1H), 7.55-7.49 (naphthyl, t, J = 7.4 Hz, 2H), 3.70 (OCH3, s, 9H) ppm. 

29Si NMR (79.49 MHz, CDCl3) δ -52.67 ppm. 

13C NMR (100.62 MHz, CDCl3) δ 137.04, 136.20, 133.31, 131.39, 128.72, 128.28, 127.69, 

126.61, 125.74, 125.00, 50.76 ppm. 

CHN: calc. C: 62.87 %, H: 6.49 %; found C: 62.70 %, H: 5.53 % 

 

Trimethoxy-(2-naphthyl)silane (2-NaphSi(OMe)3) 

To a 1000 mL three-necked round bottom flask equipped with a reflux condenser, a 

dropping funnel and a gas inlet which was flame-dried under vacuum and back-filled with 

argon 7.38 g magnesium chips (303.5 mmol, 1.5 equiv.), 90 mL tetramethoxysilane 

(604.8 mmol, 3 eq) and 270 mL abs THF were added and heated to 45 °C. 41.81 g 

2-bromonapthalene (201.9 mmol, 1 eq) was dissolved with 70 mL abs THF in the dropping 

funnel, added dropwise over a period of 30 minutes and stirred at 60 °C for 2 h. The 

solution was then stirred overnight and allowed to cool to room temperature.  

After the solvent was removed 260 mL n-hexane were added to the residue, refluxed for 

10 minutes, and decanted while still hot. 130 mL n-hexane were added to the remaining 

residue, refluxed for 10 minutes, and filtered while hot. The combined organic solvents 

and tetramethoxysilane were removed in high vacuum. The precipitated crude product 

was distilled (1.0 x 10-2 mbar, 150 °C) to yield 31.4 g (63 %) of a colourless liquid. 

1H NMR: (400.13 MHz, CDCl3) δ 8.39-8.32 (naphthyl, d, J = 1.0 Hz, 1H), 8.02-7.94 

(naphthyl, m, 2H), 7.94-7.89 (naphthyl, dd, J = 8.1, 1.8 Hz, 1H), 7.85-7.79 (naphthyl, dd, J 

= 8.1, 1.1 Hz, 1H), 7.63-7.53 (naphthyl, m, 2H), 3.76 (OCH3, s, 9H) ppm. 

29Si NMR (79.49 MHz, CDCl3) δ -54.11 ppm. 

13C NMR (100.62 MHz, CDCl3) δ 136.38, 134.52, 132.83, 130.14, 128.38, 127.74, 127.38, 

126.99, 126.83, 126.05, 50.84 ppm. 

CHN: calc. C: 62.87 %, H: 6.49 %; found C: 63.28 %, H: 5.88 % 
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Trimethoxy-(9-phenanthrenyl)silane (9-PhenSi(OMe)3) 

To a 1000 mL three-necked round bottom flask equipped with a reflux condenser, a 

dropping funnel and a gas inlet which was flame-dried under vacuum and back-filled with 

argon 6.28 g magnesium chips (258.4 mmol, 1.5 eq), 75 mL tetramethoxysilane 

(504.0 mmol, 3 eq) and 200 mL abs THF was added and heated to 45 °C. 42.92 g 

9-bromophenanthrene (166.9 mmol, 1 eq) was dissolved with 70 mL abs THF in the 

dropping funnel, added dropwise over a period of 30 minutes and stirred at 60 °C for 2 h. 

The solution was then stirred overnight and allowed to cool to room temperature.  

After the solvent was removed 220 mL n-hexane were added to the residue, refluxed for 

10 minutes, and decanted while still hot. 110 mL n-hexane were added to the remaining 

residue, refluxed for 10 minutes, and filtered while hot. The combined organic solvents 

and tetramethoxysilane were removed in high vacuum. The crude product was washed 

with hot methanol and filtered to gain a yield of 15.6 g (31 %) of a white powder. 

1H NMR: (400.13 MHz, CDCl3) δ 8.77-8.68 (phenanthrenyl, m, 2H), 8.39-8.34 

(phenanthrenyl, m, 1H), 8.31 (phenanthrenyl, s, 1H), 8.00-7.94 (phenanthrenyl, dd, J = 

7.9, 1.4 Hz, 1H), 7.75-7.60 (phenanthrenyl, m, 4H), 3.72 (OCH3, s, 9H) ppm. 

29Si NMR (79.49 MHz, CDCl3) δ -52.71 ppm. 

13C NMR (100.62 MHz, CDCl3) δ 139.16, 134.52, 131.79, 130.95, 130.13, 129.40, 129.11, 

128.03, 127.13, 126.78, 126.57, 126.54, 123.07, 122.62, 50.98 ppm. 

CHN: calc. C: 68.42 %, H: 6.08 %; found C: 67.73 %, H: 5.45 % 

 

3.3.4.4 Syntheses of POSS Systems using KOH  

All syntheses were done according to literature procedure.232 

1-Naph_POSS_KOH  

In a 50 mL round-bottom flask equipped with a reflux condenser and a magnetic stirrer 

trimethoxy-(1-naphthyl)silane (5.02 g, 20.21 mmol) and acetone (25 mL) were charged 

and stirred for 30 min. Afterwards, deionized water (1 mL) and KOH (0.04 g) were added. 

Then the mixture was refluxed for 24 h. The crude product was filtered and washed with 
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anhydrous ethanol to remove any unreacted substances followed by drying in a vacuum 

oven at 120 °C for 8 h to yield 1.95 g (54 %) of 1-Naph-POSS_KOH as a white powder. 

1H NMR: (400.13 MHz, CD2Cl2) δ 8.69-8.62 (naphthyl, d, J = 8.5 Hz, 1H), 7.96-7.90 

(naphthyl, dd, J = 6.8, 1.2 Hz, 1H), 7.90-7.85 (naphthyl, d, J = 8.4 Hz, 1H), 7.85-7.79 

(naphthyl, d, J = 8.4 Hz, 1H), 7.49-7.41 (naphthyl, ddt, J = 8.1, 6.8, 1.3 Hz, 1H), 7.41-7.34 

(naphthyl, tt, J = 7.0, 1.4 Hz, 1H), 7.23-7.15 (naphthyl, ddd, J = 8.1, 6.8, 1.1 Hz, 1H) ppm. 

29Si NMR (79.49 MHz, CD2Cl2) δ -77.26 ppm. 

13C NMR (100.62 MHz, CD2Cl2) δ 136.34, 135.85, 133.36, 131.81, 128.87, 128.38, 127.86, 

126.77, 125.91, 124.89 ppm. 

CHN: calc. C: 67.01 %, H: 3.94 %; found C: 65.80 %, H: 4.01 % 

 

 

2-Naph_POSS_KOH 

In a 50 mL round-bottom flask equipped with a reflux condenser and a magnetic stirrer 

trimethoxy-(2-naphthyl)silane (5.00 g, 20.13 mmol) and acetone (25 mL) were charged 

and stirred for 30 min. Afterwards, deionized water (1 mL) and KOH (0.04 g) were added. 

Then the mixture was refluxed for 24 h. The crude product was filtered and washed with 

anhydrous ethanol to remove any unreacted substances followed by drying in a vacuum 

oven at 120 °C for 8 h to yield 1.49 g (41 %) of crude product as a white powder. 

1H NMR: (400.13 MHz, CD2Cl2) δ 9.16-7.73 (naphthyl, m, 3H), 7.71-6.06 (naphthyl, m, 4H) 

ppm. 

29Si NMR (79.49 MHz, CD2Cl2) δ -79.14, -78.36, -77.76, -75.87 ppm. 

13C NMR (100.62 MHz, CD2Cl2) δ 138.52, 133.72, 131.33, 130.44, 128.97, 128.01, 125.88, 

123.21, 122.02 ppm. 
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9-Phen_POSS_KOH 

In a 50 mL round-bottom flask equipped with a reflux condenser and a magnetic stirrer 

trimethoxy-(9-phenanthrenyl)silane (5.02 g. 16.82 mmol) and acetone (20 mL) were 

charged and stirred for 30 min. Afterwards, deionized water (0.84 mL) and KOH (0.03 g) 

were added, and the mixture was refluxed for 24 h. The crude product was filtered, 

washed with anhydrous ethanol to remove any unreacted substances followed by drying 

in a vacuum oven at 120 °C for 8 h to yield 1.90 g (49 %) of crude product as a white 

powder.  

1H NMR: (400.13 MHz, CD2Cl2) δ 9.13-7.80 (phenanthrenyl, m, 4H), 7.70-6.84 

(phenanthrenyl, m, 4H), 6.79-6.25 (phenanthrenyl, m, 1H) ppm. 

29Si NMR (79.49 MHz, CD2Cl2) δ -79.43, -79.13, -78.35, -77.90, -77.75, -76.72, -75.87 ppm. 

13C NMR (100.62 MHz, CD2Cl2) δ 139.21, 134.00, 131.80, 130.57, 129.46, 127.69, 126.64, 

122.90 ppm. 

 

3.3.4.5 Syntheses of POSS Systems using TBAF 

All syntheses were done according to literature, while the purification was changed.161 

1-Naph_POSS_TBAF 

In a 500 mL round-bottom flask trimethoxy-(1-naphthyl)silane (3.01 g, 12.12 mmol), DCM 

(276 mL) and TBAF (6.9 mL, 1 M in THF, 6.9 mmol) were added and stirred for 24 h at room 

temperature. The reaction mixture was evaporated to 1/3 of its volume using a rotary 

evaporator. Afterwards the crude product was precipitated in an ice bath using EtOH, 

filtered, washed with cold EtOH, and dried under vacuum to afford 0.68 g (31 %) of crude 

product as a white powder.  

1H NMR: (400.13 MHz, CD2Cl2) δ 8.82-7.59 (naphthyl, m, 4H), 7.56-6.55 (naphthyl, m, 3H) 

ppm. 

29Si NMR (79.49 MHz, CD2Cl2) δ -78.69, -78.04, -77.87, -77.20, -76.17, -69.37 ppm. 

13C NMR (100.62 MHz, CD2Cl2) δ 136.27, 135.79, 133.29, 131.75, 128.80, 128.31, 127.79, 

126.70, 125.84, 124.81 ppm. 
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2-Naph_POSS_TBAF 

In a 500 mL round-bottom flask trimethoxy-(2-naphthyl)silane (3.03 g, 12.21 mmol), DCM 

(276 mL) and TBAF (6.9 mL, 1 M in THF, 6.9 mmol) were added and stirred for 24 h at room 

temperature. The reaction mixture was evaporated to 1/3 of its volume using a rotary 

evaporator. Afterwards the crude product was precipitated in an ice bath using EtOH, 

filtered, washed with cold EtOH, and dried under vacuum to afford 0.80 g (37 %) of crude 

product as a white powder.  

1H NMR: (400.13 MHz, CD2Cl2) δ 8.37-5.94 (naphthyl, m, 7H) ppm. 

29Si NMR (79.49 MHz, CD2Cl2) δ -80.98, -78.94, -78.83 ppm. 

13C NMR (100.62 MHz, CD2Cl2) δ 136.14, 134.67, 132.92, 129.94, 128.50, 127.73, 

126.35 ppm. 

 

9-Phen_POSS_TBAF 

In a 500 mL round-bottom flask trimethoxy-(9-phenanthrenyl)silane (2.49 g, 8.35 mmol), 

DCM (191 mL) and TBAF (4.8 mL, 1 M in THF, 4.8 mmol) were added and stirred for 24 h at 

room temperature. The reaction mixture was evaporated to 1/3 of its volume using a 

rotary evaporator. Afterwards the crude product was precipitated in an ice bath using 

EtOH, filtered, washed with cold EtOH, and dried under vacuum to afford 0.61 g (32 %) of 

crude product as a white powder.  

1H NMR: (400.13 MHz, CD2Cl2) δ 9.12-7.90 (phenanthrenyl, m, 4H), 7.79-6.49 

(phenanthrenyl, m, 5H) ppm. 

29Si NMR (79.49 MHz, CD2Cl2) δ -78.54, -77.93, -77.66, -75.88, -69.07 ppm. 

13C NMR (100.62 MHz, CD2Cl2) δ 138.87, 134.09, 132.01, 130.83, 130.72, 129.58, 127.02, 

126.81 122.74 ppm. 

 

3.3.4.6 Further Purification Attempts 

The first purification was attempted by washing 9-Phen_POSS_KOH. Therefore, the 

substrate was first washed with acetone and afterwards washed with ethanol. 
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The second purification was done by column chromatography. 1 g of 9-Phen_POSS_TBAF 

was dissolved in as little dichloromethane as possible, put on the column which was 

filled with a mixture of silica gel and DCM and washed from the column using pure 

dichloromethane as eluent/mobile phase. The product was then precipitated with 

ethanol, filtered and dried to yield 0.62 g (62 %) of a white powder. 

 

3.3.5 Conclusions 

Three trimethoxysilanes containing 1-naphthyl, 2-naphthyl and 9-phenanthrenyl groups 

have been successfully synthesized using a Barbier-type reaction. NMR and IR 

spectroscopy, as well as elemental analysis confirmed the molecular structures while 

UV-vis measurements showed the expected absorptions. Fluorescence spectroscopy 

revealed no excimer formation for any of the three diluted trimethoxysilanes but for all 

three pure samples while refractive index measurements showed high refractive indices 

of up to 1.615 for 9-PhenSi(OMe)3. Furthermore, POSS systems were produced from all 

three trimethoxysilanes using either KOH or TBAF leading to a total of six samples. While 

all samples show cages in the MALDI-FTICR measurements ranging from T8 to T14 only 

1-Naph_POSS_KOH could be synthesized as a pure compound according to NMR 

studies. This successful synthesis was further proven by single crystal X-ray 

crystallography and thus further characterized. While fluorescence spectroscopy 

showed no excimer formation, DSC measurements displayed a melting point of 311 °C 

and thermogravimetric analysis showed an onset temperature of 453.6 °C and also 

revealed three decomposition steps. 
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4 Conclusions and Outlook 

In this thesis, di- and trialkoxysilanes have been synthesized containing naphthyl and 

phenanthrenyl groups using a Grignard reaction, as well as a Barbier-type reaction. The 

dialkoxysilanes were then condensed into high refractive index siloxanes using an acid 

catalyzed condensation reaction. These novel siloxane oligomers were then investigated 

for their structural, thermal, optical and rheological properties, as well as their refractive 

indices. Additionally, the corresponding trialkoxysilanes were studied towards their 

potential to form polyhedral oligomeric silsesquioxanes (POSS) using two different 

literature known methods. The research objectives are described in more detail below 

and the corresponding observations are drawn.  

In the first chapter three high refractive index dialkoxysilanes were synthesized as 

monomers containing 1-naphthyl, 2-naphthyl and 9-phenanthrenyl groups using a 

Grignard reaction. Their characterization with liquid NMR, UV-vis and IR spectroscopy, as 

well as elemental analysis confirmed their molecular structure. Additionally, 

fluorescence spectroscopy of the molecules showed excimer formation for the 1- and 

2-naphthyl groups and refractive index measurements revealed high refractive indices up 

to 1.671 for the 9-phenanthrenyl group. Afterwards, these dialkoxysilanes were 

condensed together with either dimethyldimethoxysilane or diphenyldimethoxysilane, as 

well as phenyltrimethoxysilane in an acid catalyzed hydrolysis and condensation 

reaction to produce oligosiloxanes containing naphthyl or phenanthrenyl, phenyl and 

methyl groups. Various characterization methods were used to study the properties of 

the obtained polymeric samples as well as to gain more insight into the condensation 

reaction itself. CP-MAS NMR spectroscopy has shown that the incorporation of the 

polycyclic dialkoxysilanes during consolidation decreases from 2-naphthyl to 1-naphthyl 

to 9-phenanthrenyl, which can be attributed to their steric hindrance and constitutional 

isomerism. FTIR spectroscopy also revealed that only hydrogen-bonded hydroxy groups 

in the condensed polymeric samples will form covalent bonds during the consolidation 

process and therefore contributing to the siloxane network, while isolated hydroxy groups 

will not react any further. Furthermore, it was observed that the constitutional isomerism 

between 1-naphthyl and 2-naphthyl influences nearly all characteristics of the samples 

like thermal stability, glass transition temperature and excimer formation but only slightly 
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the refractive index. Overall, it was possible to prepare oligosiloxanes with polycyclic 

aromatic groups that show high thermal stabilities, high transparencies, and very high 

refractive indices of up to 1.610 making them promising materials for optoelectronic 

applications. The only downside was a slight yellowing of the samples upon prolonged 

times at 200 °C, as well as the fact that they did not achieve a sufficiently high degree of 

cross-linking during consolidation and therefore liquefy at high temperatures, limiting 

them to low temperature applications. 

The aim of the second chapter was to increase the degree of cross-linking of the systems 

obtained in the first chapter to such an extent that the samples remain solid even at high 

temperatures in order to make them interesting for high-temperature applications. Our 

initial thesis was that the samples liquefied at high temperatures due to an insufficient 

cross-linking caused by the sterically demanding polycyclic aromatic groups. Therefore, 

we post-cross-linked the most promising sample from our first study, which contained 

1-naphthyl groups, with dimethyldimethoxysilane, diphenyldimethoxysilane, phenyl-

trimethoxysilane and dibutyltin diacetate to achieve a sufficient degree of cross-linking. 

To ensure that it is not the increased cross-linking density due to the addition of 

phenyltrimethoxysilane, but the post-cross-linking that is responsible for the sample 

remaining stable at high temperatures, another sample with the same cross-linking 

density was prepared directly without post-cross-linking. Adding 

diphenyldimethoxysilane or phenyltrimethoxysilane to the already existing 1-naphthyl 

containing oligosiloxane resulted in two samples that still soften a little but do not turn 

liquid anymore at 200 °C while keeping their thermal stability and high transparency. The 

improved elastic properties at high temperatures were shown by dynamic mechanical 

analysis and thermal treatment in an oven. Additional characterization methods were 

used to gain more insight into the relationship between the properties of the samples and 

their structure. Solid state NMR revealed a much better incorporation of the sterically 

demanding naphthyl monomer into the siloxane network, which is the main reason for 

the significantly improved rheological behavior at high temperatures. In addition to NMR 

spectroscopy, both FTIR spectroscopy and PXRD measurements have shown that high 

cross-link density and aromatic groups play an important role for structural regularity, 

which is also a reason for the improved elasticity and increased viscosity at high 

temperatures and was not the case for the sample produced without post-cross-linking. 
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It can therefore be stated that it was possible to produce siloxanes that soften only 

slightly at high temperatures while keeping their elasticity. Furthermore, they form 

significantly fewer cracks after consolidation, while properties such as high thermal 

stability and high transparency were retained.  

In the last chapter an attempt was made to prepare T8 POSS systems containing 

1-naphthyl, 2-naphthyl and 9-phenanthrenyl groups at all corners. For this purpose, 

trialkoxysilanes with the corresponding groups were first prepared using a Barbier-type 

reaction and their structure was investigated by NMR and IR spectroscopy, as well as 

elemental analysis. Contrary to the dialkoxysilanes from the first chapter fluorescence 

spectroscopy revealed that the trialkoxysilanes only showed excimer formation in their 

pure form, but not diluted, while also displaying refractive indices up to 1.615 for 

trimethoxy-(9-phenanthrenyl)silane. From these trialkoxysilanes POSS systems were 

prepared by using either potassium hydroxide (KOH) or tetrabutylammonium fluoride 

(TBAF). By reacting trimethoxy-(1-naphthyl)silane with KOH the corresponding T8 cage 

was successfully synthesized and confirmed by NMR and IR spectroscopy, as well as 

single crystal X-ray crystallography. This POSS system was further characterized and 

showed no excimer formation, an onset temperature of 453.6 °C and a melting point of 

311 °C. According to MALDI-FTICR measurements all other reactions lead to cages 

ranging from T8 to T14 but could not be purified in the given time frame of this work. 

In summary, it can be stated that in the present work oligomeric siloxanes with high 

thermal stability and transparency, as well as a high refractive index were successfully 

prepared by hydrolysis, condensation and consolidation from the corresponding and 

previously self-synthesized monomers. Due to their high refractive index, high thermal 

stability and very low softening at high temperatures, these materials can be used in a 

variety of optoelectronic applications such as LEDs, anti-reflective optical coatings or 

immersion lithography and also in materials such as contact lenses. For example, they 

could increase the efficiency of LEDs or ensure that contact lenses become thinner in 

order to make them more comfortable to wear. In the field of LEDs in particular, it is also 

interesting to note that the constitutional isomerism plays an important role for almost 

all properties of siloxanes, but only very little in terms of the refractive index, which makes 

it possible to adjust their properties without heavily changing the refractive index.  
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The realization that post-cross-linking and the timing of the addition of the individual 

monomers significantly changes the properties of a siloxane despite the same monomer 

ratios in the final polymer is of great importance. In the future, this could open up far more 

possibilities for adapting siloxanes to given requirements than has been the case to date. 

The studies shown here can also serve as a starting point for experiments to further 

optimize the systems shown, whether by varying the monomers, their ratio to each other 

or the order in which they are added.  

Finally, the studies on POSS systems with polycyclic aromatic groups have shown that 

these can be successfully synthesized in different cage sizes using already known 

methods. This lays the foundation for further experiments on their synthesis, purification 

and the separation of different cage sizes from each other.  

As a result, it can be stated that high refractive index siloxanes with high thermal stability 

and transparency were successfully obtained, which are suitable for high-temperature 

applications due to their processability and good rheological properties. In addition, 

successful experiments on POSS systems with polycyclic groups on every corner were 

carried out, laying the foundation for further studies.  
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6 Supporting Information 

6.1 High-Refractive-Index Polysiloxanes Containing Naphthyl and 
Phenanthrenyl Groups and their Thermally Cross-Linked Resins 

6.1.1 Dialkoxysilanes 

6.1.1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1-NaphPhSi(OMe)2  

 

Figure S 1: 1H NMR spectrum (CDCl3, 400 MHz) of dimethoxyphenyl-(1-naphthyl)silane. 

 

 

Figure S 2: 29Si NMR spectrum (CDCl3, 79 MHz) of dimethoxyphenyl-(1-naphthyl)silane. 
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Figure S 3: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of dimethoxyphenyl-(1-naphthyl)silane. 

 

 

 

Figure S 4: 13C NMR spectrum (CDCl3, 101 MHz) of dimethoxyphenyl-(1-naphthyl)silane. 
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2-NaphPhSi(OMe)2 

 

Figure S 5: 1H NMR spectrum (CDCl3, 400 MHz) of dimethoxyphenyl-(2-naphthyl)silane. 

 

 

 

Figure S 6: 29Si NMR spectrum (CDCl3, 79 MHz) of dimethoxyphenyl-(2-naphthyl)silane. 
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Figure S 7: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of dimethoxyphenyl-(2-naphthyl)silane. 

 

 

 

Figure S 8: 13C NMR spectrum (CDCl3, 101 MHz) of dimethoxyphenyl-(2-naphthyl)silane. 
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9-PhenPhSi(OMe)2 

 

Figure S 9: 1H NMR spectrum (CDCl3, 400 MHz) of dimethoxyphenyl-(9-phenanthrenyl)silane. 

 

 

 

Figure S 10: 29Si NMR spectrum (CDCl3, 79 MHz) of dimethoxyphenyl-(9-phenanthrenyl)silane. 
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Figure S 11: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of dimethoxyphenyl-(9-
phenanthrenyl)silane. 

 

 

 

Figure S 12: 13C NMR spectrum (CDCl3, 101 MHz) of dimethoxyphenyl-(9-phenanthrenyl)silane. 
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6.1.1.2 Fourier Transform Infrared (FTIR) Spectroscopy 

 

Figure S 13: FTIR spectra of 1-NaphPhSi(OMe)2 (blue), 2-NaphPhSi(OMe)2 (red) and 9-PhenPhSi(OMe)2 
(black). 

 

FTIR: 3060 cm-1 (ν(CH)Ar), 2937 cm-1 (ν(CH3)), 2828 cm-1 (ν(O-CH3)), 1586 cm-1 (ν(C=C-
C)Ar), 1503 cm-1 (ν(C=C-C)Ar), 1434 cm-1 (ν(Si-Ar)), 1187 cm-1 (ν(CHOCH3)), 1097 cm-1 (ν(Ar-
Si-Ar)), 1059 cm-1 (ν(CHOCH3)), 792 cm-1 (ν(Si-O-C)), 736 cm-1 (ν(CH)Ar), 690 cm-1 (ν(Si-O-C)) 

 

6.1.1.3 Elemental Analysis 

Table S 1: Elemental analysis of 1-NaphPhSi(OMe)2, 2-NaphPhSi(OMe)2 and 9-PhenPhSi(OMe)2. 
 

C (calc.)  

[%] 

C (found)  

[%] 

H (calc.)  

[%] 

H (found)  

[%] 

ΔC  

[%] 

ΔH  

[%] 

1-NaphPhSi(OMe)2 73.43 73.21 6.16 5.78 0.22 0.38 

2-NaphPhSi(OMe)2 73.43 73.30 6.16 6.39 0.13 0.23 

9-PhenPhSi(OMe)2 76.71 76.07 5.85 5.68 0.64 0.17 
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6.1.1.4 Ultraviolet-visible (UV-vis) Spectroscopy 

  

Figure S 14: UV-vis spectra of 1-NaphPhSi(OMe)2 (black), 2-NaphPhSi(OMe)2 (red) and 9-PhenPhSi(OMe)2 
(blue). 

 

6.1.1.5 Fluorescence Spectroscopy 

 

Figure S 15: a) Fluorescence spectra of a dilution series of 1-NaphPhSi(OMe)2 in DCM with λex = 290 nm 
and b) emission and excitation spectra of a 5wt% solution of 1-NaphPhSi(OMe)2. 
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Figure S 16: a) Fluorescence spectra of a dilution series of 2-NaphPhSi(OMe)2 in DCM with λex = 290 nm 
and b) emission and excitation spectra of a 5wt% solution of 2-NaphPhSi(OMe)2. 

 

 

Figure S 17: a) Fluorescence spectra of a dilution series of 9-PhenPhSi(OMe)2 in DCM with λex = 290 nm 
and b) emission and excitation spectra of a 5wt% solution of 9-PhenPhSi(OMe)2. 

 

6.1.1.6 Refractive Index (RI) 

For solid samples and soluble polysiloxanes, the RI is determined using a calibration 
method. Each of the samples is diluted in toluene to yield a solution with 22.5 wt%. After 
the RI of the initial solution is determined it is further diluted in fixed steps of 2.5 wt% up 
to 7.5 wt%. After all measurements have been made the RI is plotted against the dilution 
and a linear regression is applied. To simulate the undiluted sample, 100 is used for x and 
the equation is solved. An evaluation of this method was done by comparing the average 
RI of 2-NaphPhSi(OMe)2 measured three times directly and by the described method. 
Both RIs only vary by 0.004 (see Figure S 18) which shows that this method is well suited 
to obtain the refractive index of solids. 
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Figure S 18: Calibration curve of a) 1-NaphPhSi(OMe)2, b) 2-NaphPhSi(OMe)2 and c) 9-PhenPhSi(OMe)2 
diluted in different amounts of toluene; d) summary of all RIs. 

 

 

𝑅𝐼1,𝑎 =  0.00114 ∙ 100 + 1.49499 =  1.609 

𝑅𝐼2,𝑎 =  0.00106 ∙ 100 + 1.49565 =  1.602 

𝑅𝐼3,𝑎 =  0.00098 ∙ 100 + 1.49650 =  1.595 

𝑅𝐼𝑎𝑣,𝑎 =  1.602 

 

 

𝑅𝐼1,𝑏 =  0.00099 ∙ 100 + 1.49670 =  1.596 

𝑅𝐼2,𝑏 =  0.00098 ∙ 100 + 1.49660 =  1.595 

𝑅𝐼3,𝑏 =  0.00095 ∙ 100 + 1.49669 =  1.592 
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𝑅𝐼𝑎𝑣,𝑏 =  1.594 

 

𝑅𝐼1,𝑐 =  0.00273 ∙ 100 + 1.40536 =  1.678 

𝑅𝐼2,𝑐 =  0.00275 ∙ 100 + 1.40601 =  1.681 

𝑅𝐼3,𝑐 =  0.00241 ∙ 100 + 1.41150 =  1.653 

𝑅𝐼𝑎𝑣,𝑐 =  1.671 

 

Table S 2: Refractive indices of 1-NaphPhSi(OMe)2, 2-NaphPhSi(OMe)2 and 9-PhenPhSi(OMe)2. 

Compound Average of calibration curves Average of direct measurements 

1-NaphPhSi(OMe)2 1.602 ± 0.006 
 

2-NaphPhSi(OMe)2 1.594 ± 0.002 1.598 ± 0.000 

9-PhenPhSi(OMe)2 1.671 ± 0.013  
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6.1.2 Polysiloxanes/Silsesquioxanes 

 

Figure S 19: Polysiloxanes before consolidation. a) MGNaph1_Ph_Ph2, b) MGNaph1_Ph_Me2, c) 
MGNaph2_Ph_Ph2, d) MGNaph2_Ph_Me2, e) MGPhen9_Ph_Ph2, f) MGPhen9_Ph_Me2.  

 

6.1.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

MGNaph1_Ph_Ph2 

 

Figure S 20: 1H NMR spectrum (CDCl3, 400 MHz) of MGNaph1_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 
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Figure S 21: 29Si NMR spectrum (CDCl3, 79 MHz) of MGNaph1_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 

 

 

 

Figure S 22: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the unconsolidated MGNaph1_Ph_Ph2. 
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Figure S 23: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the consolidated MGNaph1_Ph_Ph2. 

 

 

 

Figure S 24: 13C NMR spectrum (CDCl3, 101 MHz) of MGNaph1_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 

 

 

 



Supporting Information  High-Refractive-Index Polysiloxanes 

 

203 

 

MGNaph1_Ph_Me2 

 

Figure S 25: 1H NMR spectrum (CDCl3, 400 MHz) of MGNaph1_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 

 

 

 

Figure S 26: 29Si NMR spectrum (CDCl3, 79 MHz) of MGNaph1_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 
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Figure S 27: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the unconsolidated MGNaph1_Ph_Me2. 

 

 

 

Figure S 28: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the consolidated MGNaph1_Ph_Me2. 
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Figure S 29: 13C NMR spectrum (CDCl3, 101 MHz) of MGNaph1_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 

 

 

MGNaph2_Ph_Ph2 

 

Figure S 30: 1H NMR spectrum (CDCl3, 400 MHz) of MGNaph2_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 
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Figure S 31: 29Si NMR spectrum (CDCl3, 79 MHz) of MGNaph2_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 

 

 

 

Figure S 32: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the unconsolidated MGNaph2_Ph_Ph2. 
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Figure S 33: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the consolidated MGNaph2_Ph_Ph2. 

 

 

 

Figure S 34: 13C NMR spectrum (CDCl3, 101 MHz) of MGNaph2_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 
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MGNaph2_Ph_Me2 

 

Figure S 35: 1H NMR spectrum (CDCl3, 400 MHz) of MGNaph2_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 

 

 

 

Figure S 36: 29Si NMR spectrum (CDCl3, 79 MHz) of MGNaph2_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 
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Figure S 37: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the unconsolidated MGNaph2_Ph_Me2. 

 

 

 

Figure S 38: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the consolidated MGNaph2_Ph_Me2. 
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Figure S 39: 13C NMR spectrum (CDCl3, 101 MHz) of MGNaph2_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 

 

 

MGPhen9_Ph_Ph2 

 

Figure S 40: 1H NMR spectrum (CDCl3, 400 MHz) of MGPhen9_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 
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Figure S 41: 29Si NMR spectrum (CDCl3, 79 MHz) of MGPhen9_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 

 

 

 

Figure S 42: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the unconsolidated MGPhen9_Ph_Ph2. 

 



Supporting Information  High-Refractive-Index Polysiloxanes 

 

212 

 

 

Figure S 43: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the consolidated MGPhen9_Ph_Ph2. 

 

 

 

Figure S 44: 13C NMR spectrum (CDCl3, 101 MHz) of MGPhen9_Ph_Ph2 unconsolidated (top) and 
consolidated (bottom). 
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MGPhen9_Ph_Me2 

 

Figure S 45: 1H NMR spectrum (CDCl3, 400 MHz) of MGPhen9_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 

 

 

 

Figure S 46: 29Si NMR spectrum (CDCl3, 79 MHz) of MGPhen9_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 

 



Supporting Information  High-Refractive-Index Polysiloxanes 

 

214 

 

 

Figure S 47: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the unconsolidated MGPhen9_Ph_Me2. 

 

 

 

Figure S 48: 1H, 29Si HMBC spectrum (CDCl3, 400 MHz; 79 MHz) of the consolidated MGPhen9_Ph_Me2. 
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Figure S 49: 13C NMR spectrum (CDCl3, 101 MHz) of MGPhen9_Ph_Me2 unconsolidated (top) and 
consolidated (bottom). 

 

CP-MAS NMR Spectroscopy 

 

Figure S 50: CP-MAS NMR of MGNaph1_Ph_Ph2. a) 29Si NMR, b) 13C NMR, c) integrated 29Si NMR. 
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Figure S 51: CP-MAS NMR of MGNaph1_Ph_Me2. a) 29Si NMR, b) integrated 29Si NMR. 

 

 

 

Figure S 52: CP-MAS NMR of MGNaph2_Ph_Ph2. a) 29Si NMR, b) 13C NMR, c) integrated 29Si NMR. 
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Figure S 53: CP-MAS NMR of MGNaph2_Ph_Me2. a) 29Si NMR, b) 13C NMR, c) integrated 29Si NMR. 

 

 

Figure S 54: CP-MAS NMR of MGPhen9_Ph_Ph2. a) 29Si NMR, b) 13C NMR, c) integrated 29Si NMR. 
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Figure S 55: CP-MAS NMR of MGPhen9_Ph_Me2. a) 29Si NMR, b) 13C NMR, c) integrated 29Si NMR. 

 

 

Degree of Condensation (DOC) 

 

Table S 3: Degree of condensation of all oligosiloxanes after consolidation. 

Oligomer D´1 /% D´2/% D1/% D2/% T1/% T2/% T3/% DOC /% 
MGNaph1_Ph_Ph2 

  
33.6 66.4 

 
62.3 37.7 80.8 

MGNaph1_Ph_Me2 6.8 93.2 25.9 74.1 
 

39.3 60.7 89.7 
MGNaph2_Ph_Ph2 

  
23.0 77.0 

 
59.7 40.3 83.5 

MGNaph2_Ph_Me2 7.4 92.6 16.5 83.5 
 

38.6 61.4 91.1 
MGPhen9_Ph_Ph2 

  
21.8 78.2 

 
64.7 35.3 82.7 

MGPhen9_Ph_Me2 6.7 93.3 26.8 73.2 
 

38.3 61.7 89.7 
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6.1.2.2 Powder X-ray Diffraction (PXRD) 

 

Figure S 56: PXRD pattern of MGNaph1_Ph_Ph2 (grey), MGNaph2_Ph_Ph2 (red) and MGPhen9_Ph_Ph2 
(blue) after consolidation.  

 

 

Table S 4: Listing of the PXRD parameters for the three measured oligosiloxanes. 

Compound d1 [nm] d2 [nm] 2Θ d1/d2 [°] Intensity d1/d2 [a.u] 

MGNaph1_Ph_Ph2 1.08 0.45 8.2/19.8 618/718 

MGNaph2_Ph_Ph2 1.12 0.46 7.9/19.3 607/652 

MGPhen9_Ph_Ph2 1.07 0.45 8.2/19.8 583/726 
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6.1.2.3 Fourier Transform Infrared (FTIR) Spectroscopy 

 

Figure S 57: FTIR spectra of both MGNaph2_Ph_Me2 before (red) and after (black) and MGNaph2_Ph_Ph2 
before (green) and after (blue) consolidation. 

 

 

Figure S 58: FTIR spectra of both MGPhen9_Ph_Me2 before (red) and after (black) and MGPhen9_Ph_Ph2 
before (green) and after (blue) consolidation. 
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6.1.2.4 Ultraviolet-visible (UV-vis) Spectroscopy 

 

Figure S 59: Oligosiloxanes doctor bladed onto glass slides. A) before, B) after consolidation, C) after 3 d 
at 200 °C, D) after 7 d at 200 °C. a) MGNaph1_Ph_Ph2, b) MGNaph1_Ph_Me2, c) MGNaph2_Ph_Ph2, d) 

MGNaph2_Ph_Me2, e) MGPhen9_Ph_Ph2, f) MGPhen9_Ph_Me2. 
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Figure S 60: UV-vis spectra of all oligosiloxanes. a) after condensation, b) after consolidation, c) after 3 d 
at 200 °C, d) after 7 d at 200 °C. 

 

6.1.2.5 Fluorescence Spectroscopy 

 

Figure S 61: a) Fluorescence spectra of a dilution series of MGNaph1_Ph_Ph2 in DCM with λex = 300 nm 
and b) emission and excitation spectra of a 5wt% solution of MGNaph1_Ph_Ph2.  
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Figure S 62: a) Fluorescence spectra of a dilution series of MGNaph1_Ph_Me2 in DCM with λex = 300 nm 
and b) emission and excitation spectra of a 5wt% solution of MGNaph1_Ph_Me2. 

 

 

Figure S 63: a) Fluorescence spectra of a dilution series of MGNaph2_Ph_Ph2 in DCM with λex = 300 nm 
and b) emission and excitation spectra of a 5wt% solution of MGNaph2_Ph_Ph2. 

 

 

Figure S 64: a) Fluorescence spectra of a dilution series of MGNaph2_Ph_Me2 in DCM with λex = 300 nm 
and b) emission and excitation spectra of a 5wt% solution of MGNaph2_Ph_Me2. 



Supporting Information  High-Refractive-Index Polysiloxanes 

 

224 

 

 

Figure S 65: a) Fluorescence spectra of a dilution series of MGPhen9_Ph_Ph2 in DCM with λex = 300 nm 
and b) emission and excitation spectra of a 5wt% solution of MGPhen9_Ph_Ph2. 

 

 

Figure S 66: a) Fluorescence spectra of a dilution series of MGPhen9_Ph_Me2 in DCM with λex = 300 nm 
and b) emission and excitation spectra of a 5wt% solution of MGPhen9_Ph_Me2. 
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6.1.2.6 Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) 

 

 

Figure S 67: MALDI-TOF measurement of MGNaph1_Ph_Me2, its fragments and possible structures. 

 

 

 

Figure S 68: Complete measuring range of a) MGNaph1_Ph_Ph2 and b) MGNaph1_Ph_Me2. 
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Figure S 69: MALDI-TOF measurement of a) MGNaph2_Ph_Me2 and b) MGNaph2_Ph_Ph2 and their 
fragments. 

 

Figure S 70: Complete measuring range of a) MGNaph2_Ph_Ph2 and b) MGNaph2_Ph_Me2. 

 

Figure S 71: MALDI-TOF measurement of a) MGPhen9_Ph_Me2 and b) MGPhen9_Ph_Ph2 and their 
fragments. 
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Figure S 72: Complete measuring range of a) MGPhen9_Ph_Ph2 and b) MGPhen9_Ph_Me2. 

 

 

Figure S 73: MALDI-TOF measurement of MGNaph1_Ph_Ph2_cons. and its fragments. 
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6.1.2.7 Size Exclusion Chromatography (SEC) 

 

Figure S 74: SEC profiles for a) MGNaph1_Ph_Ph2 and b) MGNaph1_Ph_Me2 measured on a UV detector. 

 

 

Table S 5: SEC results of both oligosiloxanes measured in THF and detected via UV. 

 MGNaph1_Ph_Ph2 MGNaph1_Ph_Me2 

 UV UV 

Mn 673 849 

Mw 790 1212 

Mz 948 1845 

PDI 1.174 1.428 
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6.1.2.8 Refractive Index (RI) 

 

Figure S 75: Refractive index measurements of the unconsolidated polysiloxanes via calibration curve. 
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Figure S 76: Refractive index measurements of the consolidated polysiloxanes via calibration curve. 
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6.2 Post-Cross-Linking of Siloxane/Silsesquioxane Mixtures Containing 
Polycyclic Aromatic Groups to Modify their Softening Behavior for Usage 
in High-Temperature Applications 

 

6.2.1 Synthesis of Dimethoxyphenyl-(1-naphthyl)silane 

 

Scheme S 1: Synthesis of 1-NaphPhSi(OMe)2 using a Grignard reaction. 

 

The synthesis of dimethoxyphenyl-(1-naphthyl)silane was done according to our previous 
publication using a Grignard reaction.383 

To a 1000 mL three-necked round bottom flask, which was equipped with a reflux 
condenser, a dropping funnel and a gas inlet and was flame-dried under vacuum and 
back-filled with argon magnesium chips (12.37 g, 508.8 mmol, 1.5 eq) and 400 mL abs 
THF were added and heated to 45 °C. 1-bromonaphthalene (70.39 g, 339.9 mmol, 1 eq) 
was diluted with 60 mL of abs THF in a dropping funnel an added dropwise over 
30 minutes. After the addition the reaction mixture was stirred at 60 °C for 2 h. To a 
1000 mL Schlenk flask, which was flame-dried under vacuum and back-filled with argon 
phenyltrimethoxysilane (203.4 g, 1025.7 mmol, 3 eq) was added and cooled to -10 °C in 
an ethanol/nitrogen bath. The hot reaction mixture was added to the cooled 
phenyltrimethoxysilane via cannula in one swoop while stirring, allowed to warm to room 
temperature and stirred overnight. 

After the solvent was removed under vacuum 400 mL n-hexane were added, refluxed for 
10 minutes, allowed to cool to room temperature and decanted. 200 mL n-hexane were 
added to the remaining solid, refluxed again for 10 minutes and filtered while hot. The 
solvent of the combined organic layers was removed under vacuum and the remaining 
solution was distillated: 1. Fraction (1.3x10-2 mbar, 80 °C) was excess 
phenyltrimethoxysilane, 2. Fraction (1.3x10-2 mbar, 170 °C) was the desired product. The 
product solidified overnight, was mortared, washed with cold ethanol, and also 
precipitated from said ethanol. Dimethoxyphenyl-(1-naphthyl)silane was obtained with a 
yield of 74.3 g (74 %) as a white powder.  
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6.2.2 Differential Scanning Calorimetry (DSC) 

 

Figure S 77: DSC measurements of all siloxanes after consolidation. Each sample was measured three 
times. 
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6.2.3 Thermal Treatment Experiment 

 

 

Figure S 78: Thermal treatment experiments of all solid siloxane samples at different temperatures (only 
temperatures are shown at which samples turned liquid). 1) NaphMG_2Ph2, 2) NaphMG_5Ph_d, 3) 

NaphMG_4Ph, 4) NaphMG_Sn. 
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6.2.4 Dynamic Mechanical Analysis (DMA) 

 

Figure S 79: Dynamic mechanical analysis of all siloxanes. a) tan δ, b) tan δ (zoomed in), c) storage 
modulus, d) storage modulus (zoomed in), e) loss modulus, f) loss modulus (zoomed in), g) viscosity, h) 

viscosity (zoomed in). 
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Figure S 80: Storage (G’) and loss modulus (G’’) of NaphMG_5Ph_d across the whole temperature range. 

 

Table S 6: Viscosities of all siloxanes. a) not measured due to viscosity being too high and therefore risk of 
breakage, b) not measured due to viscosity being too low and therefore risk of loss of contact between 

both plates. c) Viscosities are not reliable due to cracking/breaking of the sample. 

Amount viscosity (mPa∙s) 

 50  

°C 

100 

°C 

150  

°C 

200  

°C 

150  

°C 

100  

°C 

50  

°C 

NaphMG

_2Me2 

3350 229 55.4 b b 233 3490 

NaphMG

_2Ph2 

a a a 479000 1400000 3430000c) 260000c) 

NaphMG

_4Ph 

a a a 1610000 1570000 2590000 2.41E7c) 

NaphMG

_5Ph_d 

a a 395000 26800 417000 3.38E7c) 4.03E7c) 
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6.2.5 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Besides 29Si- and 13C CP-MAS NMR spectroscopy we also applied 29Si- and 13C SP-MAS 
spectroscopy as a comparison because the former tends to underestimate the amount 
of highly cross-linked species.221–223 Since these two techniques can only be applied to 
solid samples, the viscous sample NaphMG_2Me2 could not be measured like this. The 
solid NaphMG could also not be measured using solid state NMR since the pulverized 
sample did not rotate properly in the NMR due to being sticky at room temperature and a 
stationary measurement showed only very broad and overlapping signals that could not 
be analyzed properly. Therefore, 29Si solution NMR measurements were conducted to 
these two samples using chromium(III)acetylacetonate as a relaxation agent.198–200 
Unfortunately, NaphMG_Sn did show the same problems in the solid state NMR and also 
did not sufficiently dissolve in any NMR solvent, leading to no measurement available.  

The DOC of all samples was calculated according to equation (1’).291  

 

 
𝐷𝑂𝐶 =

𝐷1 + 2𝐷2 + 𝐷1´ + 2𝐷2´ + 𝑇1 + 2𝑇2 + 3𝑇3

2 ∙ (𝐷1 + 𝐷2 + 𝐷1´ + 𝐷2´) + 3 ∙ (𝑇1 + 𝑇2 + 𝑇3)
 (1’) 

 

NaphMG 

 

Figure S 81: 29Si NMR spectrum (CDCl3, 59.63 MHz, liquid) of NaphMG before consolidation. 
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Figure S 82: 29Si NMR spectrum (CDCl3, 59.63 MHz, liquid) of NaphMG after consolidation. 

 

 

NaphMG_2Me2 

 

Figure S 83: 29Si NMR spectrum (CDCl3, 59.63 MHz, liquid) of NaphMG_2Me2 after consolidation. 
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NaphMG_2Ph2 

 

Figure S 84: 29Si MAS spectrum of NaphMG_2Ph2 after consolidation. 

 

 

 

Figure S 85: 29Si CP-MAS spectrum of NaphMG_2Ph2 after consolidation. 
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Figure S 86: Integrated 29Si MAS spectrum of NaphMG_2Ph2 after consolidation. 

 

 

 

Figure S 87: Integrated 29Si CP-MAS spectrum of NaphMG_2Ph2 after consolidation. 
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Figure S 88: 13C MAS spectrum of NaphMG_2Ph2 after consolidation. 

 

 

 

Figure S 89: 13C CP-MAS spectrum of NaphMG_2Ph2 after consolidation. 
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NaphMG_4Ph 

 

Figure S 90: 29Si MAS spectrum of NaphMG_4Ph after consolidation. 

 

 

 

Figure S 91: 29Si CP-MAS spectrum of NaphMG_4Ph after consolidation. 
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Figure S 92: Integrated 29Si MAS spectrum of NaphMG_4Ph after consolidation. 

 

 

 

Figure S 93: Integrated 29Si CP-MAS spectrum of NaphMG_4Ph after consolidation. 
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Figure S 94: 13C MAS spectrum of NaphMG_4Ph after consolidation. 

 

 

 

Figure S 95: 13C CP-MAS spectrum of NaphMG_4Ph after consolidation. 
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NaphMG_5Ph_d 

 

Figure S 96: 29Si MAS spectrum of NaphMG_5Ph_d after consolidation. 

 

 

 

Figure S 97: 29Si CP-MAS spectrum of NaphMG_5Ph_d after consolidation. 
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Figure S 98: Integrated 29Si MAS spectrum of NaphMG_5Ph_d after consolidation. 

 

 

 

Figure S 99: Integrated 29Si CP-MAS spectrum of NaphMG_5Ph_d after consolidation. 
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Figure S 100: 13C MAS spectrum of NaphMG_5Ph_d after consolidation. 

 

 

 

Figure S 101: 13C CP-MAS spectrum of NaphMG_5Ph_d after consolidation. 
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Table S 7: Summary of the results of all 29Si liquid, 29Si CP-MAS and 29Si MAS NMR measurements 
including D- and T-signals as well as DOC. 

 NMR D1‘ /% D2‘ /% D1 /% D2 /% T2 /% T3 /% DOC /% 

NaphMG_cond. Liquid 0 100 38.5 61.5 39.7 60.3 88.8 

NaphMG_cons. Liquid  0 100 23.7 76.3 20.6 79.4 93.7 

NaphMG_2Me2 Liquid  0 100 34.5 65.5 11.9 88.1 93.4 

NaphMG_2Ph2 CPMAS 6.2 93.8 13.9 86.1 43.0 57.0 91.0 

MAS 0 100 18.8 81.2 17.8 82.2 94.8 

NaphMG_4Ph CPMAS 6.4 93.6 14.4 85.6 34.7 65.3 92.1 

MAS 0 100 21.2 78.8 34.6 65.4 92.0 

NaphMG_5Ph_d CPMAS 5.7 94.3 32.6 67.4 41.5 58.5 88.6 

MAS 0 100 45.1 54.9 41.6 58.4 87.6 
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6.2.6 Fourier Transform Infrared (FTIR) Spectroscopy 

 

 

Figure S 102: FTIR spectra of NaphMG_cond. (black), NaphMG_cons. (red), as well as the consolidated 
samples NaphMG_4Ph (blue) and NaphMG_5Ph_d (green). Left: full spectrum, right: enlarged area. 

 

 

Table S 8: FTIR absorption bands of all samples.99,341,354,355 

Absorption band Wavenumber 

Aryl 3073 cm-1 (νasym CH), 3049 cm-1 (νsym CH), 1591 cm-1 (γ CHAr), 

1429 cm-1(ν C-CAr), 845 cm-1 (δ CH), 735 cm-1 (δ CH),  

698 cm-1 (δ CH) 

Methyl  2962 cm-1 (νasym CH3), 2904 cm-1 (νsym CH3) and 1259 cm-1  

(δs CH3 (Si-CH3)) 

Si-O-Si 1131 – 996 cm-1, 798 cm-1 

OHisolated 3712 – 3575 cm-1 

OHH-bonded 3500 – 3120 cm-1 

Si-OH 920 – 890 cm-1 
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6.2.7 Powder X-ray Diffraction (PXRD) 

 

Figure S 103: PXRD spectra of NaphMG_2Me2, NaphMG_2Ph2, NaphMG_4Ph and NaphMG_5Ph_d. All 
samples were measured as tablets. 

 

Figure S 104: PXRD spectra of NaphMG_cond., NaphMG_cons. and NaphMG_Sn. All samples were 
measured as tablets. 
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6.2.8 Ultraviolet-visible (UV-vis) Spectroscopy 

 

Figure S 105: Siloxanes doctor bladed onto glass slides. A) before consolidation, B) after consolidation, 
C) after 3 d at 200 °C D) after 7 d at 200 °C, E) after 7 d at 200 °C, different lighting. 1) NaphMG_2Ph2, 2) 

NaphMG_2Me2, 3) NaphMG_4Ph, 4) NaphMG_5Ph_d, 5) NaphMG, 6) NaphMG_Sn. 
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Figure S 106: UV-vis measurements of all samples. a) after condensation, b) after 24 h under vacuum at 
110 °C, c) after consolidation (72 h, 200 °C), d) after 3 d at 200 °C, e) after 7 d at 200 °C. 
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6.3 Synthesis of Polyhedral Oligomeric Silsesquioxanes (POSS) Containing 
Polycyclic Aryl Groups 

6.3.1 Trialkoxysilanes  

6.3.1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1-NaphSi(OMe)3 

 

Figure S 107: 1H NMR spectrum (CDCl3, 400.13 MHz) of trimethoxy-(1-naphthyl)silane. 

 

 

Figure S 108: 29Si NMR spectrum (CDCl3, 79.49 MHz) of trimethoxy-(1-naphthyl)silane. 
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Figure S 109: 1H, 29Si HMBC spectrum (CDCl3, 400.13 MHz; 79.49 MHz) of trimethoxy-(1-naphthyl)silane. 

 

 

 

Figure S 110: 13C NMR spectrum (CDCl3, 100.62 MHz) of trimethoxy-(1-naphthyl)silane. 
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2-NaphSi(OMe)3 

 

Figure S 111: 1H NMR spectrum (CDCl3, 400.13 MHz) of trimethoxy-(2-naphthyl)silane. 

 

 

 

Figure S 112: 29Si NMR spectrum (CDCl3, 79.49 MHz) of trimethoxy-(2-naphthyl)silane. 
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Figure S 113: 1H, 29Si HMBC spectrum (CDCl3, 400.13 MHz; 79.49 MHz) of trimethoxy-(2-naphthyl)silane. 

 

 

 

Figure S 114: 13C NMR spectrum (CDCl3, 100.62 MHz) of trimethoxy-(2-naphthyl)silane. 
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9-PhenSi(OMe)3 

 

Figure S 115: 1H NMR spectrum (CDCl3, 400.13 MHz) of trimethoxy-(9-phenanthrenyl)silane. 

 

 

 

Figure S 116: 29Si NMR spectrum (CDCl3, 79.49 MHz) of trimethoxy-(9-phenanthrenyl)silane. 
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Figure S 117: 1H, 29Si HMBC spectrum (CDCl3, 400.13 MHz; 79.49 MHz) of trimethoxy-(9-
phenanthrenyl)silane. 

 

 

 

Figure S 118: 13C NMR spectrum (CDCl3, 100.62 MHz) of trimethoxy-(9-phenanthrenyl)silane. 
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6.3.1.2 Elemental Analysis 

 

Table S 9: Elemental analysis of 1-NaphSi(OMe)3, 2-NaphSi(OMe)3 and 9-PhenSi(OMe)3. 

 C (calc.) 

[%] 

C (found) 

[%] 

H (calc.) 

[%] 

H (found) 

[%] 

C 

[%] 

H 

[%] 

1-NaphSi(OMe)3 62.87 62.70 6.49 5.53 0.17 0.96 

2-NaphSi(OMe)3 62.87 63.28 6.49 5.88 0.41 0.61 

9-PhenSi(OMe)3 68.42 67.73 6.08 5.45 0.69 0.63 

 

 

6.3.1.3 Fourier Transform Infrared (FTIR) Spectroscopy 

 

Figure S 119: FTIR spectra of 1-NaphSi(OMe)3 (black), 2-NaphSi(OMe)3 (red) and 9-PhenSi(OMe)3 (blue). 

 

FTIR: 3052 cm-1 (ν(CH)Ar), 2942 cm-1 (ν(CHOMe)), 2836 cm-1 (ν(CHOMe)), 1626 – 1486 cm-1 
(ν(CC)Ar), 1442 cm-1 (ν(Si-Ar)), 1183 cm-1 (ν(CHOMe)), 1097 cm-1 (ν(SiOC)), 806 cm-1 
(ν(SiOC), 750 – 692 cm-1 (ν(CH)Ar). 
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6.3.1.4 Ultraviolet-visible (UV-vis) Spectroscopy 

 

Figure S 120: UV-vis spectra of 1-NaphSi(OMe)3 (black), 2-NaphSi(OMe)3 (red) and 9-PhenSi(OMe)3 (blue).  

 

 

6.3.1.5 Fluorescence Spectroscopy 

 

Figure S 121: Fluorescence spectra of a dilution series of 1-NaphSi(OMe)3 in DCM. a) Emission spectra at 
λEx = 290 nm, b) emission and excitation spectra of a solution in DCM. 
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Figure S 122: Fluorescence spectra of a dilution series of 2-NaphSi(OMe)3 in DCM. a) Emission spectra at 
λEx = 290 nm, b) emission and excitation spectra of a solution in DCM. 

 

 

Figure S 123: Fluorescence spectra of a dilution series of 9-PhenSi(OMe)3 in DCM. a) Emission spectra at 
λEx = 340 nm, b) emission and excitation spectra of a solution in DCM. 

 



Supporting Information  Synthesis of Polycyclic Aromatic POSS 

 

261 

 

6.3.1.6 Differential Scanning Calorimetry (DSC) 

 

Figure S 124: DSC measurement of 9-PhenSi(OMe)3. 

 

6.3.1.7 Refractive Index (RI) 

 

Figure S 125: Calibration curves for the refractive indices of all three trialkoxysilanes, measured three 
times each. a) 1-NaphSi(OMe)3, b) 2-NaphSi(OMe)3, c) 9-PhenSi(OMe)3. 
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𝑅𝐼1𝑁𝑎𝑝ℎ,𝑎 = 0.00057 ∙ 100 + 1.49653 = 1.554 

𝑅𝐼1𝑁𝑎𝑝ℎ,𝑏 = 0.00054 ∙ 100 + 1.49674 = 1.551 

𝑅𝐼1𝑁𝑎𝑝ℎ,𝑐 = 0.00060 ∙ 100 + 1.49607 = 1.556 

𝑅𝐼1𝑁𝑎𝑝ℎ,𝑎𝑣 = 1.554 

 

𝑅𝐼2𝑁𝑎𝑝ℎ,𝑎 = 0.00046 ∙ 100 + 1.49644 = 1.542 

𝑅𝐼2𝑁𝑎𝑝ℎ,𝑏 = 0.00042 ∙ 100 + 1.49673 = 1.540 

𝑅𝐼2𝑁𝑎𝑝ℎ,𝑐 = 0.00043 ∙ 100 + 1.49680 = 1.541 

𝑅𝐼2𝑁𝑎𝑝ℎ,𝑎𝑣 = 1.541 

 

𝑅𝐼9𝑃ℎ𝑒𝑛,𝑎 = 0.00202 ∙ 100 + 1.41235 = 1.614 

𝑅𝐼9𝑃ℎ𝑒𝑛,𝑏 = 0.00217 ∙ 100 + 1.41093 = 1.628 

𝑅𝐼9𝑃ℎ𝑒𝑛,𝑐 = 0.00193 ∙ 100 + 1.41093 = 1.604 

𝑅𝐼9𝑃ℎ𝑒𝑛,𝑎𝑣 = 1.615 

 

 

Table S 10: Determined refractive indices of all three trialkoxysilanes via calibration curve method, three 
times each and their average. 

 1-NaphSi(OMe)3 2-NaphSi(OMe)3 9-PhenSi(OMe)3 

RI1 1.554 1.542 1.614 

RI2 1.551 1.540 1.628 

RI3 1.556 1.541 1.604 

Average 1.554 1.541 1.615 
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6.3.2 Silsesquioxanes 

6.3.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1-Naph_POSS_KOH 

 

Figure S 126: 1H NMR spectrum (CD2Cl2, 400.13 MHz) of 1-Naph_POSS synthesized with KOH. 

 

 

 

Figure S 127: 29Si NMR spectrum (CD2Cl2, 79.49 MHz) of 1-Naph_POSS synthesized with KOH. 
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Figure S 128: 13C NMR spectrum (CD2Cl2, 100.62 MHz) of 1-Naph_POSS synthesized with KOH. 

 

 

1-Naph_POSS_TBAF 

 

Figure S 129: 1H NMR spectrum (CD2Cl2, 400.13 MHz) of 1-Naph_POSS synthesized with TBAF. 
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Figure S 130: 29Si NMR spectrum (CD2Cl2, 79.49 MHz) of 1-Naph_POSS synthesized with TBAF. 

 

 

 

Figure S 131: 13C NMR spectrum (CD2Cl2, 100.62 MHz) of 1-Naph_POSS synthesized with TBAF. 
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2-Naph_POSS_KOH 

 

Figure S 132: 1H NMR spectrum (CD2Cl2, 400.13 MHz) of 2-Naph_POSS synthesized with KOH. 

 

 

 

Figure S 133: 29Si NMR spectrum (CD2Cl2, 79.49 MHz) of 2-Naph_POSS synthesized with KOH. 
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Figure S 134: 13C NMR spectrum (CD2Cl2, 100.62 MHz) of 2-Naph_POSS synthesized with KOH. 

 

 

2-Naph_POSS_TBAF 

 

Figure S 135: 1H NMR spectrum (CD2Cl2, 400.13 MHz) of 2-Naph_POSS synthesized with TBAF. 
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Figure S 136: 29Si NMR spectrum (CD2Cl2, 79.49 MHz) of 2-Naph_POSS synthesized with TBAF. 

 

 

 

Figure S 137: 13C NMR spectrum (CD2Cl2, 100.62 MHz) of 2-Naph_POSS synthesized with TBAF. 
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9-Phen_POSS_KOH 

 

Figure S 138: 1H NMR spectrum (CD2Cl2, 400.13 MHz) of 9-Phen_POSS synthesized with KOH. 

 

 

 

Figure S 139: 29Si NMR spectrum (CD2Cl2, 79.49 MHz) of 9-Phen_POSS synthesized with KOH. 
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Figure S 140: 13C NMR spectrum (CD2Cl2, 100.62 MHz) of 9-Phen_POSS synthesized with KOH. 

 

 

9-Phen_POSS_TBAF 

 

Figure S 141: 1H NMR spectrum (CD2Cl2, 400.13 MHz) of 9-Phen_POSS synthesized with TBAF. 
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Figure S 142: 29Si NMR spectrum (CD2Cl2, 79.49 MHz) of 9-Phen_POSS synthesized with TBAF. 

 

 

 

Figure S 143: 13C NMR spectrum (CD2Cl2, 100.62 MHz) of 9-Phen_POSS synthesized with TBAF. 
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6.3.2.2 Single Crystal X-ray Crystallography 

Table S 11: Crystal data and structure refinement for 1-Naph_POSS_KOH. 

Empirical formula  C82H60Cl4O12Si8 

Formula weight  1603.82 g mol–1 

Temperature  133(2) K 

Wavelength  Mo Kα,1, 71.073 pm 

Crystal system  triclinic 

Space group  P1̅ 

Unit cell dimensions a = 1539.31(8) pm α  = 113.503(2)° 

 b = 1564.66(8) pm   = 93.273(2)° 

 c = 1928.57(9) pm   = 111.374(2)° 

Volume 3.8536(3) nm3 

Z 2 

Density (calculated) 1.38 g cm–3 

Absorption coefficient 0.3 mm–1 

F(000) 1656 

Crystal size 0.220 × 0.155 × 0.060 mm3 

Theta range for data collection 2.22 to 27.91°. 

Index ranges h = ±20, k = ±20, l = ±25 

Reflections collected 168440 

Independent reflections 18407 [Rint = 0.0541] 

Completeness to theta = 25.242° 99.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7440 and 0.7233 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 18407 / 1161 / 1065 

Goodness-of-fit on F2 1.024 

Final R indices [I >2σ(I)] R1 = 0.0395, wR2 = 0.1020 

R indices (all data) R1 = 0.0490, wR2 = 0.1103 

Extinction coefficient n/a 

Largest diff. peak and hole 0.77 and –0.79 e.Å–3 
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Table S 12: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 

for 1-Naph_POSS_KOH. Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

 x y z Ueq 
Si(1) 8065(1) 4027(1) -371(1) 22(1) 

Si(2) 9284(1) 5687(1) -871(1) 22(1) 

Si(3) 10567(1) 7049(1) 808(1) 22(1) 

Si(4) 9345(1) 5389(1) 1308(1) 21(1) 

Si(5) 3826(1) 5527(1) 4329(1) 20(1) 

Si(6) 5088(1) 6816(1) 6043(1) 20(1) 

Si(7) 6814(1) 6437(1) 5434(1) 19(1) 

Si(8) 5546(1) 5141(1) 3718(1) 20(1) 

O(1) 8444(1) 4841(1) -720(1) 31(1) 

O(2) 9917(1) 6646(1) -40(1) 31(1) 

O(3) 9933(1) 6419(1) 1227(1) 31(1) 

O(4) 8434(1) 4624(1) 567(1) 31(1) 

O(5) 8493(1) 3180(1) -710(1) 30(1) 

O(6) 9968(1) 5184(1) -1302(1) 31(1) 

O(7) 4317(1) 6339(1) 5237(1) 28(1) 

O(8) 6132(1) 6953(1) 5861(1) 26(1) 

O(9) 6395(1) 5890(1) 4503(1) 27(1) 

O(10) 4652(1) 5443(1) 3865(1) 30(1) 

O(11) 3194(1) 4425(1) 4300(1) 26(1) 

O(12) 4779(1) 6040(1) 6433(1) 26(1) 

C(1) 6738(1) 3424(1) -654(1) 27(1) 

C(2) 6286(1) 3744(2) -1074(1) 37(1) 

C(3) 5276(2) 3343(2) -1296(1) 51(1) 

C(4) 4721(1) 2633(2) -1083(1) 48(1) 

C(5) 5135(1) 2280(1) -646(1) 35(1) 

C(6) 6154(1) 2666(1) -436(1) 28(1) 

C(7) 6550(1) 2281(1) -13(1) 34(1) 

C(8) 5972(2) 1576(2) 204(1) 44(1) 

C(9) 4966(2) 1212(2) 4(1) 48(1) 

C(10) 4561(2) 1550(2) -411(1) 44(1) 

C(11) 8797(1) 6135(1) -1481(1) 27(1) 

C(12) 9212(1) 6171(1) -2090(1) 33(1) 

C(13) 8914(2) 6526(2) -2582(1) 45(1) 

C(14) 8201(2) 6836(2) -2467(1) 48(1) 

C(15) 7746(2) 6823(2) -1857(1) 42(1) 

C(16) 8044(1) 6469(1) -1349(1) 32(1) 

C(17) 7575(2) 6454(2) -743(1) 44(1) 

C(18) 6848(2) 6767(2) -648(2) 58(1) 
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C(19) 6562(2) 7116(2) -1150(2) 64(1) 

C(20) 6995(2) 7144(2) -1731(2) 59(1) 

C(21) 10955(1) 8439(1) 1396(1) 28(1) 

C(22) 11916(2) 9048(1) 1735(1) 42(1) 

C(23) 12264(2) 10118(2) 2205(2) 59(1) 

C(24) 11649(2) 10565(2) 2329(1) 60(1) 

C(25) 10657(2) 9992(2) 1991(1) 46(1) 

C(26) 10296(1) 8909(1) 1521(1) 34(1) 

C(27) 9298(2) 8350(2) 1187(1) 43(1) 

C(28) 8694(2) 8829(2) 1300(2) 57(1) 

C(29) 9059(2) 9898(2) 1765(2) 66(1) 

C(30) 10011(2) 10460(2) 2098(2) 62(1) 

C(31) 8970(1) 5763(1) 2232(1) 22(1) 

C(32) 9166(1) 6785(1) 2671(1) 26(1) 

C(33) 8917(1) 7132(1) 3395(1) 30(1) 

C(34) 8484(1) 6458(1) 3677(1) 31(1) 

C(35) 8263(1) 5402(1) 3255(1) 27(1) 

C(36) 8502(1) 5043(1) 2522(1) 24(1) 

C(37) 8260(1) 3978(1) 2107(1) 34(1) 

C(38) 7813(2) 3311(2) 2402(1) 44(1) 

C(39) 7586(2) 3678(2) 3131(1) 44(1) 

C(40) 7807(1) 4693(2) 3543(1) 36(1) 

C(41) 3101(1) 5965(1) 3877(1) 24(1) 

C(42) 3369(1) 6210(1) 3286(1) 30(1) 

C(43) 2837(2) 6541(2) 2915(1) 38(1) 

C(44) 2021(2) 6597(2) 3120(1) 38(1) 

C(45) 1700(1) 6341(1) 3712(1) 31(1) 

C(46) 2253(1) 6041(1) 4106(1) 25(1) 

C(47) 1932(1) 5819(1) 4713(1) 32(1) 

C(48) 1095(1) 5852(2) 4899(1) 42(1) 

C(49) 534(1) 6107(2) 4485(1) 46(1) 

C(50) 837(1) 6360(2) 3914(1) 42(1) 

C(51) 5144(1) 8073(1) 6726(1) 28(1) 

C(52) 5042(2) 8232(2) 7467(1) 44(1) 

C(53) 5125(2) 9191(2) 8033(1) 64(1) 

C(54) 5323(2) 9985(2) 7860(2) 63(1) 

C(55) 5432(2) 9878(2) 7111(1) 46(1) 

C(56) 5326(1) 8904(1) 6530(1) 32(1) 

C(57) 5404(1) 8810(2) 5778(1) 36(1) 

C(58) 5595(2) 9629(2) 5617(2) 51(1) 

C(59) 5721(2) 10589(2) 6201(2) 64(1) 
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C(60) 5640(2) 10706(2) 6923(2) 62(1) 

C(61) 8076(1) 7380(1) 5682(1) 24(1) 

C(62A) 8742(8) 7019(10) 5788(5) 26(2) 

C(63A) 9718(10) 7612(9) 5870(8) 34(2) 

C(64A) 10023(7) 8527(7) 5843(5) 41(2) 

C(65A) 9366(7) 8924(6) 5741(5) 42(2) 

C(66A) 8381(8) 8357(11) 5704(17) 35(2) 

C(67A) 7727(10) 8748(10) 5591(12) 44(2) 

C(68A) 8016(7) 9681(8) 5570(6) 55(2) 

C(69A) 8987(5) 10241(6) 5628(6) 63(2) 

C(70A) 9639(5) 9878(6) 5718(6) 56(2) 

C(62B) 8820(9) 7105(10) 5794(5) 26(2) 

C(63B) 9804(10) 7750(9) 5980(8) 34(2) 

C(64B) 10058(8) 8710(7) 6051(6) 41(2) 

C(65B) 9360(7) 9063(6) 5943(6) 41(2) 

C(66B) 8351(8) 8390(11) 5724(17) 34(2) 

C(67B) 7704(9) 8832(10) 5685(11) 38(2) 

C(68B) 8028(7) 9839(7) 5825(6) 51(2) 

C(69B) 9004(5) 10460(6) 5999(6) 60(2) 

C(70B) 9659(5) 10090(6) 6064(6) 56(2) 

C(71) 5937(1) 5268(1) 2864(1) 25(1) 

C(72) 5837(1) 4395(2) 2226(1) 34(1) 

C(73) 6145(2) 4425(2) 1557(1) 45(1) 

C(74) 6571(2) 5334(2) 1538(1) 45(1) 

C(75) 6703(1) 6259(2) 2172(1) 37(1) 

C(76) 6367(1) 6234(1) 2842(1) 30(1) 

C(77) 6498(2) 7173(2) 3462(1) 44(1) 

C(78) 6953(2) 8086(2) 3434(2) 62(1) 

C(79) 7303(2) 8104(2) 2777(2) 63(1) 

C(80) 7177(2) 7221(2) 2170(2) 51(1) 

C(81) 7065(3) 1376(3) 3998(3) 112(2) 

Cl(1) 7471(1) 1086(1) 3155(1) 124(1) 

Cl(2) 7415(1) 949(1) 4603(1) 111(1) 

C(82A) 9168(5) 10962(5) 358(5) 95(2) 

Cl(3A) 8476(1) 11562(1) 786(1) 104(1) 

Cl(4A) 8603(2) 9700(1) -264(1) 127(1) 

C(82B) 8654(12) 10102(14) -137(12) 114(5) 

Cl(3B) 7599(4) 10199(6) 65(5) 148(2) 

Cl(4B) 9636(5) 11198(6) 443(4) 105(2) 
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Table S 13: Bond lengths [pm] for 1-Naph_POSS_KOH. 

Bond Length [pm] Bond  Length [pm] 

Si(1)-O(1)  161.34(12) Si(1)-O(5)  161.57(12) 

Si(1)-O(4)  161.60(12) Si(1)-C(1)  184.97(17) 

Si(2)-O(6)  161.32(12) Si(2)-O(2)  161.44(12) 

Si(2)-O(1)  161.56(12) Si(2)-C(11)  183.85(16) 

Si(3)-O(3)  161.18(12) Si(3)-O(2)  161.47(12) 

Si(3)-O(5)#1  161.76(12) Si(3)-C(21)  183.94(16) 

Si(4)-O(3)  161.01(12) Si(4)-O(6)#1  161.39(12) 

Si(4)-O(4)  162.01(12) Si(4)-C(31)  183.92(15) 

Si(5)-O(10)  161.02(12) Si(5)-O(11)  161.83(12) 

Si(5)-O(7)  162.08(12) Si(5)-C(41)  184.26(16) 

Si(6)-O(7)  161.31(12) Si(6)-O(12)  161.71(12) 

Si(6)-O(8)  162.11(11) Si(6)-C(51)  184.64(16) 

Si(7)-O(9)  161.65(11) Si(7)-O(8)  161.85(11) 

Si(7)-O(11)#2  161.99(12) Si(7)-C(61)  184.97(16) 

Si(8)-O(10)  161.53(12) Si(8)-O(9)  161.72(12) 

Si(8)-O(12)#2  162.13(12) Si(8)-C(71)  184.40(16) 

C(1)-C(2)  137.8(2) C(1)-C(6)  143.4(2) 

C(2)-C(3)  141.2(3) C(3)-C(4)  135.8(3) 

C(4)-C(5)  141.1(3) C(5)-C(10)  141.7(3) 

C(5)-C(6)  142.5(2) C(6)-C(7)  141.5(3) 

C(7)-C(8)  137.1(3) C(8)-C(9)  140.9(3) 

C(9)-C(10)  135.2(3) C(11)-C(12)  138.1(2) 

C(11)-C(16)  143.1(2) C(12)-C(13)  140.6(2) 

C(13)-C(14)  134.8(3) C(14)-C(15)  140.7(3) 

C(15)-C(20)  141.5(3) C(15)-C(16)  143.0(3) 

C(16)-C(17)  141.2(3) C(17)-C(18)  137.0(3) 

C(18)-C(19)  140.7(4) C(19)-C(20)  134.4(4) 

C(21)-C(22)  137.4(3) C(21)-C(26)  143.5(2) 

C(22)-C(23)  141.1(3) C(23)-C(24)  134.9(4) 

C(24)-C(25)  140.8(4) C(25)-C(30)  141.5(3) 

C(25)-C(26)  142.6(3) C(26)-C(27)  141.3(3) 

C(27)-C(28)  136.8(3) C(28)-C(29)  140.7(4) 

C(29)-C(30)  135.5(4) C(31)-C(32)  138.0(2) 

C(31)-C(36)  143.5(2) C(32)-C(33)  141.4(2) 

C(33)-C(34)  135.6(3) C(34)-C(35)  141.3(3) 

C(35)-C(40)  141.5(2) C(35)-C(36)  142.3(2) 

C(36)-C(37)  141.6(2) C(37)-C(38)  137.1(3) 
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C(38)-C(39)  140.9(3) C(39)-C(40)  135.6(3) 

C(41)-C(42)  138.0(2) C(41)-C(46)  143.1(2) 

C(42)-C(43)  141.0(2) C(43)-C(44)  136.0(3) 

C(44)-C(45)  141.3(3) C(45)-C(50)  141.2(3) 

C(45)-C(46)  142.3(2) C(46)-C(47)  141.5(2) 

C(47)-C(48)  137.0(2) C(48)-C(49)  140.3(3) 

C(49)-C(50)  136.3(3) C(51)-C(52)  137.9(3) 

C(51)-C(56)  143.2(2) C(52)-C(53)  141.3(3) 

C(53)-C(54)  134.8(4) C(54)-C(55)  141.3(4) 

C(55)-C(60)  141.4(3) C(55)-C(56)  142.9(2) 

C(56)-C(57)  141.4(3) C(57)-C(58)  137.0(3) 

C(58)-C(59)  140.6(4) C(59)-C(60)  135.0(4) 

C(61)-C(62A)  137.8(10) C(61)-C(62B)  139.4(9) 

C(61)-C(66A)  140.8(9) C(61)-C(66B)  144.6(8) 

C(62A)-C(63A)  140.8(10) C(63A)-C(64A)  135.9(9) 

C(64A)-C(65A)  140.7(9) C(65A)-C(70A)  141.6(8) 

C(65A)-C(66A)  143.1(10) C(66A)-C(67A)  140.1(10) 

C(67A)-C(68A)  138.1(10) C(68A)-C(69A)  140.2(9) 

C(69A)-C(70A)  135.5(8) C(62B)-C(63B)  140.6(9) 

C(63B)-C(64B)  135.2(9) C(64B)-C(65B)  141.4(8) 

C(65B)-C(70B)  141.4(8) C(65B)-C(66B)  144.2(9) 

C(66B)-C(67B)  141.7(9) C(67B)-C(68B)  137.0(9) 

C(68B)-C(69B)  139.0(8) C(69B)-C(70B)  135.5(8) 

C(71)-C(72)  137.4(2) C(71)-C(76)  143.1(2) 

C(72)-C(73)  141.1(2) C(73)-C(74)  135.0(3) 

C(74)-C(75)  140.5(3) C(75)-C(80)  141.5(3) 

C(75)-C(76)  142.9(2) C(76)-C(77)  140.9(3) 

C(77)-C(78)  136.7(3) C(78)-C(79)  141.0(4) 

C(79)-C(80)  134.4(4) C(81)-Cl(2)  170.6(5) 

C(81)-Cl(1)  172.5(5) C(82A)-Cl(4A)  168.3(7) 

C(82A)-Cl(3A)  170.5(7) C(82B)-Cl(4B)  169.3(16) 

C(82B)-Cl(3B)  173.8(17)  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,-y+1,-z    #2 -x+1,-y+1,-z+1       

 

 

 

 

 



Supporting Information  Synthesis of Polycyclic Aromatic POSS 

 

278 

 

Table S 14: Bond angles [°] for 1-Naph_POSS_KOH 

Bond Angle [°] Bond Angle [°] 

O(1)-Si(1)-O(5) 109.33(7) O(1)-Si(1)-O(4) 109.42(7) 

O(5)-Si(1)-O(4) 108.83(7) O(1)-Si(1)-C(1) 107.77(7) 

O(5)-Si(1)-C(1) 111.38(7) O(4)-Si(1)-C(1) 110.10(7) 

O(6)-Si(2)-O(2) 108.66(7) O(6)-Si(2)-O(1) 109.05(7) 

O(2)-Si(2)-O(1) 108.60(7) O(6)-Si(2)-C(11) 108.71(7) 

O(2)-Si(2)-C(11) 109.88(7) O(1)-Si(2)-C(11) 111.88(7) 

O(3)-Si(3)-O(2) 107.75(7) O(3)-Si(3)-O(5)#1 109.19(7) 

O(2)-Si(3)-O(5)#1 109.36(7) O(3)-Si(3)-C(21) 110.64(7) 

O(2)-Si(3)-C(21) 111.05(7) O(5)#1-Si(3)-C(21) 108.82(7) 

O(3)-Si(4)-O(6)#1 109.07(7) O(3)-Si(4)-O(4) 109.07(7) 

O(6)#1-Si(4)-O(4) 108.27(7) O(3)-Si(4)-C(31) 108.05(7) 

O(6)#1-Si(4)-C(31) 110.46(6) O(4)-Si(4)-C(31) 111.89(7) 

O(10)-Si(5)-O(11) 109.57(6) O(10)-Si(5)-O(7) 109.50(7) 

O(11)-Si(5)-O(7) 106.94(6) O(10)-Si(5)-C(41) 107.59(7) 

O(11)-Si(5)-C(41) 112.46(7) O(7)-Si(5)-C(41) 110.76(7) 

O(7)-Si(6)-O(12) 109.59(6) O(7)-Si(6)-O(8) 108.85(6) 

O(12)-Si(6)-O(8) 108.98(6) O(7)-Si(6)-C(51) 110.32(7) 

O(12)-Si(6)-C(51) 109.21(7) O(8)-Si(6)-C(51) 109.87(7) 

O(9)-Si(7)-O(8) 108.90(6) O(9)-Si(7)-O(11)#2 109.04(6) 

O(8)-Si(7)-O(11)#2 109.06(6) O(9)-Si(7)-C(61) 109.29(6) 

O(8)-Si(7)-C(61) 112.85(7) O(11)#2-Si(7)-C(61) 107.63(7) 

O(10)-Si(8)-O(9) 107.17(6) O(10)-Si(8)-O(12)#2 109.08(6) 

O(9)-Si(8)-O(12)#2 108.92(6) O(10)-Si(8)-C(71) 110.77(7) 

O(9)-Si(8)-C(71) 111.79(7) O(12)#2-Si(8)-C(71) 109.05(7) 

Si(1)-O(1)-Si(2) 152.67(8) Si(2)-O(2)-Si(3) 147.77(8) 

Si(4)-O(3)-Si(3) 153.82(8) Si(1)-O(4)-Si(4) 146.61(8) 

Si(1)-O(5)-Si(3)#1 147.53(8) Si(2)-O(6)-Si(4)#1 148.76(8) 

Si(6)-O(7)-Si(5) 152.47(8) Si(7)-O(8)-Si(6) 149.04(8) 

Si(7)-O(9)-Si(8) 153.38(8) Si(5)-O(10)-Si(8) 150.29(8) 

Si(5)-O(11)-Si(7)#2 146.05(8) Si(6)-O(12)-Si(8)#2 145.01(7) 

C(2)-C(1)-C(6) 118.30(16) C(2)-C(1)-Si(1) 118.44(13) 

C(6)-C(1)-Si(1) 123.22(12) C(1)-C(2)-C(3) 122.03(18) 

C(4)-C(3)-C(2) 119.83(19) C(3)-C(4)-C(5) 121.17(18) 

C(4)-C(5)-C(10) 121.57(18) C(4)-C(5)-C(6) 119.07(17) 

C(10)-C(5)-C(6) 119.35(18) C(7)-C(6)-C(5) 117.92(16) 

C(7)-C(6)-C(1) 122.51(15) C(5)-C(6)-C(1) 119.57(16) 

C(8)-C(7)-C(6) 121.10(18) C(7)-C(8)-C(9) 120.4(2) 
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C(10)-C(9)-C(8) 120.19(19) C(9)-C(10)-C(5) 121.04(19) 

C(12)-C(11)-C(16) 118.97(15) C(12)-C(11)-Si(2) 116.71(13) 

C(16)-C(11)-Si(2) 124.29(13) C(11)-C(12)-C(13) 121.58(18) 

C(14)-C(13)-C(12) 120.0(2) C(13)-C(14)-C(15) 121.56(18) 

C(14)-C(15)-C(20) 122.1(2) C(14)-C(15)-C(16) 119.18(18) 

C(20)-C(15)-C(16) 118.7(2) C(17)-C(16)-C(15) 118.41(18) 

C(17)-C(16)-C(11) 122.88(16) C(15)-C(16)-C(11) 118.70(18) 

C(18)-C(17)-C(16) 120.7(2) C(17)-C(18)-C(19) 120.4(2) 

C(20)-C(19)-C(18) 120.5(2) C(19)-C(20)-C(15) 121.3(2) 

C(22)-C(21)-C(26) 118.88(16) C(22)-C(21)-Si(3) 118.43(14) 

C(26)-C(21)-Si(3) 122.69(14) C(21)-C(22)-C(23) 121.6(2) 

C(24)-C(23)-C(22) 119.9(2) C(23)-C(24)-C(25) 121.6(2) 

C(24)-C(25)-C(30) 122.0(2) C(24)-C(25)-C(26) 118.9(2) 

C(30)-C(25)-C(26) 119.1(2) C(27)-C(26)-C(25) 117.91(18) 

C(27)-C(26)-C(21) 123.04(16) C(25)-C(26)-C(21) 119.04(19) 

C(28)-C(27)-C(26) 121.4(2) C(27)-C(28)-C(29) 120.1(3) 

C(30)-C(29)-C(28) 120.2(2) C(29)-C(30)-C(25) 121.2(2) 

C(32)-C(31)-C(36) 118.76(14) C(32)-C(31)-Si(4) 118.37(12) 

C(36)-C(31)-Si(4) 122.86(12) C(31)-C(32)-C(33) 121.53(15) 

C(34)-C(33)-C(32) 120.10(16) C(33)-C(34)-C(35) 121.08(15) 

C(34)-C(35)-C(40) 121.42(15) C(34)-C(35)-C(36) 119.25(15) 

C(40)-C(35)-C(36) 119.33(16) C(37)-C(36)-C(35) 117.92(15) 

C(37)-C(36)-C(31) 122.80(14) C(35)-C(36)-C(31) 119.28(15) 

C(38)-C(37)-C(36) 121.24(17) C(37)-C(38)-C(39) 120.24(19) 

C(40)-C(39)-C(38) 120.08(17) C(39)-C(40)-C(35) 121.19(17) 

C(42)-C(41)-C(46) 118.43(15) C(42)-C(41)-Si(5) 119.19(12) 

C(46)-C(41)-Si(5) 122.37(12) C(41)-C(42)-C(43) 121.63(16) 

C(44)-C(43)-C(42) 120.28(17) C(43)-C(44)-C(45) 120.83(16) 

C(50)-C(45)-C(44) 121.70(16) C(50)-C(45)-C(46) 119.27(17) 

C(44)-C(45)-C(46) 119.02(16) C(47)-C(46)-C(45) 117.95(15) 

C(47)-C(46)-C(41) 122.29(14) C(45)-C(46)-C(41) 119.76(15) 

C(48)-C(47)-C(46) 121.24(16) C(47)-C(48)-C(49) 120.35(19) 

C(50)-C(49)-C(48) 119.99(18) C(49)-C(50)-C(45) 121.12(17) 

C(52)-C(51)-C(56) 118.54(16) C(52)-C(51)-Si(6) 118.48(14) 

C(56)-C(51)-Si(6) 122.94(13) C(51)-C(52)-C(53) 121.7(2) 

C(54)-C(53)-C(52) 120.2(2) C(53)-C(54)-C(55) 121.28(19) 

C(54)-C(55)-C(60) 121.8(2) C(54)-C(55)-C(56) 118.9(2) 

C(60)-C(55)-C(56) 119.3(2) C(57)-C(56)-C(55) 117.65(18) 

C(57)-C(56)-C(51) 123.01(16) C(55)-C(56)-C(51) 119.34(18) 
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C(58)-C(57)-C(56) 121.21(19) C(57)-C(58)-C(59) 120.5(2) 

C(60)-C(59)-C(58) 120.1(2) C(59)-C(60)-C(55) 121.3(2) 

C(62A)-C(61)-C(66A) 120.0(8) C(62B)-C(61)-C(66B) 116.7(8) 

C(62A)-C(61)-Si(7) 114.1(6) C(62B)-C(61)-Si(7) 119.8(6) 

C(66A)-C(61)-Si(7) 125.6(5) C(66B)-C(61)-Si(7) 123.5(5) 

C(61)-C(62A)-C(63A) 119.1(11) C(64A)-C(63A)-C(62A) 121.9(11) 

C(63A)-C(64A)-C(65A) 120.6(8) C(64A)-C(65A)-C(70A) 123.4(8) 

C(64A)-C(65A)-C(66A) 117.8(8) C(70A)-C(65A)-C(66A) 118.7(7) 

C(67A)-C(66A)-C(61) 121.8(9) C(67A)-C(66A)-C(65A) 117.6(9) 

C(61)-C(66A)-C(65A) 120.1(8) C(68A)-C(67A)-C(66A) 122.2(10) 

C(67A)-C(68A)-C(69A) 119.5(9) C(70A)-C(69A)-C(68A) 120.1(7) 

C(69A)-C(70A)-C(65A) 121.7(6) C(61)-C(62B)-C(63B) 125.1(11) 

C(64B)-C(63B)-C(62B) 118.0(11) C(63B)-C(64B)-C(65B) 121.4(8) 

C(70B)-C(65B)-C(64B) 119.4(7) C(70B)-C(65B)-C(66B) 119.9(7) 

C(64B)-C(65B)-C(66B) 120.6(7) C(67B)-C(66B)-C(65B) 116.6(8) 

C(67B)-C(66B)-C(61) 124.6(9) C(65B)-C(66B)-C(61) 118.0(8) 

C(68B)-C(67B)-C(66B) 121.2(10) C(67B)-C(68B)-C(69B) 121.1(9) 

C(70B)-C(69B)-C(68B) 120.4(6) C(69B)-C(70B)-C(65B) 120.6(6) 

C(72)-C(71)-C(76) 118.44(15) C(72)-C(71)-Si(8) 118.27(13) 

C(76)-C(71)-Si(8) 123.26(12) C(71)-C(72)-C(73) 122.07(18) 

C(74)-C(73)-C(72) 119.99(19) C(73)-C(74)-C(75) 120.96(17) 

C(74)-C(75)-C(80) 121.64(19) C(74)-C(75)-C(76) 119.50(18) 

C(80)-C(75)-C(76) 118.9(2) C(77)-C(76)-C(75) 117.99(17) 

C(77)-C(76)-C(71) 123.01(16) C(75)-C(76)-C(71) 118.98(17) 

C(78)-C(77)-C(76) 121.2(2) C(77)-C(78)-C(79) 120.4(2) 

C(80)-C(79)-C(78) 120.0(2) C(79)-C(80)-C(75) 121.5(2) 

Cl(2)-C(81)-Cl(1) 114.7(2) Cl(4A)-C(82A)-Cl(3A) 117.3(4) 

Cl(4B)-C(82B)-Cl(3B) 111.8(12)   

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,-y+1,-z    #2 -x+1,-y+1,-z+1       

 

 

Table S 15: Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 10 3) 

for 1-Naph_POSS_KOH. 

 x  y  z  Ueq 

H(2) 6666 4250 -1218 44 

H(3) 4985 3569 -1594 61 

H(4) 4041 2369 -1232 57 

H(7) 7226 2516 123 41 
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H(8) 6252 1330 490 53 

H(9) 4571 729 161 57 

H(10) 3882 1294 -548 53 

H(12) 9712 5950 -2180 40 

H(13) 9214 6548 -2996 53 

H(14) 8002 7069 -2806 58 

H(17) 7765 6226 -397 53 

H(18) 6535 6749 -240 70 

H(19) 6058 7334 -1078 77 

H(20) 6795 7385 -2064 70 

H(22) 12356 8742 1651 50 

H(23) 12932 10523 2434 71 

H(24) 11891 11285 2653 72 

H(27) 9040 7626 878 52 

H(28) 8027 8438 1064 68 

H(29) 8637 10227 1845 79 

H(30) 10249 11182 2410 75 

H(32) 9476 7266 2483 31 

H(33) 9054 7838 3684 36 

H(34) 8326 6700 4167 37 

H(37) 8410 3720 1616 41 

H(38) 7657 2599 2115 52 

H(39) 7278 3214 3334 52 

H(40) 7652 4933 4035 44 

H(42) 3927 6155 3125 36 

H(43) 3049 6725 2521 45 

H(44) 1663 6811 2861 45 

H(47) 2304 5643 4997 38 

H(48) 893 5701 5309 50 

H(49) -58 6104 4603 56 

H(50) 463 6552 3648 51 

H(52) 4912 7683 7601 53 

H(53) 5040 9275 8537 76 

H(54) 5391 10630 8249 75 

H(57) 5322 8166 5377 44 

H(58) 5644 9547 5108 62 

H(59) 5863 11156 6087 77 

H(60) 5724 11358 7313 75 

H(62A) 8545 6379 5804 32 
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H(63A) 10177 7366 5947 41 

H(64A) 10686 8902 5893 49 

H(67A) 7064 8357 5526 52 

H(68A) 7559 9941 5518 66 

H(69A) 9188 10877 5603 76 

H(70A) 10296 10274 5767 67 

H(62B) 8648 6430 5740 31 

H(63B) 10276 7519 6055 41 

H(64B) 10719 9157 6175 49 

H(67B) 7032 8422 5560 46 

H(68B) 7579 10118 5803 62 

H(69B) 9214 11148 6073 71 

H(70B) 10324 10525 6193 68 

H(72) 5552 3751 2235 40 

H(73) 6052 3806 1121 54 

H(74) 6784 5350 1088 54 

H(77) 6267 7173 3908 53 

H(78) 7034 8710 3858 75 

H(79) 7627 8741 2764 75 

H(80) 7412 7244 1730 62 

H(81A) 7298 2132 4286 134 

H(81B) 6354 1074 3856 134 

H(82A) 9529 11324 74 114 

H(82B) 9646 11049 776 114 

H(82C) 8691 9524 -63 137 

H(82D) 8646 9949 -688 137 

 

Table S 16: Torsion angles [°] for 1-Naph_POSS_KOH. 

Bond Angle [°] Bond  Angle [°] 

O(5)-Si(1)-O(1)-Si(2) -57.2(2) O(4)-Si(1)-O(1)-Si(2) 61.9(2) 

C(1)-Si(1)-O(1)-Si(2) -178.40(18) O(6)-Si(2)-O(1)-Si(1) 56.4(2) 

O(2)-Si(2)-O(1)-Si(1) -61.8(2) C(11)-Si(2)-O(1)-Si(1) 176.71(18) 

O(6)-Si(2)-O(2)-Si(3) -61.94(18) O(1)-Si(2)-O(2)-Si(3) 56.56(18) 

C(11)-Si(2)-O(2)-Si(3) 179.23(15) O(3)-Si(3)-O(2)-Si(2) -56.20(18) 

O(5)#1-Si(3)-O(2)-Si(2) 62.37(18) C(21)-Si(3)-O(2)-Si(2) -177.52(15) 

O(6)#1-Si(4)-O(3)-Si(3) 54.9(2) O(4)-Si(4)-O(3)-Si(3) -63.2(2) 

C(31)-Si(4)-O(3)-Si(3) 174.97(19) O(2)-Si(3)-O(3)-Si(4) 63.2(2) 

O(5)#1-Si(3)-O(3)-Si(4) -55.5(2) C(21)-Si(3)-O(3)-Si(4) -175.21(19) 

O(1)-Si(1)-O(4)-Si(4) -53.78(17) O(5)-Si(1)-O(4)-Si(4) 65.63(17) 
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C(1)-Si(1)-O(4)-Si(4) -172.04(15) O(3)-Si(4)-O(4)-Si(1) 53.39(17) 

O(6)#1-Si(4)-O(4)-Si(1) -65.17(17) C(31)-Si(4)-O(4)-Si(1) 172.87(14) 

O(1)-Si(1)-O(5)-Si(3)#1 57.42(17) O(4)-Si(1)-O(5)-Si(3)#1 -62.04(17) 

C(1)-Si(1)-O(5)-Si(3)#1 176.40(15) O(2)-Si(2)-O(6)-Si(4)#1 61.99(19) 

O(1)-Si(2)-O(6)-Si(4)#1 -56.23(19) C(11)-Si(2)-O(6)-Si(4)#1 -178.45(16) 

O(12)-Si(6)-O(7)-Si(5) -73.43(19) O(8)-Si(6)-O(7)-Si(5) 45.7(2) 

C(51)-Si(6)-O(7)-Si(5) 166.29(17) O(10)-Si(5)-O(7)-Si(6) -45.4(2) 

O(11)-Si(5)-O(7)-Si(6) 73.28(19) C(41)-Si(5)-O(7)-Si(6) -163.86(17) 

O(9)-Si(7)-O(8)-Si(6) 62.87(17) O(11)#2-Si(7)-O(8)-Si(6) -56.02(17) 

C(61)-Si(7)-O(8)-Si(6) -175.58(15) O(7)-Si(6)-O(8)-Si(7) -62.43(17) 

O(12)-Si(6)-O(8)-Si(7) 57.05(17) C(51)-Si(6)-O(8)-Si(7) 176.67(15) 

O(8)-Si(7)-O(9)-Si(8) -49.9(2) O(11)#2-Si(7)-O(9)-Si(8) 68.97(19) 

C(61)-Si(7)-O(9)-Si(8) -173.61(17) O(10)-Si(8)-O(9)-Si(7) 49.4(2) 

O(12)#2-Si(8)-O(9)-Si(7) -68.46(19) C(71)-Si(8)-O(9)-Si(7) 170.96(17) 

O(11)-Si(5)-O(10)-Si(8) -53.29(19) O(7)-Si(5)-O(10)-Si(8) 63.71(19) 

C(41)-Si(5)-O(10)-Si(8) -175.84(17) O(9)-Si(8)-O(10)-Si(5) -63.90(19) 

O(12)#2-Si(8)-O(10)-Si(5) 53.87(19) C(71)-Si(8)-O(10)-Si(5) 173.91(17) 

O(10)-Si(5)-O(11)-Si(7)#2 65.91(15) O(7)-Si(5)-O(11)-Si(7)#2 -52.68(15) 

C(41)-Si(5)-O(11)-Si(7)#2 -174.48(13) O(7)-Si(6)-O(12)-Si(8)#2 49.76(15) 

O(8)-Si(6)-O(12)-Si(8)#2 -69.26(15) C(51)-Si(6)-O(12)-Si(8)#2 170.72(13) 

O(1)-Si(1)-C(1)-C(2) -1.60(16) O(5)-Si(1)-C(1)-C(2) -121.50(14) 

O(4)-Si(1)-C(1)-C(2) 117.68(14) O(1)-Si(1)-C(1)-C(6) -179.35(13) 

O(5)-Si(1)-C(1)-C(6) 60.74(15) O(4)-Si(1)-C(1)-C(6) -60.07(15) 

C(6)-C(1)-C(2)-C(3) -0.5(3) Si(1)-C(1)-C(2)-C(3) -178.33(17) 

C(1)-C(2)-C(3)-C(4) 1.2(4) C(2)-C(3)-C(4)-C(5) -0.4(4) 

C(3)-C(4)-C(5)-C(10) 179.1(2) C(3)-C(4)-C(5)-C(6) -1.0(3) 

C(4)-C(5)-C(6)-C(7) -178.53(18) C(10)-C(5)-C(6)-C(7) 1.3(2) 

C(4)-C(5)-C(6)-C(1) 1.7(3) C(10)-C(5)-C(6)-C(1) -178.38(16) 

C(2)-C(1)-C(6)-C(7) 179.29(17) Si(1)-C(1)-C(6)-C(7) -3.0(2) 

C(2)-C(1)-C(6)-C(5) -1.0(2) Si(1)-C(1)-C(6)-C(5) 176.76(12) 

C(5)-C(6)-C(7)-C(8) -1.4(3) C(1)-C(6)-C(7)-C(8) 178.34(17) 

C(6)-C(7)-C(8)-C(9) 0.4(3) C(7)-C(8)-C(9)-C(10) 0.7(3) 

C(8)-C(9)-C(10)-C(5) -0.7(3) C(4)-C(5)-C(10)-C(9) 179.5(2) 

C(6)-C(5)-C(10)-C(9) -0.3(3) O(6)-Si(2)-C(11)-C(12) -12.38(16) 

O(2)-Si(2)-C(11)-C(12) 106.42(14) O(1)-Si(2)-C(11)-C(12) -132.87(13) 

O(6)-Si(2)-C(11)-C(16) 169.39(14) O(2)-Si(2)-C(11)-C(16) -71.82(16) 

O(1)-Si(2)-C(11)-C(16) 48.90(16) C(16)-C(11)-C(12)-C(13) 0.0(3) 

Si(2)-C(11)-C(12)-C(13) -178.35(15) C(11)-C(12)-C(13)-C(14) -0.4(3) 

C(12)-C(13)-C(14)-C(15) 0.5(3) C(13)-C(14)-C(15)-C(20) -179.9(2) 
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C(13)-C(14)-C(15)-C(16) -0.2(3) C(14)-C(15)-C(16)-C(17) -179.60(19) 

C(20)-C(15)-C(16)-C(17) 0.1(3) C(14)-C(15)-C(16)-C(11) -0.2(3) 

C(20)-C(15)-C(16)-C(11) 179.45(18) C(12)-C(11)-C(16)-C(17) 179.68(18) 

Si(2)-C(11)-C(16)-C(17) -2.1(3) C(12)-C(11)-C(16)-C(15) 0.3(2) 

Si(2)-C(11)-C(16)-C(15) 178.53(13) C(15)-C(16)-C(17)-C(18) 0.4(3) 

C(11)-C(16)-C(17)-C(18) -179.0(2) C(16)-C(17)-C(18)-C(19) -0.5(4) 

C(17)-C(18)-C(19)-C(20) 0.2(4) C(18)-C(19)-C(20)-C(15) 0.2(4) 

C(14)-C(15)-C(20)-C(19) 179.3(2) C(16)-C(15)-C(20)-C(19) -0.4(3) 

O(3)-Si(3)-C(21)-C(22) 112.37(15) O(2)-Si(3)-C(21)-C(22) -128.02(15) 

O(5)#1-Si(3)-C(21)-C(22) -7.59(17) O(3)-Si(3)-C(21)-C(26) -66.86(15) 

O(2)-Si(3)-C(21)-C(26) 52.75(15) O(5)#1-Si(3)-C(21)-C(26) 173.18(13) 

C(26)-C(21)-C(22)-C(23) 0.5(3) Si(3)-C(21)-C(22)-C(23) -178.80(19) 

C(21)-C(22)-C(23)-C(24) -0.1(4) C(22)-C(23)-C(24)-C(25) -0.9(4) 

C(23)-C(24)-C(25)-C(30) -178.0(3) C(23)-C(24)-C(25)-C(26) 1.5(4) 

C(24)-C(25)-C(26)-C(27) 180.0(2) C(30)-C(25)-C(26)-C(27) -0.5(3) 

C(24)-C(25)-C(26)-C(21) -1.1(3) C(30)-C(25)-C(26)-C(21) 178.42(19) 

C(22)-C(21)-C(26)-C(27) 179.04(18) Si(3)-C(21)-C(26)-C(27) -1.7(2) 

C(22)-C(21)-C(26)-C(25) 0.2(3) Si(3)-C(21)-C(26)-C(25) 179.39(14) 

C(25)-C(26)-C(27)-C(28) 0.9(3) C(21)-C(26)-C(27)-C(28) -178.0(2) 

C(26)-C(27)-C(28)-C(29) -0.9(4) C(27)-C(28)-C(29)-C(30) 0.5(4) 

C(28)-C(29)-C(30)-C(25) -0.1(4) C(24)-C(25)-C(30)-C(29) 179.6(3) 

C(26)-C(25)-C(30)-C(29) 0.1(4) O(3)-Si(4)-C(31)-C(32) 4.20(14) 

O(6)#1-Si(4)-C(31)-C(32) 123.43(13) O(4)-Si(4)-C(31)-C(32) -115.88(13) 

O(3)-Si(4)-C(31)-C(36) -174.40(12) O(6)#1-Si(4)-C(31)-C(36) -55.17(14) 

O(4)-Si(4)-C(31)-C(36) 65.52(14) C(36)-C(31)-C(32)-C(33) 0.0(2) 

Si(4)-C(31)-C(32)-C(33) -178.68(12) C(31)-C(32)-C(33)-C(34) 0.7(2) 

C(32)-C(33)-C(34)-C(35) -0.7(3) C(33)-C(34)-C(35)-C(40) -179.69(16) 

C(33)-C(34)-C(35)-C(36) 0.0(2) C(34)-C(35)-C(36)-C(37) -179.15(15) 

C(40)-C(35)-C(36)-C(37) 0.6(2) C(34)-C(35)-C(36)-C(31) 0.6(2) 

C(40)-C(35)-C(36)-C(31) -179.64(15) C(32)-C(31)-C(36)-C(37) 179.14(16) 

Si(4)-C(31)-C(36)-C(37) -2.3(2) C(32)-C(31)-C(36)-C(35) -0.6(2) 

Si(4)-C(31)-C(36)-C(35) 177.96(11) C(35)-C(36)-C(37)-C(38) -0.3(3) 

C(31)-C(36)-C(37)-C(38) 179.96(18) C(36)-C(37)-C(38)-C(39) -0.1(3) 

C(37)-C(38)-C(39)-C(40) 0.2(3) C(38)-C(39)-C(40)-C(35) 0.2(3) 

C(34)-C(35)-C(40)-C(39) 179.19(18) C(36)-C(35)-C(40)-C(39) -0.5(3) 

O(10)-Si(5)-C(41)-C(42) -4.00(15) O(11)-Si(5)-C(41)-C(42) -124.75(13) 

O(7)-Si(5)-C(41)-C(42) 115.66(13) O(10)-Si(5)-C(41)-C(46) 174.72(12) 

O(11)-Si(5)-C(41)-C(46) 53.97(15) O(7)-Si(5)-C(41)-C(46) -65.63(14) 

C(46)-C(41)-C(42)-C(43) 0.7(3) Si(5)-C(41)-C(42)-C(43) 179.46(14) 
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C(41)-C(42)-C(43)-C(44) -1.9(3) C(42)-C(43)-C(44)-C(45) 0.9(3) 

C(43)-C(44)-C(45)-C(50) -177.77(19) C(43)-C(44)-C(45)-C(46) 1.2(3) 

C(50)-C(45)-C(46)-C(47) -2.8(2) C(44)-C(45)-C(46)-C(47) 178.11(17) 

C(50)-C(45)-C(46)-C(41) 176.61(16) C(44)-C(45)-C(46)-C(41) -2.4(2) 

C(42)-C(41)-C(46)-C(47) -179.10(16) Si(5)-C(41)-C(46)-C(47) 2.2(2) 

C(42)-C(41)-C(46)-C(45) 1.5(2) Si(5)-C(41)-C(46)-C(45) -177.25(12) 

C(45)-C(46)-C(47)-C(48) 2.4(3) C(41)-C(46)-C(47)-C(48) -177.02(18) 

C(46)-C(47)-C(48)-C(49) 0.1(3) C(47)-C(48)-C(49)-C(50) -2.4(3) 

C(48)-C(49)-C(50)-C(45) 1.9(3) C(44)-C(45)-C(50)-C(49) 179.8(2) 

C(46)-C(45)-C(50)-C(49) 0.7(3) O(7)-Si(6)-C(51)-C(52) 127.90(16) 

O(12)-Si(6)-C(51)-C(52) 7.38(17) O(8)-Si(6)-C(51)-C(52) -112.10(16) 

O(7)-Si(6)-C(51)-C(56) -54.59(16) O(12)-Si(6)-C(51)-C(56) -175.11(13) 

O(8)-Si(6)-C(51)-C(56) 65.42(15) C(56)-C(51)-C(52)-C(53) -0.8(3) 

Si(6)-C(51)-C(52)-C(53) 176.8(2) C(51)-C(52)-C(53)-C(54) -1.0(4) 

C(52)-C(53)-C(54)-C(55) 1.4(5) C(53)-C(54)-C(55)-C(60) 180.0(3) 

C(53)-C(54)-C(55)-C(56) 0.2(4) C(54)-C(55)-C(56)-C(57) 177.7(2) 

C(60)-C(55)-C(56)-C(57) -2.1(3) C(54)-C(55)-C(56)-C(51) -2.0(3) 

C(60)-C(55)-C(56)-C(51) 178.1(2) C(52)-C(51)-C(56)-C(57) -177.38(18) 

Si(6)-C(51)-C(56)-C(57) 5.1(2) C(52)-C(51)-C(56)-C(55) 2.3(3) 

Si(6)-C(51)-C(56)-C(55) -175.17(14) C(55)-C(56)-C(57)-C(58) 1.4(3) 

C(51)-C(56)-C(57)-C(58) -178.83(19) C(56)-C(57)-C(58)-C(59) 0.1(3) 

C(57)-C(58)-C(59)-C(60) -0.9(4) C(58)-C(59)-C(60)-C(55) 0.2(4) 

C(54)-C(55)-C(60)-C(59) -178.5(3) C(56)-C(55)-C(60)-C(59) 1.3(4) 

O(9)-Si(7)-C(61)-C(62A) -98.4(4) O(8)-Si(7)-C(61)-C(62A) 140.3(4) 

O(11)#2-Si(7)-C(61)-C(62A) 19.9(4) O(9)-Si(7)-C(61)-C(62B) -97.5(4) 

O(8)-Si(7)-C(61)-C(62B) 141.2(4) O(11)#2-Si(7)-C(61)-C(62B) 20.8(4) 

O(9)-Si(7)-C(61)-C(66A) 76.2(15) O(8)-Si(7)-C(61)-C(66A) -45.2(15) 

O(11)#2-Si(7)-C(61)-C(66A) -165.5(15) O(9)-Si(7)-C(61)-C(66B) 78.6(14) 

O(8)-Si(7)-C(61)-C(66B) -42.8(14) O(11)#2-Si(7)-C(61)-C(66B) -163.1(14) 

C(66A)-C(61)-C(62A)-C(63A) -3.7(14) Si(7)-C(61)-C(62A)-C(63A) 171.1(4) 

C(61)-C(62A)-C(63A)-C(64A) -0.5(8) C(62A)-C(63A)-C(64A)-C(65A) 0.9(12) 

C(63A)-C(64A)-C(65A)-C(70A) 179.1(8) C(63A)-C(64A)-C(65A)-C(66A) 2.9(17) 

C(62A)-C(61)-C(66A)-C(67A) 179.3(17) Si(7)-C(61)-C(66A)-C(67A) 5(3) 

C(62A)-C(61)-C(66A)-C(65A) 8(3) Si(7)-C(61)-C(66A)-C(65A) -166.7(12) 

C(64A)-C(65A)-C(66A)-C(67A) -179.1(16) C(70A)-C(65A)-C(66A)-C(67A) 4(3) 

C(64A)-C(65A)-C(66A)-C(61) -7(3) C(70A)-C(65A)-C(66A)-C(61) 176.5(15) 

C(61)-C(66A)-C(67A)-C(68A) -176.5(18) C(65A)-C(66A)-C(67A)-C(68A) -5(3) 

C(66A)-C(67A)-C(68A)-C(69A) 3(2) C(67A)-C(68A)-C(69A)-C(70A) -1.3(13) 

C(68A)-C(69A)-C(70A)-C(65A) 1.3(11) C(64A)-C(65A)-C(70A)-C(69A) -179.2(7) 
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C(66A)-C(65A)-C(70A)-C(69A) -3.0(16) C(66B)-C(61)-C(62B)-C(63B) 3.3(13) 

Si(7)-C(61)-C(62B)-C(63B) 179.7(4) C(61)-C(62B)-C(63B)-C(64B) -0.7(8) 

C(62B)-C(63B)-C(64B)-C(65B) 0.1(12) C(63B)-C(64B)-C(65B)-C(70B) 176.5(9) 

C(63B)-C(64B)-C(65B)-C(66B) -2.4(17) C(70B)-C(65B)-C(66B)-C(67B) -3(3) 

C(64B)-C(65B)-C(66B)-C(67B) 175.5(15) C(70B)-C(65B)-C(66B)-C(61) -173.9(14) 

C(64B)-C(65B)-C(66B)-C(61) 5(3) C(62B)-C(61)-C(66B)-C(67B) -175.0(18) 

Si(7)-C(61)-C(66B)-C(67B) 9(3) C(62B)-C(61)-C(66B)-C(65B) -5(3) 

Si(7)-C(61)-C(66B)-C(65B) 178.5(12) C(65B)-C(66B)-C(67B)-C(68B) 2(3) 

C(61)-C(66B)-C(67B)-C(68B) 171.8(19) C(66B)-C(67B)-C(68B)-C(69B) 1(2) 

C(67B)-C(68B)-C(69B)-C(70B) -2.6(13) C(68B)-C(69B)-C(70B)-C(65B) 1.2(11) 

C(64B)-C(65B)-C(70B)-C(69B) -177.0(7) C(66B)-C(65B)-C(70B)-C(69B) 1.9(17) 

O(10)-Si(8)-C(71)-C(72) -115.14(14) O(9)-Si(8)-C(71)-C(72) 125.41(13) 

O(12)#2-Si(8)-C(71)-C(72) 4.91(15) O(10)-Si(8)-C(71)-C(76) 66.98(15) 

O(9)-Si(8)-C(71)-C(76) -52.48(15) O(12)#2-Si(8)-C(71)-C(76) -172.97(13) 

C(76)-C(71)-C(72)-C(73) 0.0(3) Si(8)-C(71)-C(72)-C(73) -177.94(15) 

C(71)-C(72)-C(73)-C(74) 1.4(3) C(72)-C(73)-C(74)-C(75) -0.9(3) 

C(73)-C(74)-C(75)-C(80) 177.8(2) C(73)-C(74)-C(75)-C(76) -1.1(3) 

C(74)-C(75)-C(76)-C(77) -179.02(18) C(80)-C(75)-C(76)-C(77) 2.0(3) 

C(74)-C(75)-C(76)-C(71) 2.5(2) C(80)-C(75)-C(76)-C(71) -176.45(16) 

C(72)-C(71)-C(76)-C(77) 179.64(18) Si(8)-C(71)-C(76)-C(77) -2.5(2) 

C(72)-C(71)-C(76)-C(75) -2.0(2) Si(8)-C(71)-C(76)-C(75) 175.89(12) 

C(75)-C(76)-C(77)-C(78) -1.5(3) C(71)-C(76)-C(77)-C(78) 176.9(2) 

C(76)-C(77)-C(78)-C(79) 0.0(4) C(77)-C(78)-C(79)-C(80) 1.0(4) 

C(78)-C(79)-C(80)-C(75) -0.4(4) C(74)-C(75)-C(80)-C(79) 180.0(2) 

C(76)-C(75)-C(80)-C(79) -1.1(3) 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,-y+1,-z    #2 -x+1,-y+1,-z+1       
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6.3.2.3 Further Purification and Separation Attempts 

 

Figure S 144: NMR characterization of 9-Phen_POSS_TBAF (CD2Cl2) before and after column 
chromatography. a) 1H NMR, b) 29Si NMR, c) 13C NMR. 
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6.3.2.4 Fluorescence Spectroscopy 

 

Figure S 145: Emission and excitation spectra of a solution of 1-Naph_POSS_KOH in DCM. 

 


