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Abstract 

In the development of new high-energy LEDs, there is a great need for encapsulation materials 

that increase luminous efficacy while being thermally stable at high operating temperatures. 

Polysiloxanes are widely used as encapsulation materials due to their optical transparency, 

chemical inertness, thermal stability and resistance to radiation degradation. One of the main 

drawbacks of them is their low refractive index. The aim of this work was to develop novel 

polysiloxanes and nanocomposites with increased refractive index while retaining the other 

positive properties of polysiloxane resins. New nanocomposites embedding hafnia or zirconia 

nanoparticles in polysiloxane matrices were synthesised. In a second approach, electron-rich 

atoms (Zr, Sn, Hf, and Ta) were copolymerised with siloxane monomers and thus incorporated 

into the polymer backbone. Both approaches only have a small increase in refractive index and 

had a significant effect on other parameters, such as viscosity. The third method investigated 

was based on the use of highly refractive, self-synthesised siloxane monomers containing oxy-

gen or sulphur atoms in combination with phenyl or phenanthrenyl groups in the organic resi-

dues on the silicon atom. To increase the mechanical flexibility, the obtained systems were 

copolymerised with low refractive index siloxane monomers. These copolymers were cured 

using a platinum-catalysed reaction and tested in real LED castings. 
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Zusammenfassung 

Bei der Entwicklung neuer Hochenergie-LEDs besteht ein großer Bedarf an Verkapselungsma-

terialien, die die Lichtausbeute erhöhen und gleichzeitig bei den hohen Betriebstemperaturen 

thermisch stabil sind. Polysiloxane werden aufgrund ihrer optischen Transparenz, chemischen 

Inertheit, thermischen Stabilität und Strahlungsstabilität häufig hierfür eingesetzt. Einer ihrer 

Hauptnachteile ist ihr niedriger Brechungsindex. Ziel dieser Arbeit war es, neuartige Polysilo-

xane und Nanokomposite mit erhöhtem Brechungsindex unter Beibehaltung der anderen posi-

tiven Eigenschaften von Polysiloxanharzen zu entwickeln. Es wurden neue Nanokomposite 

synthetisiert, die Hafnia- oder Zirkonia-Nanopartikel in Polysiloxan-Matrizen einbetten. In ei-

nem zweiten Ansatz wurden elektronenreiche Atome (Zr, Sn, Hf und Ta) mit Siloxanmonome-

ren copolymerisiert und so in das Polymerrückgrat eingebaut. Beide Ansätze führten zur gerin-

gen Erhöhung des Brechungsindexes und hatten signifikante Einflüsse auf andere Parameter, 

wie die Viskosität. Die dritte untersuchte Methode verwendete hochbrechende, selbstsyntheti-

sierte Siloxanmonomere, die Sauerstoff- oder Schwefelatome in Kombination mit Phenyl- oder 

Phenanthrenylgruppen in den organischen Resten am Siliziumatom enthalten. Um die mecha-

nische Flexibilität zu erhöhen, wurden die erhaltenen Systeme mit Siloxanmonomeren mit nied-

rigem Brechungsindex copolymerisiert. Diese Copolymere wurden mit einer platinkatalysier-

ten Reaktion ausgehärtet und in realen LEDs getestet.  
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Symbols and abbreviations 

2θ Diffraction angle 

aq. Aqueous 

Ba(OH)2 Barium hydroxide 

BPO Benzoyl peroxide 

cat. Catalyst 

CDCl3 Deuterated chloroform 

CHN Elemental analysis 

conc. Concentrated 

CP Cross polarization (NMR) 

d Doublet (NMR) 

δ Chemical shift (NMR) 

δ Deformation vibration (FT-IR) 

DLS Dynamic light scattering 

DMSO Dimethyl sulfoxide 

DSC Differential scanning calorimetry 

EA Ethyl acetate 

Em Integrated Energy of the melting signal (DSC) 

EtOH Ethanol 

EP Epoxide 

FT-IR Fourier-transform infrared spectroscopy 

SEC Size exclusion chromatography 

H Hydride 

H450 Haze value at 450 nm 

HBMC Heteronuclear multiple bond correlation (NMR) 

HCl(aq) Hydrochloric acid 

HRI High refractive index 

Hz Hertz 

iPr iso-propyl 
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IUPAC International Union of Pure and Applied Chemistry 

J Coupling constant (NMR) 

kHz kilohertz 

λ Wavelength 

lm Lumen 

LRI Low refractive index 

m Multiplet (NMR) 

M methyl 

mA Milliampere 

MA methacryl 

MAS Magic Angle Spinning (NMR) 

mbar Millibar 

MeOH Methanol 

Met Metal 

MHz Megahertz 

MM -Si(Me2)-O- 

mW Milliwatt 

ν Stretching vibration (FT-IR) 

n Refractive index 

NEt3 Triethylamine 

NtBu4OH Tetrabutylammonium hydroxide 

nPr n-propyl 

P phenyl 

PDI Polydisperisty index 

PDMS Polydimethylsiloxane 

PDPS Polydiphenylsiloxane 

PH 9-phenantrenyl 

PHM Phenanthren-9-ylmethylsiloxane/ Phenanthren-9-ylmethyldimethoxysilane 

PHP Phenanthren-9-ylphenylsiloxane/ Phenanthren-9-ylphenyldimethoxysilane 

PM Phenylmethylsiloxane/Phenylmethyldimethoxysilane 
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PMPS Polymethylphenylsiloxane 

POP Phenoxyphenyl 

POPP Phenoxyphenylphenylsiloxane/4-(phenoxy)phenylphenyldimethoxysilane 

PP Diphenylsiloxane/Diphenylsilanediol 

PTFE Polytetrafluoroethylene (Teflon) 

PSM Phenylthiomethyl 

PSMP Phenylthiomethylphenylsiloxane/4-(methylthio)phenylphenyldimethoxysilane 

R Organic rest 

RI Refractive index 

rpm Revolutions per minute 

s Singlet (NMR) 

t Triplet (NMR) 

T450 Transmission at 450 nm 

Tb Boiling temperature 

TEM Transmission electron microscopy 

Tg Glass transition temperature (DSC) 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

Tm Melting temperature (DSC) 

TP Triphenylsiloxane/Triphenylsilanol 

V Vinyl 

WI Whiteness index 

wt% Weight percent 

XRD X-ray powder diffraction 

YI Yellowness index 
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1 Introduction and motivation  

The first LEDs were developed in the 1980s using an AlGaInP chip which produces red, orange 

or yellow light.1 Ten years later GaInP chips were used for violet, blue or green light emittance.1  

By combining these chips white light LEDs could be developed.1  The bare chips have to be 

protected from the surrounding, which resulted in the encapsulation with resins like epoxides.2-

10 The aim to increase the light output lead to the development of a new LED generation con-

taining chips with higher energy consumption. The so far used encapsulation materials were 

not suitable anymore because of the resulting increase of the operating temperature above 100 

°C which leads to yellowing.11-12 Polysiloxanes as encapsulation material were  much more 

suitable for these temperatures.12 The downside of these materials is the low refractive index of 

the industrially used polydimethylsiloxane (1.41)13 or polymethylphenylsiloxane (1.53 – 

1.56)14.1, 15-24 The low refractive index of the encapsulant in combination with the high refrac-

tive index of the LED chip leads to a low light extraction efficiency. Encapsulants with higher 

values increase the efficiency of the LED. Therefore, there was a strong need for new polysilox-

anes with higher refractive indices. The search and synthesis for these new materials is the 

motivation for the thesis. 
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2 Theoretical background 

2.1 Light emitting diode 

2.1.1 Solid-state LEDs 

In 1907, Henry J. Round was the first person to emit yellow light from a crystal in a laboratory 

by directly applying 10 – 110 V.24 Eugene G. Acheson produced the first emitting material for 

solid-state LEDs in 1981 in a commercial process made from silicon dioxide and carbon.24-25 

He named the resulting silicon carbide (SiC) “carborundum”.24-25 Modern white LEDs are more 

complex in their design (Figure 1). The LED is built on a metal coated or metallic baseplate for 

heat dissipation (Al or Cu, heatsink). The anode of the chip is electrically conducted over the 

bottom of the chip using a silver coating on the electrically isolated heatsink. The cathode side 

is connected via a gold wire to another area of silver coated and electrically isolated heatsink. 

A polymer, exemplarily polyphthalamide (PPA) filled with titanium oxide nanoparticles, serves 

as housing and reflector cup for increasing the light extraction efficiency. The main part of the 

LED is the chip which is often located in the middle of the reflector cup. It consists of a n- and 

a p-doped semiconductor material like the commonly used blue emitting diode In1-xGaxN. The 

doping can be performed by adding Si4+ for the n-semiconductor side and Mg2+ for the p-side.24, 

26 The upper side of the chip (anode) is conducted with a high conductive noble metal bond 

wire like platinum or gold through the housing to the base plate.1, 23-24, 26 

 
Figure 1: Common designs of a cold white light emitting diode, a) phosphor located directly over the chip, 

b) phosphor located above the encapsulation material (remote-phosphor) and c) phosphor mixed inside 

the whole encapsulation material. 

The emitted blue photons are generated by applying a DC voltage in p-n junction. In the p-sem-

iconductor area electrons are transported to the recombination zone which is located in between 

the p- and n-semiconductor. Positive charge carriers (holes) are transported in the n-semicon-

ductor also to the recombination zone. During recombination, photons with the energy of the 

band gap of the semiconductor material are emitted. The energy of the band gap directly coheres 
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with the wavelength and therefore the colour of the chip which can be adjusted by the material 

and composition of the semiconductor.1, 23-24, 26 The external quantum efficiency (EQE, formula 

(1)) of LEDs describes the ratio of the number of photons emitted from the LED to the number 

of electrons acquired by the chip.27-29  

 𝐸𝑄𝐸 = 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑞𝑢𝑎𝑛𝑡𝑢𝑚 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

∗ 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 
(1) 

The injection efficiency describes the proportion of electrons which are recombined with the 

holes in the active region of the semiconductor between the p- and n-layer to the amount of 

electrons absorbed by the device.27-29 The internal quantum efficiency (IQE or radiative effi-

ciency) is the proportion of electron hole recombination that produce radiation (photons) to the 

amount of recombination’s that overall occur.27-29 The extraction efficiency (optical efficiency) 

is the proportion of photons emitted by the device to the photons created at the recombination 

zone.27-29 The highest EQE of the commonly used materials has the In1-xGaxN at 450 nm, which 

is therefore used for white light emitting diodes. The chip is covered with an encapsulation 

material that is filled with a yellow phosphor consisting of inorganic metal oxide microparticles. 

The phosphor filled encapsulation material can be located directly onto the chip in a thin layer, 

mixed inside the encapsulation material or above the colourless encapsulation material in a 

remote-phosphor design. The blue light (Figure 2) emitted by the chip is partially absorbed by 

the inorganic phosphor which converts it to yellow light. Y3Al5O12:Ce3+ is commonly used 

because of the high fluorescence efficiency of the Ce3+: 5d → 4f transition which emits light in 

a broad range between 500 nm to 750 nm.30  

 
Figure 2: The emission spectrum of the blue In1-xGaxN chip covered with YAG:Ce3+ phosphor. Adapted 

from Born and Jüstel.26 



2 | THEORETICAL BACKGROUND 

4 

 

The cold white light impression is generated by the blue light emitted by the chip and the yellow 

light emitted by the phosphor. Commonly used phosphors like CaAlSiN3:Eu2+, (Ba, Sr, 

Ca)2Si5N8:Eu2+, Lu3Al5O12:Ce3+, Y3Al5O12:Ce3+ or β-Si6-zAlzOz N8-z:Eu2+ contain rare earth 

metals.26, 31-39 In order to achieve a warm white light three different methods are used (Figure 

3).1, 24, 26, 40 A full conversion approach starting with UV light from Hg-vapor (λ = 254 nm) or 

violet one from a GaN chip converts all primary radiation using a blue, a green and a red phos-

phor to secondary radiation. This conversion is inefficient and therefore rarely used.1, 41-42 The 

cold white LED uses the partial conversion approach with the already mentioned blue chip and 

yellow phosphor which are more efficient because of the lower wavelength-conversion losses 

due to lower Stokes-Shift losses.1 The name refers to the low emission in the range of 

480 – 520 nm relating to green light and in the range of 650 – 700 nm relating to the red light 

(Figure 2). To achieve warm white light, an additional red phosphor has to be used with the 

yellow one or a red and green one can be used.38, 43-44 Another approach for generating a warm 

white light impression is the use of a blue (GaInN), a red (AlGaInP or GaAs) and a green 

(GaInN or GaP:N) chip and no secondary conversion.1, 38, 43-44 

 
Figure 3: Four different methods to receive a white LED: a) full conversion from an UV chip using a blue, 

red and green phosphor, b) cold white LED from a blue chip using a yellow phosphor, c) warm white LED 

from a blue chip using a yellow and a red phosphor and d) warm light LED from a blue, a red and a green 

chip.1, 24, 26, 40 
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2.1.2 Organic hybrid and quantum dot LEDs 

Organic light emitting diodes (OLED) as well as quantum-dot light emitting diodes (QLED) 

use a different type of converter of phosphor compared to solid-state LEDs.45-48 They are now 

commonly used in display applications. The photons of the OLEDs are generated directly by 

applying an electrical current to an emissive electroluminescent organic layer, which is located 

between two electrodes where at least one is transparent.46-48 Small organic molecules like 

tris(8-hydroxyquinolinato)aluminium49, polymers like poly(p-phenylene vinylene)50 or phos-

phorescent materials like tris[2-(p-tolyl)pyridine]iridium(III)51 are used. The OLEDs allow the 

productions of slimmer screens with darker black colours, stronger contrasts and higher screen 

refresh rates compared to LED displays.45-48 The downside of the OLED displays is their lower 

external quantum efficiency and lower lifetime because of the organic phosphor.45-48 Hybrid 

organic LEDs use organic molecules like perylene partially or completely substituting the in-

organic phosphor particles.52 Because they are less stable towards the heat and radiation gener-

ated by the chip, normally a so-called remote-design is used (Figure 1 b)).45-48  

QLEDs use photo-emissive or electro-emissive quantum dots, which emit pure monochromatic 

light either by the conversion of a backlight or directly from the electrical current.45, 53-54 Photo-

emissive quantum dots can consist of organic-inorganic perovskites CH3NH3PbX3, where the 

colour can be adjusted by substituting the halogen anion X from chlorine over bromine to iodine 

which results in a successive redshift ranging from 380 nm to 740 nm.55 Electro-emissive quan-

tum dots can consist of a CdSe core with a ZnS shell.54 Hybrid applications are also known 

using CdZnS/ZnS and CdZnSeS/ZnS core-shell particles with tris(1-phenylisoquinoline)irid-

ium(III).56 The emission of monochromatic light results in a higher brightness and a full colour 

coverage compared to LEDs or OLEDs. The black colour and the contrast are equivalent to 

OLEDs. The downside of QLEDs is the use of toxic chemicals like cadmium, lead or sele-

nium.45 

2.1.3 Reliability 

The lifetime of LEDs depends on their design, application, and environment. Ultra-high-bright-

ness LEDs operate at more than 3 W of power consuming over 1000 mA.29 Despite having a 

high efficiency temperatures around 200 °C can be reached inside the chip.29 The whole LED 

package including the reflectors cup, the light emitting diode, the phosphor as well as the en-

capsulant has to withstand the mechanical, thermal, electrical and photophysical stress.29 The 

LEDs lifetime is determined by measuring the lumen maintenance thus the light output and the 

colour, which slightly reduces over the time. Because LEDs rarely fail completely, the lifetime 
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is determined based on 50 % light output degradation by the display industry (L50) and 70 % 

light out degradation by the lightning industry (L70), respectively.29 These definitions result in 

a lifetime of 50000 h to 70000 h.29 These number are extrapolated operating times using the 

lifetime determined with accelerated conditions, for example using 2000 mA and environmen-

tal conditions of 150 °C and 85 % humidity. The colour change is determined by calculating 

the colour rendering index (CRI) and the efficiency is calculated in lumen/watt by measuring 

the lumen output and the consumed power.29 External factors reducing the lifetime are high 

temperatures, high humidity or pollutants, which contain R2NH or RSH groups like ammonia 

or hydrogen sulfide.57-59 Internal failures can be divided into three groups: the package, the 

interconnects and the semiconductors. The proportion of all internal failures across 212 million 

operating hours are displayed in Figure 4.60 The main failure category is the driver power supply 

with 73 % and the second most failures relate from the housing integrity with 17 %. The elec-

trical constant, the driver controls and the LED package add up the remaining 10 %.  

 
Figure 4: SSL Luminaire - Failure by category, as % of all failures across 212 M field operating hours. 

Redrawn from Next Generation Lighting Industry Alliance, LED Systems Reliability Consortium.60 

The package related failure mechanisms can be separated into: 

• Carbonisation of the plastic encapsulant which results in a conductive path across the 

LED causing a short circuit and the loss of protecting ability of the encapsulant from 

the surroundings because of high ambient temperatures or electrical overstress leading 

to Joule heating.61-62  

• Delamination resulting from cyclic stress causing the loss of mechanical adhesion be-

tween the silicone encapsulant and the diode,63 between the LED chip and the diode 

holder64-65 or the packaging lead frame and the encapsulant66. 
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• Encapsulant yellowing and aging caused by the high energy radiation and the high tem-

peratures generated by the diode leading to hardening of the epoxide or polysiloxane 

resin which causes cracking, chain scission by radical formation and yellowing.67-69 The 

latter parameter also results in a reduced amount of light emitted and a change of the 

colour.70-72  

• Lens cracking caused by poor board assembly processing, hygro-mechanical or 

thermo-mechanical stress resulting in a decreased amount of light output due to internal 

reflections.24, 73-74  

• Phosphor thermal quenching describing the efficiency reduction of the phosphor with 

increasing temperature resulting from the increase of the nonradiative transition due to 

thermally driven phosphorescence decay.75-78  

• Solder joint fatigue and describes the degradation of electrical connections and the LED 

with time caused by the different thermal expansion coefficients resulting in shear be-

cause of the temperature changes.79-82 The interconnect related failures can result from 

electrical overstress-induced bond wire fracture or wire ball bond fatigue caused by high 

forward current.63, 83  

Also electrical contact metallurgical interdiffusion causes failures because of thermally ac-

tivated semiconductor-metal and metal-metal interdiffusion resulting from the alloying and 

intermixing of the contact metals by in- and out-diffusion of the electrical contact.84-85 The 

electrostatic discharge (ESD) failure mechanism only occurs in LEDs with sapphire sub-

strates caused by rapid open circuit failure in LEDs because of the reversed biased pulse.86-

87 The semiconductor can failure by a crystal defect resulting in a reduction in the lifetime 

of non-equilibrium electron hole pairs.88 This also increases the multi-phonon emissions 

under high currents, which then result in strong vibrations of the defect atoms leading in a 

reduction of the energy barrier for defect motions like migration, creation or clustering.89-94 

Extreme thermal shocks as well as high electrical stress can result in diode cracking, first 

resulting from the difference in the thermal expansion coefficient.63, 86, 92 Another semicon-

ductor failure is caused by the electromigration of atoms from the electrical contact to the 

chip surface which leads to a short circuit or of metal diffusion in the inner region from the 

p-contact across the junction creating current spikes.94-96 Because of all these possible fail-

ures, LED manufacturer are evaluating their devices in various tests at different tempera-

tures maintaining or cycling in the range of −40 °C to 200 °C, different humidity’s of up to 

85 % and different currents up to several amperes.29, 97 The data obtained by these tests 
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allow a lumen maintenance forecast accurately to 60000 hours using the Arrhenius model 

(Equation (2))29 or the Weilland distribution (Equation (3))97. 

 
𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟𝑇𝑒𝑚𝑝 = e

𝐸𝑎
𝑘

(
1
𝑇𝑢

−
1
𝑇𝑎

)
  (2) 

 
𝑓(𝑥; 𝑘; 𝜆) =

𝑘

𝜆
(
𝑥

𝜆
)
𝑘−1

𝑒−(
𝑥
𝜆
)
𝑘

 (3) 
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2.2 Overview of LED encapsulation materials 

Encapsulants for LEDs have to meet different requirements including high refractive index,  

high-temperature stability, high transparency, chemical stability and hermeticity.24 Usmani et 

al. specified these requirements for their polymer investigations.98-99 The refractive index at 

25 °C has to exceed 1.50 while a value of 1.60 is desirable. The resin should withstand 85 °C 

and 85 % relative humidity for over 1000 hours. A good temperature performance including 

some degree of flexibility because of the different thermal expansion coefficients has to be 

available to withstand thermocycling. Other requirements are a hydrolytic stability, low mois-

ture sensitivity, good clarity, a straightforward curing process where nongaseous products are 

evolved and the shrinkage has to be below 8.0 %.98-100 The cured resin has to be tough, prefer-

ably infusible and has to have a good adhesion to the housing, good wetting of the metallic 

components but no interference with the electronic parts. In addition, a resistance to polymeri-

sation or depolymerisation under ambient conditions and to corrosion has to be given. Consid-

ering these requirements, four material classes are suitable (Table 1).98-100 

Table 1: Advantages and disadvantages of commonly used materials, rewritten from Usmani et al. 98-99 

Material Advantages Disadvantages 

Epoxides Wide range of formulation 

Low shrinkage 

Excellent adhesion 

Moisture sensitivity 

Reversion on prolonged exposure to high 

temperature and humidity 

Loss of mechanical properties in elevated 

temperature/high humidity environments 

Polyesters Wide range of formulation 

Low cost 

Short cure cycle 

High shrinkage 

High exotherm 

Poor thermal shock 

Silicones Low exotherm 

Wide range of temperature usage 

(−75 °C to 260 °C) 

Flexible 

High cost 

Poor adhesion to most materials 

Poor mechanical properties 

Small range of formulation 

Urethanes Abrasion resistance 

Toughness 

Flexibility 

Toxicity 

Limited temperature range (95 °C max.) 

Sensitive to moisture 
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Polyesters have a wide range of formulations, are very cheap and can be cured very fast, but 

the downsides are the high shrinkage and the highly exothermic reaction.98-99 The usable tem-

perature range is small and they have to be heated up and cooled down slowly, respectively.98-

99 Urethanes have a good abrasion resistance, toughness and flexibility, but they are toxic, sen-

sitive to moisture and can only be used at lower temperatures.98-99 Recently polyurethanes also 

are used in car headlights or LED stripes as protective layer and as encapsulant because the 

toxicity and moisture sensitivity is here reduced.101 

The advantages of epoxides are their wide range of formulation, low shrinkage, and excellent 

adhesion in addition to their low cost. The downsides are mostly irrelevant for low energy LEDs 

with an amperage of around 20 mA because they operate at low temperatures and ambient hu-

midity environments.29 Therefore, epoxy resins were already used in the 1970s because they 

meet these characteristics for the commercial available LEDs at that time.100 The system often 

is a two component system with an epoxide resin and a hardener which are mixed in a 10:1 

ratio and cured at 120 °C to 200 °C for several minutes.24 The synthesis of the resin is performed 

by an acidic hydroxyl-group and epichlorohydrin, where the alcohol often is bisphenol A (Fig-

ure 5).102-107 Novalac, aliphatic or halogenated epoxy resins are also commonly used.102-107 

 
Figure 5: Synthesis of the liquid epoxide component exemplarily shown for DEGBA. 

The hardener often contains primary or secondary amines like triethylenetetramine, which re-

acts with DEGBA in an addition reaction (Figure 6).98, 102, 105, 107 Epoxides also can be cured 

with various substances ranging from an anionic or cationic catalyst which then results in a 

copolymerisation towards anhydrides, phenols or thiols.102, 105 Besides the thermally catalysed 

curing reaction it also can be photocatalysed by UV light using onium salts like triphen-

ylsulfonium hexafluorophosphate.104, 108 
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Figure 6: Synthesis of epoxide resin from DGEBA and triethylenetetramine. 

An additional disadvantage of epoxides is the loss of transparency in LEDs using short wave-

lengths dies in the ultraviolet, violet or blue range because the encapsulant cracks and isolates 

part of the junction reducing the light output in addition to yellowing.109 Modern high energy 

LEDs with an amperage of over 1000 mA produce up to 200 °C which exceeds the thermal 

stability of epoxides which are chemically long-term stable up to 120 °C.24, 29 The ideal encap-

sulant for these high temperatures are the silicones. They are commercially used since the early 

2000s, because of their thermal stability even at over 200 °C.24 Their flexibility which remains 

forever compared to plastics with softeners because it relates from the atom structure of both 

silicon and oxygen and therefore also the resulting Si-O bond.110 Because the curing reaction is 

low exothermal, they can be mixed and cured in large sample sizes making them suitable for 

high throughput manufacturing and industrial scale. The downsides are the relatively high cost 

for these materials compared to the other three and the poor adhesion to most materials and 

poor mechanical properties but these downsides have been solved in the last decade.24, 111-115 

Another important disadvantage is the relatively low refractive index because of the limited 

formulations available to the industry. Mainly methyl and phenyl side-groups are used and es-

tablished, respectively. This leads to a RI between 1.40 and 1.55 which cannot easily be in-

creased compared to epoxides.13-14 The heat generated by the chip cannot be conducted away 

by both the epoxides and silicones because they have a low thermal conductivity of 

0.5 W/(m∙K)116 and 0.9 W/(m∙K)17, respectively. This leads to a more complex construction of 

the high energy LEDs including the heat sinks. Other possibilities for increasing the thermal 

conductivity is the incorporation of nanoparticles like titanium oxide, which increased it from 

0.9 W/m·k to 1.4 W/m·k using 2 wt% nanoparticles in OE-655017, 117 or graphene with 

OE-6630 from 1.5 W/cm·k to 4.7 W/cm·k118. 
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2.3 Polysiloxanes 

2.3.1 Structural characteristics of polysiloxanes 

The polymer chain of polysiloxanes consist of Si-O bonds, which are different compared to the 

C-C bond because they are partially ionic and thus reveal a partial double bond character.119 

This results from the large difference of the electronegativities of silicon with 1.8 and oxygen 

with 3.5 according to Pauling, which results in an estimated 37 % to 51 % ionic character.119-

121 This partial double bond character leads to higher bond energy of 460.5 kJ/mol compared to 

358.0 kJ/mol for the C-O bond or 304.0 kJ/mol for the C-C bond.122 The Si-C bond has an 

energy of 318.0 kJ/mol and is therefore comparable to those of C-O and C-C bonds.123 The high 

bond energy is the reason for the unusual high thermal stability compared to epoxides or 

poly(methyl methacrylates).121, 124 The bond length in linear polysiloxanes is with 164 pm 

slightly larger than the 154 pm of the C-C or 142 pm of the C-O bond.119, 121-122 The Si-C bond 

length to organic substituents is very long with 188 pm121 and thus allows an easy rotation even 

for sterically demanding side-groups. The Si-O bond has a rotation barrier of < 0.8 kJ/mol and 

the Si-C one of 6.7 kJ/mol compared to 11.3 kJ/mol for C-O and 15.1 kJ/mol for C-C bonds.121, 

125 Another reason for the flexibility despite the longer bonds are the alternation of the different 

bond angles between Si-O-Si and O-Si-O in the backbone which can vary between 110° and 

143°.119, 121 Both result in a very low glass transition temperature compared to other organic 

materials used in the optical field.126 The Si-O backbone is strongly polarized but is not having 

strong intermolecular interactions, because the nonpolar side-groups shield the backbone. This 

reason results in a very low critical surface tension comparable to Teflon and leads to a high 

chemical inertness, also because of the high Si-O bond energy.127-129 Silicones have a very high 

transparency, because their band gap is energetically too high to be reached by photons of the 

visible light.129 The vibrational overtone and combination bands of the methyl-groups cause the 

main absorption loss.130 Silicones have a very high gas permeability compared to most of other 

polymers. The permeability can be reduced slightly by increasing the amount of cross-linking 

and by adding fillers.121 The flexibility of the Si-O backbone creates “openings” which are free 

volume. Gases diffuse into these free volumes and migrate from one to another free volume. 131 

PDMS has a very high permeability towards water vapour (Figure 7). The moisture permeabil-

ity ranges from 68 g·m-2·24·h-1 to 122 g·m-2·24·h-1 compared to the 28 g·m-2·24·h-1 to 37 

g·m-2·24·h-1 for epoxides.132 
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Figure 7: Relative gas permeability compared to water for PDMS. Redrawn from S. J. Metz.133 
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2.3.2 Synthesis of silicon monomers and polysiloxanes 

Polysiloxanes (Figure 8) consists of linear or cross-linked Si-O bonds with Si-C and Si-H 

bonds, respectively. They are named M (monovalent), D (divalent), T (trivalent) and Q (quad-

rivalent) depending on the substitution pattern around the Si atom.134 The terms silicone is often 

referred to polymers while siloxane is referred to oligomers which are linear molecules with up 

to nine repeating units (L9), although no exact naming is defined.135 Besides linear oligomers 

(L2 to L9), small cyclic units called cyclosiloxanes with three to six Si-O building blocks (D3 to 

D6) also belong to the group of siloxane molecules.134 

 
Figure 8: Structure elements of polysiloxanes. 

The monomers with at least two alkoxide or hydroxide-groups can be polymerised using either 

a basic catalyst like n-tetrabutylammonium hydroxide or acidic catalyst like hydrochloric 

acid.136-138 Under acidic conditions (Figure 9) the first step in the hydrolysis involves the fast 

proton addition.139-141 A water molecule then reacts in a slow SN2 reaction and releases an al-

cohol and a proton resulting in a λ1-silanol. In the condensation step this new group is first 

protonated in a fast reaction and then another λ1-silanol molecule reacts with the protonated 

species to form a new Si-O-Si bond under hydronium secession. 

 
Figure 9: Mechanism of acid catalysed hydrolysis and condensation in a polycondensation.139, 142-143 
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For the acid catalysed reaction the rate-controlling step is the formation of the Si-O-Si bond 

which leads to more linear-like networks which are minimally branched with a low amount of 

siloxane bond and a high amount of silanol bonds.139-142 

Under basic conditions (Figure 10) the first hydrolysis step involves a SN2 reaction of the hy-

droxide to the silicon atom which results in an alkoxide leaving group.139-142 In the condensation 

step another hydroxide deprotonates the λ1-silanol in a fast reaction under water release. The 

resulting siloxide ion reacts nucleophilic with another λ1-silanol in a slow reaction leading to a 

new Si-O-Si bond and a hydroxide. The base catalysed reaction has a high rate of condensation 

which leads to a dense and highly cross-linked network with fewer silanol-groups compared to 

the amount in the acid catalysed reaction.139-142, 144 

 
Figure 10: Mechanism of base catalysed hydrolysis and condensation in a polycondensation.139, 142-143 

In Figure 11 the relative reaction speeds are shown for the hydrolysis and the condensation 

reaction under different pH values.139, 142, 144  

 
Figure 11: Relative reaction rate for condensation and hydrolysis depending on the pH value. Redrawn 

from Schubert et al.145  
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At low pH values between zero and five both reaction speeds are similar and decrease with 

increasing pH value starting from a high reaction rate.142, 145 The reaction rate of the hydrolysis 

further slows down and reaches a minimum at pH seven.142, 145 Afterwards the speed increases 

again to a medium fast reaction rate at pH = 14.142, 145 Between the pH value of five to 14 the 

condensation rate increases up to a value of nine and then decreases again showing that the 

optimal pH value is around nine.142, 145 Factors that also control the reaction speed are the type 

of alkoxide R. Because of sterical effects the speed of the hydrolysis is reduced in the order: 

Si(OMe)4 > Si(OEt)4 > Si(OnPr)4 > Si(OiPr)4.
145-146 The hydrolysis is affected by the amount of 

condensation reactions (Figure 12) which have occurred at the same silicon atom. The minimal 

turning point shifts with each reaction to lower pH values by about 1.2 pH values because the 

silanol acidity increases.145, 147 

 
Figure 12: Hydrolysis relative reaction rate depending on the pH value and increase amount of occurred 

condensation reactions at the same silicon atom. Redrawn from Loy et al.147 

The substitution pattern in polycondensation reactions is also relevant. An increased number of 

organic substituents from Q < T < D < M silicon atom increases the hydrolysis reaction speed 

because of the higher electron density at the silicon atom.145-146 The type of organic side-group 

only slightly changes the hydrolysation speed. The minimal turning point shifts towards lower 

pH values and overall is located slightly higher resulting in a decreased speed from phenyl > 

methyl > ethyl > propyl > butyl.147-149 The hydrolysis and therefore also the condensation reac-

tion according to Delattre et al. cannot be 100 % completed using sterical demanding monomers 

with a high amount of possible cross-linking reactions like methacryloxypropyl trimethox-

ysilane and water in stoichiometric amounts.150 5 % of unreacted methoxy-groups are still pre-

sent after 14 days.150 
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2.3.3 Cross-linking reactions 

Sol-gel reactions can result in solid polysiloxanes with the downside that during the polymeri-

sation, the alkoxide and hydroxyl-groups react to alcohol and water, respectively. This leads to 

release of partially poisonous gases in the case of methanol and to shrinkage of the material 

leading to mechanical stress. Another type of these one-component reaction is the curing 

through moisture at room temperatures (RTV rubber = room temperature vulcanising rub-

ber).151-153 The moisture curing mechanism for the organotin carboxylate-catalysed hydrolytic 

condensation is similar to the sol-gel process. The main difference is that in a sol-gel process T 

and Q silicon atoms are present which form colloidal particles and in a RTV rubber long and 

already cross-linked polysiloxanes with mainly D silicon atoms are present and only a few 

alkoxide-groups are left for further cross-linking with an organotin catalyst like dibutyltindiac-

etate (Figure 13).151  

 
Figure 13: Reaction mechanism of the organotin carboxylate catalysed hydrolytic condensation. A) For-

mation of the reactive polysiloxane-tin-species, b) hydrolysis of this species and formation of a silanol-

group terminated polymer and c) reaction of a) and b) resulting in a cured polysiloxane with the release of 

the active tin species R3SnOH.151 

The catalyst hydrolyses under acetic acid release and this unstable species reacts then with an 

alkoxide-group of the polysiloxane (Figure 13, a)).151 The organotin-silicone terminated mac-

romolecule hydrolyses to the silanol-group terminated polysiloxane (Figure 13, b)).151 The ac-

tive tin species a) and the silanol-group containing polymer b) then react under release of the 

active organo-tin catalyst towards a new polysiloxane (Figure 13, c)).151 If reaction b) and c) 

occur at least three-times inside the cain, the result will be a cross-linked polymer. 
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To solve the problems of toxicity and shrinkage, the curing of one or two component systems 

is performed using addition reactions which show a shrinkage of below 1 %.13-14, 154-155 The 

required special silicon homo- or copolymers were polymerised in a polycondensation process 

or ring-opening reaction. One possible class of compounds are methacrylate or vinyl side-group 

containing polysiloxanes which can be cross-linked in a photoinduced radical reaction.156-160 

This reaction is often used in one component systems and can be started at room temperature. 

The radical mechanism for the photoinduced reaction starts with the formation of an excited 

photoinitiator like benzophenone turning into an instable biradical (Figure 14, a)).157-158 This 

decomposes into a benzoyl and a phenyl radical. The benzoyl radical further decomposes into 

CO and a phenyl radical. The chain propagation reactions can then be performed using meth-

acrylate (Figure 14, b)) or vinyl-groups (Figure 14, c)).157-158 

 
Figure 14: Photoinduced radical mechanism of silicone polymers for cross-linking using benzophenone as 

starter. A) photoactivation of the initiator, b) continuous chain propagation with methacrylate side-groups 

and c) a similar reaction applying vinyl-group induced cross-linking.157-158 

Another possibility is the use of the thiol-ene reaction using vinyl (Si-V) and thiol (S-H) groups 

(Figure 15),161-162 which can be cross-linked thermally, applying a direct photoinitiation without 

the use of a photoinitiator, or by using a thermally activated radical initiator like azobisisobu-

tyronitrile (AIBN). In optical application the probably mostly used cross-linking reaction is the 

hydrosilylation between hydride (Si-H) and vinyl (Si-V) groups.163-164 

 
Figure 15: Thiol-ene reaction of polysiloxanes.161-162 
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Various catalysts can be used including iron, cobalt, nickel or even organic catalysts like tet-

rabutyl phosphonium chloride.165 The most common commercially used catalyst types are plat-

inum based.163, 166-207 Five widely used catalysts are shown in Figure 16.165, 172, 182, 208-209 The 

Speier’s catalyst was the first one used for hydrosilylation reactions, it is highly active but often 

requires a co-catalyst because it easily poisons.182, 189, 209 The Lamoreaux’s catalyst has a low 

reactivity, increases the flammability resistance of silicones, and requires high temperatures 

around 170 °C to operate.209-210 The Karstedt’s catalyst is the most known one since it is used 

in industrially available silicone mixtures because it already starts at room temperature and is 

already very fast at lower temperatures of around 100 °C.209-212 The Ashby-Karstedt’s or just 

Ashby’s catalyst is used for cross-linking at moderately elevated temperatures around 60 °C.209-

210, 213 The Osskos’s catalyst is used when the curing is supposed to start at elevated tempera-

tures around 100 °C.209-210 One advantage of a catalyst which starts at higher temperatures is 

that solvent evaporates before the curing process starts, which avoids the formation of bubbles 

in the cross-linked material. 

 
Figure 16: Commonly used platinum catalysts for the hydrosilylation reaction.165, 172, 182, 208-209 

The Chalk-Harrod mechanism describes the platinum catalysed hydrosilylation reaction (Fig-

ure 17).165, 172 The catalytic cycle starts with the activation of the catalyst by a ligand release. 

The oxidative addition with the silane results in a Pt(II) centre. The vinyl-group containing 

siloxane then coordinates to the metal centre. The vinyl-group insertion reaction can then occur 

according the Chalk-Harrod mechanism by transferring the hydrogen atom to the opened dou-

ble bond while the silicon atom remains at the metal core. In a reductive elimination reaction 

this silicon atom is transferred to the opened double bond and the platinum is reduced to valence 

zero. The modified Chalk-Harrod mechanism describes the vinyl insertion reaction differently, 

the silicone atom is transferred to the double bond while the hydrogen atom remains coordinated 

at the platinum centre. The reductive elimination reaction then transfers this hydrogen atom to 

the carbon atom. The valence of the platinum is reduced to zero and the molecule or polymer 

is released, respectively. The addition for polymers occurs according to the anti-Markovnikov’s 

rule because of the sterical hindrance of the silicone atoms neighbouring groups.165, 214 For small 

molecules the hydrosilylation reaction can also happen according to Markovnikov’s rule.215-216 
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Figure 17: Chalk-Harrod and modified Chalk-Harrod mechanism.165 
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2.3.4 Thermal decomposition mechanisms 

The special bonds present in polysiloxanes result in a different decomposition mechanism com-

pared to the thermal degradation processes occurring in plastics. Linear siloxanes are known to 

decompose thermally in an intramolecular backbiting mechanism (IBBM) resulting in the elim-

ination of small cyclosiloxanes like D3 or D4 (Figure 18 a).119 This type of decomposition is 

facilitated if the polymer chains are long and flexible where at least four silicon D groups being 

present next to each other.119 The activation energy is between 159 kJ/mol to 178 kJ/mol ac-

cording to Dvornic and around 167 kJ/mol according to Grassie et al.217-218 A similar decom-

position mechanism is the intermolecular depolymerisation which occurs when two parallel 

linear polysiloxanes form a cyclosiloxane under chain rearrangements (Figure 18 b).119 The 

other decomposition mechanism is called preliminary hydrolysis occurring at the end of the 

polymer chain in the presence of a silanol terminated linear silicon D chain with at least three 

silicon atoms and water which also results in the release of small cyclic molecules like D3 or 

D4 (Figure 18 c).119 The activation energy here is lower with around 35 kJ/mol.217-218 

 
Figure 18: Thermal degradation mechanisms, a) intramolecular backbiting, b) intermolecular depolymer-

isation and c) preliminary hydrolysis. 

Linear silanol-group terminated polysiloxanes have a similar decomposition temperature, here 

referred to 5 % mass loss, of 380 °C compared to the trimethylsilyl terminated ones with around 

420 °C according to Grassie and Macfarlane.217 The silanol-group can be removed in a target 

manner by adding chlorotrimethylsilane with a weak Lewis base like triethylamine (Figure 

19).219-221 
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Figure 19: End group capping of silanol terminated polysiloxanes using trimethylamine and chlorotrime-

thylsilane. 

If phenyl side-groups are also present besides methyl side-groups an additional decomposition 

reaction can occur.222 Silanol end groups slightly reduce the thermal stability because of the 

preliminary hydrolysis but at the same time when a phenyl-group containing silicon D group is 

nearby the M + D group can react at around 300 °C to form a cross-linked T group under ben-

zene release which then blocks the IBBM and increases the thermal stability.218, 222 

 
Figure 20: Benzene formation when a silanol M silicon atom and a phenyl-group containing silicon D 

atom react towards a silicon T atom. 

After the polycondensation it is important to remove the remaining catalyst acid or base because 

they drastically reduce the activation energy for the thermal decomposition by a hydrolytical 

degradation reaction initiated by H+ or HO- down to around 130 °C which was shown by adding 

5 % KOH to the earlier mentioned silanol terminated polysiloxanes according to Grassie and 

Macfarlane.217 The reason for all of these degradation mechanisms is the presence of several 

silicon D atoms next to each other and therefore additional T or Q silicon atoms or D atoms 

with already cross-linked side-groups from the hydrosilylation reaction (2.3.3) need to be pre-

sent. If exemplarily an IBBM occurs the volatile cyclosiloxane is not released from the polymer 

(Figure 21). A higher amount of cross-linking inside the material can be achieved by adding 

small highly hydride or vinyl functionalised molecules like Q-resins, D3
H, Me or D4

V, Me cy-

closiloxanes.223-225 

 
Figure 21: Intramolecular backbiting in the presence of a functional D atom or T group.  
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All described reaction mechanisms are present under oxygen or inert atmosphere. A different 

mechanism is the thermo-oxidative degradation which occurs at temperatures above 350 °C 

only in the presence of oxygen. The biradical O2 starts the decomposition by the insertion in a 

C-H bond from a methyl side-group to form a peroxide. In the case of PDMS the decomposition 

products are ~25 % CO, ~17 % H2O, ~4 % CH2O, ~2 % CO2, methanol, and formic acid.119 

The remaining solid at around 600 °C is pure silica.119 The stability of the organic side-groups 

decreases from phenyl over vinyl over methyl to ethyl.226 
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2.3.5 Refractive indices of polysiloxanes 

The refractive index of the encapsulant is important for the light extraction efficiency Pout of 

the LED. Because the diodes in high energy LEDs have a high RI of over 2.5, the RI of the 

encapsulant has to be high, ideally in the middle between the values of the chip and the lens. 

This results in the maximum amount of light extraction efficiency and therefore brightness of 

the LED. The difference of the RI’s results in a change of the angle of the incident ray to the 

angle of the refracted ray (Figure 22) according to Snell’s law (Equation (4) and (5)).227 

 𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2 (4) 

𝑃𝑜𝑢𝑡 =
𝑃𝑒𝑠𝑐𝑎𝑝𝑒

𝑃𝑠𝑜𝑢𝑟𝑐𝑒
= 1 − cos (arcsin

𝑛2

𝑛1 
 ) (5) 

If the incident ray has an angle larger than the critical angle ΘC total internal reflection occurs 

(Equation (6)). The critical angle therefore has to be as large as possible to reduce the amount 

of efficiency loss of the LED. 

𝜃𝐶 = arcsin (
𝑛2

𝑛1
𝑠𝑖𝑛 𝜃2) (6) 

 
Figure 22: Light extraction paths inside a LED.47 

The efficiency for a GaN chip based LED with a RI of 2.5 depends on the RI of the encapsulant 

(Figure 23) as shown in equation (5).137 The curve shape shows that the encapsulant has to have 

a RI of over 2.2 to achieve 50 % light output. The effect of a lens is here not considered.  
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Figure 23: Light extraction from GaN depending on the encapsulant RI.137 
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The RI also has to be as high as possible because during the LED operation the generated heat 

decreases the RI of the polysiloxanes.121 Commonly used encapsulation materials are divided 

into low refractive index (LRI) polymers and high refractive index (HRI) polymers. LRI pol-

ysiloxanes have a RI around 1.41 and consist of polydimethylsiloxanes like Shin-Etsu KJR 

9022E-1.13 HRI polysiloxanes have a RI of over 1.53 and consist of polymethylphenylsiloxanes 

and polydiphenylsiloxanes like Dow Corning OE-6630, respectively.14 The RI of the HRI sys-

tems is still too low to archive a high light output when using high energy LED chips with a RI 

of over 2.5. For estimating the refractive index of polymers the Lorentz-Lorenz formula (Equa-

tion (7) and (8))136 can be used.  

𝑛2 − 1

𝑛2 + 2
=

∑ 𝑅𝑖𝑖

∑ 𝑉𝑖𝑖
  (7) 

𝑛 = √
1 + 2∑ 𝑅𝑖𝑖 ∑ 𝑉𝑖𝑖⁄

1 − ∑ 𝑅𝑖𝑖 ∑ 𝑉𝑖𝑖⁄
  (8) 

The empirical constants (Table 2) for the molar refraction (RM) and molar volume (VM) slightly 

vary depending on the source.20, 136, 228-230 The RI can be increased by using atoms or groups 

with a high RM/VM value like phenyl or sulfur. When comparing the halogens, the RI impact 

increases with increasing atom size and electron amount, respectively. 

Table 2: Empirical constants for the Lorentz-Lorenz equation.20, 136, 228-230  

 Si O S Me Ph V H OH F Cl Br I 

RM 

[cm3/mol] 

9.00 1.62 8.3 5.90 25.8 10 1.40 2.44 0.95 5.97 8.86 13.9 

VM 

[cm3/mol] 

31.2 9.05 16.6 25.8 74.1 39 10.3 12.2 18 24 30 31.5 

RM/VM 0.29 0.18 0.50 0.23 0.35 0.26 0.14 0.20 0.05 0.25 0.30 0.44 
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2.3.6 Overview of recent literature 

In the recent years, many different approaches were made to improve commercially available 

polysiloxanes or compare them with their own systems by using either nanocomposites, differ-

ent organic side-groups or by incorporating metal atoms inside the polymer backbone. The 

OE-6630 system is used in various patents,231-233 as well as in literature for comparing with self-

synthesised systems, for example with a polydiphenylsiloxane (Figure 24) by Kim et al.138, 234-

235  

 
Figure 24: Synthesis procedure for the polydiphenylsiloxane by Bae et al. (Redrawn).235 

They compared the refractive index, as well as the transmission and the photoluminescence of 

two fabricated LEDs during an aging test at 85 % relative humidity and 85 °C for 1008 hours 

with their own highly phenylic two component system to show the advantages.234 They 

achieved a RI of up to 1.57 compared to the 1.53 of the OE-6630 and a transmittance of 90 % 

and a thermal stability with 5 % mass loss of 431 °C. 234  

In a later study, they also compared the OE-6630 system with their advanced highly phenylic 

polymer, which consists of up to 5 wt% zirconium.138 Kim et al. could increase the refractive 

index up to 1.58 and a transmittance of 88 %.138 They also compared the thermomechanical 

property, the luminous flux as well as the light extraction efficiency and changes in the CIE 

colour coordinates during an aging test at 85 % relative humidity and 85 °C for 1008 hours onto 

a fabricated LED chip.138 
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Yang et al. compared the OE-6630 system with their UV-curable polysiloxane with epoxide 

side-groups to be able to cure them with antioxidants and an oxetane cross-linker.108 The anti-

oxidants were used to drastically reduce the yellowing during the thermal aging at 120 °C for 

1008 h.108  The OE-6630 as well as the self-prepared system did not change the transmittance 

after the initial 90 %.108 The refractive index is with 1.54 slightly higher than the one of the 

OE-6630.108 

Chung et al. also compared their own zirconia rich polysiloxane with the commercial OE-6630 

system to show the superiority of their system.236 They synthesised methacrylate-group surface 

modified zirconia nanoparticles with a diameter of 6.6 nm.236 Their one-component polysilox-

ane consists of methyl, phenyl and methacrylate-groups which enables the cross-linking with 

BPO to receive a solid material.236 They compared the viscosity, hardness, refractive index and 

luminescence intensity, which are all outstanding.236 A transparency of 97 % with a refractive 

index of 1.62 could be achieved, but with a T95% of 260 °C.236  The relative output power under 

a “Temperature-Humidity Bias Life Test” showed that their system cannot endure these testing 

conditions.236 

The OE-6630 polysiloxane was used in a study of Jang et al., where they embedded up to 

0.15 wt% graphene sheets into the polymer to reduce the high gas permeability, which was 

tested with hydrogen sulfide gas.118 They also observed that these layers reduce the ratio of 

generated cracks form 65 % to 15 % in their test setup and increased the thermal conductivity 

by 260 %.118 The thermal conductivity increased by 263 % und the thermal expansion coeffi-

cient decreased by 92 %.118 The transmittance dropped to 83 %.118 
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2.4 Methods for increasing the refractive index 

The refractive index (RI) of the materials is mainly affected by the electrons and therefore by 

the elemental composition of the encapsulant. Thus, it appears that generally the incorporation 

of heavier elements in the material will have a positive effect on the RI. The used materials are 

siloxane-based, meaning that they consist of silicon, oxygen, carbon, and hydrogen, which are 

all relatively light elements with low refractive indices. Three main possibilities can be used for 

the incorporation of heavier elements in the materials. First is mixing the siloxane matrix with 

inorganic nanoparticles (e.g. TiO2 or ZrO2). The particles have to be colourless in order to re-

ceive a colourless encapsulant. Also, the size of the particles and their compatibility with the 

matrix which can be influenced by capping agents are important to obtain transparent materials. 

The difference in the refractive indices of the particles and the matrix is important. The nano-

particles can either be simply mixed into the matrix or covalently connected with it. Second is 

the modification of the siloxane matrix with heavier elements directly connected to the back-

bone formally carried out by replacing oxygen with sulfur or silicon with zirconium. This is 

possible by changing the precursor molecules in the synthesis of the silicone or by co-conden-

sation in a non-hydrolytic polycondensation process. Third and last is the modification of the 

siloxane matrix by introducing larger aromatic moieties than phenyl-groups for example naph-

thyl or phenanthrenyl ones or by adding more organic-groups as well as high RI atoms using 

an ether or thioether bridge.  



2 | THEORETICAL BACKGROUND 

29 

 

2.4.1 Synthesis of metal oxide nanoparticles 

One method to increase the refractive index as well as the thermal conductivity is the incorpo-

ration nanoparticles into the matrix material.17 These particles need special properties in order 

to receive a highly transparent polymer with an increased RI.17 The RI of these particles has to 

be higher than the one of the matrix to overall be able to increase it. The particles need to be 

colourless, because otherwise the encapsulant would be coloured, which would decrease the 

transmission in the visible region. The particles have to be temperature-237-238 and chemically 

stable20, 239-241 as well as stable towards radiation in the area of 450 nm to 700 nm20, 239-241, 

which is the case for most of the oxide nanoparticles.20, 239-241 Because of the above mentioned 

reasons, ZrO2 and HfO2 were chosen as suitable nanoparticles for this thesis. The particles have 

to be smaller than the critical size that causes Rayleigh scattering to reduce the transmission 

loss.17, 242-244 The amount of transmittance (T = I / I0) can be estimated by the proposed formulas 

(9) from Novak et al.245 and (10) from Nussbaumer246, where λ is the wavelength of the light, 

χ the optical path length, Φp the amount of nanoparticles inside the matrix, r and np the radius 

and refractive index of the nanoparticles and nm the refractive index of the matrix.244 
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The estimated transmittance using formula (10) depending on the nanoparticle size is shown 

for 10.0 wt%, 20.0 wt% and 30.0 wt% of cubic ZrO2 inside the OE-6630 polysiloxane in a 

100 µm thick film at 450 nm wavelength (Figure 25). The transmittance is reduced by the num-

ber of nanoparticles as well as the particle diameter. To archive a high transmittance of over 

90 % the particles have to be smaller than 10 nm when using 20.0 wt% or more.  
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Figure 25: Estimated transmittance depending on the particle size of cubic ZrO2 (RI = 2.1966 at 450 nm, 

stabilized with 12.0 mol% yttria)247 inside OE-6630 (RI = 1.552 at 450 nm)14 at 450 nm wavelength in a 

100 µm thick film. (For HfO2: RI = 2.142 at 450 nm with 9.6 mol% yttria for stabilisation).248 

Four different synthesis routes (Figure 26) for the chosen metal oxide nanoparticles were per-

formed during this thesis. Two high pressure solvothermal autoclave reactions were carried 

out,238, 241, 249-250 where the chlorine route is not performed for the ZrO2 synthesis and two am-

bient pressure solvothermal reactions were performed,16, 251 where one solvothermal route can 

only be applied for the ZrO2 synthesis. The reported size of the product particles is in the range 

of 2 nm to 10 nm.16, 238, 241, 249-251 

 
Figure 26: Overview for possible syntheses of metal oxide (MetO2 with Met = Hf or Zr) nanoparticles. 



2 | THEORETICAL BACKGROUND 

31 

 

The small nanoparticles can be incorporated into a polysiloxane matrix either by mixing them 

with the polymer110, 239, 249, 252-255 or covalently bind them to the matrix.242, 256-258 In both ways 

the particles have to be surface modified to receive a highly transparent and homogeneous 

nanocomposite.110, 239, 242, 249, 252-258 Suitable anchor-groups for oxide nanoparticles are carbox-

ylate-,242, 256-257, 259-263 phosphonate-242, 256-257, 263-266, or phosphate-259, 266 groups. The carbox-

ylates form weaker bonds to the surface than the phosphonates or phosphates because only two 

relatively weak bonds can be formed while the phosphorous compounds form three stronger 

ones.242, 259, 263, 266 

2.4.1.1 Metal oxides starting from metal alkoxides applying an autoclave synthesis 

The ZrO2 synthesis route (Figure 27) from Garnweitner et al. uses a metal alkoxide precursor 

(Metal = Met) and benzyl alcohol (BnOH), which serves as reactant and solvent.238, 249-250 The 

reaction was performed in a stirred stainless steel autoclave with a Teflon inlet. The received 

turbid suspension was centrifuged and washed with THF. After a postmodification with a car-

boxylic acid, the particles were dispersed in chloroform to receive a transparent suspension. 

While the authors used hexadecanoic, stearic, octadecanoic or oleic acid,249 nBu-PDMS-C10H20-

COOH was used in this work for the incorporation in the commercial polysiloxanes. The syn-

thesis was performed analogously with the hafnium alkoxide precursor where the temperature 

and reaction time have to be increased to form nanoparticles. 

 
Figure 27: Synthesis overview for the nanoparticles from the alkoxide autoclave route. 

The proposed reaction mechanism (Figure 28) by Stolzenburg et al.238 starts with the substitu-

tion of an alkoxide with the benzyl alcohol. In the next step two alkoxide-groups bound to 

zirconium react to form a Zr-O-Zr bond as well as a benzyl ether derivate. This reaction con-

tinues and forms nanoparticles, some benzyl-groups remain at the surface and increase the sta-

bility of the suspension. 
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Figure 28: Proposed reaction mechanism by Stolzenburg et al. exemplarily shown for Zr(OnPr)4.238 

2.4.1.2 HfO2 from chloride precursor obtained by the autoclave synthesis 

The synthesis of HfO2 nanoparticles (Figure 29) was carried by De Roo et al.,267 which was 

adapted by Buha et al.’s patented reaction scheme.268 The synthesis is described in two routes, 

a microwave synthesis and a solvothermal synthesis. The particles have a diameter of 8 nm to 

16 nm in both cases. The HfCl4 in benzyl alcohol was heated in an autoclave at 220 °C for three 

days. The postmodification was carried out with dodecanoic acid and oleylamine to receive a 

clear and stable particle suspension.267  

 
Figure 29: Synthesis of HfO2 from the chloride precursor with benzyl alcohol in an autoclave reaction. 

The reaction mechanism is analogue to the one shown in Figure 28, although the presence of 

HCl leads to about 1.5 % of different side products (Figure 30) as observed by De Roo et al.267 

 
Figure 30: Side products of the HfO2 synthesis from the chloride precursor observed by De Roo et al.267 



2 | THEORETICAL BACKGROUND 

33 

 

2.4.1.3 Metal oxides starting from metal trifluoroacetates 

In early 2015, Liu et al.251 described a new method for the preparation of hafnium oxide nano-

particles and in 2016 they expanded their synthesis route for ZrO2 and TiO2 to cover all group 

4 metals.16 The advantages of these synthesis routes are the short reaction time of one and a 

half hour and the abandonment of an autoclave. However, the temperature must be increased 

from around 220 °C to 330 °C. The received nanoparticles have a size of 5.0 nm to 5.5 nm for 

HfO2 and 5.5 nm to 6.0 nm for ZrO2 determined by XRD and TEM.16, 251 The synthesis pro-

ceeds in two steps, the first involves the preparation of a stable, water and oxygen inert organ-

ometallic precursor (Figure 31) from a chlorine metal source.16, 251 This synthesis was adapted 

by them from Sartori and Weidenbruch which reported the formation of Zr(CF3COO)4 in 

1964.269 

 
Figure 31: Metal (Met) trifluoroacetate precursor synthesis for hafnium and zirconium. 

The received white powder is then heated with oleylamine to 110 °C under high vacuum for 

around 30 minutes until the suspension turns transparent and then to 330 °C under argon at-

mosphere for one hour to form nanoparticles (Figure 32). The oleylamine serves at the same 

time as solvent, reactant and surface modifier for the nanoparticles and hinders their aggrega-

tion because of the relatively strong Met-N bond.270-271 

 
Figure 32: Nanoparticle synthesis with the trifluoroacetate precursor route. 

The proposed reaction mechanism by Liu et al. is shown in Figure 33.16, 251 The trifluoroester 

reacts with the oleylamine to form an amide and a free hydroxide-group at the metal centre. 

The further condensation then leads to the particle formation. 



2 | THEORETICAL BACKGROUND 

34 

 

 
Figure 33: Proposed reaction mechanism by Liu et al. exemplarily shown for the hafnium route.16, 251 
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2.4.2 Synthesis of metal oxide nanoparticles for the covalent binding to self-pre-

pared polysiloxanes 

2.4.2.1 Synthesis of methacrylate-group containing polysiloxane for cross-linking 

with methacrylate-surface modified ZrO2 nanoparticles 

The previously mentioned syntheses include a surface modification of the particles with mon-

ofunctionalised anchor groups to improve the miscibility of the particles with a polysiloxane. 

A different approach for the synthesis of nanocomposites is the covalent binding of the particles 

to the polysiloxane. Chung et al.236 reported a triphenylsiloxane terminated poly[(3-methacry-

loxypropyl)-co-dimethyl-co-diphenyl]siloxane (Figure 34) which does not contain any hydride 

or vinyl-groups for the cross-linking or curing, respectively. Instead, the cross-linking is per-

formed by methacrylate-groups which are also present on the surface of the zirconium nano-

particles. The curing reaction is therefore platinum free by using benzoyl peroxide (BPO) as 

radical starter. The advantage of the methacrylate-groups being covalently bound onto the na-

noparticle surface is a denser and more stable network towards agglomeration or sedimentation. 

The colourless and transparent polymer with 3-methacryloxypropylsiloxane and butyric acid 

surface modified zirconium dioxide nanoparticles was then cured at 150 °C for four hours with 

benzoyl peroxide as radical starter. The nanocomposite reported by Chung et al. shows a major 

disadvantage during a heat treatment, because the methacrylate-group in this system leads to a 

yellow colouration of the film which is reported by the authors.236 

 
Figure 34: Reaction scheme for the synthesis of triphenylsiloxane terminated poly[(3-methacryloxypro-

pyl)-co-dimethyl-co-diphenyl]siloxane.236 

2.4.2.2 ZrO2 from basic carbonate precursor 

Chung et al. described a different synthesis without the use of an autoclave for ZrO2 nanopar-

ticles236 adapted from the patent of Chiang et al.272 Zirconium basic carbonate 

(3ZrO2∙CO2∙yH2O) reacts with sodium hydroxide at 110 °C for twelve hours (Figure 35) to form 

cubic nanoparticles which should have a size of around 6.6 nm determined by TEM and 

XRD.236 The postmodification was performed with butyric acid to increase the solubility and 

afterwards with 3-methacryloxypropyl trimethoxysilane to be able to covalently cross-link it 

with a polysiloxane matrix.236 
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Figure 35: Synthesis of ZrO2 nanoparticles from the zirconium basic carbonate route (structure of the zir-

conium precursor was redrawn from https://www.chemicalbook.com/CAS_12671-00-0.htm). 

A reaction mechanism was not proposed by Chung et al.,236 although because the zirconia net-

work is already partially present, the further condensation should result in the formation of 

water and carbon dioxide. 

2.4.2.3 Synthesis of the triphenylsiloxane terminated poly[(3-methacryloxypropyl)-

co-dimethyl-co-diphenyl]siloxane 

Chung et al. synthesised a methacrylate-group containing siloxane polymer to be able to cova-

lently cross-link it with the surface modified nanoparticles.236 Besides the methacryl-group only 

methyl and phenyl ones are present in the triphenylsiloxane terminated poly[(3-methacryloxy-

propyl)-co-dimethyl-co-diphenyl]siloxane. The composition of the polymer consists mainly of 

diphenylsilanediol (PP) and dimethoxydimethylsilane (MM) to form linear chains with each 

contributing 37.5 % of the total silicon content. The high methyl content ensures a low hard-

ness, brittleness and viscosity of the polymer while the phenyl-groups increase the RI.10, 121, 236, 

273 18.7 % of the silicon content result from triphenylsilanol (TP) which is used to terminate the 

chains and to keep the molecular weight low to achieve a low viscosity.121, 273 For the remaining 

6.3 % of the silicon content, a methacrylate cross-linker (MA) with three methoxy-groups was 

used, which serves as internal cross-linker for the polysiloxane and later as linker between the 

particles and the polymer. MA6.3_MM37.5_PP37.5_TP18.7 was polymerised in a basic sol-gel 

reaction at 60 °C for 24 h (Figure 34).236 
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2.4.3 Synthesis of HRI polysiloxanes by modification of the backbone 

A different approach to increase the refractive index is the implementation of metal atoms inside 

the siloxane chain.138, 274-275 Usually, electron rich metals with an oxidation number of +4 are 

used like zirconium or titanium.138, 274-275 Kim et al. already prepared metal-containing pol-

ysiloxanes.138 These contained up to 5 % zirconium, but the ones with 5 % have a low trans-

mittance of 80 %. For these reasons, the topic will be analysed to find out whether the refractive 

index can be increased as described in the literature by the metal atom incorporation into the 

backbone of the siloxane network.10 In addition, other metal atoms were incorporated and the 

properties of the hydride, vinyl and cured polysiloxanes were investigated, respectively. Also, 

the metal content was increased to evaluate their potential. With their four possible bonds (Fig-

ure 36), these metal atoms can increase the cross-linking inside to polymer compared to the D 

silicon atom when comparing them to the cross-linkable hydride or vinyl-group containing sil-

icon atoms. 

 
Figure 36: General synthesis scheme of the hydrosilylation reaction of a hydride- and vinyl- as well as haf-

nium-containing copolymer to the cured polysiloxane. 

Because of the increased cross-linking, Kim et al. could not produce crack-free films with a 

zirconium content over 5 %.138 Also, the use of tetravalent atoms can increase the cross-linking 

so much that not all four bonds can be established, hydroxide or alkoxide-groups remain. Other 

metal atoms besides zirconium from the titanium-group 4 like titanium or hafnium can also be 

used. Also, the more electron-rich tin is comparable to silicone and therefore very suitable as 

substituent because of the chemical similarity towards reactions since both belong to the car-

bon-group.276-277 Using tin leads to some problems, on one hand tin also favours the oxidation 

state +2 beneath the desired +4 which can result in side reactions because of the redox activity 

or in the formation of complexes.278-281 Tin(II) is more toxic compared to Tin(IV).282 On the 

other hand tin can interfere with the platinum, which is used to catalyse the hydrosilylation 

reaction, in unintentional side reaction for example with the Si-H group.164, 283-291 Tin can be 

used as a catalyst instead of an acid or a base for the sol-gel or polycondensation reaction, later 

one used in so-called room temperature vulcanised (RTV) silicone rubbers.292 These systems 

use tin in a moisture catalysed condensation reaction and therefore leads to shrinking during 
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the curing process. This unwanted curing process is neglected when using only M or D silicon 

monomers and additional hydride respectively vinyl-groups for a second addition reaction cat-

alysed by platinum. In contrast though, this leads to the advantage that the amount of not con-

densated or hydrolysed monomers respectively end groups is reduced. Adding early-transition 

metals like zirconium and titanium support the platinum catalysed hydrosilylation reaction.138, 

293-296 The hydrolysis reaction rate of metal oxides is up to 105 times faster than the silicon 

alkoxide one because of the increased Lewis acidity in the order Si(OR)4 <<< Sn(OR)4, Ti(OR)4 

< Zr(OR)4.
145-146 Because this faster reaction time often leads to the formation of metal oxide 

particles, bidentate ligands like acetylacetonate can be used to slow down the hydrolysis be-

cause of their sterical hindrance.145-146 

Kim et al. used 25 % vinyltrimethoxysilane, 20 % methyldiethoxysilane and 55 % diphen-

ylsilanediol for their metal-free polysiloxane (Figure 37) and added 1.0 mol%, 3.0 mol% and 

5.0 mol% of zirconium n-propoxide relative to the silicon atom content.138 These polysiloxanes 

have therefore a high density of cross-linking because of the high amount of hydride and vinyl-

groups and the additional cross-linking introduced by the silicon T group from the vinyltri-

methoxysilane. Also, since more vinyltrimethoxysilane than methyldiethoxysilane was used, 

5% of unreacted vinyl-groups should remain inside the polysiloxane. 

 
Figure 37: Reaction scheme for the zirconium-containing polysiloxanes by Kim et al.138 
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2.4.4 Synthesis of HRI polysiloxanes by modification of side-groups 

The third possibility to increase the refractive index is the use of larger aromatic side-groups. 

The higher aromatic content is realised by either applying ether or thioether bridges for the 

introduction of an additional phenyl-group as described by Mosley et al.136 or by the use of 

condensed aromatics. The high transmission and the high thermal stability have to be remained 

also under the operating conditions of high energy LEDs like long term thermal treatment and 

radiation stability in the range of the operating LEDs chip. Mosley et al. already synthesised 

phenoxyphenyl and phenylthiophenyl-group containing polysiloxanes.136 These polymers are 

highly temperature stable and show a high transmission of over 90 % during a thermal heat 

treatment at 200 °C. Refractive indices of 1.60 at 633 nm for the phenoxyphenyl polymer and 

1.62 at 633 nm for the phenylthiophenyl one were achieved.136 

2.4.4.1 Synthesis and characterisation of phenoxyphenyl-group containing pol-

ysiloxanes 

Mosley et al. described a Grignard reaction for the synthesis of 4-(phenoxy)phenylphenyl-

dimethoxysilane (POPP) starting from 4-bromodiphenylether and phenyltrimethoxysilane (Fig-

ure 38).136  

 
Figure 38: Grignard synthesis of POPP performed by Mosley et al.136 

With this monomer and methyl, phenyl, hydride and vinyl-group containing silicon monomers, 

they synthesised two copolymers for the hydrosilylation reaction (Figure 149).136 For the vinyl 

copolymer they used 34.5 % POPP, 52.4 % diphenyldimethoxysilane and 13.1 % phenyltri-

methoxysilane and achieved a refractive index of 1.60 and a Tg of 2.5 °C. For the hydride co-

polymer they used 60.0 % methylhydrocyclosiloxanes and 40.0 % diphenyldimethoxysilane 

and determined a refractive index of 1.56 and a Tg of –60.0 °C. Both copolymers were 

cross-linked using Ossko’s catalyst and a Tg of 23 °C was measured. 
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Figure 39: Chemical structure of vinyl and hydride copolymers as well as the cured polysiloxanes.136 

2.4.4.2 Synthesis and characterisation of phenylthiophenyl-group containing pol-

ysiloxanes 

The second system invented by Mosley et al.,136 involves a phenylthiophenyl side-group, which 

is also interesting, because of the even higher refractive index of the cured polymer with 1.62 

at 633 nm. The only reason for this increase is the substitution of the oxygen atom with sulfur 

in the ether bridge because the rest of the synthesis procedure was maintained. Instead of the 

classical Grignard reaction they performed a Barbier-based procedure staring with magnesium, 

iodine, MeMgBr and trimethoxyphenyl silane. They then added the 4-bromodiphenyl sulfide 

in tetrahydrofuran (Figure 40).136 

 
Figure 40: Synthesis of PSP described by Mosley et al.136 

For the vinyl copolymer they used 79 % POPP, 8 % tetramethyldiethoxydisilane and 13 % phe-

nylmethylvinylmethoxysilane and achieved a refractive index of 1.62 and did not report a Tg.
136 

For the hydride copolymer they used the same as in the phenoxyphenyl-group containing hy-

drosilylation reaction. They reported a high viscosity of the hydride and vinyl polymer and 

therefore had to heat them up between 60 °C to 80 °C in order to be able to mix them 

properly.136 Because of the high temperature during the mixing they used Ossko’s catalyst to 

increase the shelf-life as well as the inhibitor 3,5-dimethyl-1-hexyn-3-ol.136 Both copolymers 

were cross-linked using Ossko’s catalyst (Figure 41).136 
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Figure 41: Chemical structure of vinyl and hydride copolymers as well as the cured polysiloxane.136 

2.4.4.3 Synthesis of highly aromatic side-group containing polysiloxanes 

Another approach to introduce more “phenyl-groups” and raise the RI is the use of conjugated 

aryl-groups like the naphthyl,297-298 anthracenyl299 or pyrenyl300 ones, although their use in lit-

erature is not the high RI. The naphthyl-group containing polymers (Figure 42, a)) were used 

for stationary phases for capillary column gas chromatography by Lee et al. in 1984.297 The 

anthracenyl-group containing polysiloxane (Figure 42, b)) was used for fluorescence spectros-

copy investigations regarding the thermal relaxation processes by Dominguez et al. in 2010.299 

The pyrene-group containing polymer was used as solubilising agent for single-walled nano-

tubes (Figure 42, c)) by Lu et al. in 2013.300 Larger conjugated aryl-groups like perylene are 

not suitable because they absorb the light emitted by the blue chip and therefore are coloured.52, 

301-302 

 
Figure 42: Polysiloxanes containing a) naphthyl-, b) anthracenyl- and c) pyrenyl-groups.297, 299-300 
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3 Goals of the thesis 

In this thesis possibilities for increasing the refractive index using three different approaches 

were investigated. The thermal stability as well as the high transparency of these new LED 

encapsulation materials must be close to the commercial used ones in order to make them at-

tractive for industry. An ideal LED encapsulant should have the following properties: a high 

stability concerning aging by irradiation and thermal stress, a high thermal conductivity, a high 

refractive index, good adhesion characteristics, a low permeability for water and oxygen, a good 

mechanical strength and a good processability.15-20 Polysiloxane based polymers show a very 

high potential to fulfil most of these properties. In addition, they allow a chemical tailoring 

comparable to epoxy resins, to fulfil specific properties. 

The optimisation of the materials was based on approaches of previous research projects be-

tween OSRAM Opto Semiconductors and Saarland University.223-224, 303 These assisted in the 

development of suitable improvement concepts both for commercial available silicones and for 

a novel polysiloxane (KAIST system).138 

Within this work several subprojects should be investigated, which are described in the follow-

ing chapters: 

3.1 Investigation of the structure and the properties of the commercial pol-

ysiloxanes 

Full characterisation of the composition of commercial two component encapsulants provided 

by OSRAM Opto Semiconductors, which were fabricated by Shin-Etsu and Dow Corning: in 

detail the polydimethylsiloxane Shin-Etsu KJR-9022E-113 and the polymethylphenylsiloxane 

Dow Corning OE-663014, were characterised for reason of comparison to self-synthesised ma-

terials. The copolymers and the cured films will be investigated using FT-IR, NMR and UV/Vis 

spectroscopy, TG, TG-FT-IR, DSC and SEC measurements and RI and viscosity determina-

tions as well as studying the colouration using thermal aging. 

3.2 Zirconium and hafnium oxide nanoparticles 

Beyond the already successful approaches for a better cross-linking in commercial silicones via 

the use of molecular additives,223, 303 the present project aims at the investigations for increasing 

the refractive index using ZrO2 and HfO2 nanoparticles as additives in encapsulation materials 

for blue LEDs,5, 10, 267-268, 304-307 which may help to fulfil both targets. For this reason, both types 

of nanoparticles have to be synthesised and characterised. The nanoparticles have to be tailored 

to be miscible with the used encapsulation materials. Additionally, the final nanocomposites 
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have to show a high transparency with low yellowing index. Hence, modified surface-modifi-

cations of the particles with tailored molecules are necessary to fulfil these basic require-

ments.308-309 Furthermore, the nanoparticles should be cross-linked with tailored one component 

polysiloxanes to achieve novel nanocomposites. 

Zirconium and hafnium oxide are chosen because of their high refractive index of above 2.0. 

The refractive index must be higher than the one of the used polysiloxane matrices (Shin-Etsu 

KJR-9022E-1: 1.410 and Dow Corning OE-6630: 1.552). Additionally, the particles must be 

colourless (at most slightly yellow), to receive a transparent, colourless film for LED encapsu-

lation. The incorporation of zirconium and titanium oxide nanoparticles is literature known for 

epoxide and silicone encapsulation materials,17, 310-311 indicating that hafnium oxide nanoparti-

cles may also work because of their chemical similarity (group 4 elements). Oxide particles are 

used because of their low toxicity and high thermal stability under oxygen atmosphere.312-314 

Furthermore, the literature shows that a covalently binding of the particles to the polysiloxane 

network is suitable for LED applications; therefore this topic is also studied.17, 19, 117, 236, 310-311, 

315 Different bottom-up preparation methods for the synthesis of the particles should be com-

pared. The particle formation is investigated using TEM images, DLS measurements and XRD 

analyses. The surface modification will be studied using FT-IR and NMR spectroscopy and TG 

measurements. The incorporation into polysiloxanes will be investigated using FT-IR and 

UV/Vis spectra, TG and DSC measurements and the RI determination. 

3.3 Integration of electron rich metal atoms inside the polysiloxane back-

bone 

In a third step, the tailor-made encapsulation material should be modified to obtain a reduced 

amount of organic-groups due to potential higher thermal stability in combination with in-

creased refractive index. One goal was the substitution of silicon atoms in the polymer chain 

against group 4 metals (Hf, Zr), which was partially already discussed in literature,138, 277, 316 as 

well as silicon similar elements like tin and an electron rich element (Ta). In addition, studies 

on the impact of the resulting composition on the final mechanical properties as well as the 

process ability. The copolymers and the cured film will be investigated using FT-IR, NMR and 

UV/Vis spectroscopy, TG and DSC measurements and RI and viscosity determinations as well 

as studying the colouration using thermal aging. 
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3.4 Kinetic study of the polycondensation reaction 

The fourth part of the thesis includes a kinetic investigation of the acid and basic catalysed 

polycondensation reaction. Kinetic studies and characterisation of the obtained polymers ap-

plying FT-IR, SEC and NMR are necessary to reach important information on the development 

of the polymeric systems. 

3.5 High refractive index side-groups 

An additional goal was the development of novel systems based on  a hybrid material developed 

by the Korea Advanced Institute of Science and Technology (KAIST)138 as well as by Mosley 

et al. and Chung et al.136, 236 Based on these published concepts, further optimisations via com-

positional and structural changes will be carried out by synthesising new promising monomers 

with phenoxyphenyl, methylthiophenyl and phenanthrenyl side-groups using Grignard reac-

tions which are studied using FT-IR and NMR spectroscopy and single crystal analyses. The 

copolymers will be synthesised using polycondensation reactions with liquid catalysts. The 

cured films will be investigated using FT-IR, NMR and UV/Vis spectroscopy, TG, DSC and 

SEC measurements and RI determinations as well as studying the colouration under thermal 

aging. A further increase of the refractive index seems to be accessible if highly polarising 

elements such as oxygen or sulfur are incorporated into the side-groups.136-137, 235, 317-319 

3.6 Testing performed by OSRAM Opto Semiconductors 

In the last part of the studies OSRAM Opto Semiconductors will test selected polysiloxane sys-

tems on operating LED chips to evaluate the thermal and radiation stability of the encapsulant 

at operating LEDs. 
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4 Results and discussion 

4.1 Characterisation of the commercial polysiloxanes and catalysts 

The overall aim of the thesis is the development of new polysiloxanes with refractive indices 

that exceed those of commercial applied systems. Two different systems were investigated in 

order to compare the properties of the newly synthesised polymers with commonly used sys-

tems. Therefore, a complete analysis applying NMR and FT-IR spectroscopy, TG and DSC 

measurements was necessary. In addition, the viscosity and refractive index has to be deter-

mined, as well as the transparency, haze value and thermal stability with a thermal treating test. 

The first investigated commercially available encapsulation system was the KJR-9022E-1 from 

Shin-Etsu Chemical (Chiyoda, Japan), which is a low refractive index (LRI) polydimethylsilox-

ane-based polymer.13 The second system is the OE-6630 from Dow Corning Inc. (DowDuPont 

Inc. after the fusion in 2017, Wilmington, United States of America), which is a high refractive 

index (HRI) polymethylphenylsiloxane.14 
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4.1.1 Characterisation of Shin-Etsu KJR-9022E-1 

The Shin-Etsu KJR-9022E-1 is a two-component system, which is mixed in a ratio of 10:1 of 

the components KJR-9022E and C-9022E. 

4.1.1.1 NMR spectroscopy of KJR-9022E-1 

In the 1H NMR spectrum of KJR-9022E (Component A, Figure 43) only vinyl-  (5.8 ppm to 

6.2 ppm) and methyl- (0.2 ppm) groups can be identified.320 The integration results in a ratio of 

around 124:1 methyl-groups to vinyl-groups. In 13C (experimental section, Figure 216) and 29Si 

NMR (Figure 44), terminal methyl- (MMe3) groups are also visible at 12 ppm,321 which are di-

rectly located beneath the Q groups around −110 ppm.321 

 
Figure 43: 1H NMR spectra (400 MHz, CDCl3) of KJR-9022E. 

 
Figure 44: 29Si NMR spectra (79 MHz, CDCl3) of KJR-9022E measured in a Teflon NMR tube. 

Besides the MMe3 groups, DMe2 groups can be assigned in the region of −21 ppm to −23 ppm,321-

324 as well as the vinyldimethyl (MVi,Me2) end-groups at −4 ppm,325 as shown in Figure 44. Com-

ponent A is a polydimethylsiloxane, which is already cross-linked with some Q groups and 

terminated with trimethyl- respectively vinyldimethylsiloxane-groups for additional cross-link-

ing via hydrosilylation. The 1H NMR spectrum of C-9022E (Figure 45) shows a relatively broad 

signal at 4.7 ppm,326 indicating the hydride-group which, according to 29Si NMR (Figure 46), 
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is located at the end of the chain as MH,Me2 group, because of a signal from −5 ppm to −7 ppm327-

330 and also as DH,Me group from −33 ppm to −38 ppm323-324, 331 in the middle of the polysilox-

ane. In the range of 0.2 ppm to 0.0 ppm in 1H NMR the methyl-groups are present.136 From 

−17 ppm to −22 ppm in the 29Si NMR are the DMe2 methyl-groups located.321-324 There are 

around 5.5 methyl-groups per hydride-group. The 13C NMR shows all expected signals (exper-

imental section, Figure 217).  

 
Figure 45: 1H NMR spectra (400 MHz, CDCl3) of C9022E. 

The small signal in the 29Si NMR spectrum at −65 ppm belongs to a methylsiloxane TMe 

group.321, 324, 331 The relatively sharp signal in the 1H NMR at 3.6 ppm belongs to methoxy-

groups which, with the aid of 1H 29Si HMBC NMR spectra, can be assigned to the siloxane 

QOMe group. Fully reacted Q groups at −110 ppm are also present, which can be detected in the 

29Si NMR (experimental section, Figure 218) using the PTFE NMR tube (Figure 213). The 

signals are overall very weak and broad, hence for assigning the silicon-groups, the NMR from 

the glass tube measurement is presented here. 

 
Figure 46: 29Si NMR spectra (79 MHz, CDCl3) of C-9022E measured in a glass tube. 
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The analysis showed, that the polyhydromethylsiloxane is already cross-linked because some 

T and Q units are present with additional hydride-groups for a platinum catalysed hydrosilyla-

tion. Noteworthy, many low intensity signals in the range from 0.5 ppm to 3.8 ppm are visible 

in the 1H NMR, which probably refer to additional cross-linkers or additives, which cannot be 

identified without further information. Industry often uses dimethyl fumarate or dimethyl ma-

leate serving as catalyst inhibitors,208 which cannot be assigned here. The manufacturer reported 

a list of possible additives, but it covers every substance which contains nitrogen, sulfur, phos-

phorus or tin atoms.13 The polymer consists of two components: A being a vinyl and methyl 

terminated polydimethylsiloxane with Q groups and B being a cross-linked hydride terminated 

poly[dimethyl-co-hydromethyl]siloxane with T and Q groups. 

Recording a solid-state NMR of the cured elastomer is difficult because it cannot be grounded 

or milled to a homogenous powder. Therefore, a Teflon mould was invented which allows to 

receive solid rods which exactly fit inside the zirconia rotor (experimental section, Figure 214). 

The CP MAS NMRs of the polysiloxane rod, which was obtained after the hydride and vinyl 

mixture was cured inside the mould shows all expected groups, both in the 13C and in the 29Si 

spectrum (Figures 7 and 8). In the 13C CP MAS NMR the signals of the methyl-groups are 

visible at 0.6 ppm to 1.1 ppm.322, 332 The peak of the ethyl bridge is located at 8.6 ppm333 and 

the methyl signals at the silicon atom near the bridge show a signal at −1.2 ppm.333 The 29Si CP 

MAS NMR has a low signal to noise ratio because the high flexibility of the polymer limits the 

cross polarisation.260, 321, 325, 334-342 All silicon atoms present in the liquid 29Si NMRs also have 

to be present in the solid-state NMR, therefore even very small signals are assigned. The signal 

of the dimethyl-group containing silicon atoms at the ethyl bridge located at 11 ppm show the 

successful hydrosilylation reaction.321-322, 324, 343-344 A small signal around −4 ppm shows both 

unreacted hydride and vinyl end groups,325, 327-328, 330 a clear differentiation cannot be made 

because of the low signal intensity. From −17 ppm to −25 ppm there are the dimethylsilyl sig-

nals321-324 as well as the signal from the methylethyl-containing silicon atom.331, 333  A small 

signal around −37 ppm shows the unreacted hydridomethyl-containing silicon atom.323-324, 331 

The methyl TMe signal is located at −68 ppm321, 324, 331 and the Q signal at −111 ppm.321, 324, 327 

The solid-state NMR shows a small amount unreacted hydride and probably also vinyl-groups, 

although they cannot clearly be seen in the 13C NMR, but should be located at 130 ppm.332 The 

reason for this is the Teflon mould where the polysiloxane was cured. The shrinkage processes 

as well as the air free environment hinders the cross-linking reaction which was also observed 

in larger moulds where the siloxane at the bottom did not harden. The methoxy-groups are not 

visible anymore, they should generate a signal at 47 ppm to 51 ppm in the 13C NMR.345 
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Figure 47: 13C CP MAS NMR (101 MHz, 13 kHz) spectrum of the cured KJR-9022E-1. 

 
Figure 48: 29Si CP MAS NMR (80 MHz, 13 kHz) spectrum of the cured KJR-9022E-1. 

4.1.1.2 FT-IR spectroscopy of KJR-9022E-1 

The FT-IR spectra of the KJR components confirm the groups observed in the NMR spectra. 

In both components, the specific C-H346-347 at 2960 cm-1 and 2902 cm-1, Si-CH3
346-347 at 

1257 cm-1 and 784 cm-1 and Si-O346-347 at 1065 cm-1 and 1008 cm-1 vibrations (Figure 49) are 

visible. Component A shows a very weak vinyl stretching vibration319, 348-350 at 1599 cm-1 and 

1453 cm-1, the other characteristic vinyl vibrations at 1010 cm-1 and 960 cm-1 cannot be ob-

served because they overlap with various CH vibrations. Component B shows the strong Si-H 

bands at 2159 cm-1 and  906 cm-1.346-347 The cured polysiloxane shows all signals of the com-

ponents expect the Si-H and Si-V vibrations indicating a fully cross-linked polysiloxane. 
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Figure 49: FT-IR spectrum of KJR-9022E-1 component A, B and the cured polysiloxane. 

4.1.1.3 Thermogravimetric analyses of KJR-9022E-1 

TG measurements were performed for both of the components as well as the cured polysiloxane 

from room temperature up to 900 °C under oxygen or nitrogen, respectively (Figure 50). The 

decomposition temperatures and residual masses are shown below (Table 3). 
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Figure 50: TGA of KJR-9022E-1 components A and B and the cured polysiloxane under oxygen and ni-

trogen atmosphere. 
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The decomposition temperatures (Table 3), defined here as the temperature at 5 % mass loss 

like in literature7, 222, 316, 351-352 of component A respectively B show only small differences be-

tween oxygen and nitrogen atmosphere. Component A (vinyl terminated polydimethylsiloxane) 

has a T95% temperature of around 400 °C, which is high for polysiloxanes and most likely results 

from the cross-linking due to the Q groups.222, 351 

The cross-linking component B (hydride terminated polyhydromethylsiloxane), which has high 

amounts of hydride-groups as well as some additives, shows a much smaller value of around 

150 °C under both atmospheres, because of the small amount of T and Q groups, which are 

responsible for the cross-linking. Interestingly, under nitrogen atmosphere, a residual mass of 

only 1.3 % remains, which implies that compound B easily decomposes mostly into cyclic and 

small siloxanes as stated by the literature, either through intramolecular or intermolecular reac-

tions.119, 353 Under oxygen, as described by Camino et al., another decomposition mechanism 

occurs.354 The methyl side-groups can be oxidised to form carboxylic acid side-groups, which 

after the removal of CO2, form Si-H groups. Two hydride-groups from this decomposition 

mechanism as well as the Si-H groups already present in the polymer react with additional 

oxygen under the removal of water to form R3Si-O-SiR3 bonds. Therefore, after around 25 % 

mass loss, the increased cross-linking prevents the polysiloxane to further decompose via intra-

molecular or intermolecular degradation, resulting in a high residual mass.354 The cured system 

is stable up to 399 °C under oxygen atmosphere and 471 °C under nitrogen atmosphere and the 

residual mass at 900 °C is 55 % and 31 %, respectively. Although the thermal stability of the 

cured system is not significantly higher, at least under oxygen atmosphere, the curing process 

is needed to receive a solid, but very flexible material out of the liquid monomers. The T95% 

value for a linear methyl terminated poly[dimethyl-co-vinylmethyl]siloxane under nitrogen at-

mosphere is around 405 °C,354 while a pure polydimethylsiloxane under nitrogen atmosphere 

with a heating rate of 6.25 °C shows a T95% value of around 400 °C.355 Gädda et al. reported a 

TGA measurement of linear methyl terminated PDMS with a T95% value of around 360 °C.344 

These values are minimally lower than the T95% value for component A under inert atmosphere, 

because here the polysiloxane has some cross-linking. The cured polysiloxane with a high 

amount of cross-linking therefore exceeds the value for linear polymers by 60 °C to 110 °C. 

The high thermal stability is as expected because the further increased cross-linking hinders the 

described decomposition mechanism, which results in a material suitable for high temperature 

LED applications. 
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Table 3: T95% values and residual masses for the TG analyses of the KJR-9022E-1 system. 

 T95% 

O2 [°C] 

Residual mass 

O2 [%] 

T95% 

N2 [°C] 

Residual mass 

N2 [%] 

KJR-9022E (A) 395 53.2 416 50.2 

C-9022E (B) 155 49.7 149 1.3 

KJR-9022E-1 (cured) 399 55.2 471 30.6 

4.1.1.4 Thermogravimetric analysis coupled with FT-IR spectroscopy of the cured 

KJR-9022E-1 

The TGA-FT-IR spectrum of cured KJR-9022E-1 (Figure 51) was measured under nitrogen 

atmosphere up to 1000 °C. Three infrared spectra from the TG-FT-IR measurement (Figure 52) 

of the three observable decomposition stages are shown. The H2O bands do not change in their 

intensity because they are related to residual gas inside the IR detector chamber. In the first 

stage at about 460 °C, C-H, Si-O and Si-C vibrations are visible in the FT-IR spectrum, which 

indicate the formation of hexamethylcyclotrisiloxane due to the unzipping and intramolecular 

decomposition.110, 356-357 Polydimethylsiloxane decomposes into hexamethylcyclotrisiloxane 

even at room temperature.358 Despite the fact that the dissociation energy of the Si-O bond is 

higher than the one of the Si-C bond,122 the Si-O bond breaks at lower temperatures. The bond 

energy of Si-O is lowered below the energy of the Si-C bond because of the chain mobility.  

 
Figure 51: TGA-FT-IR spectrum of KJR-9022E-1 under nitrogen atmosphere. 
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Camino et al. explained this effect that the chain flexibility allows the silicon d-orbitals the 

involvement in the cyclic transition state and therefore lowers the energy of the bond.354, 359 In 

the second step at about 600 °C, the intensity of the C-H signals decreases, those of Si-O back-

bone and Si-C increase, because of the increased cross-linking, the IBBM cannot further con-

tinue.354, 359 Therefore, the decomposition of T and Q silicon atoms as well as the 

Si-CH2-CH2-Si bridge mainly occurs as well as the release of Si+(CH3)2-O-Si+(CH3)2 dimers351 

reducing the amount of cross-linking. 

In the last step at 715 °C, the intensity at around 3000 cm-1 increases again, referring to C-H 

groups, which again can be referred to hexamethylcyclotrisiloxane as well as the terminal 

CH3-Si+ groups.351 Also, the intensity of the Si-O and Si-C groups decreases, because the de-

composition is nearly finished. At 900 °C only 30 % residual mass is left (Figure 50). 
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Figure 52: FT-IR spectrum of cured KJR-9022E-1 at 458 °C (black), 607 °C (red) and 715 °C (blue). 

4.1.1.5 DSC measurements of KJR-9022E-1 

Differential scanning calorimetry (DSC) was also measured for the components A and B as 

well as the cured polysiloxane under nitrogen atmosphere with 10 K/min from −150 °C up to 

150 °C in two cycles. Component A, as a vinyl terminated polydimethylsiloxane with a small 

amount of Q groups, shows a glass transition temperature  Tg of −125 °C, which is close to the 

value of −123 °C for pure polydimethylsiloxane.119 At −99 °C a crystallisation occurs, which 

is reported in literature and ranges from −97 °C for small up to −84 °C for larger hydride ter-

minated polydimethylsiloxanes.344 At −41 °C a small melting peak  (Tm) is visible, which oc-

curs from −48 °C up to −45 °C for hydride terminated polydimethylsiloxanes. 
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Figure 53: First and second heating cycle of DSC curves of KJR-9022E-1 component A, B and the cured 

polysiloxane. 

The vinyl and the Q groups increase this value because of the reduced mobility, also the higher 

molecular weight increases the Tm value.344 The component B (hydride terminated polyhydro-

methylsiloxane) shows a similar Tg value of −128 °C. The temperature for this component is 

lower than for component A or a pure polydimethylsiloxane, because of the smaller amount of 

cross-linking occurring from some T and Q groups and the high amount of hydride-groups. 

These increase the mobility of the side-groups compared to CH3 and therefore lower the Tg 

value. The Tg is in the typical range for low molecular hydride terminated polydimethylsilox-

anes.344 For comparison, the value of a pure polyhydromethylsiloxane is Tg = −135 °C.344 The 

measured value is therefore in agreement to theory, because a higher mobility due to the smaller 

groups decrease the Tg value.119 The crystallisation occurs at a slightly higher temperature (Tg 

= −97 °C) and a melting point cannot be observed. The cured polysiloxane shows a Tg of 

−122 °C. The increased value, compared to the components A and B, results from the increased 

cross-linking because of the hydrosilylation and therefore the reduced mobility of the polymer 

and its side-groups. The crystallisation temperature of −98 °C remains close to the one of com-

ponent A and B, indicating that the structure only slightly changed. The amount of energy is in 

between A and B showing that less crystals could be formed, because of the reduced flexibility 

from the cross-linking. The melting temperature slightly decreases to −47 °C, compared to the 

one of compound A, although the amount of energy is increased because A also had a very low 

crystallisation energy. 
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Table 4: Melting temperatures and melting energy as well as observed glass transition temperatures of 

compound A, B and the cured polysiloxane. 

 Tg [°C] Tc [°C] Ec [J/g] Tm [°C] Em [J/g] 

A −124.6 −99.1 −0.358 −41.3 0.073 

B −128.5 −97.5 −3.107 − − 

Cured −122.1 −97.7 −1.615 −47.4 0.241 

4.1.1.6 Refractive index and viscosity of KJR-9022E-1 

The refractive index of polydimethylsiloxane is stated with 1.4 in literature at 620 nm.360-361 

The RI of compound A (KJR-9022E) is determined with 1.409, which is slightly higher than 

the one for compound B (C-9022E) with 1.406. The refractive index is in agreement with the 

1.418 of the cross-linked polymethylsiloxanes synthesised from methyltrialkoxysilane.362 Dur-

ing the curing process, the value of KJR-9022E-1 changes and was determined with 1.410. The 

RI of the cured, hydride and vinyl-group free film is in good agreement with pure trime-

thylsiloxane terminated polydimethylsiloxane, which is reported with 1.403 at 20 °C.363 The 

viscosity at 25 °C of compound A is determined with 2791 ± 4 mPa∙s and 108 ± 3 mPa∙s for 

compound B. Mixing the polymers in a 10:1 ratio for A and B, the final viscosity is around 

400 mPa∙s, as stated by the manufacturer.13 

4.1.1.7 UV/Vis spectroscopy of KJR-9022E-1 

For UV/Vis measurements with an integration sphere (Figure 54), the mixed and degassed 

KJR-9022E-1 system was doctor bladed with 120 µm onto a cleaned microscope glass slide. 

The cured sample is around 85 µm. At 450 nm a high transmission of 101 % can be measured. 

Here the glass slide has a RI of 1.517 and the polymer a RI of 1.410, because the measurement 

is corrected with the one of the pure glass slide, a transmission over 100 % can be measured 

when the RI of the polymer is lower than the one of the glass. A small part of the light, which 

is backscattered from the sphere to the glass slide will, according to Snell’s law, be totally 

reflected because of the lower RI of the polymer. Additionally, the haze value was calculated 

with 6 % at 450 nm. 
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Figure 54: Transmission spectrum and haze curve of cured Shin-Etsu KJR-9022E-1 onto a glass slide. 

4.1.1.8 Thermal aging test of KJR-9022E-1 

A thermal aging test was performed to evaluate the performance reliability. UV/Vis measure-

ments of the sample were carried out to validate the change of transmittance and colouration 

during the heat treatment. Additional calculations of the yellowness and whiteness indices were 

performed before and after the study. The sample was doctor bladed with 120 µm onto a mi-

croscope glass slide and cured following the general procedure. 180 °C was appointed as sim-

ulated operating LED chip temperature, on one hand because Kim et al.138 uses the same tem-

perature, on the other hand Watzke and Altieri-Weimar from OSRAM Opto Semiconductors 

simulated the temperature distribution of a 1000 mA white light LED on a cold plate at 85 °C 

and found temperatures from 110 °C at the corners to 230 °C at the centre.364 The thermal treat-

ment (Figure 55) was performed for 69 days (1656 h). The high transmission of around 100 % 

is maintained for the whole period from 370 nm to 800 nm which proves the thermal resistance 

over time.  

The colouration was evaluated with the yellowness and whiteness index calculations (Table 5). 

The YI before the treatment was slightly above zero, indicating a slightly yellow colour, while 

after the post-curing the value dropped slightly below zero, indicating a blueish colour. The WI 

before and after the treatment is slightly above 100 and marginally increasing after the aging 

test, indicating a slightly blueish colour. Overall, these values are close to the ideal values for 

colourless materials and the change over 69 days is so small that no significant colouration can 

be observed. 
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Figure 55: Transmission spectra of Shin-Etsu KJR-9022E-1 onto a glass slide at 180 °C during a period of 

69 days (1656 h). 

Table 5: Yellowness and whiteness indices of Shin-Etsu KJR-9022E-1 before and after thermal aging. 

 YI WI 

After synthesis 0.2 101.6 

After 69 days −0.2 102.7 

4.1.1.9 Summary of KJR-9022E-1 

The KJR-9022E-1 system from Shin-Etsu is a LRI (RI = 1.410) polydimethylsiloxane (Figure 

56). The polymer consists of two components: A being a vinyl respectively methyl terminated 

polydimethylsiloxane with Q groups and B being a cross-linked hydride terminated poly[dime-

thyl-co-hydromethyl]siloxane with T and Q groups. T and Q groups are often present in pol-

ysiloxanes and can be added with Q resins.365-367 The copolymers as well as the cured polysilox-

ane shows Tg values between −130 °C and −120 °C. The cured polysiloxane shows a high ther-

mal stability of 399 °C under O2 and 471 °C under N2. With its high transmission of around 

100 % even after 69 days at 180 °C it is very suitable for LED applications. 

 
Figure 56: General structures of the KJR-9022E-1 system. 
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4.1.2 Characterisation of Dow Corning OE-6630 

The Dow Corning OE-6630 system consists of two components A and B, which are mixed in a 

ratio of 1:4 and this system is called HRI polymer. The two components were investigated by 

liquid 1H, 13C and 29Si NMR spectroscopy, SEC, and rheological measurements. The compo-

nents and the cured polymer were investigated by TG, TG-FT-IR, DSC, IR spectroscopy, and 

the RI measurements. The cured polysiloxane was also analysed by 13C and 29Si solid-state 

NMR and UV/Vis spectroscopy, as well as an aging test for simulating the colouration during 

the exposure of heat. 

4.1.2.1 NMR spectroscopy of Dow Corning OE-6630 

Integration of the 1H NMR spectrum of OE-6630 component A revealed ten phenyl-groups and 

twelve methyl-groups per vinyl-group (Figure 57). Some broad signals are in the region of 

1.5 ppm to 4.0 ppm, which are probably additives or residues from the synthesis. Because their 

content is so low, they cannot be assigned properly. 

 
Figure 57: 1H NMR spectrum (400 MHz, CDCl3) of OE-6630 component A.  

The 29Si NMR (Figure 58) of the component shows two signals, one at −2 ppm which can be 

referred to vinyldimethylsilyl MVi,Me2 group325 and the second one at −33 ppm which can be 

referred to methylphenylsilyl DMePh group.368  

 
Figure 58: 29Si NMR sprectrum (79 MHz, CDCl3) of O-E6630 component A. 
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The 13C NMR (experimental section, Figure 219) confirms the interpretation by 1H and 29Si 

NMR. The analysed spectra show that OE-66630 component A is a linear vinyl terminated 

polymethylphenylsiloxane, because it is linear, an average molecular weight of 3000 g/mol can 

be calculated. Between the two vinyldimethylsilyl end groups around 20 methylphenylsilyl-

groups are present. 

Component B (Figure 59) has about 4.5 phenyl and 4.5 methyl-groups as well as around one 

vinyl-group per hydride-group (Figure 60). In the 29Si NMR five groups of signals are visible. 

The signals around −1 ppm belong to a vinyldimethylsilyl MVi,Me2 group325 and the signal at 

−4 ppm to a hydrodimethylsilyl MH,Me2 group.327-328, 330 A very small peak at −21 ppm is visible 

which belongs to a dimethylsilyl DMe2 group.321-324 At −45 ppm the diphenylsilyl DPh2 group 

can be seen234-235, 319, 324, 331, 368 and around −80 ppm the phenylsilyl TPh group is present.321, 324 

The 13C NMR confirms the observed groups (experimental section, Figure 220). The analysis 

showed that component B is an already by TPh groups cross-linked poly[dimethyl-co-diphe-

nyl]siloxane with terminal hydride and vinyl-groups. 

 
Figure 59: 1H NMR spectra (400 MHz, CDCl3) of OE-6630 component B.  

 
Figure 60: 29Si NMR spectrum (79 MHz, CDCl3) of OE-6630 component B. 
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The CP MAS NMRs after the curing shows all expected groups both in the 13C and in the 29Si 

NMR spectra (Figure 61, Figure 62). The 13C CP MAS NMR shows three signals. In the range 

of 140 ppm to 120 ppm are the phenyl carbon atoms,332, 369 at 9 ppm are the -CH2-CH2- carbon 

atoms333 resulting from the hydrosilylation reaction, and at −1 ppm the methyl carbon atoms322, 

332. In the 29Si CP MAS NMR a small signal of unreacted hydride can be observed at −4 ppm327-

330 even after 16 h of curing, while no remaining vinyl is present. A reason for this is the curing 

process, a special self-developed Teflon mould was used to cure the siloxane in a cylindrical 

form which exactly fits the solid-state zirconia rotor (experimental section, Figure 214). This 

step was necessary because the elastomer cannot be grounded or milled. This sealed and firm 

mould hinders the polysiloxane to fully condense because the vinyl and hydride-groups cannot 

reach each other at a certain point because of the shrinking process during the curing. The FT-IR 

spectrum (4.1.2.2) of the cured polysiloxane was recorded with a thin film onto a glass slide 

which proved that the polymer can react completely. At −11 ppm are the silicon atoms from the 

ethyl bridge formed by the cross-linking visible.45-47, 59-60 The DMe2 signal is located at 

−19 ppm,321-324 the DMePh signal at −33 ppm,368 the DPh2 signal at −46 ppm35-36, 42, 47, 55, 78 and 

the TPh signal at −79 ppm321, 324. 

 
Figure 61: 13C CP MAS NMR (101 MHz, 13 kHz) of the cured OE-6630 system. 

 
Figure 62: 29Si CP MAS NMR (80 MHz, 13 kHz) of the cured OE-6630 system. 
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4.1.2.2 FT-IR spectroscopy of Dow Corning OE-6630 

The characterisation of the two compounds as well as the cured system with FT-IR spectros-

copy showed the expected signals for aromatic and aliphatic C-H (dark grey) bonds at 

3072 cm-1, 3049 cm-1, 2953 cm-1 and 2909 cm-1, C-C bonds at 1590 cm-1 and 1430 cm-1, Si-C 

bonds at 1413 cm-1, 1257 cm-1 and 784 cm-1 and the dominating signal of the Si-O-Si vibration 

at 1115 cm-1 and 1024 cm-1 (Figure 63).234-235, 319, 346-347, 349-350, 370 The vinyl-group of compo-

nent A and B is only barely visible in component A at 1655 cm-1.234-235, 319, 370 The hydride-

group of component B reveals strong signals at 2129 cm-1 and 896 cm-1.234-235, 319, 346-347 No 

hydride or vinyl-groups can be seen in the spectrum of the cured polysiloxane indicating a fully 

condensed network. 

3000 2750 2500 2250 2000 1750 1500 1250 1000 750

re
l.

 I
n

te
n

s
it

y
 [

a
.u

.]

Wave number [cm-1]

Si-CSi-OC=CC-H Si-H

Si-H Cured polsiloxane

 Component B

 Component A

 
Figure 63: FT-IR spectra of OE-6630 component A, B and of the cured material. 

4.1.2.3 Thermogravimetric analysis of Dow Corning OE-6630 

Thermogravimetric analyses (Figure 64) of the polymers A and B as well as of the cured pol-

ysiloxane were performed. The decomposition temperature, here defined at 5 % mass loss, (Ta-

ble 6) of each component as well as the cured polysiloxane shows little to no difference when 

heated in oxygen or nitrogen atmosphere. The residual masses in both measurements equal each 

other, although for the cured system the end of the decomposition is not reached by the end of 

the measurement at 900 °C. The linear component A shows a very high decomposition temper-

ature of around 400 °C under both atmospheres, while the cross-linked component B shows a 
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low T95% value of 180 °C. Component A is a relatively small polymer with a molecular weight 

of 3000 g/mol and therefore the percentage of the end groups compared to the chain atoms is 

large. These end  groups reduce the possibility of the intramolecular back biting mechanism.119 
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Figure 64: TGA of OE-6630 components A and B and the cured polysiloxane under oxygen or nitrogen. 

The high residual mass under nitrogen atmosphere proves the literature observation, the previ-

ously described decomposition mechanisms occur. The cured polysiloxane shows an even 

higher thermal stability compared to the two polymers of around 425 °C under both atmos-

pheres resulting from the increased cross-linking because of the hydrosilylation process. 

Table 6: T95% values and residual masses for the TG analyses of the OE-6630 system. 

 T95% 

 O2 [°C] 

Residual mass 

 O2 [%] 

T95% 

 N2 [°C] 

Residual mass 

 N2 [%] 

A 397 36.2 413 36.0 

B 181 36.5 183 36.6 

Cured 425 45.2 430 48.4 

4.1.2.4 Thermogravimetric analysis coupled with FT-IR spectroscopy of Dow Corning 

OE-6630 

To analyse the different decomposition steps, TG-FT-IR spectra were recorded under N2 up to 

800 °C followed by an oxidation step from 800 °C to 900 °C for the components. The three 

FT-IR spectra at the selected temperatures are shown in Figure 65, the detailed assignment is 

in the previous chapter. In the first decomposition step of component A around 530 °C the 
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C-HAr, C=C-CAr, C-HAr and Si-O bands are visible. In the second step at around 710 °C, the 

bands of Si-O and Si-V are present and also a sharp signal at 3017 cm-1.347 The last step at 

840 °C shows the decomposition into water and carbon dioxide under O2 atmosphere.351, 371  
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Figure 65: FT-IR spectra at selected temperatures of evolved gas during TG measurement of OE-6630 

component a) A and b) B under N2 until 800 °C, from 800 °C to 900 °C under O2. 

Component B, despite having a large amount of cross-linking, decomposes at lower tempera-

tures. Kim et al. and Schiavon et al. showed that a very high amount of cross-linking reduces 

the T95% compared to more flexible polysiloxanes.234, 353 These observations show that by in-

creasing the amount of cross-linking, the thermal stability first rises up to a maximum and af-

terwards it decreases. The FT-IR spectra of compound B at three selected temperatures are 

shown in Figure 65. In the FT-IR spectra of the first step at around 290 °C shows the Si-H, Si-O 

and CH3 bands. In the second step at 560 °C mainly the phenyl-groups are evolving, because 

of the C-HAr and C=C-CAr bands. The vinyl signals cannot be observed in both spectra, because 

of the overlap with C-H and water bands. In the last step under oxygen atmosphere at 851 °C 

the remaining organic is decomposed into H2O and CO2.
351 

The TGA-FT-IR measurement (Figure 66) of the cured material was performed up to 1000 °C 

under N2. The material shows a T95% of 430 °C. In the subsequent region, a large mass loss of 

29.6 % occurs (Figure 64) up to 600 °C. From 600 °C to 1000 °C the mass loss is not so signif-

icant. The FT-IR spectra reveal no change in the gas composition, only the intensity changes. 

The spectra at 553 °C (Figure 67) reveals signals of the Si-O backbone at 1115 cm-1 and 

1024 cm-1
, the C-H groups at around 3000 cm-1 and the C=C groups at 1590 cm-1, 1430 cm-1 

and 990 cm-1.  
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Figure 66: Temperature depending FT-IR plot of evolved gas from the cured OE-6630 up to 1000°C un-

der nitrogen atmosphere. 

The signal intensity increases strongly with increasing temperature up to 485 °C, where the 

Si-O signal shows the maximum absorbance followed by the C-H signal with a highest absorp-

tion at 553 °C. The FT-IR intensity of the evolved gas decreases till 600 °C. Further increasing 

the temperature to 900 °C leads to a constant signal.  
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Figure 67: FT-IR spectrum of cured OE-6630 at 553 °C under nitrogen atmosphere. 
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A last increase of the FT-IR signal between 900 °C and 1000 °C can be observed although no 

significant mass loss occurs. The evolving species are probably residues in the upper part of the 

furnace or the transfer cannula, which now, due to the high temperatures, were desorbed and 

directed to the detector. 

4.1.2.5 DSC analyses of Dow Corning OE-6630 

Differential scanning calorimetry (DSC) was measured for the components A and B as well as 

the cured polysiloxane under N2 with 10 K/min from −90 °C up to 150 °C in two cycles for the 

copolymers and from −50 °C up to 150 °C in two cycles for the cured polysiloxane (Figure 68). 

Component A (Table 7), being a linear methyl and phenyl-group containing polysiloxane, 

shows a strong Tg at −44.7 °C, indicating more than 50 % methyl side-groups, because the ref-

erence Tg for a polymethylphenylsiloxane is −28 °C and the Tg for a poly[diphenyl-co-dime-

thyl]siloxane 50:50 mol% is −30 °C.119 Lower values indicate a higher methyl content like in 

poly[diphenyl-co-dimethyl]siloxane 3:7 mol% which has a Tg of −64 °C.119 Component B has 

a lower Tg (Figure 68, Table 7) of −55.4 °C, despite having the higher phenyl content compared 

to component A, because of the presence of Si-H groups which lower the value.119 
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Figure 68: First and second heating cycle from the DSC measurement of OE-6630 component A, B and 

the cured polysiloxane. 

The intensity is lower because of the already existing cross-linking of the T groups which limit 

the degrees of freedom of the polymer.119 The curing increases the cross-linking respectively 
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reduces the mobility of the polymer chains and side-groups. This results in a higher glass tran-

sition temperature. Therefore, the DSC curves were only measured from −50 °C to 150 °C. The 

cured polysiloxane shows a drastically increased Tg of 5.5 °C. No melting temperatures could 

be observed in the measured temperature range. 

Table 7: Melting temperatures and melting energy as well as observed glass transition temperatures of 

OE-6630 compound A, B and the cured polysiloxane. 

 Tm [°C]  Em [J/g] Tg [°C] 

A − − −44.7 

B − − −55.4 

Cured − − 5.5 

4.1.2.6 Refractive index, viscosity, and SEC analyses of Dow Corning OE-6630 

The refractive indices of the two components A (n = 1.542) and B (n = 1.534) are lower than 

1.552, which is the value of the cured polysiloxane (589 nm, 20 °C). This is congruent with a 

pure polymethylphenylsiloxane that has a refractive index of 1.554.363 The cross-linking pro-

cess leads to a denser polymer, the polymer shrinks, which results in a higher refractive index. 

Also, in the components A and B solvent residues of the synthesis process are present, which 

are removed by the high-temperature curing process at 150 °C. The degassing process, which 

mainly aims at removing the air which was introduced by rigorously stirring the components 

before the curing process, removes some of them, but due to the relatively high viscosity of 

2962 ± 55 mPa∙s for component A (manufacturer: 2975 mPa∙s) and 2531 ± 31 mPa∙s for com-

ponent B (manufacturer: 2775 mPa∙s) not all can be removed.14 The molecular weight was de-

termined using a SEC analyses in THF. A molecular weight of 4680 g/mol for the RI detector 

and 4730 g/mol for the UV detector could be determined with a PDI of 1.83 respectively 1.62 

for the OE-6630 component A which is larger than the 3000 g/mol calculated by 1H NMR 

spectroscopy. For component B a bimodal deviation was observed with a molecular weight of 

1670 g/mol using the RI detector and 1640 g/mol using the UV detector with a PDI of 1.21 

respectively 1.17. The second area represents a much smaller molecular weight of 370 g/mol 

independent of the detector with a PDI of 1.03 respectively 1.02. 

4.1.2.7 UV/Vis spectroscopy of Dow Corning OE-6630 

For UV/Vis measurements (Figure 69), the mixed and degassed OE-6630 system was doctor 

bladed with 120 µm onto a cleaned microscope glass slide and cured. At 450 nm a high trans-

mission of 99 % can be measured. Additionally, the haze value was calculated using the scat-

tering and the corrected transmission spectra. A haze value at 450 nm of 7 % is obtained. 
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Figure 69: Transmission and haze spectra of the cured Dow Corning OE-6630 onto a glass slide. 

4.1.2.8 Thermal aging test of Dow Corning OE-6630 

The performance reliability was evaluated using a thermal aging test at 180 °C. UV/Vis meas-

urements of the sample were performed to validate the amount of colouration and transmittance 

during the heating process. The yellowness and whiteness indices were calculated before and 

after the study. The heat treatment (Figure 70) was performed for 69 days (1656 h). 
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Figure 70: Transmission spectra of Dow Corning OE-6630 onto a glass slide over 69 days (1656 h). 
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The high transmission of around 100 % can be maintained for the whole period from 370 nm 

to 800 nm showing the thermal resistance over time. The colouration was calculated using the 

yellowness (YI) and whiteness (WI) indices (Table 8). The YI after the synthesis is slightly 

over zero indicating a slightly yellow colour, after the treatment the value is zero which implies 

an optimal neither yellow nor blue colour. The WI increases after the heating, from a slightly 

yellowish colour to a slightly bluish one. In summary, the material maintains its high transmis-

sion and remains its uncoloured appearance even after 1600 hours at 180 °C. 

Table 8: Yellowness and Whiteness Index of Dow Corning OE-6630 before and after thermal aging. 

 YI WI 

After synthesis 0.5 99.0 

After 69 days 0.1 100.8 

4.1.2.9 Summary of Dow Corning OE-6630 

The OE-6630 system from Dow Corning is a high refractive index (n = 1.552) polymethylphen-

ylsiloxane (Figure 71). The polymer consists of two components: A being a linear vinyl termi-

nated polymethylphenylsiloxane and B being a cross-linked hydride and vinyl terminated 

poly[dimethyl-co-diphenyl]siloxane. The thermal stability (T95% values) of the cured polysilox-

ane is 425 °C under oxygen and 430 °C under nitrogen. The glass transition temperatures in-

crease from −45 °C for component A respectively −55 °C for B to 5 °C for the cured polymer. 

With its high transmission of around 100 % even under high temperatures for over 1600 h it is 

very suitable for LED applications. 

 
Figure 71: General structures of the OE-6630 system. 

4.1.3 Conclusion for the commercial polysiloxanes 

The commercial systems show very good properties. The SEC and NMR analyses showed that 

they have relatively low molecular weights and thus low viscosities around 3000 mPa·s. The 

thermal stability T95% is very high with around 400 °C. The Tg of the polymethylphenylsiloxane 

OE-6630 is around –50 °C for the polymers and 5 °C for the cured system. The transparencies 

are around 100 % and the haze values are around 10 %. The self-prepared systems have to reach 

those properties with the difference that they have to excel the refractive index of 1.53. 
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4.2 Enhancement of the refractive index with metal oxide nanoparticles 

Hafnium and zirconium dioxide were chosen because of the already mentioned reasons: they 

are colourless, nontoxic, have an inertness under oxygen atmosphere and have a high thermal 

stability and a RI over 2.0. Three high pressure synthesis were performed and three ambient 

pressure ones (Figure 72) to receive small nanoparticles under 10 nm. The nanoparticles can 

then be mixed in polysiloxanes or covalently bound to them. These new polysiloxanes also have 

to be synthesised first. 

 
Figure 72: Overview for possible syntheses of metal oxide (MetO2 with Met = Hf or Zr) nanoparticles. 

4.2.1 Synthesis of metal oxide nanoparticles 

4.2.1.1 Metal oxides from iso- or n-propoxide precursors obtained by autoclave syn-

thesis 

4.2.1.1.1 ZrO2 with PDMS-OH for the incorporation into polysiloxanes 

The synthesis was performed after Garnweitner et al.249 The metal precursor (Zr(OiPr)4 or 

Zr(OnPr)4) were mixed with benzyl alcohol (BnOH) in a stainless steel autoclave and heated 

for 210 °C for two days for the ZrO2 nanoparticles under nitrogen atmosphere. The resulting 

suspension was centrifuged, and the powder was washed with THF twice. The obtained parti-

cles were briefly dried before the XRD measurement (Figure 73). A Rietveld refinement was 

performed and showed the formation of cubic ZrO2 with a crystallite size of 3.3 ± 0.1 nm, while 

the literature reported a slightly smaller one with around 2.8 nm.249 
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Figure 73: Diffractogram of cubic ZrO2 nanoparticles (JCPDS: 27–991).249 

The prepared ZrO2 nanoparticles were surface modified with 1500 g/mol α-C10H20-COOH, 

ω-nBu PDMS (PDMS-COOH) until a transparent and stable solution (Figure 74) was formed 

which was adapted from Li et al.257 

 
Figure 74: Zirconia suspension modified with benzyl alcohol in THF, a) before the addition of PDMS-

COOH and b) after the addition.  

TEM images (Figure 75) of the ZrO2 particles show a uniform size distribution of 4.6 ± 0.9 nm 

after the synthesis and 4.1 ± 0.8 nm after the modification with PDMS-COOH (Figure 76). 

Measurement of the particles by TEM from the unmodified particles after the synthesis was 

more difficult due to the agglomerations which results in the small size difference. The particles 

showed a size between 3 nm to 4 nm in literature, but they were surface modified with smaller 

carboxylic acids like palmitic or stearic acid. The particles are spherical and highly dispersed 

as described in literature.238, 241, 249-250 

a) b) 
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Figure 75: TEM image of ZrO2 nanoparticles a) after synthesis, scale: 20 nm, b) modified with 1500 g/mol 

PDMS-COOH, scale: 20 nm and c) scale: 10 nm. 
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Figure 76: 200 counted ZrO2 particles with their respected size before and after the postmodification. 

DLS measurements (experimental section, Figure 221) were recorded directly after the synthe-

sis in benzyl alcohol which results in agglomerates with a hydrodynamic diameter of 

342.6 ± 0.6 nm. After the washing process with THF the particles were transferred into fresh 

THF and surface modifies with PDMS-COOH. They showed a size of 58.8 ± 0.2 nm and after 

30 min of sonification with ultrasound, the particle size dropped to 14.4 ± 0.4 nm which sup-

ports the TEM images because in DLS measurements the hydrodynamic size is determined.  

The FT-IR measurements (experimental section, Figure 222) show the desired bands from 

α-C10H20-COOH, ω-nBu PDMS after the postmodification as well as some remaining bands 

from benzyl alcohol indicating that it is still bound to the surface. In the FT-IR spectrum of 

ZrO2 after the synthesis and after modification are the characteristic bands of PDMS visible at 

2965 cm-1, 1258 cm-1, 1073 cm-1, 1014 cm-1 and 790 cm-1.226, 346, 372-373 The vibration bands of 

a) b) c)
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the CH2 and C-C=C groups from the benzyl alcohol overlap with those of PDMS. In the un-

modified sample spectrum, the signals of benzyl alcohol are visible at 716 cm-1 and in the range 

of 1323 cm-1 to 1613 cm-1.374-375 After the modification, the signals are still present, indicating 

that benzyl alcohol is still covalently bound onto the particle surface. 

The TG measurements (experimental section, Figure 223) were carried out under nitrogen at-

mosphere. The TGA of the ZrO2 nanoparticles directly after the synthesis reveals a two-step 

degradation. Starting at 170 °C the remaining liquid benzyl alcohol with a boiling point of 

205 °C begins to evaporate, the sample loses 4.2 % mass. From 450 °C to about 600 °C there 

is a further mass loss of 13.7 %, in which the covalently bound benzyl alcohol is cleaved from 

the surface.249 The dried PDMS-COOH modified particles show one decomposition step start-

ing at 270 °C and ending at 710 °C resulting in the complete degradation of the PDMS and 

residual benzyl alcohol.249, 353, 356, 376 

4.2.1.1.2 ZrO2 with epoxides for the cross-linking with polysiloxanes by the ring opening 

reaction of epoxides 

The ZrO2 nanoparticles prepared by the autoclave reaction (4.2.1.1.1) were also used for a dif-

ferent nanocomposite system in which the particles are covalently bound to the polysiloxane. 

This reaction is performed using the ring opening reaction of epoxides. Therefore, the ZrO2 

nanoparticles received after the autoclave synthesis with benzyl alcohol onto the surface were 

surface modified using 3-glycidyloxypropyl trimethoxysilane. 

The successful surface modification was verified using proton NMR after the washing process. 

All expected protons (Figure 77) could be assigned and the data also showed that no epoxide 

opening occurred during the surface modification.  

 
Figure 77: 1H NMR (300 MHz, CDCl3) of 3-glycidyloxypropylsiloxane surface modified nanoparticles with 

toluene, benzyl alcohol and methanol. 

The signal of the methoxy-groups (H1) is very large because of remaining methanol from the 

precipitation and washing process, the same applies for benzyl alcohol and toluene. 13C and 29Si 
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NMRs could not be recorded because the particles were not stable in solution for the longer 

measurement time. 

The TEM images (Figure 78) show very small round particles with a diameter of 2.5 ± 0.5 nm 

(Figure 79). Showing that this batch produced smaller particles than the one in 4.2.1.1.1 with 

4.6 ± 0.9 nm. The particles are agglomerated because of the surface modification with 3-glyc-

idyloxypropylsiloxane. 

 
Figure 78: TEM images of ZrO2 nanoparticles surface modified with 3-glycidyloxypropylsiloxane in dif-

ferent enlargements a) scale: 10 nm and b) scale: 20 nm. 

The DLS curves (experimental section, Figure 224) show a hydrodynamic diameter of 

2.6 ± 0.1 nm after the autoclave synthesis in benzyl alcohol which is identical with the size 

determined by the TEM images.  
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Figure 79: 200 counted ZrO2 particles with their respected size after the surface modification with 3-glyc-

idyloxypropylsiloxane. 

a) b)
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After the surface modification with epoxides, the particles show a hydrodynamic diameter of 

60.1 ± 0.8 nm, the aggregation of the modified particles is also visible in the TEM images. The 

TGA analysis (experimental section, Figure 225) under oxygen atmosphere shows two decom-

position steps, the first from 40 °C to 180 °C with 3.7 % mass loss resulting from residual sol-

vent methanol and toluene. The second step from 180 °C to 500 °C results from the release of 

the surface bound benzyl alcohol and the decomposition of 3-glycidyloxypropylsiloxane. 

4.2.1.1.3 HfO2 with PDMS-COOH for the incorporation into polysiloxanes 

The synthesis of the hafnium oxide nanoparticles was performed analogously to the zirconium 

oxide nanoparticles, but the temperature was increased to 230 °C and the time was increased to 

four days according to Garnweitner et al. and Niederberger et al.241, 250 The surface modification 

was performed with PDMS-COOH in THF after the washing process with THF. 

The XRD measurement (Figure 80) showed the formation of monoclinic HfO2 nanoparticles 

with a crystalline size of 2.0 ± 0.1 nm which is over one nanometre smaller than the ZrO2 par-

ticles. The narrow reflex at 10.9° belongs to the organic from the precursor.377-378 
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Figure 80: Diffractogram of monoclinic HfO2 nanoparticles synthesised from the alkoxide precursor 

(JCPDS 43-1017). 

The TEM images (Figure 81) show uniform oval particles with a diameter of 5.1 ± 1.5 nm (Fig-

ure 82). Due to the high loading of the copper net, an agglomeration of the particles occurs. The 
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DLS measurement (experimental section, Figure 226) after the synthesis reveals particles with 

a diameter of 38.8 ± 0.2 nm. 

 
Figure 81: TEM images of HfO2 nanoparticles from the Hf(OiPr)4 in different enlargements a) and b) with 

a scale of 20 nm. 
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Figure 82: 200 counted HfO2 particles with their respected size before the postmodification with 

PDMS-COOH. 

The hydrodynamic diameter increased to 45.2 ± 0.2 nm after the surface modification with 

PDMS-COOH which is reduced again to 27.0 ± 0.2 nm after the sample was washed and fil-

tered. The larger sizes determined by DLS relate to the strong agglomeration which is visible 

in the TEM images. 

The vibrations in the FT-IR spectra (experimental section. Figure 227) were assigned analo-

gously to the one in the FT-IR spectra recorded for the ZrO2 sample surface modified with 

PDMS-COOH. 

a) b)
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The TG measurements (experimental section, Figure 228) under nitrogen of the particles after 

the synthesis show a 1.5 % mass loss from 165 °C to 250 °C for the residual benzyl alcohol.249 

The second step with 26.7 % starting at 260 °C relates to the evaporation of the surface bound 

benzyl alcohol. The PDMS-COOH modified particles show a first step with 7.3 % mass loss 

from 160 °C to 290 °C because of the same reason. The second step starts at 290 °C and ends 

at 700 °C resulting in an 81.1 % mass loss because of the remaining surface bound benzyl al-

cohol and the degradation of PDMS-COOH.249, 353, 356, 376 

4.2.1.2 HfO2 from chloride precursor obtained by the autoclave synthesis 

The synthesis was performed accordingly to De Roo et al.267 which adapted the route from 

Buha et al.268 and Niederberger et al.241 The hafnium chloride was mixed with benzyl alcohol 

in an autoclave and heated to 220 °C for three days. After washing with ethanol and diethyl 

ether, the post modification was performed in chloroform with dodecanoic acid and oleylamine 

accordingly to De Roo et al.267 

XRD analysis (Figure 83) confirms that the prepared compound is HfO2 in the monoclinic phase 

with a crystallite size of 5.0 ± 0.1 nm, which is slightly smaller than the crystallite size in the 

literature of 6.3 nm to 8.0 nm.267 
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Figure 83: Diffractogram of monoclinic HfO2 nanoparticles (JCPDS 43-1017). 
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The TEM images (Figure 84) are in agreement with the XRD data, particles with a diameter of 

5.6 ± 1.6 nm (Figure 85) can be seen. They are not uniform; besides round particles some elon-

gated ones are present which results in a broader size distribution. The literature size determined 

by TEM is 5.2 ± 1.5 nm.267 

 
Figure 84: TEM images of HfO2 nanoparticles from the HfCl4 precursor in different resolutions a) scale: 

50 nm and b) scale: 20 nm. 
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Figure 85: 200 counted HfO2 particles with their respected size before the postmodification with dodeca-

noic acid and oleylamine. 

The DLS measurement (experimental section, Figure 229) after the synthesis shows particles 

with a larger hydrodynamic diameter than the TEM images of 16.0 ± 0.6 nm, which confirms 

the literature data.267 The particles showed a hydrodynamic diameter of 25.8 ± 0.2 nm after 

postmodification. 

a) b)
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In the FT-IR spectrum (experimental section, Figure 230) of the HfO2 particles after the syn-

thesis the signals of the OH groups located on the particle surface are in the range from 

2400 cm-1 to 3600 cm-1.261, 347, 379-380 The O-H valence vibration of benzyl alcohol is in the range 

of 1620 cm-1 and the C-H deformation oscillations of the aromatic in the range of 600 cm-1 to 

800 cm-1.261, 347, 379-380 After the particles were modified with dodecanoic acid and oleylamine, 

the typical bands of the C-H vibrations as well as the carboxylic acid at 1470 cm-1. Other bands 

overlap with C-C and C-H vibrations.251, 380 The N-H vibrations16 are visible at 3309 cm-1 and 

1537 cm-1.261, 347, 379-380 

TG analyses of the nanoparticles (experimental section, Figure 231) show only a small mass 

loss of 7.4 % for the unmodified particles, where the initial mass loss of 1.3 % occurs in the 

range of 50 °C to 160 °C relating to solvent residues of ethanol and chloroform. The subsequent 

mass loss is referred to benzyl alcohol, which is partially bound to the surface.249, 353, 356, 376 The 

mass loss of the postmodified particles is much higher with 56.9 % and shows the parallel de-

composition of dodecanoic acid and oleylamine despite of their different boiling temperatures 

of 298 °C and 364 °C, respectively.381 The additional effect of the stronger surface bonding of 

the dodecanoic acid compared to the oleylamine has also to be taken into account.270-271 Oleyla-

mine alone mainly decomposes in two steps from 200 °C to 500 °C and further slowly decom-

poses up to 900 °C.16 

4.2.1.3 Metal oxide from trifluoroacetate precursor 

4.2.1.3.1 ZrO2 with oleylamine 

The particles were synthesised accordingly to Liu et al.16 First an organic metal precursor was 

synthesised from zirconium tetrachloride and trifluoroacetic acid which was stirred for five 

hours at 40 °C. After drying the Zr(CF3COOH)4 precursor was obtained which then was mixed 

with oleylamine, which serves as solvent and surface modifier, and stirred under vacuum at 

110 °C for 30 min. The transparent solution was then heated to 330 °C for one hour. After add-

ing acetone, the nanoparticles flocculated and could be collected. They were washed with tolu-

ene and ethanol and dispersed in toluene. Further surface modifications were not applied. 

A XRD measurement (Figure 86) was performed and the Rietveld refinement showed the for-

mation of monoclinic ZrO2 with a crystalline size of 3.7 ± 0.2 nm.382-383 The literature reported 

the formation of the cubic phase with a larger crystalline size of 5.9 ± 0.1 nm,251 but also re-

ported that they expected the monoclinic one due to other literature.382-383 
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Figure 86: Diffractogram of monoclinic ZrO2 nanoparticles (COD 9005833).251, 382-383 

The TEM images (Figure 87) show mostly elongated particles and some spherical ones with a 

size of 8.1 ± 4.0 nm (Figure 88) which is double the amount determined by XRD showing that 

large areas of the particles are amorphous. The large size and standard deviation results from a 

few larger particles up to 23 nm. The literature size is reported with 5.5 ± 0.8 nm.16 

 
Figure 87: TEM images of ZrO2 nanoparticles from the Zr(CF3COO)4 precursor in different resolutions 

a) scale: 50 nm and b) scale: 20 nm. 

b) a) 
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Figure 88: 200 counted ZrO2 particles with their respected size after the synthesis. 

The DLS measurement (experimental section, Figure 232) shows a hydrodynamic diameter of 

10.4 ± 0.4 nm, which is in agreement with the size determined by TEM. 

In the FT-IR spectrum (experimental section, Figure 233) are only the oleylamine bands visible. 

The C-H vibrations are in the range of 2800 cm-1 to 3000 cm-1, 131, 154 at 1470 cm-1 131, 154 and at 

700 cm-1 to 800 cm-1 261, 347, 379-380.251, 380 The N-H vibrations are located at 3000 cm-1 to 

3300 cm-1 16 and 1537 cm-1.261, 347, 379-380 

TGA measurements (experimental section, Figure 234) up to 900 °C were carried out under N2. 

The curve is in agreement with the literature for oleylamine surface modified ZrO2 nanoparti-

cles.16 The first 1.5 % mass loss are due to remaining ethanol from the washing process.16 The 

decomposition of oleylamine occurs in two steps, a first fast step from 150 °C to 480 °C with 

21.6 % mass loss and a second slower one up to 700 °C with 4.0 % mass loss. 

4.2.1.3.2 HfO2 with oleylamine 

The synthesis was performed accordingly to Liu et al., which is an identical synthesis as the 

one for the ZrO2 nanoparticles with oleylamine.251 

The XRD measurement (Figure 89) confirmed the formation of the monoclinic phase with a 

crystallite size of 3.2 ± 0.1 nm, while the size reported in literature is 5.7 ± 0.3 nm.251 One pos-

sibility is that the temperature was slightly lower than 330 °C because this strongly affects the 

crystallite size. Liu et al. investigated this correlation on ZrO2 in a later publication and showed 
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that a temperature of 315 °C would match a particle size of 4.1 nm for ZrO2.
16 Taken into ac-

count that the ZrO2 nanoparticles are around 0.5 nm larger than the HfO2 ones synthesised by 

the same group in the same synthesis route, the reaction occurred at around 315 °C.16, 251 The 

problem was that the old heater equipped with a thermocouple inside the flask could not reach 

the temperature of 330 °C starting from room temperature in exactly one hour, but oscillated. 
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Figure 89: Diffractogram of monoclinic HfO2 nanoparticles (JCPDS 43-1017). 

TEM recordings (Figure 90) were performed to verify the XRD measurements. An average 

particle size of 4.8 ± 1.2 nm (Figure 91) could be determined, the literature size is reported with 

around 5 nm.251 The particles are mostly spherical but some are elongated with a size of up to 

9 nm. 

 
Figure 90: TEM images of HfO2 nanoparticles from the Hf(CF3COO)4 precursor in different resolutions 

a) scale: 20 nm and b) scale: 10 nm. 

a) b) 
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Figure 91: 200 counted HfO2 particles with their respected size after the synthesis. 

The DLS measurement (experimental section, Figure 235) showed a bimodal distribution, one 

region with a hydrodynamic diameter of 7.0 ± 0.1 nm and one region with 23.2 ± 0.6 nm. The 

smaller size agrees with the XRD and TEM measurements. The larger size probably results 

from an agglomeration in solution because in the TEM image of the dried particles such large 

ones cannot be observed. 

In the FT-IR spectrum (experimental section, Figure 236) are only the oleylamine bands visible 

like in the ZrO2 spectrum.16, 251, 261, 347, 379-380 

TGA measurements (experimental section, Figure 237) under nitrogen atmosphere were carried 

out up to 900 °C, the degradation curve is in accordance with the ZrO2 curve and the literature 

for oleylamine surface modified ZrO2 nanoparticles.16 The first 2.2 % mass loss is due to re-

maining ethanol from the washing process. The decomposition of the oleylamine occurs in two 

steps,16 a first fast step from 200 °C to 450 °C with 17.6 % mass loss and a second slower one 

up to 700 °C with 4.3 % mass loss. 

4.2.1.4 ZrO2 with 3-methacryloxypropyl trimethoxysilane from basic carbonate pre-

cursor 

The synthesis was performed accordingly to Chung et al.236 Zirconium basic carbonate was 

mixed with distilled water and sodium hydroxide and heated up to 110 °C for twelve hours. 

After the supernatant was discarded, the particles were washed with ammonium bicarbonate 

and water. The particles were then mixed with water and butyric acid and heated up to 70 °C 

for four hours. The sediment was centrifuged and washed with water and the particles were 
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dried under reduced pressure and dispersed in ethyl acetate. 3-Methacryloxypropyl trimethox-

ysilane was added and they were heated up to 70 °C for one hour. The particles were precipi-

tated with water, centrifuged, dried, and dispersed in toluene. 

An XRD measurement (Figure 92) before the postmodification of the nanoparticles was carried 

out to determine the crystallinity and phase of the sample. The cubic phase of ZrO2 with a 

crystalline size of 4.6 ± 0.1 nm was obtained which is slightly smaller than the 6.6 nm described 

in literature.236 

10 20 30 40 50 60 70 80 90 100

In
te

n
s
it

y
 [

a
.u

.]

2Q [°]

 Measured data

 Rietveld refinement

 Deviation

 Bragg marker (JCPDS: 27–991)

 
Figure 92: Diffractogram of cubic ZrO2 nanoparticles (JCPDS: 27–991).249 

TEM images (Figure 93) after the post-modification revealed that the obtained particles are not 

uniform, they have a diameters of 4.3 ± 0.7 nm (Figure 94) which is in agreement with the XRD 

data. The large deviation results from the agglomerates (darker areas). 

 
Figure 93: TEM image of the ZrO2 nanoparticles from the basic carbonate precursor after the postmodifi-

cation with butyric acid and 3-methacryloxypropyl trimethoxysilane a) scale: 20 nm and b) scale: 10 nm. 

a) b) 
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Figure 94: 200 counted ZrO2 particles with their respected size from the basic carbonate precursor after 

the post-modification with butyric acid and 3-methacryloxypropyl trimethoxysilane. 

The DLS measurements after the post-modification showed a hydrodynamic diameter of 

15.8 ± 0.6 nm because of the agglomerations seen in the TEM image (experimental section, 

Figure 238). 

The FT-IR measurements (experimental section, Figure 239) show the bands from butyric acid 

and 3-methacryloxypropyl trimethoxysilane. The vibrations of the Si-O bond are located at 

1164 cm-1 and 983 cm-1 and the ones from the Si-C are visible at 1321 cm-1, 1296 cm-1, 

816 cm-1 and 773 cm-1.226, 346, 372-373 The vibration bands of the C-H and C-C groups from bu-

tyric acid overlap with those of the siloxane in the region of 2807 cm-1 to 3040 cm-1 and 

1384 cm-1 to 1720 cm-1.226, 372-375 The C=CV vibration from the methacrylate-group is visible at 

937 cm-1.380, 384 

The TGA under oxygen atmosphere (experimental section, Figure 240) shows one decomposi-

tion step starting at 176 °C and ending at 580 °C resulting in a 39.0 % mass loss because of the 

surfactants. 

1H, 13C and 29Si NMR spectra (experimental section, Figures 95, 241 and 242) of the surface 

modified particles were recorded, in the 1H NMR all signals of the 3-methacryloxypropyl tri-

methoxysilane surface modifier are visible. An integration of 5.7 for the methoxy protons shows 

that the silicon atom mainly forms one bond to the particle surface, in the mean 1.1 of the 3.0 

methoxy-groups anchored. Therefore, in the 29Si NMR (Figure 242) are two signals visible, one 

larger at −42 ppm for the T1 silicon atom and at −51 ppm for the T2 silicon atom.236, 321, 331 The 
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signals of the butyric acid are barely visible at 0.9 ppm for the CH3, 1.7 ppm for the C-CH2-CH3 

and at 2.3 ppm for the C-CH2-CH2 group, which are around 3 % in correlation to the 3-meth-

acryloxypropyl di/trimethoxysilane. A nearly complete exchange of the surfactant occurred. 

 
Figure 95: 1H NMR (400 MHz, CDCl3) of ZrO2 nanoparticles after the postmodification with butyric acid 

and 3-methacryloxypropyl trimethoxysilane. 

4.2.1.5 Conclusion 

An overview of all synthesised ZrO2 and HfO2 routes are shown in Table 9. The zirconium 

routes allow good batch sizes in the gram scale, the high temperature cubic phase was received 

twice and the low temperature monoclinic phase once.385 The trifluoroacetate route is not rec-

ommend, although it is very fast, because of larger elongated particles and agglomerates which 

can be seen in the TEM images. The basic carbonate and the n-propoxide route show identical 

diameters determined by TEM images but the autoclave reaction of the n-propoxide shows a 

smaller crystallite size. The basic carbonate route is four times faster with only half of the tem-

perature needed compared to the n-propoxide one. The hafnium routes with the iso-propoxide 

and the trifluoroacetate precursor allow batch sizes in the gram scale, while the chloride route 

only reaches the milligram range. All synthesised HfO2 particles are in the low temperature 

monoclinic phase.385 The crystallite size increases from iso-propoxide over trifluoroacetate to 

the chloride precursor reaction. The diameter as well as the deviations measured by TEM im-

ages are comparable. Therefore, the trifluoroacetate synthesis is the most suitable one because 

of the over 50 times faster synthesis compared to the iso-propoxide route. The higher tempera-

ture of 330 °C has only be applied for one hour, while for the iso-propoxide synthesis needs 

230 °C for 96 hours. 
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Table 9: Overview of the synthesised ZrO2 and HfO2 nanoparticles with their size determined by XRD, 

TEM and DLS, their received phase (c: cubic, m: monoclinic) and the synthesis process. 

Particle Precursor XRD 

crystallite 

size [nm] 

TEM 

diameter 

[nm] 

DLS 

hydrodynamic 

diameter [nm] 

Reaction 

time, temper-

ature 

ZrO2 (c) n-propoxide 3.3 ± 0.1 4.1 ± 0.8 14.4 ± 0.4 48 h, 210 °C 

ZrO2 (m) trifluoroacetate 3.7 ± 0.2 8.1 ± 4.0 10.4 ± 0.4 0.5 h, 110 °C 

1 h, 330 °C 

ZrO2 (c) basic carbonate 4.6 ± 0.1 4.3 ± 0.7 15.8 ± 0.6 12 h, 110 °C 

HfO2 (m) iso-propoxide 2.0 ± 0.1 5.1 ± 1.5 27.0 ± 0.2 96 h, 230 °C 

HfO2 (m) chloride 5.0 ± 0.1 5.6 ± 1.6 25.8 ± 0.2 72 h, 220 °C 

HfO2 (m) trifluoroacetate 3.2 ± 0.1 4.8 ± 1.2 7.0 ± 0.1 

23.2 ±0.6 

0.5 h, 110 °C 

1 h, 330 °C 
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4.2.2 Incorporation of metal oxide nanoparticles into polysiloxanes 

The surface modified nanoparticles in solution were mixed into the commercial polysiloxanes 

KJR-9022-E1 from Shin-Etsu as a polydimethylsiloxane and OE-6630 from Dow Corning as a 

polymethylphenylsiloxane. Additionally, a self-prepared polydiphenylsiloxane over a route pa-

tented in a previously OSRAM project was also used.223-224 This HRI polymer has a RI of 1.576 

which is slightly higher than the 1.552 of the OE-6630 system. It consists out of two compo-

nents which were synthesised in polycondensation reactions and has a very high amount of 

phenyl-groups as well as a higher degree of cross-linking. Component A being a hydride-group 

containing copolymer was synthesised using diphenylsilanediol and methyldiethoxysilane with 

gaseous hydrogen chloride as catalyst. Component B being a vinyl-group containing copolymer 

was synthesised using diphenylsilanediol and vinyltrimethoxysilane with gaseous ammonia as 

catalyst. After mixing the polymer with the particle suspension, the solvent was removed under 

reduced pressure at 2 mbar and continuous stirring. The polymer mixture was casted onto 

cleaned microscope glass slides with about 3 mm thickness or doctor bladed with 120 µm which 

results in a 60 µm film, cured at 150 °C for four hours and the refractive index at 20.0 °C and 

589 nm was determined. For later samples, the transmission at 450 nm and the T95% values are 

reported. The particles prepared from the n-propoxide reaction always have benzyl alcohol and 

the ones from trifluoroacetic acid always oleylamine on their surface after the synthesis because 

these molecules serve as solvent and stabilising agent during the reaction. However, surfactants, 

which form stronger or more bonds, like carboxylic, phosphinic or phosphonic acids respec-

tively phosphate esters can replace the amine or alcohol-group containing surfactants.259-260, 262-

263, 266 This was performed with the PDMS-OH, lauric acid, butyric acid as well as trimethox-

ysilanes. 

4.2.2.1 3.0 wt% ZrO2 mixed in polydimethylsiloxane 

Sample 01 (Table 10) shows the pure KJR-9022-E1 casted by hand onto the glass slide and 

cured, the 1 mm thick film is transparent and colourless. In sample 02 3.0 wt% of ZrO2 nano-

particles from the alkoxide route, surface modified with benzyl alcohol and oleylamine, were 

mixed into the polydimethylsiloxane, the film is white and opaque, and no RI could be deter-

mined. The missing chemically similar surface modifier leads to light scattering.242-244, 256-257 
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Table 10: 3.0 wt% of ZrO2 nanoparticles mixed into the commercial polysiloxane KJR-9022-E1. 

Sample  01 02 

Polysiloxane KJR-9022-E1 KJR-9022-E1 

Precursor − Zr(OnPr)4 

Particles − 3.0 wt% ZrO2 

Surfactant − Benzyl alcohol 

+ Oleylamine 

RI 1.4100 − 

Image 

  

4.2.2.2 3.0 wt% ZrO2 mixed in polymethylphenylsiloxane 

All samples were casted by hand which results in a film thickness of around 1 mm. The sample 

03 (Table 11) shows the pure polymethylphenylsiloxane OE-6630, the film is colourless and 

highly transparent. In sample 04, 3.0 wt% of ZrO2 from the autoclave synthesis with the 

Zr(OnPr)4 precursor and oleylamine as surfactant were mixed inside the polysiloxane and cured. 

The film is slightly yellow and opaque indicating that oleylamine is not suitable as surfactant. 

The amine-group also hinders the hydrosilylation reaction because it is a platinum catalyst poi-

son, it is possible, that some free oleylamine was in the particle suspension or a duple layer of 

oleylamine could be present on the particle surface with the free amine-group on the outside 

because the aliphatic rest stacks.386 The RI of the ZrO2 containing sample is around 0.0025 

higher than that of the pure silicone. In sample 05, the surface modifier was changed into 

nBu-PDMS-C10H20-COOH (PDMS-COOH) and a transparent and colourless polysiloxane was 

received, but the RI was slightly lower because of the introduction of PDMS chains which has 

a RI of 1.410.360-362 For sample 06, other ZrO2 nanoparticles from the Zr(CF3COO)4 precursor 

route were surface modified with nBu-PDMS-C10H20-COOH and mixed into OE-6630. The film 

here is thinner with around 1 mm, colourless and transparent. The RI increase is negligible, the 

positive effect of the particles and the negative one from the PDMS negate each other. 
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Table 11: 3.0 wt% of ZrO2 nanoparticles mixed into the commercial polysiloxane OE-6630. 

Sample  03 04 05 06 

Polysiloxane OE-6630 OE-6630 OE-6630 OE-6630 

Precursor − Zr(OnPr)4 Zr(OnPr)4 Zr(CF3COO)4 

Particles − 3.0 wt% ZrO2 3.0 wt% ZrO2 3.0 wt% ZrO2 

Surfactant − Benzyl alcohol 

 + Oleylamine 

Benzyl alcohol 

+ PDMS-COOH 

Oleylamine  

+ PDMS-COOH 

RI 1.5515 1.5540 

(+0.16 %) 

1.5529 

(+0.09 %) 

1.5520 

(+0.03 %) 

Image 

 

 

 

 

 

    

4.2.2.3 10.0 wt% ZrO2 mixed in polymethylphenylsiloxane 

All samples were casted by hand which results in a film thickness of around 1 mm. For sample 

07 (Table 12), the particle amount was increased to 10.0 wt% and no additional surface modifier 

was introduced. The sample is yellow and opaque. The effect is much stronger than in sample 

04 because of the oleylamine, a RI could not be determined because the sample is turbid. Sam-

ple 08 was surface modified with 850 g/mol α-(1-propyl-3-phosphonate), ω-(n-butyl) PDMS 

(PDMS-PO(OH)2), the yellowing is slightly reduced, and the transparency is higher but still 

opaque. Sample 09 was modified with a longer PDMS of 4750 g/mol and the yellowing is fur-

ther reduced but the transparency is lower than in sample 08, close to sample 07. The effect of 

the oleylamine which cannot be fully removed even with stronger surfactants like phosphonates 

results in a particle synthesis change, the trifluoroacetate route therefore is not further recom-

mend. 
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Table 12: 10.0 wt% of ZrO2 nanoparticles mixed into the commercial polysiloxane OE-6630. 

Sample  03 07 08 09 

Polysiloxane OE-6630 OE-6630 OE-6630 OE-6630 

Precursor − Zr(CF3COO)4 Zr(CF3COO)4 Zr(CF3COO)4 

Particles − 10.0 wt% ZrO2 10.0 wt% ZrO2 10.0 wt% ZrO2 

Surfactant − Oleylamine Oleylamine +  

PDMS-PO(OH)2 

850 g/mol 

Oleylamine +  

PDMS-PO(OH)2  

4750 g/mol 

RI 1.5515 − − − 

Image 

 

 

 

 

 

    

4.2.2.4 10.0 wt% HfO2 mixed in polymethylphenylsiloxane 

All samples were casted by hand which results in a film thickness of around 1 mm. Sample 10 

(Table 13) shows the pure polysiloxane with 10.0 wt% HfO2 nanoparticles synthesised from 

the trifluoroacetate precursor and therefore oleylamine is on the particle surface. The film is 

slightly opaque and transparent, but a RI could not be determined. In sample 11 the particles 

were surface modified with 5000 g/mol α-(1-propoxyethyl-6-phosphate), ω-(n-butyl) PDMS 

(PDMS-OPO(OH)2), the film is opaque, colourless and the surface is uneven. For sample 12 

the nanoparticles were surface modified with 10000 g/mol α-(1-propoxyethyl-6-phosphate), 

ω-(n-butyl) PDMS, the film is slightly transparent, colourless and the surface is uneven, but 

less rough. The sample 13 was bimodal surface modified, first with the 10000 g/mol phosphate 

and then with the 5000 g/mol PDMS-OPO(OH)2 analogously to Li et al.242, 256-257 The expected 

effect of the bimodal surface modification is not observable. The film is opaque, colourless, 

and comparable to sample 11. The surface is uneven but finer than in sample 11. Here again the 

missing chemically similar surfactant leads to a transparency loss.242-244, 256-257 No RI for the 

samples 10 to13 could be determined. 
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Table 13: 10.0 wt% of HfO2 nanoparticles mixed into the commercial polysiloxane OE-6630. 

Sample  10 11 12 13 

Polysiloxane OE-6630 OE-6630 OE-6630 OE-6630 

Precursor Hf(CF3COO)4 Hf(CF3COO)4 Hf(CF3COO)4 Hf(CF3COO)4 

Particles 10.0 wt% HfO2 10.0 wt% HfO2 10.0 wt% HfO2 10.0 wt% HfO2 

Surfactant Oleylamine Oleylamine + 

PDMS-OPO 

(OH)2 5k g/mol 

Oleylamine +  

PDMS-OPO 

(OH)2 10k g/mol 

Oleylamine +  

PDMS-OPO(OH)2 

5k + 10k g/mol 

RI − − − − 

Image 

 

 

 

 

 

    

4.2.2.5 10.0 wt% to 30.0 wt% HfO2 mixed in polymethylphenylsiloxane and polydi-

phenylsiloxane 

All samples were doctor-bladed with 120 µm which results in a film thickness of around 80 µm. 

The surface modification with PDMS phosphate or phosphonate is not suitable because it does 

not result in a highly transparent film when using an HRI polymer, which is shown in previous 

chapters. Therefore, no PDMS containing surfactants were used for the HfO2 particles synthe-

sised from the trifluoroacetate precursor. The particles were used in 10.0 wt%, 20.0 wt% and 

30.0 wt% inside the polymethylphenylsiloxane OE-6630 and a polydiphenylsiloxane (PDPS) 

which was prepared and patented in a previous project with OSRAM Opto Semiconductors (Fig-

ure 96).223-224 The synthesis route was adapted from Kim et al.235, 319 and Bae et al.234 but gas-

eous catalysts (ammonia respectively hydrogen chloride) were used to facilitate the catalyst 

removal after the synthesis. Additionally, some of the nanoparticles were surface modified with 

diphenylphosphinic acid to introduce some phenyl-groups onto the surface. 
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Figure 96: Synthesis of polydiphenylsiloxane (PDPS) with gaseous sol-gel catalysts.223-224 

The prepared samples with 10.0 wt%, 20.0 wt% and 30.0 wt% HfO2 without further surface 

modification and 10.0 wt% HfO2 surface modified with Ph2POOH incorporated into OE-6630 

are shown in Table 14. 

Table 14: 10.0 wt%, 20.0 wt% and 30.0 wt% HfO2 incorporated into OE-6630. 

Sample  14 15 16 17 

Polysiloxane OE-6630 OE-6630 OE-6630 OE-6630 

Precursor Hf(CF3COO)4 Hf(CF3COO)4 Hf(CF3COO)4 Hf(CF3COO)4 

Particles 10.0 wt% HfO2 20.0 wt% HfO2 30.0 wt% HfO2 10.0 wt% HfO2 

Surfactant Oleylamine Oleylamine Oleylamine 

 

Oleylamine +  

Ph2POOH 

RI  1.5525 

(+0.06 %) 

1.5515 

(+0.00 %) 

1.5520 

(+0.03 %) 

1.5585 

(+0.45 %) 

Transmission 

[%, 450 nm] 

93 94 93 85 

T95% [°C, O2] 344 389 416 450 

Image 
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Sample 14 is identical with the composition of sample 10 with 10.0 wt% of HfO2 nanoparticles 

prepared by the trifluoroacetate route, but the polymer was doctor bladed which allowed the 

determination of the RI and the transmission. FT-IR spectra were recorded and a TGA under 

oxygen was measured (experimental section, Figures 243 - 245). The RI slightly increased by 

0.06 % compared to the 1.552 of the pure OE-6630. The transmission decreased from 99 % to 

93 %, the thermal stability under oxygen decreased from 425 °C to 344 °C. With an increase of 

the particle content over 20.0 wt% to 30.0 wt% in sample 15 and 16, the transmission is main-

tained at around 94 %. This shows that the increase of the particle amount is not the reason for 

the transmission reduction because the particle free film shows the same value. More likely the 

oleylamine is the reason for the slightly opaque resin. The refractive indices are not increased 

with a higher particle loading, but the thermal stability increased to 389 °C with 20.0 wt% and 

to 416 °C with 30.0 wt% which is in the range of the particle free film. The increase of the 

particle content leads to an increase of the thermal stability, the RI does not change significantly 

compared to the pure polysiloxane, but the transmission decreases to around 93 % because of 

the oleylamine. 

In sample 17, the 10.0 wt% of HfO2 particles were surface modified with diphenylphosphinic 

acid which results in an RI increase of 0.45 % to 1.559 because the low RI surfactant oleylamine 

is replaced with the high RI surfactant diphenylphosphinic acid. The transmission is reduced to 

85 % probably because of the chemical difference between the highly phenylic surfactant and 

the methyl and phenyl-group containing matrix. The thermal stability increases to 450 °C be-

cause of the particle loading which is 25 °C higher than for the particle free film.5, 10, 387-389  

The FT-IR spectra (experimental section, Figure 243) mainly show the vibrations of the pol-

ysiloxane. In the range of 2800 cm-1 to 3000 cm-1,251, 380 at 1470 cm-1, at 1250 cm-1 226, 372-375 

and at 700 cm-1 to 800 cm-1 261, 347, 379-380 are the C-H vibrations visible. The CAr bands are pre-

sent at 1593 cm-1 and 1491 cm-1.226, 372-375 The vibrations of the Si-O bands are visible between 

1170 cm-1 and 950 cm-1 and the Si-C ones are present around 1428 cm-1, 1257 cm-1 and from 

680 cm-1 to 840 cm-1.226, 346, 372-373 Some unreacted Si-H bands at 2130 cm-1 and at 902 cm-1 are 

also visible. 234-235, 319, 346-347 Some of the bands overlap with the N-H vibrations at around 

3300 cm-1 and 1540 cm-1 and therefore are hardly visible.16, 261, 347, 379-380 Some free O-H vibra-

tions from the HfO2 particle surface can be present in the range of 2400 cm-1 to 3500 cm-1, but 

cannot be assigned because the C-H bands overlap.261, 347, 379-380 The FT-IR bands of diphe-

nylphosphinic acid are located at 1589 cm-1, at 1485 cm-1, at 729 cm-1 and at 695 cm-1 for the 
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phenyl-groups, at 1438 cm-1 for the P-Ph vibration, at 964 cm-1 for the P-O one, at 1129 cm-1 

for the P=O one and at 2615 cm-1 for the O-H one.390 

For the samples 18 to 21 (Table 15) the polymethylphenylsiloxane OE-6630 was substituted 

with the polydiphenylsiloxane (PDPS) prepared by the patented route (Figure 96).223-224 The 

FT-IR bands assignment is identical with the one for the polymethylphenylsiloxane matrix be-

cause only the ratio of the different side-groups changed. 

Table 15: 10.0 wt%, 20.0 wt% and 30.0 wt% HfO2 incorporated into polydiphenylsiloxane (PDPS). 

Sample  18 19 20 21 

Polysiloxane PDPS PDPS PDPS PDPS 

Precursor Hf(CF3COO)4 Hf(CF3COO)4 Hf(CF3COO)4 Hf(CF3COO)4 

Particles 10.0 wt% HfO2 20.0 wt% HfO2 30.0 wt% HfO2 10.0 wt% HfO2 

Surfactant Oleylamine Oleylamine Oleylamine 

 

Oleylamine +  

Ph2POOH 

RI 20.0 °C 1.5765 

(+0.00 %) 

1.5725 

(−0.25 %) 

− 1.5755 

(−0.06 %) 

Transmission 

[%, 450 nm] 

91 92 91 85 

T95% [°C, O2] 339 341 171 431 

Image 

 

 

 

 

 

    

 

The PDPS has a RI of 1.576, a transmission of 100 % at 450 nm and a T95% of 345 °C under 

oxygen atmosphere. Sample 18 with 10.0 wt% HfO2 shows a comparable RI and T95% value 

and the transmission decreases to 91 %. The 20.0 wt% sample 19 shows a lower RI probably 

because of the higher amount of oleylamine which reduces the RI when mixed with the high RI 

polysiloxane. The transmission and the T95% values are equal to the one of sample 18. Sample 

20 with 30.0 wt% HfO2 shows the same transmission of around 91 % like the 10.0 wt% and 

20.0 wt% sample. The result is identical with the one observed by the OE-6630 matrix, the 
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increase of these small nanoparticles does not lower the transmission, more likely the RI and 

chemical difference of the oleylamine is the cause for the transmission loss. The RI difference 

between the oleylamine and the PDPS is larger and therefore the transmission is lower. The 

T95% for the 30.0 wt% sample is very low because of an initial mass loss caused by residual 

solvent. A RI could not be determined because of the uneven surface which can be seen in the 

image. Sample 21 with 10.0 wt% HfO2 and Ph2POOH as additional surfactant shows a negligi-

ble RI increase. The transmission is determined with 85 % at 450 nm and equal to sample 17. 

Despite the surfactant and the matrix being highly phenylic, the transmission decreases proba-

bly still due to the chemical difference of the small surfactant. The thermal resistance drastically 

increases from 345 °C for the particle free polysiloxane to 431 °C for the particle loaded one. 

In both the OE-6630 and the PDPS the HfO2 particles with Ph2POOH surfactant show higher 

T95% values than the pure polymer but the transmission decreases down to 85 %. 
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4.2.3 Synthesis of methacrylate-group containing polysiloxane for cross-linking 

with 10.0 wt%, 20.0 wt% and 30.0 wt% methacrylate-surface modified ZrO2 

nanoparticles 

4.2.3.1 Synthesis and curing of the triphenylsiloxane terminated poly[(3-methacry-

loxypropyl)-co-dimethyl-co-diphenyl]siloxane. 

The synthesis was performed accordingly to Chung et al.236 The one component polysiloxane 

was synthesised in a polycondensation reaction. 3-methacryloxypropyl trimethoxysilane, di-

phenylsilanediol, dimethoxydimethylsilane, triphenylsilanol and barium hydroxide octahydrate 

were mixed with ethyl acetate and heated up to 60 °C for 24 h. The catalyst was filtered off and 

the solvents were removed under reduced pressure. The 1H, 13C and 29Si NMRs (experimental 

section, Figures 97, 250 and 251) show the expected signals. The proton signal from the methyl-

groups is slightly lower than estimated because some of the dimethyldimethoxysilane evapo-

rated before it could react which is known from the literature.345, 391 This problem could be 

solved by reducing the temperature for the first few hours. Chung et al. did not report any 1H 

NMR data of the polymer where this problem could be confirmed.236 In the 29Si NMR (Figure 

97) at −8 ppm to −11 ppm are the D1 signals236, 325, 327-328 of SiMe2 and at −19 ppm to −22 ppm 

are the D2 signals236, 321-324 visible. The Ph3Si peak is located at −15 ppm.236, 368 The D1 sig-

nals236, 321 of SiPh2 are visible between −37 ppm to −39 ppm and the D2 signals236, 324, 368 are 

located around −42 ppm to −48 ppm. The silicon atom with the methacrylate-group only shows 

T3 signals at −64 ppm to −66 ppm.236, 321, 324, 331 In comparison with the literature, in the present 

synthesis a T2 signal of the methacrylate-containing silicon atom at −58 ppm to −60 ppm cannot 

be observed.236, 321, 331 

 
Figure 97: 29Si NMR (79 MHz, CDCl3) of triphenylsiloxane terminated poly[(3-methacryloxypropyl)-co-

dimethyl-co-diphenyl]siloxane. 

The FT-IR measurements of MA6.3_MM37.5_PP37.5_TP18.7 after the synthesis and after cur-

ing are shown in Figure 252 and show the same bands of the polymethylphenylsiloxane 
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OE-6630 and the 3-methacryloxypropyl trimethoxysilane modified nanoparticles described in 

the nanoparticle synthesis. The vibrations of the Si-O bands are visible at 950 cm-1 to 1140 cm-1 

and of the Si-C ones can be seen at 1429 cm-1, at 1261 cm-1 and from 650 cm-1 to 850 cm-1.226, 

346, 372-373 The vibration bands of the C-H and C-C groups from 3-methacryloxypropyl silane 

overlap with those of the siloxane in the region of 2866 cm-1 to 3099 cm-1, at 1591 cm-1, at 

1487 cm-1, at 1261 cm-1 and in the region of 650 cm-1 to 850 cm-1.226, 372-375 The C-O-C ether 

bands can range from 1030 cm-1 to 1150 cm-1 392-393 and they are not visible in the prepared 

samples because they overlap with the strong bands from the Si-O group. The C=O vibrations 

from the ester-group cannot be assigned clearly because no signal between 1710 cm-1 and 

1740 cm-1 is visible.350, 393-395 The vinyl vibrations from the methacrylate-group are visible at 

920 cm-1.380, 384  

Because of the methacrylate-groups, the polymer can be cured by adding benzoyl peroxide and 

heating the polymer up to 150 °C for four hours. The cured polysiloxane shows a much smaller 

vinyl band from the methacrylate-group indicating the successful, but not complete reaction. 

The uncomplete cross-linking results from the reduced mobility of the polymer chains during 

the reaction.396 The addition of a second methacrylate-containing species is therefore necessary, 

for example small nanoparticles. 

The refractive index can be determined with 1.584 for the polymer after synthesis and 1.604 

after curing without nanoparticles. The RI reported in literature is much lower with 1.541, both 

were measured at 589 nm but Chung et al. measured their sample at 30.0 °C while the meas-

urement here was conducted at 20.0 °C.236 However, this temperature difference should only 

relate of around 0.001.228, 397 Although not stated by the authors, the RI was measured before 

the curing, because they reported the RI of OE-6630 with 1.533 which is the value from the 

manufacturer for the uncured polymer.14 The RI of the cured polymer was determined with 

1.552, which is in agreement with other literature.363 The difference between the uncured pol-

ymers strongly depends on residual solvent like ethyl acetate or larger amounts of methoxy-

groups. The NMR data showed a slightly higher degree of conversion in the self-prepared sam-

ples, but this should not result in such a high RI difference. 

TGA (Figure 98) curves before and after the curing were recorded under oxygen atmosphere 

like in literature. The uncured polymer shows a T95% value of 231 °C which is slightly lower 

than the 248 °C reported by Chung et al.,236 which can be caused by several reasons like the 

time difference between the synthesis and the measurement or residual solvent. The thermal 

stability of the cured sample is 337 °C, which is lower than the T95% value of the commercial 
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OE-6630 with 425 °C, the difference results from the overall looser network. Both curves show 

an equal shape which is identical with the literature one.236 Chung et al. did not report a TG 

curve of the cured and particle free material.236 
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Figure 98: TGA of MA6.3_MM37.5_PP37.5_TP18.7 after synthesis and after curing with BPO under oxy-

gen atmosphere. 

DSC curves (experimental section, Figure 253) of the cured MA6.3_MM37.5_PP37.5_TP18.7 

were recorded, a melting signal at 59.8 °C with 1.614 J/g was determined in the first heating 

curve. The second one showed a Tg of 14.6 °C for the nanoparticle free polysiloxane. Chung 

et al. did not report any DSC data.236 

An UV/Vis spectrum (Figure 99) of the cured polysiloxane was recorded and the haze curve 

was calculated. The literature reported a transmission of 90 % at 450 nm.236 The polysiloxane 

is slightly less transparent with 87 % transmission. The haze value at 450 nm is 8 %. 
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Figure 99: Transmission und haze curves of MA6.3_MM37.5_PP37.5_TP18.7 after curing with BPO onto 

a glass slide. 

4.2.3.2 Synthesis and curing of a ZrO2/polysiloxane nanocomposite cross-linked by 

methacrylate-groups 

Nanocomposites (Figure 100, Table 16) consisting of 10.0 wt%, 20.0 wt% and 30.0 wt% ZrO2 

nanoparticles from the zirconium basic carbonate route and a methyl and phenyl-group con-

taining polysiloxane were synthesised using the 3-methacryloxypropyl dimethylsiloxane and 

butyric acid surface modified particles and MA6.3_MM37.5_PP37.5_TP18.7, which also con-

tains methacrylate-groups. 

 
Figure 100: Cross-linking reaction between the polysiloxane and the nanoparticles using benzoyl peroxide 

(BPO).398 

The cross-linking was started using benzoyl peroxide dissolved in ethyl acetate and the mixture 

was cured at 150 °C for four hours.236, 398 Sample 22 represents the particle free system and is 

listed here for comparison. Slightly yellow films were obtained in all cases. Sample 24 with 

20.0 wt% ZrO2 and sample 25 with 30.0 wt% ZrO2 show an uneven surface which was also 

observed in earlier studies carried out in cooperation with OSRAM Opto Semiconductors. This 

results from a dense and hard network which was caused by a high particle and methacrylate 

content, respectively. 
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Table 16: Overview of nanocomposites with 10.0 wt% to 30.0 wt% surface modified ZrO2 nanoparticles 

cured in a methacrylate-group containing polysiloxane MA6.3_MM37.5_PP37.5_TP18.7. 

Sample 22 23 24 25 

Polysiloxane MA6.3_MM37.5_PP37.5_TP18.7 

Particles − 10.0 wt% ZrO2 20.0 wt% ZrO2 30.0 wt% ZrO2 

Surfactant − Butyric acid, 3-methacryloxypropyl trimethoxysilane 

Catalyst BPO in EE BPO in EE BPO in EE BPO in EE 

Appearance yellow, 

transparent 

light yellow, 

transparent 

yellow, transparent, 

uneven surface 

yellow, transpar-

ent, uneven surface 

RI 1.6041 1.6157 

(+0.72 %) 

1.6167 

(+0.79 %) 

− 

Transmission 

[%, 450 nm] 

87 87 81 81 

T95% [O2, °C] 337 302 271 261 

Tg [°C] 14.6 25.2 66.1 76.7 

Images 

    

 

The FT-IR spectra (experimental section, Figure 254) of the cured metal oxide containing nano-

composite shows the same vibrations as the particle free polymer. The vinyl band of the meth-

acrylate-group shows an increasing strength with rising particle content at 943 cm-1,380, 384 

which shows that some methacrylate-groups cannot react properly because of the immobility 

of these groups on the particle surface during the cross-linking reaction.396 Nevertheless, solid 

and non-sticky films were obtained. 
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RI determinations were performed under standard conditions. Adding 10.0 wt% of ZrO2 nano-

particles increase the RI by 0.72 % to 1.616, the addition of 20.0 wt% ZrO2 increases the RI 

only slightly further by a total of 0.79 % to 1.617. The RI of the 30.0 wt% sample could not be 

determined because the surface is too uneven. The non-linear increase was also observed by 

Chung et al.236 because the vol% of the filler correlates linear with the RI but not the wt%. 

Because their particle-free polymer shows a much lower RI than ours, their increase is around 

0.6 % for the 10.0 wt% ZrO2 film and 1.3 % for the 20.0 wt% one.236 

The TG analyses (Figure 101) of the cured films show a decrease of the T95% temperature with 

increasing particle content in MA6.3_MM37.5_PP37.5_TP18.7 under oxygen atmosphere.236 

The curves are identical with theirs.236 The self-prepared particle free film has a decomposition 

temperature of 337 °C while Chung et al. did not report any.236 Adding 10.0 wt%, 20.0 wt% 

and 30.0 wt% ZrO2 and curing results in a lower temperature of 302 °C, 271 °C respectively 

261 °C. Chung et al. reported 228 °C for their 39.5 wt% film at 5 % mass loss.236 The self-pre-

pared system shows higher overall thermal stability, but it is also stronger affected by higher 

particle loadings in comparison to theirs. 
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Figure 101: TGA of cured MA6.3_MM37.5_PP37.5_TP18.7 without and with 10.0 wt%, 20.0 wt% and 

30.0 wt% ZrO2 with surface modification of butyric acid and 3-methacryloxypropyl dimethoxysiloxane 

under oxygen atmosphere. 

DSC curves (experimental section, Figures 255 and 256) were also recorded and the melting 

temperature, the integrated energy, and the Tg’s are displayed in Table 17. The melting temper-

ature decreased from the particle free film to the 10.0 wt% ZrO2 one from 60 °C to 49 °C, while 
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the integrated energy triples. Tm could not be observed in sample 24 and 25. The Tg increases 

with particle loading because of the increased amount of methacrylate-group increases the 

cross-linking and lowers the degrees of freedom.121, 275, 399-400 The Tg increases from 14.6 °C to 

25.2 °C when incorporating and covalently cross-link 10.0 wt% ZrO2. An overall content of 

20.0 % rises the Tg to 66.1 °C and a content of 30.0 wt% ZrO2 further increases the value to 

76.7 °C. 

Table 17: Melting temperatures, the integrated energy and the glass transition temperature of 

MA6.3_MM37.5_PP37.5_TP18.7 without and with 10.0 wt%, 20.0 wt% and 30.0 wt% ZrO2 with surface 

modification of butyric acid and 3-methacryloxypropyl dimethoxysiloxane. 

Sample Wt% ZrO2 Tm [°C] Em [J/g] Tg [°C] 

22 0.0 59.8 1.614 14.6 

23 10.0 48.6 4.418 25.2 

24 20.0 − − 66.1 

25 30.0 − − 76.7 

 

UV/Vis measurements (experimental section, Figure 257) and the calculation of the haze val-

ues, the yellowness, and whiteness index at 450 nm were also performed (Table 18). The trans-

mission drops from 87 % for the particle free and 10.0 wt% particle loaded film to 81 % for the 

20.0 wt% respectively 30.0 wt% ZrO2 containing film at 450 nm. Chung et al. only reported a 

value of 90 % transmission for the particle free film and 73 % transmission for the film with 

51.7 wt% ZrO2,
236 showing that the particle increase lowers the transmission. The haze value 

increases with increasing particle content because of scattering effects from 8 % for the particle 

free respectively 10.0 wt% ZrO2 film over 11 % for the 20.0 wt% film to 28 % for sample 25 

with 30.0 wt%. The yellowness index ranges from three to five for all samples, showing that 

the yellow colouration results from the curing reaction of the transparent particle-free polymer 

with benzoyl peroxide. The filler content does not increase the yellowing. Although the white-

ness index slightly decreases with increasing particle content from 88 to 82 for the 20.0 wt% 

ZrO2 film. Sample 25 shows a slightly higher value of 84, which also has the lowest YI of 3.2. 

The yellow colour results from the curing process when free methacrylate-groups remain, 

which are present in all samples as indicated by FT-IR and which was observed by Chung et 

al236 and is reported in literature for free radical polymerisations of methacrylates.401 An addi-

tional UV curing (Figure 102) of these free groups by exposing the samples for three days at 

450 nm with ~450 mW/cm2 significantly reduced the yellow colour of the sample. 
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Table 18: Transmission, haze, yellowness and whiteness indices at 450 nm for 

MA6.3_MM37.5_PP37.5_TP18.7 without and with 10.0 wt%, 20.0 wt% and 30.0 wt% ZrO2 with surface 

modification of butyric acid and 3-methacryloxypropyl dimethoxysiloxane. 

Sample Wt% ZrO2 T450 [%] H450 [%] YI WI 

22 0.0 87 8 4.4 87.9 

23 10.0 87 8 4.7 86.8 

24 20.0 81 11 4.2 81.5 

25 30.0 81 28 3.2 83.9 

 

Bae et al. used a photoinitiator (2,2-dimethoxy-2-phenyl-acetophenone) for the UV curing for 

three minutes and afterwards heating the sample to 150 °C for two hours.275 Because no pho-

toinitiator was inside the sample, the high energy UV light was used for a longer time after the 

thermal curing. The yellow colour can be reduced but is still present. 

 
Figure 102: Images of the cured 10.0 wt% ZrO2 containing MA6.3_MM37.5_PP37.5_TP18.7, a) after cur-

ing and b) after exposure to 450 nm light for three days. 

4.2.3.3 Conclusion 

A methacryl-group containing polysiloxane, triphenylsiloxane terminated poly[(3-methacry-

loxypropyl-co-dimethy-co-diphenyl)]siloxane, was successfully prepared in a basic sol-gel re-

action. Zirconium dioxide nanoparticles with a diameter of around 4.5 nm were synthesised 

using a basic solvothermal reaction. They were surface modified first with butyric acid and 

second with 3-methacryloxypropyl trimethoxysilane which nearly completely exchanges with 

the butyric acid. The methacrylate-groups on the particle surface and the ones from the pol-

ysiloxane can be cross-linked using benzoyl peroxide as radical starter (Figure 103).236, 398 

a) b) 
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Figure 103: Cross-linking reaction between the polysiloxane and the nanoparticles using methacrylate-

groups and benzoyl peroxide (BPO).398 

The particle content was changed from 10.0 wt% to 30.0 wt%. The refractive index only 

slightly increased by around 1 % compared to the particle free film with 1.604, which is around 

3 % higher than the RI of the commercial polysiloxane OE-6630 with 1.552, probably because 

of the higher phenyl content and the methacryloxypropylsiloxane. The thermal stability de-

creases from 337 °C down to 261 °C when incorporating up to 30.0 wt% nanoparticles. The 

commercial reference shows a much higher decomposition temperature with 425 °C under ox-

ygen atmosphere. The particle free film shows a lower decomposition temperature because of 

the lower degree of cross-linking. The introduction of nanoparticles further reduces the thermal 

stability despite raising the degree of cross-linking which is reported by Chung et al.236 This 

specific nanocomposite shows the opposite trend when incorporating nanoparticles compared 

to other publications in literature. The glass transition temperature increases from 14.6 °C to 

76.7 °C with rising particle content, while OE-6630 shows a much lower value of 5.5 °C. Here 

the particle free film contains around 74 % phenyl-groups while the OE-6630 contains only 

44 % which reduces the mobility of the polymer chains and increases the Tg.
402-404 The trans-

mission for the particle free film is 87 % and decreases to 81 % with 30.0 wt% particle loading, 

while the commercial polysiloxane shows a higher value of 99 %. The transmission loss results 

from the yellow colour of the sample after the curing which was determined by a YI of 4.5 

compared to the 0.5 of the OE-6630 and a WI of 87.9 compared to the 99.0. Overall, a suitable 

nanocomposite with ZrO2 particles was successfully synthesised which shows a high RI of over 

1.6, but the disadvantages are the lower thermal stability and transmission compared to the 

commercial methyl and phenyl-group containing polysiloxane. Because the pure methacrylate 

polymer is colourless and all other methacrylate free polysiloxane systems remain colourless 

after the thermal treatment, this methacrylate-group is the reason for the colouration, which was 

also observed by Chung et al.236 Therefore, a different cross-linking group has to be used. 
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4.2.4 Synthesis of epoxide-group containing polysiloxane for cross-linking with 

10.0 wt% epoxide-surface modified ZrO2 nanoparticles 

4.2.4.1 Synthesis of the triphenylsiloxane terminated poly[(3-glycidyloxypropyl)-co-

dimethyl-co-diphenyl]siloxane with 10.0 wt% 3-glycidyloxypropylsiloxane 

surface modified ZrO2 

Because the methacrylate-group containing nanocomposite shows a yellow colour after the cur-

ing, a different cross-linking group is used. The methacrylate-groups were exchanged with 

epoxides. Therefore, the 3-methacryloxypropyl trimethoxysilane (MA) in the previous polymer 

synthesis (MA6.3_MM37.5_PP37.5_TP18.7) and the particle surface modification was 

changed to 3-glycidyloxypropyl trimethoxysilane (EP) to perform the cross-linking using epox-

ide-groups. The reaction procedure and the quantitative ratio of the monomers (Figure 104) 

remains unchanged.  

 
Figure 104: Reaction scheme for the synthesis of triphenylsiloxane terminated poly[(3-glycidyloxypropyl)-

co-dimethyl-co-diphenyl]siloxane. 

The other difference is that this cross-linking reaction is catalysed by heat and therefore does 

not need an additional catalyst.3, 405-408 The pure polymer remains sticky and elastic even after 

curing for 48 h at 150 °C, indicating that the number of epoxide-groups inside the polymer is 

too low to create a rigid film. Therefore, all analyses for the cured material are performed with 

the 10.0 wt% epoxide surface modified nanoparticle containing polysiloxane. 

Besides the cross-linker change, the zirconium oxide nanoparticles were synthesised using the 

zirconium tetra-n-propoxide autoclave reaction because the purification is faster than in the 

zirconium basic carbonate reaction. The nanoparticles were surface modified without butyric 

acid, because as seen from the methacrylate modified particles, the butyric acid is nearly com-

pletely exchanged with the siloxane. Nevertheless, the surface modification with benzyl alcohol 

is performed during the particle synthesis because it also used as solvent. The epoxide-groups 

also lead to another advantage compared to the methacrylate-groups, because they serve as 

adhesion promoters between the polysiloxane and the metallic surface of the LED lead frame 

or the chip surface.3 The ring opening reaction of the epoxide does not need any additional 

catalysts or starters because it is thermally driven (Figure 105) and starts when remaining hy-

droxide-groups from the polymer or residual water reacts with the epoxide.3, 405-408 This effect 
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also leads to a disadvantage because the shelf-life is much shorter than for the methacrylate or 

the hydrosilylation systems. 

 
Figure 105: Cross-linking reaction between the polysiloxane and the nanoparticles using epoxide-groups 

and hydroxyl terminated polysiloxanes respectively water.405-408 

1H, 13C and 29Si NMRs (experimental section, Figures 106, 259 and 260) in chloroform were 

recorded and all expected signals are present.3, 236 The polycondensation reaction of the epox-

ide-group containing polysiloxane does not lead to an epoxide opening because the reaction 

temperature and time is with 70 °C for 24 hours much lower than the curing temperatures which 

are between 100 °C and 150°C for two to four hours.3 The 1H NMR shows some overlapping 

signals because of the broadening resulting from the polymerisation.236 Some methoxy-groups 

are still present indicating a not complete reaction, but because the epoxide-groups are not ther-

mally stable, the reaction time was not increased. Even less methyl signals than in 

MA6.3_MM37.5_PP37.5_TP18.7 are visible despite using the same reaction conditions and 

equipment.345, 391 Some ethyl acetate is still visible in the 1H and 13C NMR from the synthesis 

even after drying under high vacuum (5∙10-3 mbar). 

The 29Si NMR (Figure 106) of the polymer EP6.3_MM37.5_PP37.5_TP18.7shows expected 

signals in the NMR, because the change from the methacrylate to the epoxide-group does not 

modify the chemical environment of the silicon atoms because of the -CH2-CH2-CH2-O- spacer 

in between them. Additional signals show that the condensation reaction is not completed, some 

Si-OMe groups are present, which is evidenced by the signal at −5 ppm representing 

MeO-Si(Me)2-O-409 and at −55 ppm for the T2 epoxide-group containing silicon atom 

C6H11O2-Si(OH)O2-
321, 331. The signals around −34 ppm most likely result from the 

MeO-Si(Ph)2-O- group, although diphenylsilanediol and hexaphenylcyclotrisiloxane also show 

signals in this region.324 
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Figure 106: 29Si NMR (79 MHz, CDCl3) of triphenylsiloxane terminated poly[(3-glycidyloxypropyl)-co-

dimethyl-co-diphenyl]siloxane. 

The FT-IR spectra (experimental section, Figure 261) were recorded after the mixing and after 

the curing of 10.0 wt% of the 3-glycidyloxypropylsiloxane surface modified ZrO2 nanoparticles 

with EP6.3_MM37.5_PP37.5_TP18.7.3, 236 Because only the methacrylate-group was ex-

changed with an epoxide one, the difference between the spectra is limited to the disappearing 

of the vinyl and carbonyl-group and the existence of the epoxide-group mainly visible at 

901 cm-1.3 The C-H stretching vibration of the oxirane ring around 3060 cm-1 overlaps with 

other C-H vibrations.392 The stretching vibration of C-O-C from the oxirane-group at 830 cm-1 

also overlaps with other bands from Si-C and C-H.392 The FT-IR spectra after the curing no 

longer shows the epoxide vibrations at 900 cm-1 which indicates a successful cross-linking re-

action. 

The refractive index of the polymer was determined after the synthesis with 1.582, which is 

slightly lower than the 1.584 for the MA6.3_MM37.5_PP37.5_TP18.7 polymer. The 10.0 wt% 

ZrO2 containing EP6.3_MM37.5_PP37.5_TP18.7 shows a RI of 1.608 after the curing, which 

is slightly higher than the 1.604 of the methacrylate system with 10.0 wt% particles. 

The viscosity of EP6.3_MM37.5_PP37.5_TP18.7 before the curing and without nanoparticles 

was determined with 168 ± 9 mPa∙s which is very low compared to the 2960 mPa∙s for 

OE-6630 component A and 2530 mPa∙s for the component B, respectively. 

The thermal analysis (experimental section, Figure 262) was carried out under oxygen atmos-

phere and showed a thermal decomposition temperature of 254 °C for the particle-free polymer 

which was thermally cross-linked but is still sticky. The addition of 10.0 wt% ZrO2 nanoparti-

cles increases the T95% value to 269 °C for the solid film because of the increased cross-linking. 

Both temperatures are much lower than the 337 °C for the particle free methacrylate system 

and the 302 °C for the 10.0 wt% ZrO2 nanocomposite, respectively. The OE-6630 polysiloxane 
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shows a very high T95% temperature of 425 °C. These low decomposition temperatures show 

that the amount of present respectively cross-linked epoxide-groups is still too low even with 

10 wt% nanoparticles. 

A DSC measurement (experimental section, Figure 263) for the cured 

EP6.3_MM37.5_PP37.5_TP18.7 with 10.0 wt% ZrO2 nanoparticles was performed. A glass 

transition temperature of −32.2 °C could be determined which is very low compared to the 

14.6 °C for the cured MA6.3_MM37.5_PP37.5_TP18.7 with 10.0 wt% ZrO2 nanoparticles. 

This shows that less epoxide-groups are present on the particle surface respectively more unre-

acted groups after the thermal treatment which results in a more flexible system. The melting 

temperature although is 77.9 °C with a measured enthalpy of 0.526 J/g of the epoxide system 

is higher than the Tm of 48.6 °C with an enthalpy of 4.418 J/g of the methacrylate-group con-

taining polymer. The OE-6630 system shows a Tg of 5.5 °C which is in between the Tg of the 

methacrylate respectively epoxide-containing nanocomposites. 

The cured film is colourless, highly transparent, and bubble-free (Figure 107). 

 
Figure 107: Image of the cured EP6.3_MM37.5_PP37.5_TP18.7 with 10.0 wt% ZrO2 nanoparticles doctor 

bladed onto a microscope glass slide. 

UV/Vis spectra were recorded and the haze curve was calculated for the cured 

EP6.3_MM37.5_PP37.5_TP18.7 with 10.0 wt% ZrO2 nanoparticles (experimental section, Fig-

ure 264). At 450 nm the film shows a transmission of 100 % and a haze value of 8 %. The 

methacrylate system with 10.0 wt% ZrO2 shows the identical haze value but only 87 % trans-

mission. The OE-6630 system shows a slightly lower transmission of 99 % and a haze value of 

7 %. The yellowness and whiteness indices were calculated with 0.4 for the YI and 99.1 for the 

WI confirming that the film does not show a yellow colour which shows that the epoxide-groups 

do not lead to a colouration. The methacrylate system shows a YI of 4.7 and a WI of 86.8 while 

the OE-6630 system has a slightly higher YI of 0.5, and a slightly lower WI of 99.0 showing a 

marginally more yellow colour. 
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4.2.4.2 Conclusion 

An epoxide-group containing polysiloxane, triphenylsiloxane terminated poly[(3-glycidyloxy-

propyl-co-dimethy-co-diphenyl)]siloxane, was successfully prepared with the identical synthe-

sis route of the methacrylate system but changing the 3-methacryloxypropyl trimethoxysilane 

with 3-glycidyloxypropyl trimethoxysilane. Benzyl alcohol surface modified zirconium diox-

ide nanoparticles with a size of 3 nm to 4 nm after the synthesis were surface modified with 

3-glycidyloxypropyl trimethoxysilane after the autoclave synthesis. 10.0 wt% nanoparticles 

were mixed into the polysiloxane and thermally cured for four hours at 150 °C to receive a new 

nanocomposite (Figure 108).405-408 

 
Figure 108: Cross-linking reaction between the polysiloxane and the nanoparticles using epoxide-groups 

and hydroxyl terminated polysiloxanes respectively water.405-408 

The main aim was to achieve a colourless nanocomposite which was successfully received. It 

shows a RI of 1.608 which is slightly higher than the one of the methacrylate system. The 

thermal stability (T95%) although is reduced by 33 °C to 269 °C. The glass transition tempera-

ture (Tg) is determined with −32.2 °C which is 46.8 °C lower. Both indicating that a lower 

amount of epoxides is present compared to the methacrylate amount and therefore leads to a 

more flexible polymer with a lower degree of cross-linking than the methacrylate system. The 

transmission is with 100 % around 14 % higher while the haze values are identical with 8 %. 

The YI and the WI show values close to zero and 100 indicating that no yellow colouration 

occurred during the cross-linking reaction, respectively. Because of these results, this nano-

composite was selected for OSRAM’s steady state lifetime test (4.6.2). 
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4.3 Synthesis of HRI polysiloxanes by modification of the backbone 

Four different metal atoms were chosen, zirconium and hafnium from the titanium-group and 

tin because it is chemically comparable with silicone. Additionally, the electron-rich tantalum 

was used. The metal atoms Zr and Hf were used as n-propyl alkoxides.138 Tin was used as 

tin(IV)chloride and tantalum as tantalum(V) ethoxide. Five different metal (Met) concentra-

tions X were chosen, namely 1.0 mol%, 3.0 mol%, 5.0 mol%, 10.0 mol%, and 15.0 mol% for 

both the hydride and vinyl copolymers (Table 19). Additionally, two reference metal-free co-

polymers, which can be cross-linked with the metal-containing copolymers were synthesised. 

The metal-free hydride was chosen over the metal-free vinyl polymer because the metal atoms 

can react with the Si-H group.410-412 This results in a lower amount of free hydride-groups in 

the metal-containing polymer, which can lead to a reduced tendency to harden. Therefore, a 

larger amount of the metal-free hydride copolymer was synthesised to cross-link it with the 

metal-containing vinyl copolymers to receive more cured samples with other metal contents of 

1.5 mol%, 2.5 mol%, 5.0H mol% and 7.5 mol%. In these samples the metal atoms were intro-

duced only by the vinyl polymer, because the hydride polymer is metal-free.  

The composition of these copolymers consists out of three monomer groups (Figure 109). 

20 mol% of the combined silicon and metal atom content of the copolymers consists of the 

cross-linking group A monomers, containing vinylphenyldiethoxysilane (V) and methyldieth-

oxysilane (H). The inorganic high refractive index monomer group B contains the metal mon-

omers with X mol%. From the organic high refractive index group C, 40 mol% of diphen-

ylsilanediol (PP) and (40-X) mol% of phenylmethyldimethoxysilane (PM) were used where X 

relates to the percent of metal atoms (Met). The 20 mol% of cross-linking group A monomers 

were chosen because the experience showed, that the initial 40 mol% which was used by Kim 

et al. is not required to receive a solid resin,138, 234, 317, 319 especially with higher metal contents. 

Instead, lower amounts are more suitable because they result in softer films, which have better 

thermal properties due to the slight flexibility of the polymer chains compared to the one from 

Mosley et al.136-137 Also, higher RI side-groups, which are sterically more demanding and re-

duce the flexibility, can then be incorporated. The composition was optimised to have the high-

est amount of phenyl side-groups without creating a polymer that is already solid at room tem-

perature, which creates problems in the manufacturing process. Therefore, a relatively high 

amount of methylphenyldimethoxysilane of up to 40 mol% is used. When adding metal atoms, 

the methylphenylsiloxane content is reduced instead of the diphenylsiloxane one to better eval-

uate their positive impact in the increase of the refractive index and the temperature stability 
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compared to the methylphenyl-group. This allows a comparison to the cured polymethylphen-

ylsiloxane OE-6630. Otherwise, reducing the amount of the diphenyl-groups would maybe 

lower or maintain the RI and no clear statement could be made. 

 
Figure 109: Overview of used monomers and their abbreviation for the synthesis of metal-containing co-

polymers. 

With the selected monomers, various vinyl- and hydride-containing copolymers were synthe-

sised based on modified syntheses routes reported by Mosley et al.136 and Kim et al.138, 317 Using 

the metal atoms in the hydride or vinyl copolymer synthesis already leads to a cross-linked 

polymer because four (Zr, Hf and Sn) respectively five (Ta) possible bonds can be formed. 

Therefore, the general synthesis has to be adapted to compensate the increased viscosity with 

an additional high boiling solvent (xylene), an additional or different catalyst and longer reac-

tion times compared to previous syntheses.223-225 The nomenclature gives the relative mol% of 

the silicon and metal atoms as well as the chosen metal itself inside the name (4.3.1, Table 19). 

4.3.1 Synthesis and characterisation of the hydride- or vinyl-group and metal 

atom containing copolymers 

The synthesis (Figure 110) was performed in two steps. First an unfunctionalised but already 

cross-linked copolymer was synthesised using the metal precursor, diphenylsilanediol and 

methylphenyldimethoxysilane and the solid basic catalyst barium hydroxide monohydrate in-

stead of a liquid one like tetra-n-butylammonium hydroxide. For the metal-free copolymers, no 

group B monomer was used. Kim et al. also used solid catalysts in their one-step zirco-

nium-containing polysiloxane synthesis. The authors applied barium hydroxide for the vinyl 

polymerisation and the weakly acidic cation exchange resin Amberlite IRC76 which contains 

carboxylic acid-groups for the hydride polymerisation.138 Liquid catalysts were applied in a 

first approach, but they seem to react too fast with the metal monomer and therefore these mon-

omers mainly reacted with themselves, while the siloxanes reacted afterwards where the metal 

oxide cluster was already formed which is also described by Kim et al.138 This leads to precip-

itates inside the silicone. Kim et al. avoided this problem by first reacting the siloxanes for one 
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hour and then adding the metal monomers as well as by choosing solid catalysts.138 Heterogenic 

reactions often are slower than homogeneous reactions because of the possible inhibition of 

mass transfer at the catalyst.413-418 

 
Figure 110: Reaction scheme for the hydride or vinyl and metal atom containing copolymer syntheses. 

A different possibility to reduce the reaction speed is by lowering the temperature. However, 

using a temperature below 100 °C is not suitable because the alcohols, like n-propanol with a 

Tb = 97 °C or n-butanol with a Tb = 118 °C have to be removed from the reaction in order to 

achieve high yields.419 An ion exchange resin was not used because of the complicated separa-

tion of the silicone polymer and the ion exchange resin after the reaction. Therefore, solid bar-

ium hydroxide monohydrate was used for the first reaction step to produce the 

MetX_PP40_PM(40-X) polysiloxanes which were reacted at 110 °C with additional xylene for 

24 hours because of the dilution and the slower solid-liquid reaction. The catalyst was removed 

with a syringe filter after the reaction. 

In the second step, concentrated hydrochloric acid was added to the already cross-linked poly-

mer to switch the pH0 value from basic to acidic, because the sol-gel reaction with the functional 

monomer (H or V) can both be performed under these conditions. Also, the purification is 

slightly faster than for the basic sol-gel reaction. After stirring the solution for around ten 

minutes at room temperature, vinylphenyldiethoxysilane to receive V20_MetX_PP40_PM(40-

X) or methyldiethoxysilane to receive H20_MetX_PP40_PM(40-X) were added. After one 
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hour at 80 °C and two hours at 110 °C the polymer was purified by washing, filtering, and 

drying under high vacuum. 

Noteworthy, the polymer mixture received in the first step would turn acidic when adding 

Sn(Cl)4∙5H2O because of the released HCl. Also, the solid tin precursor is barely soluble in the 

monomer and xylene mixture. Therefore, the tin monomer was solved in absolute methanol to 

receive a clear solution, which was then added to the siloxanes. Afterwards, additional barium 

hydroxide or sodium hydroxide equal to the calculated released HCl was added to shift the pH0 

value back to basic. Various tin alkoxides were also used, but they reacted too fast and formed 

clusters or particles which could not be dissolved during the rest of the reaction. 

All synthesised hydride- respectively vinyl-group and metal atom containing copolymers are 

listed in Table 19. Besides FT-IR, liquid NMR, TGA and DSC measurements, the RI and the 

viscosity were determined. Because of the pour solubility of some polymers and the risk of 

nanoparticle formations, no SEC measurements were performed. 

Table 19: Overview of all synthesised metal atom containing copolymers, from zirconium over hafnium 

and tin to tantalum. 

Group A Group B Group C Copolymer 

20 % H 0 % Met 40 % PP 40 % PM H20_Met0_PP40_PM40 

20 % V 0 % Met 40 % PP 40 % PM V20_Met0_PP40_PM40 

     

20 % H 1 % Zr 40 % PP 39 % PM H20_Zr1_PP40_PM39 

20 % V 1 % Zr 40 % PP 39 % PM V20_Zr1_PP40_PM39 

20 % H 3 % Zr 40 % PP 37 % PM H20_Zr3_PP40_PM37 

20 % V 3 % Zr 40 % PP 37 % PM V20_Zr3_PP40_PM37 

20 % H 5 % Zr 40 % PP 35 % PM H20_Zr5_PP40_PM35 

20 % V 5 % Zr 40 % PP 35 % PM V20_Zr5_PP40_PM35 

20 % H 10 % Zr 40 % PP 30 % PM H20_Zr10_PP40_PM30 

20 % V 10 % Zr 40 % PP 30 % PM V20_Zr10_PP40_PM30 

20 % H 15 % Zr 40 % PP 25 % PM H20_Zr15_PP40_PM25 

20 % V 15 % Zr 40 % PP 25 % PM V20_Zr15_PP40_PM25 

     

20 % H 1 % Hf 40 % PP 39 % PM H20_Hf1_PP40_PM39 

20 % V 1 % Hf 40 % PP 39 % PM V20_Hf1_PP40_PM39 

20 % H 3 % Hf 40 % PP 37 % PM H20_Hf3_PP40_PM37 
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Group A Group B Group C Copolymer 

20 % V 3 % Hf 40 % PP 37 % PM V20_Hf3_PP40_PM37 

20 % H 5 % Hf 40 % PP 35 % PM H20_Hf5_PP40_PM35 

20 % V 5 % Hf 40 % PP 35 % PM V20_Hf5_PP40_PM35 

20 % H 10 % Hf 40 % PP 30 % PM H20_Hf10_PP40_PM30 

20 % V 10 % Hf 40 % PP 30 % PM V20_Hf10_PP40_PM30 

20 % H 15 % Hf 40 % PP 25 % PM H20_Hf15_PP40_PM25 

20 % V 15 % Hf 40 % PP 25 % PM V20_Hf15_PP40_PM25 

     

20 % H 1 % Sn 40 % PP 39 % PM H20_Sn1_PP40_PM39 

20 % V 1 % Sn 40 % PP 39 % PM V20_Sn1_PP40_PM39 

20 % H 3 % Sn 40 % PP 37 % PM H20_Sn3_PP40_PM37 

20 % V 3 % Sn 40 % PP 37 % PM V20_Sn3_PP40_PM37 

20 % H 5 % Sn 40 % PP 35 % PM H20_Sn5_PP40_PM35 

20 % V 5 % Sn 40 % PP 35 % PM V20_Sn5_PP40_PM35 

20 % H 10 % Sn 40 % PP 30 % PM H20_Sn10_PP40_PM30 

20 % V 10 % Sn 40 % PP 30 % PM V20_Sn10_PP40_PM30 

20 % H 15 % Sn 40 % PP 25 % PM H20_Sn15_PP40_PM25 

20 % V 15 % Sn 40 % PP 25 % PM V20_Sn15_PP40_PM25 

     

20 % H 1 % Ta 40 % PP 39 % PM H20_Ta1_PP40_PM39 

20 % V 1 % Ta 40 % PP 39 % PM V20_Ta1_PP40_PM39 

20 % H 3 % Ta 40 % PP 37 % PM H20_Ta3_PP40_PM37 

20 % V 3 % Ta 40 % PP 37 % PM V20_Ta3_PP40_PM37 

20 % H 5 % Ta 40 % PP 35 % PM H20_Ta5_PP40_PM35 

20 % V 5 % Ta 40 % PP 35 % PM V20_Ta5_PP40_PM35 

20 % H 10 % Ta 40 % PP 30 % PM H20_Ta10_PP40_PM30 

20 % V 10 % Ta 40 % PP 30 % PM V20_Ta10_PP40_PM30 

20 % H 15 % Ta 40 % PP 25 % PM H20_Ta15_PP40_PM25 

20 % V 15 % Ta 40 % PP 25 % PM V20_Ta15_PP40_PM25 

4.3.1.1 FT-IR spectroscopy of the hydride- or vinyl-group and metal atom containing 

copolymers 

FT-IR spectra of all vinyl- and hydride-containing copolymers were recorded (experimental 

section, Figures 265 – 268). Exemplarily, in Figure 111 six spectra are shown, the two reference 

copolymers, as well as a vinyl and zirconium or hafnium and a hydride and tin or tantalum one, 
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all with 15 % metal and 85 % silicone content. The signals generated by the poly[diphenyl-co-

methylphenyl]siloxane were already described earlier. The Si-H bands234-235, 319, 346-347 are lo-

cated at 2164 cm-1 and 899 cm-1  and the intensities are reduced at higher metal contents because 

of the Si–H and Met side reactions.410-412 The vinyl copolymers show weak signals at 1408 cm-1 

and 968 cm-1,234-235, 319, 370 which are close to the Si-O-Si respectively Si-C or C-H signals. The 

alkoxy signals at 1000 cm-1 to 1200 cm-1 are barely visible because of the overlap with the 

broad Si-O region347 and therefore, no clear statement on the degree of conversion can be made. 

The Si-O-Met bonds are visible beneath the Si-O bands at 900 cm-1 to 1000 cm-1 in the dark 

grey region.138, 275, 420-423 More precisely, the hafnium band is located at 940 cm-1,347, 373, 424 the 

zirconium one between 940 cm-1  and 950 cm-1
,
138, 277, 373 the tin one at 960 cm-1 to 1000 cm-1

,
 

276, 425 and the tantalum one at 918 cm-1 and 976 cm-1.423  
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Figure 111: FT-IR spectra of the two metal-free reference copolymers as well as four metal containing co-

polymers with 15 mol% metal content. 

4.3.1.2 NMR spectroscopy of the hydride- or vinyl-group and metal atom containing 

copolymers 

1H, 13C and 29Si NMR spectra were recorded from all samples (Figures 269 – 310). Addition-

ally, 119Sn NMR of the tin containing samples were recorded, but no clear signal could be de-

tected despite using 500 mg to 1000 mg of sample with 2 mL of deuterated chloroform, because 

of the low amount of tin atoms in the polymers. Although zirconium and hafnium are also NMR 

active nuclei, it is not possible to measure a 91Zr, 177Hf or 179Hf NMR with the present systems 
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because they are not equipped with a low frequency probe head. 181Ta NMR is maybe possible, 

but in literature it is even less common than zirconium or hafnium. No references for the zirco-

nium, hafnium, or tantalum NMR related to the self-prepared polymer system could be found. 

The 1H and 29Si NMR spectra of V20_Ta1_PP40_PM39 and H20_Sn5_PP40_PM35 are exem-

plarily shown (Figure 112). The phenyl signals are located at 6.8 ppm to 7.9 ppm, the methyl 

ones are visible at 0.7 ppm to −0.3 ppm, and the hydride ones are located at 5.4 ppm to 4.3 ppm 

and the vinyl ones at 6.4 ppm to 5.6 ppm, respectively.334, 338, 396 In the spectra, residual toluene 

and xylene signals are visible.426-428 Additionally, the alkoxy signals for some copolymers are 

visible, methoxy in the tin samples, ethoxy in the tantalum samples, propoxy in the zirconium 

samples and butoxy in the hafnium samples.426-428 Generally, the amount of residual alkoxides 

increases with their increasing molecular weight because of the higher resulting boiling tem-

perature.381 The amount also rises with increasing metal content, which adds more alkoxides as 

well as increase the viscosity due to the raised degree of cross-linking because of the four re-

spectively five possible bonds which reduce the potential to remove volatile solvents. The 13C 

NMR shows all the aromatic and aliphatic bands of the side-groups as well as the alkoxy-groups 

and the residual solvents. 

 
Figure 112: 1H NMR (400 MHz, CDCl3) of V20_Ta1_PP40_PM39 and H20_Sn5_PP40_PM35. 

The 29Si NMRs of these two copolymers are also displayed (Figure 113). The typical region for 

the methylphenyl (PM) silicon atoms is at −27 ppm to −33 ppm,331, 368 for the hydridomethyl 

(H) signals at −34 ppm to −38 ppm,323-324, 331 for the vinylphenyl (V) ones at −41 ppm to 

−46 ppm,331, 368 and for the diphenyl-group (PP) containing silicon atoms are located at 

−42 ppm to −48 ppm.324, 331, 368 Also, for some copolymers, signals in the region from −17 ppm 

to −24 ppm can be observed which can be assigned to Si-O-H or Si-O-CxHy groups with 

methylphenyl side-groups. When comparing D silicon atoms inside the chain against the one at 

the end of the chain with a free OH group, the chemical shift is around 10 ppm higher, while 

for methoxylated silicon atoms at the end of a polymer chain the chemical shift is around 7 ppm 
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to 8 ppm higher.321-325, 327-331, 333-335, 338-342, 368, 403, 409, 429-447 Therefore, other silanol or 

alkoxysilane end groups than PM are present which can also be observed in the 1H NMRs and 

their signals overlap with the other signals from silicon atoms inside the polymer chain. Signals 

at lower chemical shifts cannot be observed and therefore no additional cross-linking or side 

reactions occur, which results in the formation of T or Q groups. 

 
Figure 113: 29Si NMR (79 MHz, CDCl3) of V20_Ta1_PP40_PM39 and H20_Sn5_PP40_PM35. 

4.3.1.3 Refractive index of the hydride- or vinyl-group and metal atom containing co-

polymers 

The refractive index of the metal atom and vinyl- or hydride-group containing copolymers were 

determined and are displayed in Figure 114, the exact values are listed in the experimental 

section. The RI should increase with the incorporation of metal atoms inside polymer chain.138, 

274-275 The problems here are the drastically increased viscosity because of the cross-linking 

provided by the metals and the incomplete reaction and removal of alkoxides.138, 274-275 The 

metal-free vinyl copolymer has a RI of 1.573, which is higher than most of the metal containing 

vinyl copolymers. In the zirconium-group the RI systematically drops with increasing metal 

content from 1.564 to 1.547, which is due to the increasing number of present unreacted propox-

ide-groups. Because the viscosity increases during the reaction, the removal of solvent and the 

establishment of new bonds slows down, which is visible in the FT-IR and NMR spectra.379, 448-

449 The hafnium-group shows the same trend in case of the butoxide-groups, the RI decreases 

from 1.559 to 1.534 with increasing metal content because of the increase of remaining alkoxy-

groups. Both the propoxide and the butoxide-groups have a lower reactivity in the sol-gel reac-

tion379, 448-449 and their relatively high boiling point makes it difficult to remove them at 150 °C 

during the reaction. For hafnium and zirconium, the chlorine salts were also tested, but the 

hydrolysis and condensation reactions are too fast under the selected reaction conditions and 

lead to the formation of solid HfO2 respectively ZrO2. The tin samples show a slightly different 

result. The 1.0 mol% tin containing sample has the same value as the metal-free copolymers 
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and the 3.0 mol% one shows the highest RI of all copolymers with 1.581. The 5.0 mol% and 

15.0 mol% samples have lower values than the metal-free copolymer because of the incomplete 

polycondensation reaction. The 10.0 mol% tin copolymer has a slightly higher RI of 1.576. The 

tantalum probes show lower values for the 1.0 mol% and 3.0 mol% samples with 1.562, which 

slightly increases for the 5.0 mol% and 15.0 mol% ones, but it still remains under the RI of the 

metal-free copolymer. Despite using the lower boiling ethanol, the presence of five alkoxide-

groups sterically hinders the reaction. The 10.0 mol% tantalum sample has an increased RI of 

1.577 compared to the metal-free polymer. 
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Figure 114: Refractive indices of the metal and vinyl- or hydride-group containing copolymers. 

The hydride metal-free copolymer shows a RI of 1.563, which is lower than the one of the vinyl 

copolymer because of the here used methyldiethoxysilane instead of the vinylphenyldiethox-

ysilane. Overall, the zirconium- and the hafnium-groups show the same effect, the metal in-

crease leads to a more incomplete reaction and lowers the RI. Also, the hydride and metal side 

reactions have to be taken into account, which increase the cross-linking but generate problems 

for the later hydrosilylation reaction.410-412 The 1.0 mol% samples of Zr and Sn have an in-

creased RI of 1.567 and 1.566 compared to the metal-free copolymers. The other samples show 

a reduced and further decreasing value when increasing the metal content, besides the 

15.0 mol% tin sample, which has a high RI of 1.577. The tin samples with 1.0 mol%, 3.0 mol% 
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and 5.0 mol% show the desired RI increase from 1.565 over 1.567 to 1.573. For the 10.0 mol% 

and 15.0 mol% sample no RI could be measured because they are opaque or white. The tanta-

lum polymers also show an overall increase of the RI with raising metal content. The 1.0 mol%, 

5.0 mol% and 15.0 mol% samples show increasing values from 1.572 over 1.575 to 1.582 

which is the overall highest achieved RI for the metal containing copolymers. The 3.0 mol% 

and 10.0 mol% samples show a lower value of 1.568 and 1.564 which is still higher than the RI 

of the metal-free copolymer. 

Overall, the vinyl metal copolymers barely reach or exceed the RI of the metal-free polymer, 

while the hydride copolymers show higher values for all 1.0 mol% metal samples. The residual 

zirconium and hafnium samples have lower values. All tin and tantalum polymerss reveal 

higher values than the metal-free polymers. Noteworthy, the 10.0 mol% and 15.0 mol% hydride 

tin samples could not be measured. The prepared copolymers reveal higher RIs compared to 

the OE-6630 system, expect the zirconium and hafnium samples with higher metal content. 

4.3.1.4 Viscosity of the hydride- or vinyl-group and metal atom containing copoly-

mers 

Rheological measurements (Table 20) were also performed to determine the viscosity at room 

temperature, the standard deviations are reported in the experimental section (6.2.6). The vis-

cosity is an indicator for the polymer length, the amount of branching and the length of the side 

arms or side-groups.450-454 Here, it also relates to the remaining alkoxy-groups, which did not 

condensate and the amount of hydride-groups, which do not side react with the metal atoms. 

Therefore, a relation to the refractive index can sometimes be made. The viscosity of the hy-

dride metal-free copolymer is determined with 2800 mPa∙s and therefore comparable to the 

3000 mPa∙s respectively 2500 mPa∙s of compound A and B from the OE-6630 system. The 

vinyl polymer shows a very high viscosity of 508000 mPa∙s. The viscosity of the hydride and 

metal containing copolymers range from about 2000 mPa∙s to eleven million mPa∙s. For the 

zirconium ones, the viscosity increases with rising metal content up to 680000 mPa∙s for 

H20_Zr15_PP40_PM25. The hafnium- and hydride-containing samples show no trend and re-

main rather low in the ten thousand except H20_Hf5_PP40_PM35 with 3120000 mPa∙s. The 

tin sample with 3.0 mol% shows a high viscosity of 276000 mPa∙s and the 1.0 mol% and 

5.0 mol% ones one around 28000 mPa∙s. The viscosity of the tantalum samples roughly relates 

with the metal content, H20_Ta3_PP40_PM37 has the lowest viscosity of 2160 mPa∙s. The 

polymer with 15.0 mol% Ta shows the highest viscosity of 10.6 million mPa∙s. 
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Table 20: The viscosity of all metal and hydride- or vinyl-group containing copolymers at 25 °C. 

Hydride copolymer Viscosity at 

 25 °C [mPa∙s] 

Vinyl copolymer Viscosity at 

 25 °C [mPa∙s] 

H20_Met0_PP40_PM40 2800 V20_Met0_PP40_PM40 508000 

    

H20_Zr1_PP40_PM39 25200 V20_Zr1_PP40_PM39 332 

H20_Zr3_PP40_PM37 7220 V20_Zr3_PP40_PM37 323 

H20_Zr5_PP40_PM35 7090 V20_Zr5_PP40_PM35 500 

H20_Zr10_PP40_PM30 30200 V20_Zr10_PP40_PM30 831 

H20_Zr15_PP40_PM25 680000 V20_Zr15_PP40_PM25 258 

    

H20_Hf1_PP40_PM39 20000 V20_Hf1_PP40_PM39 1430 

H20_Hf3_PP40_PM37 26600 V20_Hf3_PP40_PM37 299 

H20_Hf5_PP40_PM35 3120000 V20_Hf5_PP40_PM35 294 

H20_Hf10_PP40_PM30 54000 V20_Hf10_PP40_PM30 136 

H20_Hf15_PP40_PM25 6640 V20_Hf15_PP40_PM25 61600 

    

H20_Sn1_PP40_PM39 30600 V20_Sn1_PP40_PM39 5260 

H20_Sn3_PP40_PM37 276000 V20_Sn3_PP40_PM37 1170000 

H20_Sn5_PP40_PM35 26800 V20_Sn5_PP40_PM35 330 

H20_Sn10_PP40_PM30 n. a. V20_Sn10_PP40_PM30 541000 

H20_Sn15_PP40_PM25 n. a. V20_Sn15_PP40_PM25 84 

    

H20_Ta1_PP40_PM39 16700 V20_Ta1_PP40_PM39 4490 

H20_Ta3_PP40_PM37 2160 V20_Ta3_PP40_PM37 340 

H20_Ta5_PP40_PM35 20300 V20_Ta5_PP40_PM35 887 

H20_Ta10_PP40_PM30 25200 V20_Ta10_PP40_PM30 159000 

H20_Ta15_PP40_PM25 10600000 V20_Ta15_PP40_PM25 2310 

 

The vinyl and metal-free copolymer already is highly viscous with 508000 mPa∙s. The zirco-

nium vinyl polymers show a very low viscosity of 260 mPa∙s to 830 mPa∙s, which indicates 

low MW polymers and a high amount of alkoxy-groups which is in agreement with the FT-IR 

and NMR data. The Hf samples with a lower metal content ranging from 1.0 mol% to 

10.0 mol% reveal low viscosities decreasing from 1430 mPa∙s to 136 mPa∙s with increasing 

metal content, relating to the increased amount of remaining alkoxides. The 15.0 mol% Hf sam-

ples although show a higher viscosity of 62000 mPa∙s because of the high metal content. 
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The tin samples with 3.0 mol% and 10.0 mol% metal content show the highest values, while 

the 5.0 mol% and 15.0 mol% polymers show the lowest ones with 330 mPa∙s and 84 mPa∙s. 

The tantalum vinyl copolymers range from 350 mPa∙s to 4500 mPa∙s despite the 10.0 mol% 

one, which is with 159000 mPa∙s very high. 

Overall, the high amount of phenyl-groups are a problem for the vinyl copolymer syntheses, 

resulting from the vinylphenyl-group compared to the hydridomethyl-group used in the hydride 

copolymer syntheses. During the reaction, the steric hindrance is very high and therefore many 

alkoxide-groups remain unreacted and smaller polymers result. Therefore, most of the viscosi-

ties do not exceed 1000 mPa∙s which is 510 times lower than the metal-free polymer. This ob-

servation can also be seen in the RI graph (Figure 114). Polymers with a very low viscosity also 

show a lower RI than V20_Met0_PP40_PM40, resulting from the remaining alkoxide-groups. 

The hydride samples show all higher or equal viscosities compared to the metal-free hy-

dride-group containing polymer, which results from the metal incorporation and the unwanted 

Met-OR + Si-H side reaction, which also increases the cross-linking.410-412 

4.3.1.5 Thermogravimetric analyses of the hydride- or vinyl-group and metal atom 

containing copolymers 

TGA curves from all metal-free and metal containing copolymers were recorded under oxygen 

respectively nitrogen atmosphere up to 900°C to determine the T95% value and the decomposi-

tion progress (experimental section, Figures 311 – 314). 

The T95% values are reported in Table 21. The incorporation of these metal atoms with four or 

five connectable bonds into the linear metal-free copolymers allow a cross-linking of the poly-

mers which increases the thermal stability.218 The presence of unreacted alkoxy-groups as well 

as residual solvent drastically decreases the T95% value because of the low boiling point of C1 

to C4 alcohols and toluene or xylene, respectively. The amount of the residual groups and mol-

ecules increases with increasing metal content because of the increased viscosity and sterical 

hindrance caused by these metal atoms during the sol-gel reaction. The difference between the 

decomposition temperatures under oxygen or inert atmosphere is often negligible. Larger dif-

ferences relate to different measurement times of the same sample because some polymers had 

to be measured again which then resulted in different amounts of volatile components. The 

metal-free hydride polymer shows T95% values of 320 °C. The decomposition temperature of 

the 1.0 mol% Met samples is always higher because of the increased amount of cross-linking. 

The zirconium-group shows decreasing temperatures from 360 °C for the 1.0 mol% Zr sample 

down to around 180 °C for the 15.0 mol% one because of the earlier described problems. 
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Table 21: T95% values for the metal-free and containing copolymers under O2 or N2 atmosphere. 

Hydride copolymer T95% 

O2 [°C] 

T95% 

N2 [°C] 

Vinyl copolymer T95% 

O2 [°C] 

T95% 

N2 [°C] 

H20_Met0_PP40_PM40 321 320 V20_Met0_PP40_PM40 310 316 

      

H20_Zr1_PP40_PM39 360 361 V20_Zr1_PP40_PM39 218 180 

H20_Zr3_PP40_PM37 235 242 V20_Zr3_PP40_PM37 175 144 

H20_Zr5_PP40_PM35 271 209 V20_Zr5_PP40_PM35 178 149 

H20_Zr10_PP40_PM30 250 225 V20_Zr10_PP40_PM30 191 159 

H20_Zr15_PP40_PM25 201 158 V20_Zr15_PP40_PM25 191 165 

      

H20_Hf1_PP40_PM39 356 354 V20_Hf1_PP40_PM39 162 138 

H20_Hf3_PP40_PM37 232 193 V20_Hf3_PP40_PM37 207 153 

H20_Hf5_PP40_PM35 220 197 V20_Hf5_PP40_PM35 251 246 

H20_Hf10_PP40_PM30 191 196 V20_Hf10_PP40_PM30 184 167 

H20_Hf15_PP40_PM25 172 179 V20_Hf15_PP40_PM25 169 165 

      

H20_Sn1_PP40_PM39 364 317 V20_Sn1_PP40_PM39 187 131 

H20_Sn3_PP40_PM37 307 295 V20_Sn3_PP40_PM37 192 188 

H20_Sn5_PP40_PM35 378 328 V20_Sn5_PP40_PM35 196 130 

H20_Sn10_PP40_PM30 359 286 V20_Sn10_PP40_PM30 178 166 

H20_Sn15_PP40_PM25 339 326 V20_Sn15_PP40_PM25 276 274 

      

H20_Ta1_PP40_PM39 374 360 V20_Ta1_PP40_PM39 261 155 

H20_Ta3_PP40_PM37 367 344 V20_Ta3_PP40_PM37 161 157 

H20_Ta5_PP40_PM35 309 333 V20_Ta5_PP40_PM35 300 205 

H20_Ta10_PP40_PM30 281 271 V20_Ta10_PP40_PM30 173 177 

H20_Ta15_PP40_PM25 257 275 V20_Ta15_PP40_PM25 297 256 

 

The hafnium samples show the same trend, the 1.0 mol% sample has a slightly lower T95% value 

of 355 °C which decreases down to 170 °C for the 15.0 mol% one. The hydride-groups and tin 

atom containing samples show values over 300 °C, because the released methanol can be re-

moved more easily than the C3 or C4 alcohol ones from Zr or Hf because of the lower molecular 

weight, nevertheless some methoxy-groups are present. Additionally the Si-H reaction with the 

Met-OX increases the cross-linking even further.410-412  
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The 3.0 mol% Sn sample shows the lowest value of 300 °C, the other ones range from 340 °C 

to 380°C under oxygen and from 290 °C to 330 °C under nitrogen atmosphere but no clear 

trend can be seen.  The tantalum samples show again the same trend as the Zr and Hf samples, 

the 1.0 mol% Ta has an even higher T95% value of 368 °C because of the five cross-linking 

bonds. The increasing metal content reduces the decomposition temperature down to 265 °C 

for the 15.0 mol % Ta sample. The metal-free vinyl copolymer reveals a T95% value of 310 °C, 

which is slightly higher than the one of the hydride polymer. All vinyl-group and metal atom 

containing copolymers show very low T95% temperatures from 130 °C to 300 °C. In the TG 

curves a first decomposition step starting at around 100 °C is visible because of the evaporation 

of residual solvent. All the metal copolymer groups show no clear trend, the decomposition 

temperature of the zirconium ones is around 200 °C under oxygen and around 160 °C under 

nitrogen. Most of the hafnium and the tin containing copolymers show the same results. Only 

the V20_Hf5_PP40_PM35 and the V20_Sn15_PP40_PM25 polymers show higher values with 

250 °C respectively 275 °C. In the tantalum-group the T95% temperatures range from 150 °C to 

300 °C and the difference between the oxygen and inert decomposition temperature is up to 

100 °C. 

Overall, the 1.0 mol% hydride samples show a higher thermal stability than the metal-free sam-

ples, also most of the tin samples and the 3.0 mol% and 5.0 mol% tantalum samples show com-

parable decomposition temperatures. No vinyl-group and metal atom containing copolymer can 

reach the T95% of the metal-free copolymer with 310 °C. The highest achievable temperature is 

300 °C with the 5.0 mol% tantalum sample under oxygen atmosphere. The main problem are 

the unreacted alkoxy-groups and the residual solvents, which could not be removed even under 

high vacuum and 40 °C. The linear component A of OE-6630 shows a very high T95% of around 

400 °C, which is higher than the 370 °C of H20_Ta1_PP40_PM39 independent from the at-

mosphere. The cross-linked component B has a decomposition temperature of 180 °C, which 

all but one hydride and metal containing copolymers reached and is in the range of the vinyl 

and metal containing ones. 

4.3.1.6 Differential scanning calorimetry of the hydride- or vinyl-group and metal 

atom containing copolymers 

DSC curves of all hydride and vinyl copolymers were recorded from −100 °C or −60 °C to 

150 °C under nitrogen atmosphere (experimental section, Figures 315 – 322). The glass transi-

tion and the melting temperatures with their integrated energy are reported in Table 22. The 

glass transition temperatures should increase with increasing metal content due to the provided 
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raised amount of possible cross-linking275, 400 and with the polymer length,121, 455 but also 

slightly decrease because of the reduced amount of present phenyl-groups from the reduced 

amount of PM monomer.402-404 The Tg also decreases when the metal atoms are not fully con-

densed and alkoxy-groups remain, which additionally results in a wider network respectively 

shorter polymer chains.399, 455 The here named melting temperature Tm can more precisely be 

called crystal-liquid crystal transition temperature Tlc.
456 

The hydride and metal-free copolymer H20_Met0_PP40_PM40 has a Tg of −14 °C, which is in 

between the −7 °C of poly[di-p-propylphenyl]siloxane and the −28 °C of polymethylphenyl-

siloxane.119, 457-458 The zirconium containing copolymers range from −32 °C to −12 °C, the 

1.0 mol% and 10.0 mol% polymers show lower values than the metal-free one while the other 

three show equal Tg’s. The Tg of the hafnium samples ranges from −26 °C to −16 °C. Here the 

theoretical Tg increase because of the cross-linking is not observable. The unreacted alkoxy-

groups and the therefore lower MW decreases the Tg under the −14 °C of the metal-free copol-

ymer. The tin samples range from −26 °C to −6 °C. The 3.0 mol%, 10.0 mol% and 15.0 mol% 

show higher Tg’s than the H20_Met0_PP40_PM40 with increasing metal content. The 

1.0 mol% and 5.0 mol% samples have a lower value of −26 °C and −21 °C. The hafnium sam-

ples range from −27 °C to −8 °C, the 5.0 mol% copolymer has a slightly lower value of −15 °C 

than the metal-free sample and the 15.0 mol% Ta copolymer shows a higher value of −8 °C. 

The metal-free vinyl copolymer has a Tg of −7 °C, which is slightly higher than the one of the 

hydride sample because the vinyl- and phenyl-group containing silicon atom reduces the poly-

mer flexibility compared to the hydride- and methyl-group one used in 

H20_Met0_PP40_PM40. The Zr samples range from −52 °C to −32 °C, which is very low com-

pared to the poly[vinylphenyl-co-diphenyl-co-phenylmethyl]siloxane 

(V20_Met0_PP40_PM40). The not fully condensed metals drastically reduce the degree of 

polymerisation and additionally the introduction of flexible propoxide-groups lowers the Tg 

below the −30 °C of poly[diphenyl-co-dimethyl]siloxane (1:1) and nearly ranges down to the 

−64 °C of poly[diphenyl-co-dimethyl]siloxane (3:7).119, 458 The overall tendency shows a Tg 

increase with a metal content increase up to −32 °C for the 15.0 mol% tin sample. The Tg of 

the hafnium copolymers range from −55 °C to −31 °C and show the same problems except that 

instead of propoxide-groups butoxide ones are present, but a clear tendency cannot be observed. 

The Tg of the tin samples range from −57 °C to −12 °C, where the 1.0 mol%, 3.0 mol% and 

10.0 mol% samples are the closest to the metal-free copolymer. The Tg of the tantalum copol-

ymers range from −55 °C to −14 °C.  



4 | RESULTS AND DISCUSSION 

125 

 

Table 22: Glass transition temperatures (Tg) and melting temperatures (Tm) with the integrated energy 

(Em) from the metal atom containing copolymers. 

Hydride polymer 

H20_ 

Tg 

[°C] 

Tm 

[°C] 

Em 

[J/g] 

Vinyl polymer 

V20_ 

Tg 

[°C] 

Tm 

[°C] 

Em 

[J/g] 

Met0_PP40_PM40 −14.2 −10.6 0.164 Met0_PP40_PM40 −6.6 61.6 8.801 

        

Zr1_PP40_PM39 −23.3 119.5 1.426 Zr1_PP40_PM39 −48.8 71.2 0.787 

Zr3_PP40_PM37 −14.4 106.4 14.93 Zr3_PP40_PM37 −43.1 64.7 0.180 

Zr5_PP40_PM35 −11.9 99.2 15.49 Zr5_PP40_PM35 −51.7 65.5 0.352 

Zr10_PP40_PM30 −31.9 109.0 0.063 Zr10_PP40_PM30 −44.8 89.5 1.202 

Zr15_PP40_PM25 −12.6 109.3 20.46 Zr15_PP40_PM25 −31.9 99.4 6.719 

        

Hf1_PP40_PM39 −23.4 109.0 0.425 Hf1_PP40_PM39 −31.4 67.6 0.555 

Hf3_PP40_PM37 −17.7 90.0 9.473 Hf3_PP40_PM37 −51.6 66.7 1.063 

Hf5_PP40_PM35 −19.9 119.9 19.02 Hf5_PP40_PM35 −55.0 68.5 0.833 

Hf10_PP40_PM30 −16.3 112.7 26.52 Hf10_PP40_PM30 −43.4 101.9 7.720 

Hf15_PP40_PM25 −25.6 119.6 7.351 Hf15_PP40_PM25 −36.9 89.2 12.34 

        

Sn1_PP40_PM39 −25.7 115.6 2.981 Sn1_PP40_PM39 −16.7 −23.6 2.357 

Sn3_PP40_PM37 −11.3 110.4 2.486 Sn3_PP40_PM37 −12.3 64.6 0.006 

Sn5_PP40_PM35 −21.5 117.0 0.940 Sn5_PP40_PM35 −57.4 64.4 0.118 

Sn10_PP40_PM30 −9.1 117.7 1.533 Sn10_PP40_PM30 −18.4 81.0 11.39 

Sn15_PP40_PM25 −5.8 124.0 1.543 Sn15_PP40_PM25 −47.3 148.2 6.767 

        

Ta1_PP40_PM39 −21.7 114.1 1.402 Ta1_PP40_PM39 −50.4 60.8 0.836 

Ta3_PP40_PM37 −27.2 126.4 5.780 Ta3_PP40_PM37 −54.6 60.6 0.822 

Ta5_PP40_PM35 −15.2 132.2 3.646 Ta5_PP40_PM35 −38.0 93.9 1.743 

Ta10_PP40_PM30 −27.2 84.7 0.736 Ta10_PP40_PM30 −13.7 107.9 12.29 

Ta15_PP40_PM25 −7.7 109.8 11.54 Ta15_PP40_PM25 −15.2 96.5 8.254 

 

The Tg increases with increasing metal content. The 10.0 mol% and 15.0 mol% Ta copolymers 

show Tg’s of −14 °C and −15 °C, respectively. A melting temperature of around −10 °C to 

260 °C results from the crystal to liquid crystal transition,119 while lower temperatures relate to 

a crystal-crystal transition.459-462 Higher temperatures over 400 °C usually show the transition 

from the liquid crystal to the isotropic melt, but these phenyl-group containing polysiloxanes 

often decompose already at these temperatures.119 The Tm of the hydride-group and metal-free 
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copolymer is −11 °C, while all Tm’s of the metal containing polymers are in between 85 °C to 

132 °C and no clear tendency can be observed. The integrated energy ranges from low amounts 

of 0.06 J/g to large amounts of 26.53 J/g. The vinyl-group and metal-free copolymer shows a 

Tm of 62 °C, while the metal containing polymers range from −24 °C to 148 °C. Here a small 

tendency is observable, the Tm increases roughly with increasing metal content. The integrated 

energy varies from 0.01 J/g to 12.34 J/g.  

Overall, most of the hydride polymers show glass transition temperatures which are lower or 

equal than the one of H20_Met0_PP40_PM40. Only the 5.0 mol% and 15.0 mol% Zr, 

3.0 mol%, 10.0 mol% and 15.0 mol% Sn and the 15.0 mol% Ta samples have higher values up 

to −6 °C. The higher metal content of up to 15.0 mol% can therefore increase the Tg value when 

a high degree of condensation can be achieved. All of the vinyl-group and metal atom contain-

ing copolymers show a lower Tg of −58 °C to −12 °C than the metal-free 

V20_Met0_PP40_PM40 with −7 °C. The metal atoms here have no positive impact in increas-

ing the Tg value resulting from possible additional cross-linking because of residual alkoxide-

groups. The resulting rather wider network leads to a drastically lower glass transition temper-

ature compared to the metal-free copolymers. The linear component A of OE-6630 shows a low 

Tg of −45 °C and most of the self-prepared polymers show equal to higher values. The already 

cross-linked component B of OE-6630 has an even lower Tg of −55 °C. 
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4.3.2 Synthesis and characterisation of the cured metal atom containing copoly-

mers 

The syntheses of novel polysiloxanes by curing the vinyl- and hydride-group copolymers was 

performed in a 1:1 ratio with the Ossko’s platinum catalyst in a thermally driven hydrosilylation 

reaction (Figure 115). The temperature was gradually raised to 150 °C in three steps. Besides 

curing the samples in a disposable glass, the polysiloxanes were also cured onto a microscope 

glass slide for the RI determinations and the UV/Vis analyses. Additionally, FT-IR measure-

ments and TG and DSC analyses were performed. 

 
Figure 115: Synthesis of the cured and metal containing polysiloxanes. 

The associate vinyl and hydride copolymers are mixed with the equal amount of metal content, 

for example H20_Zr3_PP40_PM37 and V20_Zr3_PP40_PM37 are cured to receive 

P20_Zr3_PP40_PM37. Also, the vinyl samples were mixed with the metal-free hydride sample 

to reduce the metal content by 50 % in the cured polymer, for example H20_Met0_PP40_PM40 

and V20_Zr15_PP40_PM25 are cured to receive P20_Zr7.5_PP40_PM32.5. Overall, samples 

with metal concentrations were produced namely with 1.0 mol%, 1.5 mol%, 2.5 mol%, 

3.0 mol%, 5.0 mol%, 7.5 mol%, 10.0 mol% and 15.0 mol% metal content. Additionally for the 

5.0 mol% metal content polysiloxanes, two variants were synthesised using either the 

V20_Met5_PP40_PM40 with H20_Met5_PP40_PM40 or V20_Met10_PP40_PM40 with 

H20_Met0_PP40_PM40, the latter system is named with an “H” after the metal percentage 

(P20_Met5H_PP40_PM40). All compositions are reported in Table 23. The nomenclature 

slightly changes, the “H” respectively “V” was substituted with a “P” because of the reaction 

of these groups. The amount of each monomer is still reported after each monomer abbreviation 

in mol%. Images of the cured films are displayed in Figure 119 in 4.3.2.6. 

Table 23: Polysiloxane mixtures for the metal-free and metal atom containing cured polymers. 

Hydride copolymer Vinyl copolymer Cured polysiloxane 

H20_Met0_PP40_PM40 V20_Met0_PP40_PM40 P20_Met0_PP40_PM40 

H20_Zr1_PP40_PM39 V20_Zr1_PP40_PM39 P20_Zr1_PP40_PM39 
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Hydride copolymer Vinyl copolymer Cured polysiloxane 

H20_Met0_PP40_PM40 V20_Zr3_PP40_PM37 P20_Zr1.5_PP40_PM38.5 

H20_Met0_PP40_PM40 V20_Zr5_PP40_PM35 P20_Zr2.5_PP40_PM37.5 

H20_Zr1_PP40_PM39 V20_Zr1_PP40_PM39 P20_Zr1_PP40_PM39 

H20_Met0_PP40_PM40 V20_Zr3_PP40_PM37 P20_Zr1.5_PP40_PM38.5 

H20_Met0_PP40_PM40 V20_Zr5_PP40_PM35 P20_Zr2.5_PP40_PM37.5 

H20_Zr3_PP40_PM37 V20_Zr3_PP40_PM37 P20_Zr3_PP40_PM37 

H20_Zr5_PP40_PM35 V20_Zr5_PP40_PM35 P20_Zr5_PP40_PM35 

H20_Met0_PP40_PM40 V20_Zr10_PP40_PM30 P20_Zr5H_PP40_PM35 

H20_Met0_PP40_PM40 V20_Zr15_PP40_PM25 P20_Zr7.5_PP40_PM32.5 

H20_Zr10_PP40_PM30 V20_Zr10_PP40_PM30 P20_Zr10_PP40_PM30 

H20_Zr15_PP40_PM25 V20_Zr15_PP40_PM25 P20_Zr15_PP40_PM25 

   

H20_Hf1_PP40_PM39 V20_Hf1_PP40_PM39 P20_Hf1_PP40_PM39 

H20_Met0_PP40_PM40 V20_Hf3_PP40_PM37 P20_Hf1.5_PP40_PM38.5 

H20_Met0_PP40_PM40 V20_Hf5_PP40_PM35 P20_Hf2.5_PP40_PM37.5 

H20_Hf3_PP40_PM37 V20_Hf3_PP40_PM37 P20_Hf3_PP40_PM37 

H20_Hf5_PP40_PM35 V20_Hf5_PP40_PM35 P20_Hf5_PP40_PM35 

H20_Met0_PP40_PM40 V20_Hf10_PP40_PM30 P20_Hf5H_PP40_PM35 

H20_Met0_PP40_PM40 V20_Hf15_PP40_PM25 P20_Hf7.5_PP40_PM32.5 

H20_Hf10_PP40_PM30 V20_Hf10_PP40_PM30 P20_Hf10_PP40_PM30 

H20_Hf15_PP40_PM25 V20_Hf15_PP40_PM25 P20_Hf15_PP40_PM25 

   

H20_Sn1_PP40_PM39 V20_Sn1_PP40_PM39 P20_Sn1_PP40_PM39 

H20_Met0_PP40_PM40 V20_Sn3_PP40_PM37 P20_Sn1.5_PP40_PM38.5 

H20_Met0_PP40_PM40 V20_Sn5_PP40_PM35 P20_Sn2.5_PP40_PM37.5 

H20_Sn3_PP40_PM37 V20_Sn3_PP40_PM37 P20_Sn3_PP40_PM37 

H20_Sn5_PP40_PM35 V20_Sn5_PP40_PM35 P20_Sn5_PP40_PM35 

H20_Met0_PP40_PM40 V20_Sn10_PP40_PM30 P20_Sn5H_PP40_PM35 

H20_Met0_PP40_PM40 V20_Sn15_PP40_PM25 P20_Sn7.5_PP40_PM32.5 

H20_Sn10_PP40_PM30 V20_Sn10_PP40_PM30 P20_Sn10_PP40_PM30 

H20_Sn15_PP40_PM25 V20_Sn15_PP40_PM25 P20_Sn15_PP40_PM25 

   

H20_Ta1_PP40_PM39 V20_Ta1_PP40_PM39 P20_Ta1_PP40_PM39 

H20_Met0_PP40_PM40 V20_Ta3_PP40_PM37 P20_Ta1.5_PP40_PM38.5 

H20_Met0_PP40_PM40 V20_Ta5_PP40_PM35 P20_Ta2.5_PP40_PM37.5 
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Hydride copolymer Vinyl copolymer Cured polysiloxane 

H20_Ta3_PP40_PM37 V20_Ta3_PP40_PM37 P20_Ta3_PP40_PM37 

H20_Ta5_PP40_PM35 V20_Ta5_PP40_PM35 P20_Ta5_PP40_PM35 

H20_Met0_PP40_PM40 V20_Ta10_PP40_PM30 P20_Ta5H_PP40_PM35 

H20_Met0_PP40_PM40 V20_Ta15_PP40_PM25 P20_Ta7.5_PP40_PM32.5 

H20_Ta10_PP40_PM30 V20_Ta10_PP40_PM30 P20_Ta10_PP40_PM30 

H20_Ta15_PP40_PM25 V20_Ta15_PP40_PM25 P20_Ta15_PP40_PM25 

4.3.2.1 FT-IR analyses of the cured metal atom containing copolymers 

FT-IR spectra from all synthesised cured metal containing polysiloxanes were recorded (Fig-

ures 323 – 326). The spectra only slightly differ from the ones of the copolymers, the hydride 

and vinyl vibrations show no or a smaller intensity because of the hydrosilylation process and 

also the alkoxides have a reduced intensity because the high temperature during the curing pro-

cess pushes incomplete polymerisations further along. Here, only the metal-free and the 

5.0 mol% metal atom containing polysiloxanes are shown in Figure 116. 
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Figure 116: FT-IR spectra of the metal-free and the 5.0 mol% metal atom containing cured polysiloxanes. 

The signals at 1405 cm-1 are generated by the vinyl-group26,27,48,85 as well as the region around 

965 cm-1,26,27,48,85 which overlap with the Si-O signals. The Si-H group is located at 2160 cm-1 

and 895 cm-1.234-235, 319, 346-347 Remaining methoxy-groups show a signal at 2840 cm-1 while the 

ethoxy-groups reveal a signal at 2880 cm-1.138 In the 5.0 mol% from P20_Met5H_PP40_PM35 

and the 7.5 mol% zirconium, the 1.0 mol%, 1.5 mol%, 7.5 mol% and 10.0 mol% tin as well as 
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the 7.5 mol% tantalum samples are small residual Si-H signals visible. Overall, nearly all sam-

ples show a completed hydrosilylation reaction. The high viscosity of some samples hinders 

the 100 % conversion during the curing process.136, 318, 395 

4.3.2.2 Refractive indices of the cured metal atom containing copolymers 

The refractive indices of the cured metal containing polysiloxanes onto microscope slides were 

determined using 1-bromonaphthalene as contact fluid. Some polysiloxanes could not be meas-

ured due to being opaque or having an uneven surface. Therefore, only the measurable RI’s are 

shown in Figure 117, the exact values are reported in the experimental section 6.2.6.4. The 

metal-free polymer shows a RI of 1.583. The cured OE-6630 has a lower RI of 1.552 because 

of the lower phenyl content. A comparable polysiloxane by Kim et al. showed a RI of 1.578 

when using slightly different monomers.138 They used vinyltrimethoxysilane instead of vi-

nylphenyldiethoxysilane and no methylphenyldimethoxysilane. This results in a value of 1.15 

phenyl-groups per silicon and zirconium atom, while we have a value of 2.00. They reached 

1.580 with 1.0 mol% Zr, 1.581 with 3.0 mol% Zr and 1.583 with 5.0 mol% Zr. 
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Figure 117: Refractive indices of the metal-free respectively metal containing and cured polysiloxanes. 

The zirconium samples besides the 1.5 mol% one show an increased value compared to the 

metal-free sample, while the 5.0 mol% Zr sample shows the highest one. The higher zirconium 

content samples show an equally high RI than the 3.0 mol% one. These high metal-containing 

polysiloxanes still show some unreacted groups after the thermal treatment. The high amount 

of these tetra- or pentavalent atoms lead to a very hard polymer, which shows cracks or shatters 

when the glass slide is transported. This hardness results in a reduced mobility of the polymer 

and a higher degree of condensation. The samples, resulting from the metal- and vinyl-group 

containing sample cured with the metal-free hydride copolymer, namely 1.0 mol%, 5.0 mol% 

H, 7.5 mol% and 10.0 mol% hafnium samples have an equal RI which are higher than the one 
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of the metal-free polymer. No tendency can be seen because the 1.0 mol% Hf sample shows an 

equally high RI than the metal richer ones. The 2.5 mol% polysiloxane shows a very low value 

of 1.573. Only three tin containing samples with 1.0 mol%, 1.5 mol% and 2.5 mol% metal 

could be measured but all show low RI values around 1.582. The remaining samples show 

cracks or peel off from the glass. The tantalum samples with 1.0 mol%, 3.0 mol%, 5.0 mol% 

and 7.5 mol% show higher values than the metal-free containing ones. The 5.0 mol% one shows 

the highest value with 1.593. The other measurable samples show a decreasing RI with increas-

ing metal content, which is most likely based on showing the lower degree of cross-linking and 

more remaining alkoxide-groups. 

Overall, only half of the measurable polysiloxanes show an increase of the RI and it does not 

correlate with the metal content because of an incomplete polycondensation or cross-linking 

reaction. Although all measurable RI’s are higher than the one of the OE-6630 with 1.552. 

4.3.2.3 Thermogravimetric analyses of the cured metal atom containing copolymers 

Thermogravimetric analyses from all synthesised cured polysiloxanes were record under oxy-

gen up to 900 °C or nitrogen up to 800 °C with a switching step to oxygen and the measurement 

continued up to 900 °C (experimental section, Figures 327 – 334). The T95% values (Table 24) 

of the metal-free polysiloxane are 338 °C under nitrogen atmosphere and 326 °C under oxygen 

atmosphere, which are lower than the reported 355 °C under air reported by Kim et al. because 

the self-prepared systems contain more methyl-groups instead of additional cross-linking ones 

provided by the usage of more hydride- and vinyl-groups.138 The amount of phenyl-groups is 

slightly higher in the self-synthesised polymer. Most of the decomposition temperatures are 

comparable under nitrogen and oxygen atmosphere and therefore often the median is compared. 

The 1.0 mol% zirconium sample shows a higher decomposition temperature with 360 °C, the 

further increase of Zr content decreases the T95% value down to 250 °C. Kim et al. reported a 

T95% value increase by 5 °C for the 1.0 mol% Zr sample, further 7 °C for the 3.0 mol% one and 

another 5 °C for the 5.0 mol% one. The 1.0 mol% hafnium samples show a decomposition tem-

perature of around 350 °C, a metal content from 1.5 mol% to 5.0 mol% reduces the temperature 

between 320 °C to 300 °C while a further hafnium increase lowers the T95% to 260 °C. The 

1.0 mol% tin sample shows a decomposition temperature of 329 °C under N2 and 353 °C under 

O2. The increase of tin to 2.5 mol% raises the temperature to around 365 °C under both atmos-

pheres, where a further metal increase slightly lowers the value to 330 °C to 350 °C. The higher 

contents of 10.0 mol% or 15.0 mol% show lower values of around 320 °C. The 

P20_Sn7.5_PP40_PM32.5 sample shows a high decomposition temperature of 390 °C under 
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oxygen atmosphere. The 1.0 mol% tantalum sample has a T95% value of 335 °C under nitrogen 

and 317 °C under oxygen atmosphere. The increase of Ta up to 5.0 mol% shows no change in 

these values. The 5.0 mol% Ta H and 10.0 mol% Ta sample have higher values with 365 °C 

under N2 and 340 °C under O2. The 7.5 mol% and 15.0 mol% sample show lower values of 

around 300 °C. Overall, the T95% values decrease with increasing metal content because of the 

reduced degree of cross-linking relates to some unreacted groups which cannot react because 

the polymer hardens.396, 463 The thermal resistance under both atmospheres often equals each 

other.  

Table 24: T95% values for the metal atom containing cured polysiloxanes under oxygen respectively nitro-

gen atmosphere. 

Cured polymer 

P20_ 

T95% N2 

[°C] 

T95% O2 

[°C] 

Cured polymer 

P20_ 

T95% N2 

[°C] 

T95% O2 

[°C] 

Met0_PP40_PM40 338 326 
   

      

Zr1_PP40_PM39 359 358 Sn1_PP40_PM39 328 353 

Zr1.5_PP40_PM38.5 323 318 Sn1.5_PP40_PM38.5 344 338 

Zr2.5_PP40_PM37.5 303 302 Sn2.5_PP40_PM37.5 363 367 

Zr3_PP40_PM37 325 312 Sn3_PP40_PM37 333 336 

Zr5_PP40_PM35 291 279 Sn5_PP40_PM35 354 334 

Zr5H_PP40_PM35 303 299 Sn5H_PP40_PM35 342 358 

Zr7.5_PP40_PM32.5 297 282 Sn7.5_PP40_PM32.5 343 390 

Zr10_PP40_PM30 265 268 Sn10_PP40_PM30 323 330 

Zr15_PP40_PM25 249 247 Sn15_PP40_PM25 340 325 

      

Hf1_PP40_PM39 353 343 Ta1_PP40_PM39 335 317 

Hf1.5_PP40_PM38.5 316 307 Ta1.5_PP40_PM38.5 324 319 

Hf2.5_PP40_PM37.5 310 320 Ta2.5_PP40_PM37.5 320 317 

Hf3_PP40_PM37 314 312 Ta3_PP40_PM37 331 315 

Hf5_PP40_PM35 308 301 Ta5_PP40_PM35 334 325 

Hf5H_PP40_PM35 299 287 Ta5H_PP40_PM35 361 340 

Hf7.5_PP40_PM32.5 283 280 Ta7.5_PP40_PM32.5 302 293 

Hf10_PP40_PM30 267 259 Ta10_PP40_PM30 372 336 

Hf15_PP40_PM25 266 271 Ta15_PP40_PM25 304 297 
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In some cases, like the 7.5 mol% tin sample, the stability is with 390 °C around 45 °C higher 

under oxygen than under nitrogen atmosphere. Other examples like in the 10.0 mol% tantalum 

sample the nitrogen value is with 372 °C around 35 °C higher. Especially the 1.0 mol% metal 

atom content polysiloxanes show higher T95% values than the metal-free ones, which shows the 

huge impact of small amounts of metal. Some of the higher metal content polymers show higher 

values than P20_Met0_PP40_PM40 when a high amount of cross-linking was reached. The 

cured OE-6630 shows thermal degradation temperatures of around 425 °C which no self-syn-

thesised polymer reached. 

4.3.2.4 Differential scanning calorimetry of the cured metal atom containing copol-

ymers 

DSC curves from all cured and metal containing polysiloxanes were recorded (Figures 335 – 

342). The Tg and Tm as well as the integrated energy are listed in Table 25. The metal-free 

polysiloxane shows a Tg of 11 °C and it should increase when adding metal atoms because of 

the provided cross-linking. The zirconium samples show a lower glass transition temperature 

between −23 °C and 1 °C but they barely relate to the Zr content. The 3.0 mol%, 5.0 mol% and 

10.0 mol% samples show very low values around −20 °C while the others show a Tg around 

0 °C. Here again the not completed sol-gel and hydrosilylation reactions lead to a wider network 

resulting in a lower Tg. The highly cross-linked ZPH3 (3.0 mol% Zr added to 100.0 mol% of 

silicon content) from Kim et al. shows a Tg of 26 °C because they used vinyltrimethoxysilane 

instead of vinylphenyldiethoxysilane.138 The hafnium samples range from −13 °C to 3 °C and 

no clear tendency can be seen, although the spreading is smaller than for the Zr samples. The 

tin containing polysiloxanes range from −7 °C to 8 °C with the same result. The tantalum sam-

ples range from −8 °C to 38 °C where the P20_Ta5H_PP40_PM35 sample shows the highest 

Tg of 38 °C. The 10.0 mol% Ta and the 15.0 mol% Ta also show higher glass transition tem-

peratures of 20 °C and 12 °C than the metal-free one, respectively. The OE-6630 shows a Tg of 

5.5 °C, which is lower than the metal-free system because it contains more phenyl-groups and 

is in between the metal atom containing polymers. Overall, most of the metal atom containing 

samples show lower Tg values because of unreacted groups in the form of alkoxide, hydride or 

vinyl ones. The melting temperature of the metal-free polysiloxanes is 71 °C, the Zr samples 

range from 47 °C to 93 °C but P20_Zr1_PP40_PM39, which shows no melting temperature but 

a crystallisation temperature at −44 °C. The hafnium samples range from 48 °C to 100 °C, the 

tin ones from 42 °C to 76 °C and the tantalum ones from 74 °C to 108 °C. Overall, most of the 

Tm values are in the range from 60 °C to 90 °C but no clear tendency can be observed. The 

integrated energy ranges from around zero to 27 J/g. 
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Table 25: Glass transition (Tg) and melting temperatures (Tm) with the integrated energy (Em) of the cured 

metal containing polysiloxanes. 

Cured polysiloxane 

P20_ 

Tg 

[°C] 

Tm 

[°C] 

Em 

[J/g] 

Cured polysiloxane 

P20_ 

Tg 

[°C] 

Tm 

[°C] 

Em 

[J/g] 

Met0_PP40_PM40 11.3 70.8 1.59     

        

Zr1_PP40_PM39 −8.6 −43.8 −1.23 Sn1_PP40_PM39 4.7 − − 

Zr1.5_PP40_PM38.5 −1.0 46.9 0.05 Sn1.5_PP40_PM38.5 7.7 76.2 2.21 

Zr2.5_PP40_PM37.5 −2.1 − − Sn2.5_PP40_PM37.5 −7.2 73.7 0.42 

Zr3_PP40_PM37 −17.7 93.1 7.30 Sn3_PP40_PM37 7.2 60.4 1.08 

Zr5_PP40_PM35 −22.6 87.3 7.25 Sn5_PP40_PM35 −7.1 70.3 0.11 

Zr5H_PP40_PM35 −0.4 65.2 2.18 Sn5H_PP40_PM35 0.4 68.5 0.78 

Zr7.5_PP40_PM32.5 1.2 71.1 6.26 Sn7.5_PP40_PM32.5 2.7 63.7 0.48 

Zr10_PP40_PM30 −18.1 91.4 9.02 Sn10_PP40_PM30 4.8 43.4 3.49 

Zr15_PP40_PM25 −2.9 74.1 7.17 Sn15_PP40_PM25 5.7 42.0 4.93 

        

Hf1_PP40_PM39 0.6 80.9 2.40 Ta1_PP40_PM39 −7.9 74.1 0.36 

Hf1.5_PP40_PM38.5 0.3 48.3 1.46 Ta1.5_PP40_PM38.5 −6.5 92.9 0.58 

Hf2.5_PP40_PM37.5 2.6 77.5 5.02 Ta2.5_PP40_PM37.5 3.1 73.7 1.13 

Hf3_PP40_PM37 −7.6 88.1 6.21 Ta3_PP40_PM37 −6.3 79.1 1.24 

Hf5_PP40_PM35 −12.5 99.9 4.53 Ta5_PP40_PM35 1.0 73.9 2.18 

Hf5H_PP40_PM35 −0.7 70.6 6.08 Ta5H_PP40_PM35 38.2 105.5 1.21 

Hf7.5_PP40_PM32.5 1.3 76.1 9.09 Ta7.5_PP40_PM32.5 5.7 74.1 3.62 

Hf10_PP40_PM30 −7.9 91.6 13.7 Ta10_PP40_PM30 20.2 107.7 10.2 

Hf15_PP40_PM25 −4.6 85.7 26.6 Ta15_PP40_PM25 10.6 74.3 11.9 

 

4.3.2.5 UV/Vis measurements of the cured metal atom containing copolymers 

UV/Vis measurements from all the cured polysiloxane films were performed (Figures 343 – 

350). Images of the cured polymers onto the microscope glass slides are visible in Figure 119 

in the next chapter. The pictures show clear transparent colourless samples in most cases, the 

15.0 mol% Hf sample shows a strong white colour which could relate to the formation of haf-

nium oxide. Some tin samples are slightly yellow and the 10.0 mol% tantalum one shows cracks 

after the curing. The transmission at 450 nm as well as the yellowness and whiteness indices 

are reported in Table 26, the haze values at 450 nm are not reported but the calculated curves 

are shown in the experimental section. The transmission of the metal-free polysiloxane is 
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around 99 %, the zirconium samples show equal to values around 97 % to 99 % independently 

of the metal content. The hafnium polysiloxanes show the same transmission except the 

15.0 mol% Hf sample, where only 54 % can be measured. The tin samples show lower values 

around 87 % to 98 % where the 3.0 mol% tin containing sample has the lowest value of 87 %. 

Table 26: Transmission values at 450 nm (T450), yellowness (YI) and whiteness indices (WI) of the cured 

metal containing polysiloxanes onto glass slides. 

Cured polysiloxane 

P20_ 

T450 

[%] 

YI WI Cured polysiloxane 

P20_ 

T450 

[%] 

YI WI 

Met0_PP40_PM40 99 0.2 99.8     

        

Zr1_PP40_PM39 98 0.6 98.3 Sn1_PP40_PM39 95 2.1 92.2 

Zr1.5_PP40_PM38.5 98 0.7 97.4 Sn1.5_PP40_PM38.5 89 7.0 78.0 

Zr2.5_PP40_PM37.5 99 0.3 99.4 Sn2.5_PP40_PM37.5 98 0.8 97.4 

Zr3_PP40_PM37 98 0.7 97.4 Sn3_PP40_PM37 87 7.8 73.9 

Zr5_PP40_PM35 99 0.5 98.9 Sn5_PP40_PM35 98 0.7 97.7 

Zr5H_PP40_PM35 98 0.7 98.3 Sn5H_PP40_PM35 90 6.2 80.3 

Zr7.5_PP40_PM32.5 98 0.6 97.8 Sn7.5_PP40_PM32.5 93 4.2 86.9 

Zr10_PP40_PM30 97 0.7 96.7 Sn10_PP40_PM30 95 1.6 93.9 

Zr15_PP40_PM25 99 −0.3 99.9 Sn15_PP40_PM25 97 1.0 96.2 

        

Hf1_PP40_PM39 97 0.7 97.6 Ta1_PP40_PM39 98 0.6 98.4 

Hf1.5_PP40_PM38.5 98 0.6 98.0 Ta1.5_PP40_PM38.5 99 0.5 99.4 

Hf2.5_PP40_PM37.5 98 1.2 96.6 Ta2.5_PP40_PM37.5 100 0.2 100 

Hf3_PP40_PM37 99 0.6 98.9 Ta3_PP40_PM37 98 0.5 98.9 

Hf5_PP40_PM35 98 −0.1 99.3 Ta5_PP40_PM35 98 0.5 98.5 

Hf5H_PP40_PM35 99 0.5 99.3 Ta5H_PP40_PM35 99 0.5 99.5 

Hf7.5_PP40_PM32.5 98 0.7 98.2 Ta7.5_PP40_PM32.5 98 0.6 98.3 

Hf10_PP40_PM30 97 0.3 97.0 Ta10_PP40_PM30 91 1.1 90.5 

Hf15_PP40_PM25 54 2.6 49.5 Ta15_PP40_PM25 98 −0.1 98.9 

 

The tantalum ones range from 97 % to 100 % except the 10.0 mol% Ta containing sample 

which has 91 % transmission. Kim et al. reported 90 % transmission for their 1.0 mol% Zr pol-

ysiloxane and 80 % transmission at 5.0 mol% Zr for their 2 mm thick sample.138 Interestingly 

their measurement of the OE-6630 material only shows an 85 % transmittance. Besides the 
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15.0 mol% Hf sample all other show a good to very good transmittance in the range of 87 % to 

100 %. 

The yellowness and whiteness indices also were calculated, the YI of the metal-free polysilox-

ane is 0.2 and the WI is close to 99.8, which shows that the polysiloxane is colourless. The 

zirconium samples show slightly higher YI values and slightly lower WI values up to 0.7 re-

spectively down to 96.7 which represents a minimally yellow colour. The 15.0 mol% Zr con-

taining polysiloxane shows a negative YI value of −0.3 and a WI of around 100, which indicates 

a minimally bluish colour. Most of the hafnium samples range from −0.1 to 0.7 Yi and 96.5 to 

99.3 WI and show a minimally yellow colour. The 2.5 mol% Hf containing sample has a higher 

YI of 1.2 indicating a slightly yellow colour. The 15.0 mol% Hf containing sample shows a 

stronger yellow colour with a YI of 2.5 and a WI of 49.5. Most of the tin containing polysilox-

anes show a stronger yellow colour, yellowness indices of up to 7.8 and whiteness indices down 

to 73.9. The colourless to minimally yellow tantalum samples range from −0.1 to 0.6 YI and 

98.3 to 100 WI except the 10.0 mol% Ta sample with a YI of 1.1 and a WI of 90.5, which 

indicates a slightly yellow colour. 

Overall, except for four samples all others reached respectively surpassed 95 % transmission at 

450 nm. Most of the samples show no to a marginally yellow colouration after the curing, which 

is shown by YI of zero to two respectively WI close to 100. Only four tin containing samples 

with 1.5 mol%, 3.0 mol%, 5.0 mol% H and the 7.5 mol% one have larger values indicating a 

slight yellow colour. The commercial OE-6630 system shows a transmission of 100 % with a 

YI of 0.1 and a WI of 100.8, which indicates that no yellow colouration occurred. 

4.3.2.6 Thermal aging of the cured metal atom containing copolymers 

A thermal aging at 180 °C for 70 days (1680 h) of the polysiloxanes onto glass slides was 

performed to simulate the heat exposure during the LED operation. Pictures from all samples 

were recorded before and after the thermal treatment (Figures 118 – 122). The metal-free pol-

ysiloxane shows no difference before and after the treatment like most of the metal containing 

ones. The 7.5 mol% and 15.0 mol% zirconium samples show cracks and shatters after the treat-

ment, all other Zr samples do not show a difference. The hafnium containing polysiloxanes 

Hf5H and Hf7.5 also shatters and cracks.  
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Figure 118: a) empty glass slide, P20_Met0_PP40_PM40 b) before and c) after the thermal treatment. 

 
Figure 119: Pictures of the zirconium containing polysiloxane films (P20_ZrX_PP40_PM(40-X)) onto glass 

slides, before and after the thermal treatment. 

 
Figure 120: Pictures of the hafnium containing polysiloxane films (P20_HfX_PP40_PM(40-X)) onto glass 

slides, before and after the thermal treatment. 



4 | RESULTS AND DISCUSSION 

138 

 

 
Figure 121: Pictures of the tin containing polysiloxane films (P20_SnX_PP40_PM(40-X)) onto glass slides, 

before and after the thermal treatment. 

 
Figure 122: Pictures of the tantalum containing polysiloxane films (P20_TaX_PP40_PM(40-X)) onto glass 

slides, before and after the thermal treatment. 

The 10.0 mol% and 15.0 mol% Hf samples show a strong white to yellow colouration. Some 

tin samples still show the yellow colouration which was slightly reduced during the treatment. 

The Ta5 and Ta5H shattered and peeled off during the treatment, the Ta10 sample peeled off 

completely before the measurement for the third day. The Ta7.5 and Ta15 probe showed a 

yellow colouration. To evaluate the change in transmission and haze, UV/Vis measurements 

were performed during the thermal treatment and the transmissions at 450 nm are shown in 

Figure 123, the haze curves in Figures 351 – 354. The curve of the metal-free polysiloxane 

(black) is visible in all graphs for better comparability.  

The exact values are reported in Table 27. The transmission of the metal-free polysiloxane does 

not change during the thermal treatment. The transmission of the zirconium samples slightly 

increases but is in the error range of the measurement. The thermal treatment leads to shattering 

of the polysiloxanes because the sol-gel reaction continues, the polymers harden and shrink 

resulting them peeling off the glass. The Zr7.5 and Zr15 ones show lower values of 95 %. The 
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transmission of the polysiloxanes with 1.0 mol% to 3.0 mol% hafnium content does not change, 

but the 5.0 mol% to 10.0 mol% Hf ones show a lower transmission with increasing metal con-

tent down from 95 % for the 5.0 mol% Hf one to 68 % for the 10.0 mol% Hf one. The 

15.0 mol% Hf sample showed an initial transmission of 54 % which is reduced to 32 % after 

the 70 days. Most of the tin containing polysiloxanes show a small increase in transmission up 

to 5 %, the Sn5H sample shows an increase of 9 %, which is caused by the shattering and re-

moval of the polymer. The tantalum containing polysiloxanes show a slight increase which is 

in the error range of the measurement, except the 5.0 mol% sample, which shows a 6 % lower 

transmission. P20_Ta10_PP40_PM30 could not be measured because no polymer was left on 

the glass. 
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Figure 123: Transmission at 450 nm of the cured metal-free and metal containing polysiloxanes onto glass 

slides during the 70 days thermal treatment, a) zirconium, b) hafnium, c) tin, and d) tantalum. 

The calculated haze curves at 450 nm are shown in the experimental section (6.2.6.5.5). Most 

of the haze values are under 10 %. Exceptions are the 10.0 mol% zirconium containing sample 

which shows a haze of 60 % after the thermal treatment started. Also, the 15 .0 mol% one started 

at 54 % haze, the value increased to 70 % after three days and then is successively reduced to 
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60 % after the 70 days. The 5.0 mol% hafnium containing polysiloxane shows a 75 % haze and 

the 10.0 mol% Hf one a 90 % haze after the experiment. The 15.0 mol% Hf one has an initial 

95 % haze which is reduced to 80 % after the treatment. The tin samples show overall higher 

values between 10 % and 30 % haze increasing with higher metal content. The 15.0 mol% tan-

talum containing polysiloxane shows a 50 % haze at the beginning which is reduced to 20 % 

during the treatment. 

Table 27: Transmission values at 450 nm (T450), yellowness (YI) and whiteness indices (WI) of the cured 

metal containing polysiloxanes onto glass slides after the thermal treatment at 180 °C for 70 days. 

Cured polysiloxane 

P20_ 

T450 

[%] 

YI WI Cured polysiloxane 

P20_ 

T450 

[%] 

YI WI 

Met0_PP40_PM40 99 2.1 94.4     

        

Zr1_PP40_PM39 100 0.7 99.0 Sn1_PP40_PM39 99 1.1 96.5 

Zr1.5_PP40_PM38.5 100 1.0 97.8 Sn1.5_PP40_PM38.5 95 4.1 87.4 

Zr2.5_PP40_PM37.5 101 1.0 98.7 Sn2.5_PP40_PM37.5 98 2.2 94.0 

Zr3_PP40_PM37 101 0.2 100.1 Sn3_PP40_PM37 94 3.8 87.4 

Zr5_PP40_PM35 102 0.1 101.1 Sn5_PP40_PM35 100 1.8 95.8 

Zr5H_PP40_PM35 101 0.6 98.7 Sn5H_PP40_PM35 99 1.8 95.0 

Zr7.5_PP40_PM32.5 95 0.9 92.5 Sn7.5_PP40_PM32.5 99 1.6 95.9 

Zr10_PP40_PM30 99 0.3 97.7 Sn10_PP40_PM30 99 0.4 98.2 

Zr15_PP40_PM25 95 1.3 91.9 Sn15_PP40_PM25 100 0.2 99.7 

        

Hf1_PP40_PM39 101 0.1 100.6 Ta1_PP40_PM39 99 1.1 97.5 

Hf1.5_PP40_PM38.5 100 1.0 97.6 Ta1.5_PP40_PM38.5 99 1.9 95.5 

Hf2.5_PP40_PM37.5 97 2.3 93.2 Ta2.5_PP40_PM37.5 100 1.2 97.9 

Hf3_PP40_PM37 101 0.2 100.9 Ta3_PP40_PM37 100 0.9 98.0 

Hf5_PP40_PM35 95 2.4 91.2 Ta5_PP40_PM35 92.5 1.9 89.4 

Hf5H_PP40_PM35 94 1.6 90.6 Ta5H_PP40_PM35 101 −0.1 101.7 

Hf7.5_PP40_PM32.5 93 1.5 91.9 Ta7.5_PP40_PM32.5 94.2 1.7 91.1 

Hf10_PP40_PM30 68 5.5 57.9 Ta10_PP40_PM30 − − − 

Hf15_PP40_PM25 32 14.7 −0.3 Ta15_PP40_PM25 98.8 1.1 97.5 

 

The yellowness and whiteness indices were also calculated. The metal-free 

P20_Met0_PP40_PM40 shows a slight yellow colouration with a YI of 2.1 and a WI of 94.4. 
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The zirconium samples show a small change in the YI and WI values to a slightly more yellow 

colour. The Zr15 polysiloxane showed the strongest yellow colour and colour change of Δ1.6 

YI and Δ8.0 WI. The hafnium samples show slightly higher YI and lower WI values in most 

cases showing yellow colourations. The strongest colourations show the Hf10 polysiloxane 

with an increased YI by 5.2 and a reduced WI by 39.1 and the Hf15 one with an increased YI 

by 12.1 and a reduced WI by 49.8. The tin samples which showed a slightly yellow colour 

indicated by a YI over 1.6 show no significant difference in the YI and WI. Samples which 

were minimally yellow with a YI under one slightly increased the yellow colour. The tantalum 

containing polysiloxanes change slightly except the Ta5 one which shows an increased YI by 

1.4 and a reduced WI by 5.5. 

Overall, the transmission of over 90 % can be remained for nearly all samples during the 70 

days heat treatment. The yellow colouration is small but observable. Interestingly, some tin 

samples show a reduced yellow colour after the treatment. Kim et al. reported a transmission 

of 89 % for their 3.0 mol% Zr containing polysiloxane after the synthesis where the self-pre-

pared system showed a 98 % transmission.138 After their thermal aging test for 1008 h at 85°C 

and 85 % rel. humidity, their transmission remained at around 89 % and ours at 100 % after the 

thermal treatment.138 They reported a ΔYI of 8.1 for their 3.0 mol% Zr containing 2 mm thick 

sample where the self-prepared system has a ΔYI of −0.5 taken in mind it is only 50 µm to 

60 µm thick.138 
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4.3.3 Conclusion of the cured metal atom containing copolymers 

Various hydride and vinyl copolymers with 1.0 mol% to 15.0 mol% metal content were syn-

thesised in a basic to acidic sol-gel reaction (Figure 124). Four different metals were used, 

zirconium, hafnium, tin, and tantalum. 

 
Figure 124: Overview of the synthesis for metal atom containing polysiloxanes. 

The increase of the metal content should increase the refractive index, the thermal stability as 

well as the glass transition temperature. In comparison with the metal-free copolymers 

V20_Met0_PP40_PM40 with a RI of 1.573 and H20_Met0_PP40_PM40 with a RI of 1.563, 

most of the vinyl and metal containing copolymers showed a lower RI. Although 

V20_Sn3_PP40_PM37 showed the highest RI with 1.581. The hydride and metal containing 

polymers showed better results, H20_Ta15_PP40_PM25 has the highest RI with 1.582, but 
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only a small increase could be determined for around half of the copolymers. The T95% values 

under both atmospheres of the hydride copolymers with small metal amounts is higher than the 

samples of the metal-free copolymer, which shows the effect of additional cross-linking pro-

vided by the tetra- or pentavalent atoms. The vinyl and metal atom containing copolymers show 

lower or equal temperatures than the metal-free ones. The glass transition temperatures of the 

hydride copolymers with a high amount of metal content are higher than the one of the reference 

material, but the vinyl and metal atom containing copolymers all show lower values. The reason 

for the lower thermal stability despite having metal atoms is the incomplete polycondensation 

reaction. In the NMR and FT-IR spectra some remaining alkoxide-groups as well as solvents 

are visible. 

With these copolymers, nine different solid polysiloxanes for each metal atom were synthesised 

using Ossko’s catalyst. The refractive indices of the 1.0 mol% and from 5.0 mol% to 10.0 mol% 

metal content are higher than the metal-free P20_Met0_PP40_PM40 with 1.583. All 15.0 mol% 

samples could not be measured because they are opaque or have an uneven surface. The thermal 

stability is higher for lower metal content polysiloxanes than the reference with 330 °C, but 

decreases with increasing metal content for the zirconium, hafnium, and tantalum samples. The 

tin ones have overall higher T95% values than the reference but no trend can be observed when 

the metal content is increased. A transmission of over 97 % for nearly all metal containing 

polysiloxanes could be achieved after the synthesis. The yellowness and whiteness indices show 

colourless samples. The very high transmission and the colourlessness could even be main-

tained over 70 days under 180 °C for most of them. Some samples, especially with higher metal 

content, show cracks which can even lead to a detaching of the material because the high tem-

perature continues the cross-linking and the sol-gel reaction to form a very solid and brittle 

material. 

Overall, the incomplete condensation reactions lead to the problems with only equal or slightly 

better properties than the metal-free polysiloxane. The amount of remaining alkoxide-groups 

increase with the metal content, therefore the 1.0 mol% metal polysiloxanes often show the best 

values. The polymerisation process has still to be optimised. Also, even the 15.0 mol% samples 

only show a small increase in the refractive index and the thermal stability which increase was 

the main goal when introducing metal atoms inside the polymer chain. 
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4.3.4 Further investigations with 20.0 mol% metal content 

The metal content still has to be increased to increase the thermal stability and the RI. Therefore 

copolymers with 20.0 mol% zirconium or hafnium were synthesised using a different monomer 

composition (Figure 125). To solve the problem with the incomplete polycondensation reaction, 

two of the four bonds from the metal atom were blocked for the sol-gel reaction by introducing 

acetylacetone (acac) as a metal ligand.377 The bidentate character of the ligand leads to stable 

complexes464-467 with a high stability constant log(β) of 11.25 ± 0.10 for Zr(acac)4
464 showing 

that the chelate complex is very stable. Chananašvili et al. reported the synthesis of poly[diphe-

nyl-co-titaniumdiacetylacetonate]siloxane in 1984 with the downside of it being very hard and 

having an orange colour due to the metal complex.468 A coloured polysiloxane is generally not 

a problem, as long as the colour coordinates remain unchanged during the LED operation. 

Therefore, some experiments with acetylacetone were performed. The syntheses were per-

formed similarly to the other metal content copolymer reactions. 50.0 mol% of methyldiethox-

ysilane respectively vinyltrimethoxysilane were used with 30.0 mol% of diphenylsilanediol. 

The 20.0 mol% metal content were introduced using zirconium tetra-n-propoxid or hafnium 

tetra-n-butoxid which were stirred with two equivalents of acetylacetone at room temperature 

before adding the silicone containing monomers. 

 
Figure 125: Reaction scheme for the acetylacetone complexed metal atom containing copolymers. 

The zirconium and hafnium copolymers show colours from bright yellow over orange to light 

red because of the complex formation (Figure 126). The viscosity is too high for processing, 

the copolymers are solid at room temperature and start melting at 50 °C. The NMR analyses 

are overall very difficult because the baseline is uneven, but the methyl- and phenyl-groups can 

be assigned in the 1H NMR. Despite using high amounts of copolymer, no clear signal can be 

observed in the 29Si NMR. 
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Figure 126: Pictures of a) V50_Zr(acac)20_PP30, b) H50_Zr(acac)20_PP30 and c) H50_Hf(acac)20_PP30. 

The two polymers V50_Zr(acac)20_PP30 and H50_Zr(acac)20_PP30 were mixed in a 1:1 ratio, 

because of their high brittleness and viscosity 1.5 mL of chloroform have to be added. Osskos’s 

catalyst was added under gentle heating. The doctor bladed samples obtained after four hours 

at 150 °C were very brittle, vesicular, yellow and splintered (Figure 127). The degree of cross-

linking is far too high for applications as coatings. The transparency is very low in both thin 

and thicker films. 

 
Figure 127: Picture of a) a thick film (2 mm) and b) a thin film (60 µm) of the cured 

P50_Zr(acac)20_PP30. 

Overall, the first experimental results show no satisfying copolymer synthesis, the material is 

very hard which results in a brittleness and shows a very low transmission because it is opaque. 

The cured film has the same issues and the surface is uneven. Therefore, no further investiga-

tions were made. 

a) b) c) 

a) b) 
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4.4 Kinetics study - Polymerisation of hydride- and vinyl-group containing 

polymethylphenylsiloxanes 

A detailed polymerisation study was performed for hydride- or vinyl-group containing poly-

methylphenylsiloxanes to investigate the polymer length depending on the polymerisation pro-

cess. Different temperatures, reaction times and catalysts were previously investigated in our 

research group223-225, 303 and in other-groups.6, 136, 138, 234-235, 317, 319, 469 The knowledge received 

by these experiments will be used to synthesise new polysiloxanes with modified side-groups. 

Therefore, a hydride- and a vinyl-group containing polymer were chosen as model systems with 

both methyl- and phenyl-groups. Like in previous polymerisations 20 mol% of the cross-linking 

monomers methyldiethoxysilane or vinylphenyldiethoxysilane were used together with 

40 mol% of methylphenyldimethoxysilane and diphenylsilanediol. This results in polymers of 

the composition of H20_PP40_PM40 and V20_PP40_PM40. Although they consist of the same 

monomers as H20_Met0_PP40_PM40 and V20_Met0_PP40_PM40 they are named differ-

ently, because of the different catalysts and reaction conditions. The choice of catalysts was 

based on Mosley et al.136 Liquid chemicals were used for both polymerisations because of the 

high miscibility. The hydride polymerisation is performed with hydrochloric acid as catalyst. 

For the basic vinyl polymerisation tetra-n-butylammonium hydroxide was as described in liter-

ature.136 The synthesis was performed in a glass flask with a distillation head on top of it to 

collect the solvents. The temperature was raised to 85 °C for one hour, afterwards it was in-

creased to 115 °C for four to five hours. Every 30 minutes a sample was taken, purified, and 

analysed by FT-IR, 1H NMR and SEC. For the hydride polymer (Figure 128), methyldiethox-

ysilane, methylphenyldimethoxysilane and diphenylsilanediol were used. The vinyl polymer 

was synthesised using vinylphenyldiethoxysilane, methylphenyldimethoxysilane and diphen-

ylsilanediol. 

 
Figure 128: General polymerisation procedure for the hydride respectively vinyl polysiloxane 

X20_PP40_PM40. 

For calculation of the molecular mass by 1H NMR  like tert-butyldimethylchlorosilane221, 470 

(Figure 129) was used, which was reacted with the silanol end groups after the polycondensa-

tion polymerisation.220 Triethylamine leads to a selective reaction between the Si-OH and Si-Cl 
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group.219 The possible side reaction would be a homocondensation of two silanol terminated 

polysiloxanes under water elimination, which is not observed in this case.471 

 
Figure 129: Exemplary reaction for the end group capping of V20_PP40_PM40. 
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4.4.1 Synthesis and characterisation of hydride-containing polysiloxanes for the 

kinetics study 

The three monomers: methyldiethoxysilane, methylphenyldimethoxysilane and diphenyl-

silanediol as well as concentrated hydrochloric acid as catalyst were mixed and heated accord-

ing to the following temperature profile (Figure 130) to receive H20_PP40_PM40. The isother-

mal step at 85 °C for one hour was applied for a hydrolysis of the reactants without removing 

them by distillation because of their low boiling point (methyldiethoxysilane: 94 - 95 °C).419 

However, this temperature is high enough to remove methanol (Tb = 64.7 °C).419 The isothermal 

step at 115 °C allows the polymerisation of the precursors. In a first step the polymerisation 

was carried out with a distillation head for one hour. Afterwards the distillation head was re-

moved to facilitate the removal of methanol, ethanol, and water. A sample was taken and puri-

fied every 30 minutes and analysed by FT-IR. For the SEC measurements the sample was dis-

solved in THF and for the 1H NMR the described reaction was performed, followed by the 

measurement. 

 
Figure 130: Temperature profile and nomenclature of the samples for the hydride polymerisation. 

4.4.1.1 FT-IR-spectra of the kinetics study 

The FT-IR spectra of the samples (Figure 131) differ only slightly. The increase in the Si-O 

band between 950 cm-1 and 1150 cm-1 is very difficult to differentiate.472 For this reason, Figure 

132 shows both the samples after 30 minutes and five hours and those of the three monomers. 

In the diphenylsilanediol spectra (PP), the OH vibrations357 at 2900 – 3400 cm-1 as well as the 

C-HAr
357 ones at 2900 – 3100 cm-1 and Si-O vibrations357 at 960 cm-1 and 1130 cm-1 can be 

observed. In the spectra of methylphenyldimethoxysilane (PM), especially the C-H and Si-CH3 

vibrations at 3000 cm-1 and 1250 cm-1 are detected.217, 357 The Si-O-C vibration at 1190 cm-1 

indicates the condensation of the polymers when the band decreases respectively vanishes.347, 

424 In the spectrum of methyldiethoxysilane (H)347 the bands for the Si-H groups (dark grey) at 

2158 cm-1 and 2119 cm-1, at 950 cm-1 and at 880 cm-1 347, 424, 473 are observable in addition to 

the C-H and Si-CH3 vibrations. The Si-O-CH2-CH3 band at 2974 cm-1 is also characteristic for 

this compound.347, 424 The polymers only show a little difference in their IR spectra between the 

30-minute and the five-hour sample. The heights of the signals in the range of 980 cm-1 to 

1130 cm-1 changed, but they can neither be precisely assigned nor integrated. A measure for the 

polymerisation progress is the area of the alkoxy band at 1186 cm-1 for the methoxy and 
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1169 cm-1 for the ethoxy-groups, but these are already too small for integration even after 30 

minutes because they are at the edge of the Si-O bands. A comparison of the relative heights 

shows a decrease from 0.2716 to 0.2066, which corresponds to a decrease of 24 %. 
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Figure 131: FT-IR spectra of the hydride polymerisation for the ten samples. 
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Figure 132: Comparison of the FT-IR spectra of the monomers and polymers after 0.5 h and 5.0 h. 

4.4.1.2 NMR spectroscopy of the kinetics study 

An overlay of the spectra for the ten samples after the synthesis before the end group reaction 

with tert-butyldimethylchlorosilane221, 470 reveals the conversion of the monomers to the poly-

mers (Figure 133). As expected the signals for the Si-Ph are between 7.0 ppm to 8.0 ppm,236, 

474-475 the Si-H groups at 5.4 ppm to 5.5 ppm,236, 474-476 and the methyl-groups at −0.5 ppm to 

1.5 ppm236, 474-476 and they show only small variations from sample to sample. These can be 

attributed to the increasing chain length, which has an influence on the distinctness of the sig-

nals. In the range of alkoxy-groups between 3.0 ppm and 4.0 ppm, a clear decrease can be ob-

served during the reaction. In this range, both the methoxy-groups (methanol: 3.5 ppm) and 
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ethoxy-groups (ethanol: 3.7 ppm) reveal signals. When integrating this range, an error is gen-

erated because a methoxy-group has three protons in this area and an ethoxy-group only two. 

The ethoxy-group still has a triplet at 1.25 ppm, which is difficult to integrate, but helps to 

reduce this error. 
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Figure 133: 1H NMR spectra (400 MHz, CDCl3) from each sample taken every 30 minutes. 

The integration of the alkoxy-groups in the range of 3 ppm to 4 ppm can be plotted versus the 

time, resulting in a straight line (Figure 134) which corresponds to a reaction rate of 0th order. 
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Figure 134: Integration of alkoxy-groups in the range of 3.0 ppm to 4.0 ppm over time which the correc-

tion of the ethoxy-groups via the CH3 signal from the ethoxide at 1.0 ppm to 1.2 ppm. 
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This is concordant with the literature reported by Matĕjka et al.477 and Torry et al.478 for acidic 

polycondensation reactions.472 By extrapolation, complete conversion can be achieved after 

around 5.5 hours. The theoretical starting value of the integration for the Si-H group are 16 

protons. This cannot be observed because the hydrolysis and condensation within the first 30 

minutes are very fast. Also, all monomers and small copolymers were discarded by the washing 

process when the methanolic aqueous solution is removed. The discarding process is essential 

to make any statement about the alkoxy-groups, since the methanol signal of the solvent is in 

the same range. In addition, for a SEC analysis all alcohols must be removed because they may 

damage the system as stated by the operator. 

The range between 1.0 ppm and 1.2 ppm indicates the CH3 signal of the ethoxy-groups. In Fig-

ure 135, these are integrated relative to Si-H. Due to the low number of ethoxy-groups in the 

synthesis, the signal-to-noise ratio is very poor. The decrease is almost linear after the one-hour 

treatment at 85 °C. The theoretical initial value is six protons, but after 30 minutes 98 % of the 

ethoxy-groups are already hydrolysed considering the so far mentioned problems. An extrapo-

lation determines a theoretical reaction time of about 5.5 hours when the first two samples at 

85 °C were neglected. The ten withdrawn 1H NMR samples, which were used to determine the 

alkoxy contents, were dried under high vacuum and used for molecular weight determination 

by NMR spectroscopy.  
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Figure 135: Integration of ethoxy-groups in the range of 1.0 ppm to 1.2 ppm over time. The red marked 

dots were not included in the fit function. 
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For linear polymers, an average molecular weight determination can be carried out by integrat-

ing the groups in the middle of the chains relative to capping groups at the end of the polymers. 

For this purpose, it is necessary to introduce end groups that have chemical shifts in an area 

where no other signals of the methyl- and phenyl-group containing polymer are observed,136 

which is the reason for using tert-butyldimethylchlorosilane.221, 470 The chlorosilane can react 

in a mild basic solution in THF at 55 °C with the OH groups at the end of the polymers.471 In 

this polymerisation, however, since the polycondensation synthesis is not completed, the meth-

oxy-groups must be taken into account. Because these are still present in large numbers after 

the respective reaction time and only partially react with tert-butyldimethylchlorosilane. Eth-

oxy-groups are also present in the educts, but the largest part already reacted after 30 minutes, 

therefore these groups can be neglected in the analysis. Thus, both end groups must be included 

in the chain length calculation. The calculation is based on the Si-H groups, which are used to 

calculate the number of methyldiethoxysilane in the polymer. With this number and the inte-

gration of the methyl-groups, the amount of -SiMePh-O- groups (PM) can be calculated with 

deduction of the dimethyl-groups on the tert-butyldimethylchlorosilane. By integrating the phe-

nyl-groups, taking into account the phenyl-groups of PM, the amount of -SiPh2-O- can be cal-

culated. 

Figure 136 shows the molecular weight curve. After only 30 minutes, polymers masses are 

around 4500 g/mol. 
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Figure 136: Molar mass of the polymerisation depending on reaction time, monitored by 1H NMR. 
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In the first two hours the molecular weight slowly increases, but then raises linearly to expo-

nentially after 4.5 hours to 5.0 hours, the molecular weight surpasses 20000 g/mol. The mass 

after five hours is slightly below the one after 4.5 hours, which can be explained by equilibrium 

reactions which undergo while the polymers were stored before the measurement.479 

In addition, 1H 29Si HMBC (Heteronuclear Multiple Bond Correlation) NMR spectra were rec-

orded. In this method, a coherence is generated in the channel of the insensitive core 29Si, which 

is then transmitted on the sensitive core (1H) and whose resonances are measured. HMBC ex-

periments are very sensitive and correlations occur over multiple bonds (2J, 3J or 4J at the used 

NMR systems). The big drawback is that this method does not provide information about the 

numbers of the groups respectively atoms. It is not possible to integrate HMBC spectra there-

fore only a qualitative comparison of the signals can be carried out. 

Figures 357 and 358 in the experimental section show 1H 29Si HMBC NMR spectra of samples 

one and nine. Table 28 shows the observed groups with their chemical shifts. All monomers 

that have been used are recognisable in the polymer. The 29Si NMR shift from the 1H 29Si 

HMBC NMR of the M signal of tert-butyldimethylsiloxane is observable at 13 ppm,321-322, 324, 

343 the D signal of methylphenylsiloxane is around −33 ppm,331, 368, 480 the D signal of hy-

dridomethylsiloxane at −36 ppm,323-324, 331 and the D signal of diphenylsiloxane at −47 ppm.324, 

331, 368 

Table 28: Observed groups and chemical shift in the 1H 29Si HMBC NMR of the hydride-group containing 

polysiloxanes. 

Groups 29Si NMR [ppm] 1H NMR [ppm] 

tBuMe2Si-O-MeSiPh-OR 

Also: tBuMe2Si-O-MeSi-OR2 

13.3 – 13.4 Me: 0.14 / tBu: 1.01 

tBuMe2Si-OMe 10.0 Me: 0.23 / tBu: 1.08 

RO-PhSiMe-O-SiMe2
tBu −22.0 Me: 0.71 / Ph: 7.73 

RO-PhSiMe-OMe −23.0 Me: 0.44 / Ph: 7.46 / OMe: 3.27 

RO-PhSiMe-OR −33.2 Me: 0.41 / Ph: 7.63 

RO-HSiMe-O-PhSiMe-OMe 

Also: RO-HSiMe-OR 

−36.6 Me(Si): −0.13 / Ph: 7.77 / H: 

5.14 / Me(Si): 0.14 / OMe: 3.33 

RO-PhSiPh-OR −46.7 Ph: 7.71 

RO-MeSiOH-OR −57.0 Me: 0.34 

MeSiOR3 −64.2 Me: 0.02 

 



4 | RESULTS AND DISCUSSION 

154 

 

Very small signals at 15 ppm to 20 ppm indicate that a part of the tert-butyldime-

thylchlorosilane dimerizes most likely due to its high excess.324, 328, 409, 481 The resulting mole-

cules cannot be removed under high vacuum of 5∙10-3 mbar at 50 °C. The signal at 10 ppm in 

the 29Si spectra indicates that a part of tert-butyldimethylchlorosilane is methoxylated due to 

some methanol remaining in the reaction mixture after the washing process and under the basic 

conditions of the end group capping, respectively. Some further polymerisation can occur, lead-

ing to free methanol, which reacts with the excess of tert-butyldimethylchlorosilane. 

For some silicon atoms, it is possible to identify their neighbouring silicon atoms. Noticeable, 

this is not possible with the diphenylsiloxane-groups, because no signals of a 5J coupling could 

be observed in the 2D spectrum. The reaction rate of the hydrolysis of the methoxide-groups 

under an acidic pH value is higher than the one for the ethoxide-groups which both are higher 

than for the silanols, because of sterical respectively inductive effects.149, 482 In the condensation 

reaction the sterical and inductive difference between the phenyl and methyl side-groups leads 

to a faster reaction speed of the hydrolysed dimethyldimethoxysilane Me2Si(OH)2.
149, 482-483 

 An unexpected low intensity of the Si-H groups was observed in the 1H NMR spectra. The 1H 

29Si HMBC NMR spectrum reveals an explanation for this observation. New signals in the 

range of −57 ppm and −64 ppm appear, which can be assigned to T2 and T3 groups.321, 324, 331 

These couple exclusively with methyl-groups, which relate to a former Si-H group. These 

groups can be hydrolysed either under moisture475 or under the mild basic484 conditions of NEt3, 

which can easily been observed in 1H NMR or FT-IR by the disappearance of the Si-H group.220 

Some of them have reacted to a hydroxyl-group, some have already condensed further and 

formed Si-O-Si groups. In Figure 137, the 29Si NMRs extracted from the 1H 29Si HMBC NMR 

of all ten samples are shown, but since the integration and the level of the signals are not com-

parable it can only be concluded that the Si-OMe groups at −23 ppm and −37 ppm almost dis-

appear.331, 368 
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Figure 137: 29Si NMR spectra (79 MHz, CDCl3) from the 1H 29Si HMBC measurement for all ten samples. 

4.4.1.3 SEC analysis of the kinetics study 

SEC analyses of the ten samples were performed in THF.485 In the respective detector signals 

(RI and UV, Figure 138) low molecular weight polymers are initially formed (grey and red 

curves). They have a relatively narrow MW distribution, for example from 20.5 mL to 21.5 mL 

elution volume. A shoulder with higher molecular weight polymer is also recognisable in the 

range of 19.5 mL to 20.5 mL. Samples taken at the end of the kinetic study after five hours 

(orange curve) still show intense signals at 20.5 mL to 21.5 mL elution volume, but the distri-

bution becomes bimodal. The shoulder shifts to lower elution volume, which corresponds to a 

higher molecular weight. Additionally, the shoulder is broadening, ranging now from about 

17.5 mL to 20.5 mL elution volume, resulting in a molecular weight of 2600 g/mol determined 

by the RI detector (PDI: 1.357) and 2670 g/mol determined via UV detection (PDI: 1.374). 
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Figure 138: Elugrams of the samples using a) a RI detector and b) a UV detector at 264 nm. 
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The graphs of molecular weight and polydispersity over time (Figure 139) show the same trend 

in both detectors. The molecular weight increased in the first hour at 85 °C to 900 g/mol. Then 

the temperature was raised to 115 °C. In the first 30 minutes, the mass still increased to 

967 g/mol and for the next 30 minutes, the molecular weight remained the same. The distiller 

was then detached to remove the volatiles more easily. The molecular weight increased almost 

linear to 1066 g/mol (UV) and 1096 g/mol (RI) in 90 minutes from the sample taken after 2.0 h 

to 3.5 h. Thereafter, the molecular weight increased strongly and, after five hours, the maximum 

of 1760 g/mol (RI) respectively 1794 (UV) g/mol was reached. The polydispersity curve fol-

lows the molecular weight curve. At the beginning of the reaction, the distribution is relatively 

narrow resulting in a PDI of 1.28 (UV) and 1.34 (RI) when comparing it to literature values of 

polysiloxane syntheses.363, 396, 404, 480, 486 With increasing molecular weight, the PDI increases 

due to the bimodality to 1.95 (RI) and 1.97 (UV). To obtain a higher molecular weight, the 

reaction time has to be increased significantly. The increase in molecular weight is initially very 

low. 
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Figure 139: Molar masses and PDI’s of the synthesised hydride-group containing polysiloxanes as a func-

tion of time, a) determined by the RI detector and b) determined by the UV detector at 264 nm. 

After 3.5 hours, when most of the volatile substances were removed, the molecular weight in-

creases significantly, which agrees with the results from the 1H NMR spectra. The pitch at the 

end of the reaction time is lower in the SEC measurements than in the 1H NMR measurements. 

Overall, the molecular weights determined by SEC are much lower compared to the NMR re-

sults. One possibility is due to the polystyrene calibration of the SEC or the different method 

of the measurements. In the SEC cyclic systems, which cannot be removed during sample prep-

aration, often elute after the exclusion limit. In the NMR spectrum on the other hand, they are 

included as "polymer without end group" in the average mass calculation and also the side 

reactions related to the Si-H group also increase the error. 
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4.4.2 Synthesis and characterisation of vinyl-containing polysiloxanes 

The three monomers vinylphenyldiethoxysilane, methylphenyldimethoxysilane and diphen-

ylsilanediol as well tetra-butylammonium hydroxide as catalyst were mixed and, in comparison 

to the hydride polymerisation, heated one additional hour. Because after five hours, both SEC 

and 1H NMR showed a drastically increase in molecular weight of H20_PP40_PM40. This 

indicates that the polymerisation is not even close to the equilibrium state. This additional hour 

now leads to twelve samples. Therefore, sample eleven was taken after 5.5 h and sample twelve 

was taken after 6.0 h. The temperature was maintained at 115 °C and the distillation head kept 

removed. Sample uptake and purification was performed analogous, except for the washing 

process. The basic probe was washed three times with 1.5 mL of 2 M HCl and two times with 

1.5 mL of distilled water. All analyses and sample preparations were carried out corresponding 

the polymerisation of the hydride polysiloxane. 

4.4.2.1 FT-IR spectra of the kinetics study 

The FT-IR spectra (Figure 140) only show little difference in the 800 cm-1 to 950 cm-1 region, 

where the ethoxy and methoxy-groups are located.347, 424 Because of the absence of the strong 

hydride signal, these bands are now recognisable.  
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Figure 140: FT-IR spectra of all twelve samples after purification of the vinyl polymerisation. 

In the 0.5 hour and 1.0 hour sample a signal can be seen which drastically decreases. In later 

probes, from 1.5 hours to 6.0 hours, no signal can be seen. Therefore, the spectra of the first 

and last sample as well as the ones from all three monomers were compared (Figure 141), typ-

ical bands are not marked again, as they are reported in Figure 132. 
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Figure 141: FT-IR spectra of the first and last sample as well as the ones from all monomers. 

In the diphenylsilanediol spectra the O-H vibrations at 3000 cm-1 to 3300 cm-1 are detected,357 

as well as the aromatic and Si-O vibrations are between 400 cm-1 and 1200 cm-1.347, 424 In the 

spectra of methylphenyldimethoxysilane, especially the C-H and Si-CH3 vibrations at 

3000 cm-1 and 1250 cm-1 are recognisable217, 487 and also the methoxy signal at 2833 cm-1.347, 

424 In the spectrum of vinylphenyldiethoxysilane the Si-O-CH2-CH3 bands at 2974 cm-1 and 

955 cm-1 are characteristic for this compound,347, 424 as well as the Si-CH=CH2 band at 

1403 cm-1.487 The polymers only show a little difference between the 30 minute and the six hour 

sample. The heights of the signals in the range of 980 cm-1 to 1130 cm-1, where the bands of the 

siloxane backbone are located, does not change. This indicates a fast polymerisation process 

because after 30 minutes most of the resulting Si-O-Si bonds are already formed. The Si-O-C 

vibration at 1190 cm-1 indicates the condensation of the polymers. In comparison to the hydride 

polymerisation, the small signals of the methoxy-groups at 855 cm-1 346-347, 424 and ethoxy-

groups at 905 cm-1,346-347, 424 which are overlapped by the Si-H signal, are now visible. A small 

decrease of these signal is observable during the polymerisation process, but an integration 

cannot be made due to the high base line and the strong signals left and right. 

4.4.2.2 NMR spectroscopy of the kinetics study 

Of the twelve obtained samples before the end group reaction with tert-butyldime-

thylchlorosilane221, 470, 1H NMR was recorded in chloroform and referenced to the CH3 signal 

of toluene and to an integration of three for the Si-V group. The following overview (Figure 

142) shows the spectra in ascending order. The region of the Si-Ph groups is located at 7.0 ppm 

to 8.0 ppm, the Si-V ones at 5.5 ppm to 6.5 ppm and the Si-Me ones at −0.2 ppm to 1.8 ppm.236, 

474-476 The signals change minimally because of the increasing chain length the sharpness of 
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signals decreases and another, less distinct peak splitting emerges. In the range of alkoxy-

groups between 3.0 ppm and 4.0 ppm,22, 91, 426, 284-285 a clear decrease can be seen during the 

reaction, likewise in the hydride polymerisation. In this range both the methoxy-groups (meth-

anol: 3.5 ppm) and ethoxy-groups (ethanol: 3.7 ppm) show signals, therefore the same correc-

tion with the ethoxides is performed like in the hydride polymerisation. 
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Figure 142: 1H NMR (400 MHz, CDCl3) spectra after every 30 minutes in CDCl3 of the vinyl-group con-

taining polysiloxanes. 

The integration of the alkoxy-groups, which equals the CH3 protons from methoxy-groups and 

the CH2 protons from ethoxy-groups, in the range of 2.8 ppm to 3.6 pm can be plotted versus 

the time resulting in an “S”-like curve (Figure 143). Although at the beginning no real plateau 

can be seen because of the fast reaction, a Boltzmann fit can be applied. This form is reported 

in literature by Matĕjka et al.477 and Torry et al.478 for basic polycondensation reactions.472 

After one hour up to 2.5 hours, a straight decrease in the proton integration occurs with a reac-

tion speed of 0.3 proton integration per hour. The theoretical starting value is an integration of 

16 protons, but in the first sample only 0.5 are left, indicating that the hydrolysis and conden-

sation within the first 30 minutes was very fast. Also, all monomers and small copolymers were 

discarded by the washing process when the methanolic-aqueous solution is removed. The dis-

carding process is essential to make any statement about the alkoxy-groups, because of the 

earlier mentioned reasons. After three hours up to the full six hours of reaction time, no further 

significant decrease can be observed. The range between 1.0 ppm and 1.2 ppm indicates the 

CH3 signal of the ethoxy-groups. Plotting the integration of them relative to the vinyl-groups 
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shows no correlation. Due to the low number of ethoxy-groups in the synthesis, the sig-

nal-to-noise ratio is very poor and therefore contains large errors. In the 13C NMR spectra, no 

signals of methoxy or ethoxy-groups can be detected, despite a large signal-to-noise ratio. 
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Figure 143: Integration of alkoxy-group protons in the range of 2.8 ppm to 3.6 ppm over time, relative to 

vinyl protons. 

The twelve 1H NMR samples, which were used to determine the alkoxy contents, were dried 

under high vacuum and used for molecular weight determinations by NMR spectroscopy. For 

linear polymers, an average MW determination can be performed by integrating the side-groups 

relative to the end groups using the earlier reported procedure. In this polymerisation, however, 

since it is not clear if the synthesis is completed because small residues cannot be seen in 1H 

NMR or FT-IR but have an impact on the integration, the methoxy-groups must be taken into 

account. These are still present after the reaction time and only partially react with tert-butyl-

dimethylchlorosilane. Ethoxy-groups are also present in the educts, but the largest part has al-

ready reacted after 30 minutes, so these can be neglected. Thus, both end groups must be in-

cluded in the chain length calculation. The calculation is based on the vinyl-groups, which are 

used to calculate the number of vinylphenylsiloxane (V) units in the polymer. With the integra-

tion of the methyl-groups, the amount of methylphenyldimethoxysilane (MP) can be calculated 

with deduction of the dimethyl-groups on the tert-butyldimethylchlorosilane. By integrating the 

phenyl-groups, considering the phenyl-groups of methylphenyldimethoxysilane (MP) and vi-

nylphenyldiethoxysilane (V), the amount of diphenylsilanediol (PP) can be calculated. 
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Figure 144 shows the molecular weight curve calculated by 1H NMR measurements. After 30 

minutes, polymer masses at around 1460 g/mol are already reached. 
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Figure 144: Molecular mass of the basic catalysed polymerisation depending on reaction time, calculated 

from 1H NMR. 

In the first two hours, the molecular weight linearly increases up to 8700 g/mol, followed by a 

plateau for the next hour when the distillation head is removed. The molecular masse slightly 

increases to 8800 g/mol. After another increase to 14200 g/mol from 3.0 hours to 3.5 hours, 

another plateau is reached for 30 minutes. In the last two hours of reaction time, the increase is 

more rapid with a maximum of 36000 g/mol. Compared to the hydride polymerisation, the mo-

lecular weight strongly increases after four hours of reaction time and a weakening of the mo-

lecular mass increase is not recognisable. In addition, 1H 29Si HMBC NMR spectra were rec-

orded, Figures 361 and 362 show two spectra of samples one and eleven and Table 29 shows 

the observed groups with their chemical shifts. The signals indicate that besides the desired 

reaction, one part of tert-butyldimethylchlorosilane is hydrolysed (Tb = 140 °C)419, one part is 

dimerised (Tb = 191 – 193 °C)419 and one part has reacted with methanol to form the tert-butyl-

methoxydimethylsilane (Tb = 117 – 118 °C)419 due to high excess, also it cannot be removed 

under high vacuum at 50 °C. All monomers used are recognisable in the polymer. For some 

silicon atoms, it is possible to identify their neighbouring silicon atoms. Noticeable, this is 

hardly possible with the diphenylsiloxane-groups because of the earlier mentioned reasons. In 
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comparison to the hydride polymerisation, the methoxy-groups of methylphenyldimethox-

ysilane cannot be detected even in the first spectra after 30 minutes the reaction. Because they 

were visible in the 1H NMR recorded directly after the washing and drying process, bevor the 

end group reaction, they must have further polymerised or reacted with the chlorosilane.89,470-

471 

Table 29: Observed 1H and 29Si NMR chemical shifts and the assigned group. 

Groups 29Si NMR [ppm] 1H NMR [ppm] 

tBuMe2Si-OH 24.3 Me: 0.21 / tBu: 0.88 

tBuMe2Si-O-SiMe2
tBu 18.9 Me: −0.02 / tBu: 0.85 

tBuMe2Si-OR 13.5 Me: −0.12 / tBu: 0.75 

tBuMe2Si-OMe 9.9 Me: −0.02 / tBu: 0.82 

RO-PhSiMe-O-SiMe2
tBu −22.2 Me2: 0.04 / Me(Si): 0.45 

RO-PhSiMe-OR −27.0 to −32.8 Me: 0.43 / Ph: 7.55 

RO-Ph2SiO-PhSiMe-O-SiPh2-OR −33.0 Me: 0.42 / Ph: 7.55 

RO-PhSiV-OR −45.9 Vi: 5.92 – 6.28 / Ph: 7.66 

RO-PhSiPh-OR −44.6 to −46.8 Ph: 7.53 

 

When comparing the 29Si spectra from the HMBC measurements (Figure 145) over time, which 

were normalised to the highest signal at −22 ppm, the spectrum after 30 minutes clearly differs 

from the rest because only one strong signal at around −22 ppm is visible. This signals can be 

referred to methylphenylcyclosiloxanes480 or linear ones with methoxy end groups.322, 368 Im-

portant to note is that in HMBC spectra, comparisons between signal heights or area cannot be 

carried out. In all later spectra, additional strong signals are visible. In the area of around 

20 ppm, where the M groups321-322, 324, 343 like tert-butyldimethylsiloxane are located, a few sig-

nals are visible as well as in the D area331, 368, 480 at −30 ppm of condensed methylphenylsilox-

ane. The diphenylsiloxane and vinylphenylsiloxane signals are visible at −45 ppm.324, 331, 368 

This shows that the monomers or small polymers were washed off during the cleaning process. 

The sterical impact of the side-groups in the reaction rate does not change under basic condi-

tions. However, the reaction rate of the hydrolysis of the methoxide-groups under a basic pH 

value is lower than the one for the ethoxide-groups which both are lower than for the silanols  

because of inductive effects.149, 482 In the condensation reaction the inductive difference be-

tween the phenyl and methyl side-groups leads to a slower reaction speed of the hydrolysed 

dimethyldimethoxysilane Me2Si(OH)2.
149, 482-483 
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Figure 145: 29Si NMR (79 MHz, CDCl3) spectra from the 1H 29Si HMBC NMR measurement. 

Because the height in HMBC measurements cannot be compared, conventional 29Si NMR spec-

tra of the polymers directly after the synthesis, were recorded (Figure 146). Because only small 

amounts of sample were used, the signal-to-noise ratio is poor. Nevertheless, all spectra are 

similar, even the first one after 30 minutes matches the following ones, indicating that all mon-

omer groups have already reacted. A signal below −28 ppm cannot be seen, proofing that the 

signals in the HMBC measurements have to be related to silicon atoms beneath the tert-butyl-

dimethylsiloxan-group or from cyclic compounds forming in the post reaction. A small varia-

tion in heights can be detected because the spectra were normalised to the highest signal, which 

changes over time. A normalisation to a specific signal was not performed because there is no 

signal which is constant over the reaction time. 
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Figure 146: 29Si NMR spectra (79 MHz, CDCl3) before the end group capping. 
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4.4.2.3 SEC analysis of the kinetics study 

In the respective detector signals (Figure 147) low molecular weight polymers are initially 

formed after 30 minutes (grey curve) and one hour (red curve). Both have a PDI around 1.35 

determined both by the UV and the RI detector (Figure 148) ranging from 19.0 mL to 22.0 mL 

elution volume. Because the curve has a shoulder towards lower elution volumes and higher 

molecular weights, respectively. After five hours (orange curve), the initial band at 20.5 mL to 

22.0 mL is still very intensive, but the distribution becomes bimodal, the shoulder shifts towards 

lower elution volume, which corresponds to a higher molecular weight. The shoulder is broad-

ening, ranging from about 17.5 mL to 20.5 mL of elution volume, giving a molecular weight of 

1760 g/mol after RI detector (PDI: 1.95) and 1790 g/mol after UV detector (PDI: 1.97). The 

received molecular weight is lower compared to the hydride polymerisation, which was about 

1900 g/mol. This is the opposite compared to literature, because a basic catalysed polymerisa-

tion should lead to higher molecular weights than an acid catalysed one.110, 140, 485, 488 Also, the 

PDI is higher for the low molecular weight polymers received from the basic synthesis. The 

two additional samples taken after 5.5 h and 6.0 h show entirely different curves, which is most 

likely since these samples were measured several days after the first ten. The bimodal curves 

split even more in both samples and detector signals, the very large low molecular part ranges 

from 21.0 mL to 22.0 mL, resulting in a molecular mass of around 700 g/mol and a very small 

high molecular mass part from 20.0 mL to 21.0 mL with around 3700 g/mol. Here, the effect 

of statistically breaking and tying the bonds occurs and an equilibrium is formed.479, 489 This 

results in a small PDI of 1.04 respectively 1.30 for the low and high molecular mass fractions. 
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Figure 147: Elugram of the vinyl-groups containing polymer samples with a) a RI detector and b) a UV 

detector at 264 nm. 

The graphs of molecular weight and polydispersity over time (Figure 148) show the same trend 

in both detectors. The MW slowly increased in the 3.5 hours hour from 881 g/mol in the RI 
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detector and 847 g/mol in the UV detector up to 1096 g/mol and 1066 g/mol. The increase of 

the temperature from 85 °C to 115 °C hardly shows any increase in MW, as well as the removing 

of the distillery. In the next 1.5 hours, the MW increases drastically, a maximum of 1760 g/mol 

(RI) and 1794 g/mol (UV) was reached after five hours. The last two samples show a bimodal 

distribution, in the curves the high MW part is connected to the previous calculated masses with 

a total maximum of 3772 g/mol (RI) and 3623 g/mol (UV). The low MW part shows masses 

around 700 g/mol which is independent from the detector. The polydispersity curve follows the 

molecular weight curve. At the beginning of the reaction, the distribution with a PDI of 1.28 

(UV) and 1.34 (RI) is relatively narrow at least for polysiloxanes.363, 396, 404, 480, 486 With increas-

ing molecular weight, the PDI increases due to the increasing bimodality. The raised tempera-

ture after one hour leads first to an increased PDI of 1.40 then after further 30 minutes, a de-

crease to the value before of 1.35. After 3.5 hours the value drastically increases up to 1.95 (RI) 

or 1.97 (UV) after 5.0 hours. 
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Figure 148: Molecular masses and PDI’s of the synthesised vinyl-group containing polysiloxanes as a func-

tion of time, a) determined by the RI detector and b) determined by the UV detector at 264 nm. 

In the last two samples a bimodality forms, so two values can be calculated, which are very low 

and around 1.33 for the high mass fraction and 1.04 for the low mass fraction, respectively. 

The molecular weight calculation by 1H NMR and the SEC measurements does not match. The 

slow increase of molecular mass in the beginning of the reaction as seen in the SEC measure-

ments cannot be observed in the 1H NMR calculations, where a nearly linear mass increase 

occurs. The 1H NMR calculations are more difficult for the vinyl polymer than for the hydride 

polymer, because more side products of the tert-butyldimethylchlorosilane were formed. These 

drastically reduce the accuracy of the integration of the end groups and therefore the calculated 

mass. Overall, similar to the hydride polymer synthesis, the MW are much lower in the SEC 

measurement.  One possibility is due to the polystyrene calibration and another one is because 

of the different methods of the measurement as well as the earlier mentioned problems. 
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4.4.3 Conclusion of the kinetics study 

Both exemplarily performed polymerisations of a hydride and vinyl polysiloxane were success-

ful. After five hours of reaction time, in both the acid as well as the base catalysed polymerisa-

tion lead to a molecular weight measured by SEC between 1500 g/mol and 1800 g/mol and a 

similarly shaped MW curve. The 1H NMR calculations showed in both cases a maximum MW 

of around 23000 g/mol, but a differently shaped MW curve. For the hydride polymerisation the 

MW increased exponentially with increasing reaction time while the vinyl polymerisation in-

creased nearly linearly when excluding the last two samples due to them being bimodal. This 

leads to the conclusion that with the used type and amount of catalysts identical molecular 

weights can be achieved using an acidic or basic synthesis route. Both, the MW calculation by 

1H NMR and the measurement by SEC analysis, are afflicted with errors, where the SEC num-

bers are too low because it is calibrated against polystyrene363, 404, 486 and the NMR numbers are 

too high because of cyclic side products as is already described by Fuchise et al.480 Therefore, 

the calculated MW is probably in between the NMR and SEC values. For the vinyl polymerisa-

tion the reaction time was extended for an additional hour because after five hours the MW 

curves in the acidic polymerisation have a strong slope. According to the NMR calculations 

this additional hour leads to a strong increase of the MW up to 36000 g/mol for the basic 

polymerisation. The SEC data show that the MW also rises but due to the equilibrium reactions 

these numbers are maybe afflicted with errors. Overall, the reaction time should be as long as 

possible to enable an equilibrating, but this also leads to a high molecular weight which is not 

always favourable for the thermal stability as stated by Ručigaj et al.356 
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4.5 Synthesis of HRI polysiloxanes by modification of side-groups 

4.5.1 Synthesis and characterisation of phenoxyphenyl-group containing pol-

ysiloxanes 

In comparison with the literature (Figure 149) described method (a)), the self-prepared copoly-

mers were synthesised differently using other monomers (b)).136 20 mol% of the methyldieth-

oxysilane respectively vinyldiphenylsiloxane were used as cross-linking group for the hydros-

ilylation reaction. The self-synthesised phenoxyphenyl-group containing monomer POPP as 

well as diphenylsilanediol (PP) were used with 40 mol% each. The received copolymers are 

therefore called H20_POPP40_PP40 and V20_POPP40_PP40. 

 

 
Figure 149: Chemical structure of vinyl and hydride copolymers as well as the cured polysiloxanes, a) the 

literature method and b) the self-synthesised polymers.136 

4.5.1.1 Synthesis and characterisation of 4-(phenoxy)phenylphenyldimethoxysilane 

The synthesis of the 4-(phenoxy)phenylphenyldimethoxysilane (POPP) monomer was carried 

out according to Figure 150 using a Grignard reaction with 4-bromodiphenyl ether and phenyl-

trimethoxysilane in tetrahydrofuran.136 A colourless oil was received in 72 % yield which crys-

tallised at room temperature after one month. The refractive index of the liquid monomer was 

determined with 1.570 at 20.0 °C and 589 nm. The FT-IR spectrum and the characterisation are 

reported and discussed in chapter 4.5.1.2.1. 
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Figure 150: Synthesis scheme for 4-(phenoxy)phenylphenyldimethoxysilane applying a Grignard reaction. 

4.5.1.1.1 NMR characterisation of 4-(phenoxy)phenylphenyldimethoxysilane 

The 1H NMR (Figure 151) reveals the signals of the phenyl-groups are present from 7.1 ppm 

to 7.9 ppm and the peak at 3.8 ppm refers to the methoxy-groups.136 About 1.5 % starting ma-

terial (phenyltrimethoxysilane) can still be detected in the spectrum because the integration of 

the methoxy-groups at 3.8 ppm is higher than six and the phenyl integration at 7.5 ppm is also 

higher than the expected five protons. 

 
Figure 151: 1H NMR (300 MHz, CDCl3) of 4-(phenoxy)phenylphenyldimethoxysilane. 

The 13C NMR (experimental section, Figure 364) shows all expected carbon signals. In the 29Si 

NMR (Figure 152), the D0 product signal is present at −28.8 ppm441, 490 as well as the small T0 

educt signal of phenyltrimethoxysilane at −54.4 ppm.433, 441 

 
Figure 152: 29Si NMR (60 MHz, CDCl3) of 4-(phenoxy)phenylphenyldimethoxysilane. 
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4.5.1.1.2 Crystal structure of 4-(phenoxy)phenylphenyldimethoxysilane 

From the clear oil, crystals could be grown and was analysed by single crystal X-ray diffraction 

(Figures 153 – 154). The obtained molecular structure reveals the targeted 4-(phenoxy)phe-

nylphenyldimethoxysilane. 

 
Figure 153: Molecular structure of 4-(phenoxy)phenylphenyldimethoxysilane obtained by single crystal 

structure determination. 

 

Figure 154: Packing diagram of 4-(phenoxy)phenylphenyldimethoxysilane. 

The monomer crystallised in the triclinic space group P −1 (Table 30).491  The length of the 

two Si-O bonds is minimally larger than the average 163 pm.123, 491-492 The detected Si-C bond 

length of phenoxyphenyl (Si-C1) is within the range of comparable structures,123, 491-492 as well 

as the Si-C bond length of the phenyl-group (Si-C13). The two C-O lengths of the phenoxy-

phenyl-group (C4-O1 and C7-O1) are significantly smaller than the average 143 pm. The length 

between the oxygen and carbon atom of the phenyl ring connected to the silicon atom is 

140.0(2) pm. The C-O bond of the phenyl-group is 138.9(2) pm long.123, 491-492 The reason is 

the interaction with the two aromatic phenyl-groups, the bond lengths in diphenyl ether for the 
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two C-O bonds are also shorter than the 140 pm and show a different length. One C-O bond is 

138.1(2) pm long while the other one is 139.2(1) pm long, which is comparable.493 The torsion 

angle between the two phenyl planes in diphenyl ether is 88.3(0)°,while it is around 10° smaller 

with 78.9(0)° in 4-(phenoxy)phenylphenyldimethoxysilane, because of the sterical influence of 

the third phenyl-group (C13 to C18) bound to the silicon atom.493 All angles around the silicon 

atom between C1, C13, O2 and O3 differ from the ideal tetragonal angle of 109.5°.494 The 

carbon-silicon-carbon angle (C1-Si-C13) is widened by around 4° because of the two sterically 

demanding phenyl-groups. The C1-Si-O2 and the C13-Si-O3 angles are minimally larger than 

the tetragonal angle,494 while the C1-Si-O3 and the C13-Si-O2 angles are 5° and 4° smaller. 

The oxygen-silicon-oxygen angle (O2-Si-O3) is with 111.9(1)° around 2.5° larger than 

109.5°,494 which is a side effect of the sterically demanding phenyl-groups. The angle between 

the phenyl-groups of the phenoxyphenyl side-groups is 117.9(2)°, which is identical as in di-

phenyl ether.493 

Table 30: Bond lengths and angles of the synthesised monomer 4-(phenoxy)phenylphenyldimethoxysilane. 

 POPP Bond lengths and angles POPP 

Space

group 

P -1 

triclinic 

Angle: C1-Si-C13 113.70(8)° 

Angle: C1-Si-O2 110.78(8)° 

a 894.74(5) pm Angle: C1-Si-O3 104.78(8)° 

b 973.80(8) pm Angle: C13-Si-O2 105.81(8)° 

c 1039.25(8) pm Angle: C13-Si-O3 110.37(8)° 

α 90.130(3)° Angle: O2-Si-O3 111.87(8)° 

β 106.666(2)° Angle: C4-O-C7 117.87(15)° 

γ 91.016(2)° Torsion angle between planes: Ph-Si-Ph 65.324(56)° 

V 0.86729(11) nm3 Torsion angle between planes: Ph-O-Ph 78.932(64)° 

  Distance: Si-C1 185.97(19) pm 

  Distance: Si-C13 185.43(18) pm 

  Distance: Si-O2 163.13(14) pm 

  Distance: Si-O3 163.35(14) pm 

  Distance: C4-O1 140.0(2) pm 

  Distance: C7-O1 138.9(2) pm 
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4.5.1.2 Synthesis and characterisation of phenoxyphenyl-group containing polymers 

The synthesised monomer 4-(phenoxy)phenylphenyldimethoxysilane (POPP) was used in the 

synthesis of a hydride- and a vinyl-group containing copolymer as a precursor for a polymer 

(Figure 155). The basic catalyst tetra-n-butylammonium hydroxide was used for the vinyl 

polymerisation and the acidic catalyst concentrated hydrochloric acid was used for the hydride 

copolymer synthesis. 20 Mol% of cross-linker, vinylphenyldiethoxysilane (V) respectively me-

thyldiethoxysilane (H), is used because the amount is high enough to receive a solid cured pol-

ysiloxane. Mosley et al. mixed the hydride and the vinyl copolymer in a ratio of 2:1 hydride- 

per vinyl-groups with a low vinyl content of 7.5 mol%.136 Also 40 mol% of diphenylsilanediol 

(PP) were added to achieve a high refractive index while remaining a processable polymer, 

where Mosley et al. varied the amount from 22 mol% to 72 mol% using diphenyldimethox-

ysilane.136 The remaining 40 mol% were filled with the self-synthesised 4-(phenoxy)phe-

nylphenyldimethoxysilane (POPP), while Mosley et al. changed the amount depending on the 

diphenyl content from 72 mol% to 22 mol%.136 The received polymers are named 

H20_POPP40_PP40 for the hydride copolymer and V20_POPP40_PP40 for the vinyl copoly-

mer. 

 
Figure 155: Synthesis route for phenoxyphenyl containing vinyl and hydride copolymers. 

The appropriate monomers were mixed with the catalyst, water, and methanol in a round bottom 

flask with a distillation head. After heating for one hour at 85 °C, the temperature was raised to 

115 °C for four hours while after one hour the distillation head was removed to facilitate the 

removal of water, methanol and ethanol. After washing the polymers by adding toluene and 

using potassium bicarbonate once for the hydride copolymer or 2 M hydrochloric acid three 

times for the vinyl copolymer to neutralise the reaction solution. The pure copolymers were 
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received after washing and drying them under reduced pressure. The hydride and vinyl copol-

ymers were mixed in a 1:1 ratio with Ossko’s catalyst, degassed and cured for one hour at 80 °C 

and four additional hours at 150 °C. 

4.5.1.2.1 FT-IR spectra of phenoxyphenyl-group containing polymers and POPP 

FT-IR spectra of the synthesised monomer as well as the hydride and vinyl copolymer and the 

cured polysiloxane were recorded (Figure 156). The monomer shows the C-H bands at 

2943 cm-1, at 1232 cm-1, at 742 cm-1 and at 692 cm-1.346-347 The aromatic C=C vibrations are 

located at 1583 cm-1 and at 1481 cm-1.495 The CAr-O-CAr bands (dark grey) at 1194 cm-1, at 

1059 cm-1 and at 866 cm-1 partially overlap with other bands,495 therefore they cannot clearly 

assigned in the polymers. The Si-C bands are located at 1429 cm-1 as well as at 1226 cm-1 and 

in the area of 690 cm-1 to 740 cm-1 which is in the region of C-H bands.346-347 The Si-O-C vi-

bration from the methoxy-group is clearly visible at 2839 cm-1.346 The polymers show the ad-

ditional Si-O vibrations from 991 cm-1 to 1115 cm-1.346-347 The vinyl copolymer shows no ad-

ditional bands because the vinyl vibration is too close to the C=CAr ones.319, 348-350 The Si-H 

bands of the hydride copolymer are located at 2171 cm-1 and at 900 cm-1.346-347 The cured pol-

ysiloxane (P20_POPP40_PP40) shows no additional bands compared to the copolymers. The 

polysiloxane is completely cured because there are no remaining Si-H bands visible. 

3000 2750 2500 2250 2000 1750 1500 1250 1000 750

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

re
l.
 I
n

te
n

s
it

y
 [

a
.u

.]

Wave number [cm-1]

Si-H

Si-C

C-H

 Si-O

C-O-CSi-C

   C-H

C=CSi-HC-H

 P20_POPP40_PP40

 H20_POPP40_PP40

 V20_POPP40_PP40

 Monomer POPP

C-O-C
Si-O-C

 
Figure 156: FT-IR spectra of the phenoxyphenyl monomer, the vinyl and hydride copolymer as well as the 

cured polysiloxane. 
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4.5.1.2.2 NMR spectra of phenoxyphenyl-group containing copolymers 

The 1H and 13C NMRs area displayed in the experimental section (Figures 366 – 367 and 369 

– 371). The two copolymers show aromatic bands in the 1H NMR spectrum of the phenyl- and 

phenoxyphenyl-groups from 6.7 ppm to 7.7 ppm, while the vinyl copolymer has additional 

bands at 5.6 ppm to 6.2 ppm of the vinyl-group.136 The hydride copolymer shows the hydride 

bands at 4.6 ppm to 5.0 ppm and the methyl-groups at −0.5 ppm to 0.3 ppm.136 In the 29Si spec-

trum (Figure 157) of the vinyl copolymer, the signals of the phenylvinylsiloxane (V) and the 

diphenylsiloxane (PP) are visible in the area of −43 ppm and of −46 ppm, respectively.331, 368 

The 4-(phenoxy)phenylphenylsiloxane signals (POPP) are also in this area.55, 84 The phenyltri-

methoxysilane which remained after the purification generates a small signal at −79 ppm,321, 

324, 368 which can only be observed in 1H 29Si HMBC experiment (Figure 367) because of the 

glass signal of the NMR tube. In the spectrum of the hydride copolymer, the methylsiloxane 

(H) signals are located in the area around −33 ppm.323-324, 331 The signals of PP and POPP are 

again visible at −46 ppm.331, 368 In the 1H 29Si HMBC NMR (experimental section, Figure 370) 

small impurities are also present. Besides the phenylsiloxane T signal at −78 ppm from the 

remaining PhSi(OMe)3 monomer, 321, 324, 368 some -O-PhSiOH-O- T signals at −71 ppm are also 

present. 

 
Figure 157: 29Si liquid (79 MHz, CDCl3) and 29Si CP MAS (80 MHz, 13 kHz) NMR of phenoxyphenyl-

group containing polymers. 
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They also resulted from the PhSi(OMe)3 monomer but did not condensate completely.321 Ad-

ditionally some methoxy-groups connected to a silicon atom which generates a signal at 

−37 ppm related to the hydridomethyl-group is visible. Mosley et al. stated out that during the 

hydride polymerisation some hydride-groups branched, they detected this in the 29Si NMR but 

did not report any data.136 The resulting methylsiloxane T group generates signals between 

−55 ppm to −65 ppm, depending on whether all hydroxyl-groups condensed.321, 324, 331 These 

groups could not be observed even in the more sensitive 1H 29Si HMBC NMR spectrum. In the 

29Si CP MAS NMR, the signals of the Si-CH2-CH2-Si bridge are present at −20 ppm for the 

methyl-containing silicon atom from the Si-H group331, 333 and at −34 ppm for the phenyl-con-

taining silicon atom from the former Si-V group,331, 368 which indicates a successful hydrosi-

lylation reaction. The PP and POPP bands are unchanged at −47 ppm331, 368 and at −71 ppm and 

−80 ppm are the phenylsiloxane T groups321, 324, 368 visible, respectively. 

4.5.1.2.3 Thermogravimetric analyses of phenoxyphenyl-group containing polymers 

Thermogravimetric analyses (Figure 158) were performed for both copolymers as well as for 

the cured polysiloxane under O2 and N2. The hydride and vinyl polymers show low T95% tem-

peratures because of toluene that was used in the washing process which evaporates between 

100 °C and 200 °C.419 The solvent remains inside the polymer despite applying high vacuum 

for eight hours. The vinyl polymer shows a decomposition temperature of 391 °C under oxygen 

and 349 °C under nitrogen atmosphere, while the hydride material decomposes at 274 °C under 

oxygen and at 177 °C under nitrogen atmosphere. The amount of toluene is different between 

the measurements under oxygen and nitrogen atmosphere because the sample rested for a dif-

ferent amount of time in the auto sampler.  
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Figure 158: TGA of phenoxyphenyl-group containing polymers, a) under oxygen and b) under nitrogen 

atmosphere 

The residual mass cannot be compared because of the different amount of toluene in the differ-

ent samples. The cured polysiloxane P20_POPP40_PP40 shows a similar decomposition curve 
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under both atmospheres, the T95% value is close to 400 °C. The unzipping mechanism is slower 

under nitrogen atmosphere than under oxygen,356 but on the contrary the activation energy is 

higher under nitrogen,376 which results in similar values of the T95% temperature. The residual 

mass under oxygen is 28 % and the decomposition product should mainly consist of silica while 

under nitrogen it is over 50 %, which is caused by the different decomposition mechanisms. A 

side-group oxidation cannot occur under nitrogen and the cross-linking at some point hinders 

the unzipping and intramolecular backbiting (IBBM) processes.218
 

4.5.1.2.4 Differential scanning calorimetry of phenoxyphenyl-group containing polymers 

DSC measurements of the hydride and vinyl polymer as well as of the cured polysiloxane were 

performed from −40 °C to 150 °C (Figure 159). The glass transition temperature of 

V20_POPP40_PP40 (Table 31) was measured with 14.3 °C. The group of Mosely et al.136 re-

ported it with 2.5 °C for their vinyl polymer where the vinyl-group is only at the end of the 

chain. 
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Figure 159: DSC measurements of the phenoxyphenyl- and hydride- or vinyl-group containing copoly-

mers as well as the cured phenoxyphenyl-group containing polysiloxane. 

Both polymers consist of three different monomers, where the diphenyl and phenoxy-

phenylphenyl repeating units are present in both polymers. The amount of diphenyl component 

is 40 mol% in the self-prepared polymer and 52 mol% in the literature and the amount of the 

phenoxyphenylphenyl monomer is 40 mol% in the self-synthesised system and 35 mol% in the 

one from Mosley et al.136  On one hand, the higher amount of vinylphenylsiloxane-groups  

(20 mol%) decreases the Tg value of the self-synthesised polymer because the other monomers 
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are sterically more demanding136, 402-403 in comparison to the 13 mol% of the vinylphenylme-

thylsiloxane end group from Mosley et al.136 On the other hand, the higher amount of POPP 

increases the glass transition temperature. The largest difference is the polymer length, the 

self-prepared polymer is three to four times longer, which increases the Tg value.121, 455, 496 All 

these effects lead to an increase of the glass transition temperature by around 12 °C. 

Table 31: Glass transition temperature, melting point and melting energy of the phenoxyphenyl-group 

containing polysiloxanes as well as of the literature systems from Mosley et al.136   

Polymer Tg [°C] Tm [°C] Em [J/g] 

V20_POPP40_PP40 14.3 85.1 0.018 

H20_POPP40_PP40 −10.4 − − 

P20_POPP40_PP40 38.1 50.9 4.998 

VPM13.1_POPP34.5_PP52.5 2.5 − − 

HM60_PP40 −50.0 − − 

 

The Tg value of H20_POPP40_PP40 was −10.4 °C, the value is around 25 °C lower than the 

one from the vinyl polymer because of the substitution of the vinylphenylsiloxane-group with 

a sterically less demanding hydridomethylsiloxane one.119, 121, 136, 496 In comparison with the 

hydride copolymer from Mosley et al., which is a pure poly[hydridomethyl-co-diphenyl]silox-

ane (HM60_PP40) without any phenoxyphenyl-groups,136 the self-prepared polysiloxane con-

tains these 4-(phenoxy)phenylphenylsiloxane-groups and therefore is structurally comparable 

to the self-prepared vinyl polymer. Without these sterically demanding phenoxyphenyl-groups, 

their Tg value is −50.0 °C with a composition of 60 mol% hydridomethylsiloxane and 40 mol% 

diphenylsiloxane, which is in accordance with other literature.119, 403 The glass transition tem-

perature of the cured polysiloxane was determined with 38.1 °C, which is higher than the ones 

from the polymers because during the hydrosilylation process additional cross-linking occurs 

which reduces the degrees of freedom of the whole polymer.121, 319, 400, 496 

For the vinyl polymer and the cured polysiloxane a melting point could also be determined. The 

vinyl copolymer shows a high melting point at 85.1 °C resulting from the high aromatic content, 

but only with a very small enthalpy of 0.018 J/g which is almost negligible.121, 462, 496-497 The 

cured polysiloxane P20_POPP40_PP40 shows a value of 50.9 °C121, 462, 496-497 with a stronger 

enthalpy of around 5 J/g. Mosley et al. did not report melting points and therefore they cannot 

be compared with the literature system.136 
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4.5.1.2.5 Refractive indices and viscosity of phenoxyphenyl-group containing polymers 

The refractive indices of the prepared hydride and vinyl-group containing copolymers and of 

the cured polysiloxane are presented in Table 32. The hydride copolymer contains less phenyl-

groups compared to the vinyl one because of the use of methyldiethoxysilane instead of vi-

nylphenyldiethoxysilane. The refractive index of the hydride copolymer is therefore only 1.595 

compared to 1.610 of the vinyl copolymer. The copolymers synthesised by Mosley et al. were 

named analogously to the self-chosen nomenclature in the table to compare the used amount of 

each monomer. Because they used vinylphenylmethylsiloxane which was not used in this re-

search, the new abbreviation VPM was used. The chemically different vinyl copolymer (Figure 

149) from Mosley et al. shows a RI of 1.615 while the phenoxyphenyl free hydride polymer 

shows a RI of 1.546.136 Mixing and curing the polymers increases the refractive index from an 

averaged 1.60 for the hydride and vinyl copolymer up to 1.613 for the self-prepared cured pol-

ysiloxane. Mosley et al. reached only 1.600 because of the use of the lower RI hydride poly-

mer.136 Noteworthy, the RI often decreases with larger wavelengths and can be calculated using 

the Sellmeier formula,498 but the difference in this area is neglectable. 

Table 32: Refractive indices of phenoxyphenyl-group containing polymers. 

Substance 

self-synthesised 

RI at 

589 nm 

Substance synthesised 

by Mosley et al.136 

RI at 

633 nm 

V20_POPP40_PP40 1.610 VPM13.1_POPP34.5_PP52.4 1.615 

H20_POPP40_PP40 1.595 HM60_PP40 1.546 

P20_POPP40_PP40 (1H:1V) 1.613 Cured polymer (2H:1V) 1.600 

 

The rheological properties of the copolymers at 25 °C were also studied. The vinyl component 

showed a viscosity of 40200 ± 2500 mPa∙s and the hydride component one of 2160 ± 10 mPa∙s. 

The viscosity of the vinyl component is higher because the difference between them are the 

hydridomethyl-group compared to the sterically more demanding vinylphenyl one. Mosley 

et al. measured a viscosity from 317000 mPa∙s to 1756000 mPa∙s for the vinyl component at 

25 °C, which strongly depends on the remaining toluene inside the polymer.136 They had not 

measured the viscosity of the hydride copolymer and gave no further information on how the 

viscosity was determined.136 The viscosity of the self-synthesised hydride component is in the 

range of the commercial ones (see 4.1.1.5 and 4.1.2.5), but the one of the vinyl component is 

an order of magnitude higher. A small amount of toluene, which remains inside the polymer is 

therefore suitable for the handling and processing. 
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4.5.1.2.6 Average molecular weight of phenoxyphenyl-group containing polymers 

The average molecular weights determined by SEC measurement as well as 1H NMR calcula-

tions are given in Table 33. 

Table 33: Average molecular weights determined by SEC and 1H NMR of the phenoxyphenyl-group con-

taining polymers as well as the reference systems.136 

 MW [g/mol] PDI MW [g/mol] PDI 

 V20_POPP40_PP40 H20_POPP40_PP40 

1H NMR 29100 − 18700 − 

SEC analysis [RI detector]  3670 1.27 3290 1.38 

SEC analysis [UV detector]  3640 1.26 3260 1.37 

SEC analysis [Mosley et al.]136 VPM13.1_POPP34.5_PP52.5 HM60_PP40 

 900 – 1200 − 3500 – 5000 − 

 

To calculate the molecular mass by 1H NMR spectroscopy, an end group without methyl-, phe-

nyl-, hydride- or vinyl-groups has to be introduced because of the previously mentioned rea-

sons. Therefore, tert-butyldimethylchlorosilane is suitable like in the previous MW calcula-

tions.89,90 The chlorosilane reacts in a basic solution in tetrahydrofuran at 55 °C with the OH 

end groups of the hydride or vinyl polymer (Figure 160).136, 471 

 
Figure 160: Reaction scheme of V20_POPP40_PP40 with tert-butyldimethylchlorosilane for calculating 

the average molar mass by 1H NMR spectroscopy. 

The calculated masses for the vinyl-group containing copolymer are around 30000 g/mol and 

for the hydride-group containing copolymer are around 20000 g/mol. The SEC measurements 

show the same tendency but completely different values with 3700 g/mol for the vinyl and 

3000 g/mol for the hydride copolymer. Comparing the SEC values of the self-synthesised co-

polymers with the one from Mosley et al., which were polymerised using the same catalysts 

but slightly different monomers, the self-synthesised vinyl component shows a MW three- to 

four-times larger, while the hydride is in the lower MW area like in literature.136 The same flow 

rate and eluent were used as well as a RI detector. Also a polystyrene calibration was performed 
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by Mosley et al. Noteworthy to mention is that the hydride polymer in the literature does not 

contain any sterically demanding phenoxyphenyl-groups, which limit the reaction speed.472 

4.5.1.2.7 UV/Vis measurements and thermal aging test of phenoxyphenyl-group contain-

ing polymers 

The cured samples of P20_POPP40_PP40 (Figure 161) are colourless and hard even when the 

sample thickness is around 2 mm. 

 
Figure 161: Image of the phenoxyphenyl-group containing polymers, a) 2 mm thick sample and b) 120 µm 

thick sample. 

UV/Vis spectra of the doctor bladed sample onto the glass slide were recorded using an inte-

gration sphere. The transmission was corrected against a sample free glass slide and is around 

100 % in the visual range of the spectrum (Figures 162, a) and 163, a)). The haze value is around 

17 % for the near UV area and decreases down to two in the infrared area.  

A thermal treatment for 63 days at 180 °C was also performed to evaluate the transmission 

decrease during the LED operation (Figures 162 and 163, b)). The humidity in the oven was 

not changed. The temperature was chosen because of earlier mentioned reasons. When com-

paring the glass slides, some slightly yellow areas are now visible. A transmission of over 95 % 

at 450 nm can be maintained throughout the whole experimental time of 1512 h. The haze value 

decreases from 11 % to 6 % after 24 hours but remains at 6 % to 7 % during the next 62 days. 

Mosley et al. maintained a slightly lower transmittance of over 90 % at 200 °C for seven weeks 

(1176 h).136 The high transmission of around 100 % even during heat exposure makes the ma-

terial very suitable for optoelectronic applications. 

 
Figure 162: P20_POPP40_PP40 doctor bladed (120 µm) onto a glass slide, a) before and b) after the ther-

mal treatment at 180 °C for 63 days. 

a) b) 

a) b) 
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Figure 163: Transmission and haze values of P20_POPP40_PP40 a) after the synthesis and b) during the 

63 days thermal treatment at 180 °C. 

Yellowness and whiteness indices were calculated before and after the thermal aging using the 

operating UV/Vis software UV Winlab. The yellowness index changed from 0.3 to 2.5 which 

implies a colouration from nearly colourless to slightly yellow. The whiteness index shows the 

same tendency, from a value close to 100 in the beginning down to 92.5 which also shows a 

slight yellow colouration. The effect of the yellowing due to the temperature is also observed 

by Mosley et al. Additionally, they showed a dependence of the amount of platinum catalyst 

which increases the yellowing with increasing amount of platinum.136 They suggested an 

amount under 2.00 ppm because then the yellowing effect is negligible. A lower amount of 

1.63 ppm was therefore used. 

Table 34: Yellowness and whiteness indices of P20_POPP40_PP40 after the synthesis and after the 63 days 

under 180 °C. 

P20_POPP40_PP40 YI  WI  

after synthesis 0.3 98.4 

after 63d 2.5 92.5 
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4.5.1.3 Conclusion of phenoxyphenyl-group containing polysiloxanes 

The 4-(phenoxy)phenylphenyldimethoxysilane monomer published by Mosley et al. was suc-

cessfully synthesised and characterised. In addition to the published literature a single crystal 

structure analysis of the monomer was obtained. The prepared vinyl respectively hydride co-

polymers already showed refractive indices around 1.600, which increased to 1.613 after the 

curing process. The commercial OE-6630 system only shows a RI of 1.552. A thermally stable 

material could be received, which is stable up to 400 °C under inert or oxidative atmosphere, 

which is slightly lower than the 420 °C of the cured OE-6630. The Tg higher than 50 °C is very 

high compared to the 5 °C of OE-6630 because of the bulky side-groups. The highly transparent 

polysiloxane P20_POPP40_PP40 (Figure 164) remains its transmission of over 95 % even un-

der 180 °C for 63 days, which is slightly lower than the 100 % of the commercial system. The 

polymer shows only a slight yellow colouration after the treatment, which was verified by the 

yellowness and whiteness indices while the OE-6630 system shows no yellow colour at all. 

Therefore, the synthesised polysiloxane is very suitable for LED applications and achieves or 

exceeds the properties of the commercial OE-6630. 

 
Figure 164: Chemical structure of the cured P20_POPP40_PP40 and of the hydride and vinyl copolymers. 
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4.5.2 Synthesis and characterisation of phenylthiomethyl-group containing pol-

ysiloxanes 

To create a new curable polysiloxane which is miscible at room temperature, the thioanisole 

side-group (PSM) instead of the phenylthiophenyl (PSP) one was used. The formal substitution 

of the outer phenyl-group which is connected to the sulfur atom with a methyl one should lower 

the viscosity drastically while remaining the huge RI impact of the sulfur atom. Additionally, 

the diphenylsiloxane monomer was alternated to a dimethyl- (MM), phenylmethyl- (PM) or 

diphenylsiloxane (PP) one to investigate the impact of these groups, respectively. The low vis-

cosity of the thioanisylphenyl-group containing monomer (PSMP) allows a doubling of the 

sulfur content from 40 mol% to 80 mol% content relative to the silicon atoms. The 4-(methyl-

thio)phenylphenyldimethoxysilane was synthesised using the same adjusted Grignard reaction 

from Mosley et al.136 which was used for the 4-(phenoxy)phenylphenyldimethoxysilane 

(4.5.1.1) synthesis. The resulting four curable sulfur containing polymer systems (Figure 165) 

were also intended for OSRAMs study purposes and are therefore produced on a large scale. In 

comparison with the literature described method, the copolymers were again synthesised dif-

ferently using other monomers analogously to the P20_POPP40_PP40 system (Figure 149).136 

 
Figure 165: Chemical structure of a vinyl (V20_PSMP40_PP40) and a hydride (H20_PSMP40_PP40) co-

polymer as well as the resulting cured polysiloxane (P20_PSMP40_PP40). 

4.5.2.1 Synthesis and characterisation of 4-(methylthio)phenylphenyldimethox-

ysilane 

The synthesis of the monomer 4-(methylthio)phenylphenyldimethoxysilane (PSMP) was car-

ried out in a Grignard reaction using 4-bromothioanisole and phenyltrimethoxysilane in THF 

(Figure 166). The slightly yellow crude product was purified by distillation to remove the colour 

in 67 % yield. After storing the monomer for one year under argon atmosphere, the monomer 

again showed a yellow colour. Therefore, the monomer has to be freshly distilled every time 

before continuing with the polymerisation step. The refractive index of the product was 1.578 

at 20 °C and 589 nm. 
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Figure 166: Synthesis of 4-(methylthio)phenylphenyldimethoxysilane. 

The FT-IR spectrum is discussed in 4.5.2.2.1 with the spectra of the copolymers. 1H, 13C, and 

29Si NMR spectra were recorded, the 13C NMR is shown in the experimental section (Figure 

373). In the 1H NMR (Figure 167) all required peaks are present. The phenyl protons are located 

in the region from 7.3 ppm to 7.8 ppm, the methyl-group at the sulfur atom shows a signal at 

2.5 ppm and the methoxy-groups are located at 3.7 ppm.136 Around 0.8 % additional phenyltri-

methoxysilane is also present, which is detected by the integration of the methoxy-groups and 

the phenyl protons at 7.5 ppm.433, 441 

 
Figure 167: 1H NMR (300 MHz, CDCl3) of 4-(methylthio)phenylphenyldimethoxysilane. 

In the 29Si NMR (Figure 168), a strong signal at −28.8 ppm is visible, which relates to the 

product and is in the typical range of methoxylated aromatic D0 type silicon atoms.490 A small 

signal at −54.4 ppm is also present and refers to the remaining T0 type phenyltrimethoxysilane 

that was not fully removed by the distillation.433, 441 

 
Figure 168: 29Si NMR (60 MHz, CDCl3) of 4-(methylthio)phenylphenyldimethoxysilane. 
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4.5.2.2 Synthesis and characterisation of the hydride or vinyl and phenylthiomethyl-

group containing copolymers 

Analogously to previous polysiloxane syntheses, the prepared 4-(methylthio)phenylphenyl-

dimethoxysilane (PSMP) was reacted with diphenyl- (PP), phenylmethyl- (PM) and dimethyl- 

(MM) group containing D monomers as well as the required hydridomethyl (H) or vinylphenyl 

(V) monomer (Figure 169). For the hydride polymerisation concentrated hydrochloric acid was 

used and for the vinyl one tetra-n-butylammonium hydroxide solution.136 In addition, a polymer 

was prepared without a lower refractive index monomer (MM, PM or PP), therefore the amount 

of PSMP therefore was doubled. In all cases colourless oils with light to medium viscosity were 

obtained, which were analysed using NMR and FT-IR spectroscopy and DSC, TGA and SEC 

measurements. The viscosity and the RI were also determined. The synthesised linear polysilox-

anes were assigned according their consisting monomers (Figure 169). 

 
Figure 169: Syntheses and nomenclature of phenylthiomethyl-group containing polysiloxanes. 

For the copolymers, the first letter is either V or H to indicate the type of the reactive side-

group. To show the condensation of the hydrosilylated, solid polymer, it is named “P” instead 

of “V” or “H”. Following each monomer abbreviation, the amount present inside the copolymer 

or cured polysiloxane is shown in mol%. After the first letter, four letters (PSMP) follow to 

indicate the sulfur containing aromatic side-group B. The two penultimate letters (XX) show 

the lower refractive index monomer from group C “MM” (dimethyl), “PM” (phenylmethyl) or 

“PP” (diphenyl). The content for the hydride or vinyl-group containing monomer is remained 

at 20 mol%. The PSMP content was 40 mol% like the POPP content and the content of the 

group C monomers was therefore also 40 mol%. In case of choosing PSMP as third monomer, 
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the PSMP content was then 80 mol%, and no additional third monomer letters are used 

(X20_PSMP80). 

4.5.2.2.1 FT-IR spectra of the phenylthiomethyl-group containing copolymers and PSMP 

FT-IR spectra of the monomer 4-(methylthio)phenylphenyldimethoxysilane as well as the phe-

nylmethyl- and hydride- or vinyl-group containing copolymers as representatives 

(X20_PSMP40_PM40) are shown in Figure 170. The remaining ones are display in the exper-

imental section (Figures 375 and 382). The monomer shows the typical vibrations of the Si-O 

bond at 1000 cm-1 to 1100 cm-1 and of the Si-C bond at 1383 cm-1, at 1259 cm-1 and at 

796 cm-1.234-235, 319, 346-347, 349-350, 370 The vibration of the C-CAr bands are visible at 1581 cm-1, at 

1487 cm-1 and at 1429 cm-1 and of the C-H bond at 3073 cm-1, at 3052 cm-1, at 2960 cm-1, at 

2919 cm-1, at 751 cm-1, at 725 cm-1 and at 696 cm-1 like for the previously mentioned copoly-

mers.234-235, 319, 346-347, 349-350, 370 The methoxy signal can be observed at 2837 cm-1 and at 

1190 cm-1.346 
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Figure 170: FT-IR spectra of the PSMP monomer and the copolymers of X20_PSMP40_PM40. 

The thioether vibration (dark grey) is located at 800 cm-1 and at 681 cm-1 but both are barely 

visible due to overlapping with other strong bands.499 The copolymers show additional bands, 

the vinyl copolymer has signals at 1406 cm-1 and at 963 cm-1 representing the vinyl-group in 

V20_PSMP40_PM40.26,27,48,85 The hydride component H20_PSMP40_PM40 in contrast, 

shows additional Si-H signals at 2162 cm-1 and at 896 cm-1.234-235, 319, 346-347 
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4.5.2.2.2 NMR spectra of the phenylthiomethyl-group containing copolymers 

1H, 13C, and 29Si NMR spectra were recorded from the produced copolymers (Figures 376 – 

379 and 383 – 386). The spectra show all the expected signals. The typical chemical shifts in 

the proton NMR of the side-groups are shown below in Table 35.136 The 29Si NMRs of these 

two copolymers are shown and discussed with the 29Si CP MAS NMR in chapter 4.5.2.3.1. 

Table 35: Chemical shifts of the side-groups in the proton NMR. 

Side-groups Chem. shift [ppm] Functional side-groups Chem. shift [ppm] 

Methyl (M) −0.5 to 0.4 Hydride (H) 4.5 to 5.2 

Aryl (P and PSM) 6.8 to 7.8 Vinyl (V) 5.4 to 6.3 

Thiomethyl (PSM) 2.2 to 2.5   

4.5.2.2.3 Molecular weight determination of the phenylthiomethyl-group containing co-

polymers 

To determine the molecular weight, both SEC and 1H NMR were used. The SEC analyses were 

performed using the as prepared linear polysiloxanes dissolved in THF. For the 1H NMR deter-

mination, special end groups were introduced that can be used as reference for the calculation 

like in the analysis of previous copolymers. Therefore the linear polysiloxanes were dissolved, 

treated with absolute triethylamine and tert-butyldimethylchlorosilane and stirred at 55 °C for 

18 hours (Figure 171).136, 221, 470-471 The calculated as well as the measured average values are 

displayed in Table 36. The molecular weights determined by 1H NMR are mostly between 

4400 g/mol and 13600 g/mol, with the hydride-containing dimethyl component 

(H20_PSMP40_MM40) having a much higher molecular weight of 43200 g/mol. The molecu-

lar masses determined by the SEC measurement vary between 2200 g/mol and 17400 g/mol. 

 
Figure 171: Reaction scheme of V20_PSMP40_PP40 with tert-butyldimethylchlorosilane. 

Despite the MW being in the same range for both methods, no correlation can be made. For the 

dimethyl-containing polysiloxanes both SEC values of around 3000 g/mol are drastically lower 

than the 11000 g/mol or 13000 g/mol calculated by 1H NMR. A smaller SEC value could be 

explained because the highly methylic copolymers tend to agglomerate in THF. The phenylme-

thyl-group containing copolymers (X20_PSMP40_PM40) show the opposite trend, the SEC 
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measurements show masses 3000 g/mol higher than the NMR calculations. The diphenyl con-

taining polymers (X20_PSMP40_PP40) show no correlation, while for the hydride one the SEC 

value is with 17400 g/mol around 13000 g/mol higher than the NMR calculation and the vinyl 

SEC values are with 7100 g/mol around 2200 g/mol lower than the NMR calculation. The 

highly 4-(methylthio)phenylphenyl-group containing copolymers (X20_PSMP80) show values 

like the dimethyl containing ones (X20_PSMP40_MM40) where the NMR calculations are sig-

nificantly higher than the SEC value although the difference is not that large. The PDI values 

of the SEC measurements correlate with the molecular mass determined by SEC, they increase 

with increasing MW indicating a broadening of the mass distribution like seen in the kinetic 

studies. 

Table 36: Molar masses of the copolymers, obtained from 1H NMR and SEC. 

Group A 

monomers 

[20 mol%] 

Group B  

monomers 

[40 mol%] 

Group C  

monomers 

[40 mol%] 

MW [g/mol] 

by 1H NMR 

calculations 

MW [g/mol] 

by SEC 

analyses 

PDI by 

SEC 

analyses 

H 

PSMP 

MM 
34200 3300 1.45 

V 11100 3200 1.26 

H 
PM 

8900 12300 2.55 

V 13300 16200 2.72 

H 
PP 

4400 17400 3.37 

V 9300 7100 1.75 

H 
PSMP 

13600 8100 2.19 

V 9500 2200 1.14 

4.5.2.2.4 Viscosity of the phenylthiomethyl-group containing copolymers 

The viscosity at 25 °C was determined using a rheometer, the samples were measured for ten 

minutes and the average was calculated (Table 37), the standard deviation is reported in the 

experimental section (6.2.9). The viscosity increases with increasing polymer length (MW) and 

sterically more demanding side-groups like phenyl compared to methyl ones.452-453 The viscos-

ity of the hydride copolymers is generally lower than the one of the vinyl polymers because of 

the sterical difference in the hydridomethyl-group compared to the vinylphenyl one. Also, when 

comparing each set, the viscosity increases from the X20_PSMP40_MM40 copolymer to the 

X20_PSMP40_PP40 ones with each methyl to phenyl switch by a factor of 2 to 17. In the 

hydride-group the viscosity doubles for each switch, while in the vinyl-group the increase is 

larger and reaches 1.5 million mPa∙s for V20_PSMP40_PP40. The samples with 80 mol% 

PSMP content (X20_PSMP80) show the expected effect, the additional flexible thiomethyl-
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group drastically lowers the viscosity compared to X20_PSMP40_PP40 by a factor of 10 from 

14000 mPa∙s to 1400 mPa∙s for the hydride ones and from 1.5 million mPa∙s to 150000 mPa∙s 

for the vinyl ones.450-451, 454 The additional-group also leads to more branching, which when 

comparing two polymers with the same MW, reduce the viscosity.450-451, 454 Overall, the strong 

effect that larger molecular weights drastically increasing the viscosity450-454 can hardly be seen 

here, because the determined MW is neither constant nor increasing when substituting the me-

thyl-groups with phenyl ones. Additionally, the hydride copolymers often have higher molecu-

lar weights than the relating vinyl ones but still have a much lower viscosity. 

Table 37: Average viscosity for the hydride or vinyl and phenylthiomethyl-containing copolymers. 

Hydride 

copolymer 

Viscosity at 

25 °C [mPa∙s] 

Vinyl 

copolymer 

Viscosity at 

25 °C [mPa∙s] 

H20_PSMP40_MM40 2190 V20_PSMP40_MM40 10000 

H20_PSMP40_PM40 5250 V20_PSMP40_PM40 87600 

H20_PSMP40_PP40 13800 V20_PSMP40_PP40 1490000 

H20_PSMP80 1400 V20_PSMP80 151000 

4.5.2.2.5 Refractive index of the phenylthiomethyl-group containing copolymers 

The refractive index of the hydride and vinyl-group containing copolymers (Table 38) were 

measured in transmission mode at 20 °C using 589 nm wavelength. High refractive indices be-

tween 1.564 and 1.623 were achieved, despite a small amount of toluene being present which 

reduces the RI because of its smaller value of 1.500.419 The comparison of the refractive indices 

shows that the vinyl components have a 0.015 to 0.027 higher value than the relating hydride 

components with the same amount and type of group B and C monomers, because the hy-

dridomethyl-group has a drastically lower RI than the vinylphenyl one. When comparing the 

diethoxy monomers, a difference of 0.105 can be determined (MeHSi(OEt)2: 1.375; 

PhVSi(OEt)2: 1.480).419 The successive substitution of the two methyl-groups of the low re-

fractive index monomer starting from V20_PSMP40_MM40 by one phenyl-group (…MM40 

→ …PM40) shows an increase from 1.580 to 1.599 (+0.020) for the first substitution. The 

second substitution (…PM40 → …PP40) shows a smaller but still significant increase of 

+0.017 and exceeds the value of 1.600. If a phenyl-group is replaced by a thioanisole-group 

(V20_PSMP40_PP40 → V20_PSMP80), the refractive index again slightly increases by 0.007 

to 1.623. 

The hydride copolymers (H20_PSMP40_MM40) show the same trend when a successive sub-

stitution of the dimethyl-groups with phenyl-groups occur. The first substitution (…MM40 → 
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…PM40) increases the RI from 1.564 to 1.580 by a value of 0.016, where the second one 

(…PM40 → …PP40) raises the value by 0.019. The addition of the methylthioether-group 

(H20_PSMP40_PP40 → H20_PSMP80) does slightly decreases the RI by 0.003, probably be-

cause of more remaining toluene in the H20_PSMP80 copolymer. 

Table 38: RIs of the hydride and vinyl 4-(methylthio)phenylphenyl-containing polysiloxanes. 

Hydride 

copolymer 

RI at 20°C, 

589 nm 

Vinyl 

copolymer 

RI at 20°C, 

589 nm 

H20_PSMP40_MM40 1.564 V20_PSMP40_MM40 1.580 

H20_PSMP40_PM40 1.580 V20_PSMP40_PM40 1.599 

H20_PSMP40_PP40 1.599 V20_PSMP40_PP40 1.616 

H20_PSMP80 1.596 V20_PSMP80 1.623 

4.5.2.2.6 Thermogravimetric analyses of the phenylthiomethyl-group containing copoly-

mers 

TG analyses were performed from the prepared hydride and vinyl copolymers (experimental 

section, Figures 388 and 389). The measurements were performed under O2 and N2. Table 39 

presents the decomposition temperatures for the copolymers. The T95% value indicates the tem-

perature at 5 % mass loss, where the decomposition starts.222, 351 The T95% values under oxygen 

vary between 230 °C and 370 °C while under nitrogen between 200 °C and 360 °C. The differ-

ence between the T95% values of one copolymer under oxygen and nitrogen varies up to 30 °C. 

Except for the highly methylic H20_PSMP40_MM40, all decomposition temperatures at 5 % 

mass loss are higher under oxygen atmosphere than under nitrogen. Li et al. reported this phe-

nomenon for poly(p-phenylene sulfide) and the reason is the higher activation energy of the 

decomposition under oxygen atmosphere than under nitrogen.376 The hydride copolymers al-

ways show lower decomposition temperatures than the relating vinyl ones, which is due to the 

lower phenyl content because of the use of hydridomethylsiloxane instead of vinylphenylsilox-

ane.222 While X20_PSMP40_MM40 and X20_PSMP40_PM40 show a difference of the T95% 

between the hydride-group containing copolymers of up to 50 °C, X20_PSMP40_PP40 shows 

a difference of 160 °C. The decomposition of V20_PSMP80 although starts only 10 °C later 

than H20_PSMP80 under a nitrogen atmosphere, while under oxygen no difference can be 

measured. Comparing the group C monomers (MM, PM, PP, PSMP) under oxygen atmosphere, 

the T95% value increases from MM to PM from 280 °C to 310 °C for the hydride ones, because 

of the higher phenyl content.222 The PP and PSMP hydride copolymers show lower values 

around 230 °C. V20_PSMP80 also decomposes at this temperature, because of larger amounts 
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of remaining toluene, which can be observed in the TGA curves because of the mass loss start-

ing at 100 °C as well as in the 1H and 13C NMRs. The vinyl copolymers under oxygen atmos-

phere have raising T95% values with increasing phenyl content from MM over PM to PP from 

320 °C to 370 °C.222 Under nitrogen atmosphere the same trend can be seen, the hydride copol-

ymers show increasing decomposition temperatures with increasing phenyl content,222 for MM 

and PM around 290 °C, the PP and PSMP ones have lower values around 210 °C because of 

the residual toluene. The vinyl copolymers show increasing values from 310 °C for MM over 

340 °C for PM to 350 °C for PP under nitrogen atmosphere. The V20_PSMP80 shows a lower 

temperature of 220 °C because of the remaining toluene. 

Table 39: T95% of the hydride and vinyl phenylthiomethyl-group containing copolymers under oxygen and 

nitrogen atmosphere. 

Group A 

monomer 

[20 mol%] 

Group B 

monomer 

[40 mol%] 

Group C 

monomer 

[40 mol%] 

T95% O2 

[°C] 

T95% N2 

[°C] 

H 

PSMP 

MM 
277 297 

V 321 311 

H 
PM 

309 291 

V 345 338 

H 
PP 

228 200 

V 369 355 

H 
PSMP 

242 215 

V 241 225 

4.5.2.2.7 Differential scanning calorimetry of the phenylthiomethyl-group containing co-

polymers 

DSC measurements were performed for all synthesised hydride respectively vinyl and phenyl-

thiomethyl-group containing polysiloxanes under nitrogen atmosphere from −50 °C to 150 °C 

in two cycles (experimental section, Figures 390 – 391), while the first heating cycle was used 

to determine the melting temperature and the second one for the Tg (Table 40). Comparing the 

Tg of the hydride copolymers shows that by increasing the phenyl content and reducing the 

methyl content from MM over PM to PP of the group C monomers, the Tg rises from −28.2 °C 

(MM) over −13.7 °C (PM) to −4.8 °C (PP) due to the reduced flexibility of the polymer 

chains.402-404, 462, 496 An increase of the phenylthiomethyl-containing monomer to 80 mol% also 

increases the Tg value up to 6.6 °C for the same steric reasons.402-404, 462, 496 Comparing the vinyl 

copolymers shows the same trend for the exact same reasons. By increasing the phenyl content 
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and reducing the methyl content from MM over PM to PP of the group C monomers, the Tg 

rises.402-404, 462, 496 Additionally, because of the more phenylic-group A monomer, all glass tran-

sition temperatures are 6 °C to 10 °C higher than the one of their corresponding hydride-group 

containing copolymer. From −20.0 °C for V20_PSMP40_MM40 it increases to −4.4 °C for the 

PM one by exchanging one methyl-group of the C monomers with a phenyl one. A further 

substitution raises the value to 1.3 °C. The substitution of the PP monomer with the PSMP one 

even further increases the value up to 13.1 °C. For some copolymers, like H20_PSMP40_PM40 

as well as the highly phenylic ones with PP and PSMP group C monomers, a melting tempera-

ture of 38 °C to 46 °C can be determined, but the amount of energy is very low. The polysilox-

anes with the highest amount of phenyl-groups (V20_PSMP40_PP40) shows an even higher 

temperature of 76.5 °C as well as the highest amount of melting enthalpy.402-404, 462, 496 Mosley 

et al. did not report any Tg or Tm values for their sulfur containing polysiloxane.136 

Table 40: Glass transition and melting temperature as well as the integrated energy of the thioanisole-

group containing copolymers. 

Group A 

monomer 

[20 mol%] 

Group B 

monomer 

[40 mol%] 

Group C 

monomer 

[40 mol%] 

Tm 

[°C] 

Em 

[J/g] 

Tg 

[°C] 

H 

PSMP 

MM 
− − −28.2 

V − − −20.0 

H 
PM 

45.8 0.176 −13.7 

V − − −4.4 

H 
PP 

44.3 0.344 −4.8 

V 38.4 0.565 1.3 

H 
PSMP 

41.9 0.074 6.6 

V 76.5 1.183 13.1 
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4.5.2.3 Synthesis and characterisation of the cured phenylthiomethyl-group contain-

ing polysiloxane 

The relating hydride and vinyl copolymers, exemplarily H20_PSMP40_PP40 and 

V20_PSMP40_PP40 (Figure 172), were mixed in a 1:1 ratio and cured analogously to previous 

polymerisations. 

 
Figure 172: Chemical structure of a vinyl (V20_PSMP40_PP40) and a hydride (H20_PSMP40_PP40) co-

polymer as well as the resulting cured polysiloxane (P20_PSMP40_PP40). 

4.5.2.3.1 FT-IR spectra of the cured phenylthiomethyl-group containing polysiloxanes 

FT-IR spectra of the cured polysiloxanes were recorded to investigate if the hydrosilylation 

reaction is completed after the curing (Figure 173). All other bands were already assigned in 

the copolymer section. Comparing the remaining signals of the Si-H and Si-V groups indicates 

a nearly complete reaction for all polymers. P20_PSMP40_MM40 and P20_PSMP40_PM40 

show very small signals at 1406 cm-1 relating to the vinyl-group.26,27,48,85  
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Figure 173: FT-IR spectra of the cured phenylthiomethyl-group containing polysiloxanes. 
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The second area for detecting vinyl-groups is at 966 cm-1,26,27,48,85 but it overlaps with other 

signals and does not give clear information if the peak relates to the vinyl-group or the phenyl 

ones. The small Si-H signal is visible at 2161 cm-1 and at 895 cm-1.234-235, 319, 346-347 A possibility 

for a not completed addition reaction can be aromatic sulfur-group which is known to reduce 

the effectiveness up to a complete hindrance of the platinum catalyst.386 For 

P20_PSMP40_PP40 and P20_PSMP80 no Si-H and Si-V signals are present. Overall the four 

polysiloxanes were almost fully condensed,396 a 100 % conversion cannot be achieved due to 

the increasing viscosity and reduced immobility of the reactive groups during the curing pro-

cess.136, 318, 395 

4.5.2.3.2 NMR spectra of the cured phenylthiomethyl-group containing polysiloxanes 
13C and 29Si CP MAS NMRs of the solid sample P20_PSMP80 were recorded exemplarily and 

the 29Si NMR spectrum is shown here with the linear copolymers H20_PSMP80 and 

V20_PSMP80 (Figure 174). The 13C CP MAS NMR is reported in the experimental section and 

shows all expected signals of the phenyl, methyl and thiomethyl carbon atoms (Figure 392). 

 
Figure 174: 29Si NMR liquid (79 MHz, CDCl3) and solid CP MAS NMR (80 MHz, 13 kHz) of 

X20_PSMP80. 

In the 29Si NMR of the vinyl-group containing copolymer are two groups of signals present, 

one at −43 ppm referring to the vinylphenylsiloxane331, 368 (Si-V) and the other one at −45 ppm 

that relates to the 4-(methylthio)phenylphenylsiloxane (Si-PSMP), which is located close to the 
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diphenylsiloxane one.331, 368 In the spectrum of the hydride copolymer, the hydridomethylsilox-

ane (Si-H) signals at −34 ppm are visible,323-324, 331 as well as the 4-(methylthio)phenylphen-

ylsiloxane (Si-PSMP) signal at −45 ppm.331, 368 Also, some T groups are visible which, can be 

assigned to phenylsiloxane T groups with the help of 1H 29Si HMBC NMR (Figure 387). A 

phenylsiloxane-group with one hydroxyl-group is present at −70 ppm321 and a fully condensed 

one is visible at −80 ppm.321, 324, 368 These groups are derived from the impurities in the PSMP 

monomer. In an investigation of the vinyl copolymers with 1H 29Si HMBC NMR (experimental 

section, Figure 380) revealed that a small amount of phenylsiloxane T groups are also present, 

but only at around −80 ppm which relates to the fully condensed T3 ones.321, 324, 368 The cured 

polysiloxane also shows the Si-PSMP signal at −45 ppm as well as the phenylsiloxane T groups 

at −71 ppm (T2) and −80 ppm (T3).321, 324, 368 Two new signals at −20 ppm and −34 ppm are 

present, which relate to the hydrosilylation reaction between the hydride- and vinyl-group. The 

newly formed MeSi-CH2-CH2-SiPh bridge shows signals at −20 ppm for the 

MeSi(OR)2-CH2- unit61,64 and at −34 ppm for the PhSi(OR)2-CH2- unit.331, 368 The other two 

present groups in the copolymers are the MM and PM one, which are located at −17 ppm to 

−22 ppm321-324 and at −27 ppm to −33 ppm331, 368, respectively. 

4.5.2.3.3 Refractive index of the cured phenylthiomethyl-group containing polysiloxanes 

The RIs of the doctor bladed polysiloxanes (Table 41) were measured in reflection mode using 

1-bromonaphthalene as contact fluid because of the high RI of the samples. Cinnamon oil can-

not be use here, because it is only suitable for RIs below 1.590, while 1-bromonaphthalene can 

be used up to a RI of 1.657. The refractive index of P20_PSMP40_MM40 can be determined 

with 1.583. Substituting the dimethyl (MM) group C monomer with the phenylmethyl (PM) 

one increases the value by 0.016 to 1.599 (P20_PSMP40_PM40). A further methyl to phenyl 

substitution to the diphenyl monomer (PP) raises the value by 0.017 to 1.616 

(P20_PSMP40_PP40). Switching the diphenyl monomer to the 4-(methylthio)phenylphenyl 

(PSMP) one increases the value by 0.019 up to 1.635 (P20_PSMP80).  

Table 41: RI of the cured thioanisole-containing polysiloxanes. 

Polysiloxane RI at 20 °C and 589 nm 

P20_PSMP40_MM40 1.583 

P20_PSMP40_PM40 1.599 

P20_PSMP40_PP40 1.616 

P20_PSMP80 1.635 
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These outstanding high numbers of 1.635 even exceed the values reported by Mosley et al., 

with 1.62 at 633 nm136 which is close to the 589 nm of the Abbé refractometer. The RI increases 

with decreasing wavelength, this effect is called “normal dispersion”.500-501 

4.5.2.3.4 Thermogravimetric analyses of the cured phenylthiomethyl-group containing 

polysiloxanes 

TGA measurements under oxygen and nitrogen atmosphere were performed for the four cured 

sulfur containing polysiloxanes (experimental section, Figures 393 – 394). The temperatures at 

5 % mass loss are listed in Table 42. Comparing the decomposition temperatures under oxygen 

atmosphere shows an increasing value from 340 °C for the polysiloxane with the dimethyl-

group C monomer (P20_PSMP40_MM40) up to 420 °C for the highly sulfurous one 

(P20_PSMP80). The T95% temperature of the methylphenyl one (P20_PSMP40_PM40) is with 

400 °C slightly higher than the 370 °C of the diphenyl-containing polysiloxane 

(P20_PSMP40_PP40), although a higher phenylic content should lead to a higher thermal sta-

bility.222 The length of the hydride and vinyl copolymers as well as small cyclic siloxanes re-

duce the temperature at 5 % mass loss.222, 502 The decomposition temperature (T95%) under ni-

trogen atmosphere increases with increasing phenyl content222 starting from 

P20_PSMP40_MM40 with 330 °C. The value is slightly lower than under oxygen atmosphere, 

which can be explained because the activation energy as well as the thermal conductivity under 

oxygen is higher than under nitrogen resulting in an earlier decomposition under nitrogen.376 

The polymer with the methylphenyl-group C monomer (P20_PSMP40_PM40) has a T95% value 

of 380 °C, which is 25 °C lower than the value under oxygen atmosphere. Here, other effects 

are also responsible for the difference, like the time of the measurement. The nitrogen samples 

were measured earlier, while the oxygen sample remained open in the cup for several hours 

until they could be measured. The diphenyl-containing one (P20_PSMP40_PP40) shows a de-

composition temperature of 400 °C which is 25 °C higher than under nitrogen atmosphere. Sub-

stituting the diphenyl monomer with the phenylthiomethyl one even further increases the value 

up to 420 °C which equals the value under nitrogen atmosphere. 

Table 42: T95%’s from the TGA analyses of the cured phenylthiomethyl-group containing polysiloxanes. 

Polysiloxane T95%, O2 [°C] T95%, N2 [°C] 

P20_PSMP40_MM40 341 334 

P20_PSMP40_PM40 405 380 

P20_PSMP40_PP40 375 400 

P20_PSMP80 417 422 
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4.5.2.3.5 DSC analyses of the cured phenylthiomethyl-group containing polysiloxanes 

DSC measurements of the cured polysiloxanes (experimental section, Figures 395 – 396) were 

recorded to determine the Tm’s and the Tg’s (Table 43). The Tg increases by around 15 °C by 

substitution a methyl with a phenyl-group or adding a sulfur atom. Starting from 1 °C for the 

P20_PSMP40_MM40 polymer with the dimethyl-group C monomer, the Tg increases to 14 °C 

for the P20_PSMP40_PM40 polysiloxane when a methyl-group is substituted. An additional 

substitution at the group C monomer leads to the P20_PSMP40_PP40 polymer with a Tg of 

31 °C. The Tg can further be increased up to 47 °C by switching the diphenyl-group C monomer 

with the 4-(methylthio)phenylphenyl one (P20_PSMP80). The Tg values of the cured polysilox-

anes are about 25 °C to 40 °C higher than the mean of the Tg values from the corresponding 

hydride and vinyl copolymers, which results from the cross-linking process. 

The Tm also increase with increasing phenyl and sulfur content from P20_PSMP40_MM40 with 

35 °C up to 87 °C for P20_PSMP80, respectively. By substituting the dimethyl-group C mon-

omer with the methylphenyl one (P20_PSMP40_PM40) the value increases by around 10 °C, 

a further substitution to P20_PSMP40_PP40 or a formal addition of a methylthioether-group to 

P20_PSMP80 each increases the value by 20 °C. The amount of melting enthalpy although is 

very low with around 0.2 J/g to 0.5 J/g. 

Table 43: Tg, Tm and the integrating melting energy Em of the cured phenylthiomethyl polysiloxanes. 

Polysiloxane Tm [°C]  Em [J/g] Tg [°C] 

P20_PSMP40_MM40 35.1 0.353 1.3 

P20_PSMP40_PM40 46.5 0.516 14.1 

P20_PSMP40_PP40 66.1 0.335 31.4 

P20_PSMP80 86.8 0.176 47.5 

4.5.2.3.6 UV/Vis measurements of the cured phenylthiomethyl-group containing pol-

ysiloxanes 

UV/Vis measurements of the doctor bladed onto glass slides and cured samples are shown in 

Figure 175. The polysiloxanes are highly transparent and colourless, the polysiloxane film is 

about one centimetre wide and 50 µm thick after the curing and located in the middle of the 

glass slide. The UV/Vis measurements of the polysiloxanes (Figure 176) onto the glass slide 

were carried out with an integration sphere. The transmission measurements were corrected 

against the blank glass slide and the haze value was calculated from the transmission and scat-

tering measurements. The values at 450 nm are reported in Table 44. Overall, the transmission 

decreases with increasing the phenyl content and reducing the methyl content. Brunchi et al. 

reported a reduction down to 95 % when using 50 % of phenyl side-groups.228 
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Figure 175: Images of cured phenylthiomethyl-group containing polysiloxanes, a) P20_PSMP40_MM40, 

b) P20_PSMP40_PM40, c) P20_PSMP40_PP40 and d) P20_PSMP80. 

Here, the transmission of the highly methyl-group containing polysiloxane 

(P20_PSMP40_MM40) is around 100 % and it decreases by around 1 % per substitution of a 

methyl-group with a phenyl one or by adding the thiomethyl-group. The first substitution from 

MM to PM decreases the value to 99 % for P20_PSMP40_PM40. 
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Figure 176: UV/Vis transmission measurements and haze value calculations for the cured phenylthiome-

thyl-group containing polymers. 

The second substitution from PM to PP decreases the transmission to 98 % for 

P20_PSMP40_PP40. Switching the diphenyl monomer (PP) with the 4-(methylthio)phe-

nylphenyl one further reduces the value to 97 % for P20_PSMP80. Overall, even a 97 % trans-

mission is outstanding for optoelectronic materials. 

The haze values seem to mainly depend on the sulfur content. Varying the phenyl content from 

50 % of the side-groups of P20_PSMP40_MM40 over 70 % of P20_PSMP40_PM40 to 90 % 

a) b) c) d) 
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of P20_PSMP40_PP40 slightly increases the haze value from 8 % to 10 %. Doubling the 

amount of sulfur from 20 % of the side-groups from P20_PSMP40_XX40 to 40 % for 

P20_PSMP80, also nearly doubles the haze to 17 %.503-506 

Table 44: Transmission and haze values of the cured thioanisole-containing polysiloxanes at 450 nm. 

Polysiloxane T450 [%] H450 [%] 

P20_PSMP40_MM40 100 8 

P20_PSMP40_PM40 99 9 

P20_PSMP40_PP40 98 10 

P20_PSMP80 97 17 

 

The yellowness index (YI, Table 45) ranges from 0.1 to 0.7, indicating a slightly yellow colour. 

It rises with increasing phenyl content from 0.1 for the dimethyl-group C monomer containing 

P20_PSMP40_MM40 to 0.2 for P20_PSMP40_PM40. Introducing a further phenyl-group by 

replacing the PM monomer with the PP one, it drastically increases to 0.5 for 

P20_PSMP40_PP40. The substitution of a phenyl-group by the 4-(methylthio)phenylphenyl-

group leads to a further increase to 0.7. The whiteness index (WI) shows the same trend, it 

decreases from marginally over 100.2 to 96.9, which indicates a light blue colour which weak-

ens with increasing phenyl respectively sulfur content down to a slightly yellow colour with a 

WI of 96.9. It is close to the optimum of 100 which represents a nearly colourless sample. The 

WI of the dimethyl-group C monomer containing polysiloxane P20_PSMP40_MM40 is 

slightly over 100, substituting a methyl-group from the MM monomer to PM one 

(P20_PSMP40_PM40) further decreases the value to marginally under 100. Changing another 

methyl-group from PM to another phenyl (PP) one reduces the value to 97.4 for 

P20_PSMP40_PP40. Adding another sulfur atom in P20_PSMP80 decreases the value to 96.9, 

which is still a very good value, the yellow colouration cannot be seen with the bare eye. Over-

all, the trend that an increase of the phenyl content increases the yellow colour is observable.474 

The P20_PSMP40_MM40 shows the least amount of yellowing because of the lowest amount 

of phenyl-groups, but the difference in the calculated numbers, especially compared to 

P20_PSMP40_PM40, is very small and therefore negligible. Other reasons for the yellow col-

our besides the increasing phenyl content is the formation of small yellow to brown platinum 

nanoparticles around a diameter of 3 nm to 5 nm, which can be produced by the reaction of the 

platinum catalyst with the Si-H group.474, 507 
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Table 45: Yellowness and whiteness indices of the cured phenylthiomethyl-group containing polysiloxanes. 

Polysiloxane YI WI 

P20_PSMP40_MM40 0.1 100.2 

P20_PSMP40_PM40 0.2 99.9 

P20_PSMP40_PP40 0.5 97.4 

P20_PSMP80 0.7 96.9 

4.5.2.3.7 Thermal aging test of the cured phenylthiomethyl-group containing polysilox-

anes 

The glass slides with the doctor bladed and cured phenylthiomethyl-group containing polysilox-

anes (Figure 177) were placed in an oven at 180 °C for 63 days (1512 h) to simulate the heat 

generated from the LED chip during the operation of the LED while the humidity was not 

changed artificially. The higher phenylic samples P20_PSMP40_PP40 and P20_PSMP80 show 

cracks after the thermal heating, because these side-groups increase the viscosity of the hydride 

and vinyl copolymers and therefore also the one of the cured polymers. Mosley et al. also re-

ported a buckling of their sample under heat exposure.136 

 
Figure 177: Methylthiophenyl-group containing polysiloxanes before (top) and after (bottom) the thermal 

heat treatment at 180 °C for 63 days under air atmosphere. 

The change of the material was evaluated using UV/Vis measurements in transmission and 

scattering mode to calculate the corrected transmission and haze spectra. Both values at 450 nm 

are displayed in Figure 178. The transmission of the highly methyl-group containing 

P20_PSMP40_MM40 starts with the highest value of around 100 %, but after four days it drops 

under 90 % and remains below all other values. The constant decrease slows down after 41 days 

with 63 % transmission, but still drops down to 59 %. The P20_PSMP40_PM40 shows the 

second highest transmission in the beginning with 99 % and after a drop during the first seven 

days down to 92 %, the transmission slightly decreases during the next 56 days to 87 % which 

P20_ 

PSMP40_MM40 PSMP40_PM40 PSMP40_PP40  PSMP80 

Before 

After 
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is the highest value achieved after the completed test. P20_PSMP40_PP40 and P20_PSMP80 

show the second lowest respectively lowest transmission in the beginning and after a drop down 

to 90 % respectively 84 %, both curves stay close to each other. After 63 days, a transmission 

of 64 % for P20_PSMP40_PP40 and P20_PSMP80 was reached and stayed above the trans-

mission of P20_PSMP40_MM40. Mosley et al. reported a 90 % transmission after 70 days un-

der 200 °C and oxygen atmosphere in the UV region for their 4-(phenylthio)phenylphenyl-

group containing polysiloxane and claimed it onto the only 96 % purity of the 4-(phenyl-

thio)phenylphenyldimethoxysilane monomer.136 90 % transmission of the best sulfur contain-

ing polysiloxane could nearly remained after 63 days under 180 °C and oxygen atmosphere. 

The haze values drop in the first seven days and remain at the value without change. The three 

P20_PSMP40_XX40 samples have an initial value of around 10 % which drops between 7 % 

and 8 %. The P20_PSMP80 shows an initial value of 17 % which drops to 11 %. 
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Figure 178: Transmission and Haze value at 450 nm for the thioanisole-containing polysiloxanes during a 

heat treatment of 180 °C for 63 days (1512 h). 

To evaluate the amount of colouration by the yellowing of the samples, the yellowness and 

whiteness indices were calculated and are displayed in Table 46. The yellowness index in-

creases for all polymers, which supports the visual strong yellow colouration (Figure 177). The 

yellow colouration is inversely proportional to the transmission because the yellow colour ab-

sorbs photons.7, 316 P20_PSMP40_MM40 shows the highest value with 35.3, which is in agree-

ment with the transmission measurement, where it has the lowest value. The 

P20_PSMP40_PP40 shows the second highest value with 30.7 and the highly sulfuric 
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P20_PSMP80 has a value of 26.1. These high values around 30 imply a strong yellow colour. 

The P20_PSMP40_PM40 shows a drastically lower value of 11.5, which is agreement with the 

images and the transmission measurements. The whiteness index supports the statement of the 

YI and indicates a strong yellow colour. The lowest value of −11.2 for P20_PSMP40_MM40 

displays a very strong yellow colour, which increases for P20_PSMP40_PP40 with a WI of 1.3 

and therefore the amount of the yellow colouration decreases. P20_PSMP80 shows the second 

highest value of 12.7 which indicates a lower yellow colouration. The least amount of yellowing 

has P20_PSMP40_PM40 with a value of 66.6, which is the closest one to 100 and supports the 

transmission measurements. 

Table 46: Yellowness and whiteness indices after synthesis and after 63 days under 180 °C. 

 YI after 

synthesis 

YI 

after 63 d 

WI after 

synthesis 

WI 

after 63 d 

P20_PSMP40_MM40 0.1 35.3 100.2 −11.2 

P20_PSMP40_PM40 0.2 11.5 99.9 66.6 

P20_PSMP40_PP40 0.5 30.7 97.4 1.3 

P20_PSMP80 0.7 26.1 96.9 12.7 
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4.5.2.4 Conclusion for the phenylthiomethyl-group containing polysiloxanes 

With the newly sulfur containing high refractive index monomer 4-(methylthio)phenylphenyl-

dimethoxysilane (PSMP) novel hydride- and vinyl-group containing copolymers were synthe-

sised (Figure 179). These show high refractive indices from 1.564 to 1.623 and, for linear co-

polymers, already high thermal stabilities up to 360 °C under nitrogen and oxygen atmosphere. 

The different monomer compositions allow a tuneable glass transition temperature from −28 °C 

to 13 °C. These hydride and vinyl copolymers were then thermally cross-linked using Ossko’s 

platinum catalyst. 

 
Figure 179: Overview of the synthesis of the phenylthiomethyl-group containing polysiloxanes from mono-

mers. 

These new materials show a very high refractive index of 1.583 to 1.635 depending on the used 

monomers and copolymers which is significantly higher than the 1.552 of the OE-6630. A very 

high transmission of over 97 % can be achieved for all sulfur containing polysiloxanes, which 

is close to the 99 % of the OE-6630 system. The calculated colouration from the yellowness 

and whiteness indices are close to the optimal value of zero for the YI and 100 of the WI. The 

sulfur containing polysiloxanes show YIs ranging from 0.1 to 0.7, while the OE-6630 has a 

comparably high value of 0.5. The WIs range from 96.9 to 100.2 and the OE-6630 is inside this 

range with a value of 99.0. The thermal stability of the systems reached around 420 °C for 

P20_PSMP80 under both nitrogen and oxygen atmosphere when using the T95% criteria, the 

OE-6630 polysiloxane shows a marginally higher temperature of up to 430 °C. The additional 

thermal aging test showed a high transmission of 90 % for the P20_PSMP40_PM40 system 



4 | RESULTS AND DISCUSSION 

203 

 

after 63 days under 180 °C while the OE-6630 remained a 99 % transmission over this period. 

Here, small residues and a too high platinum content drastically reduce the transmission under 

thermal aging, which was also investigated by Mosley et al.136 The YI and WI indices of the 

sulfur containing cured polysiloxanes are drastically increased or reduced during the long ther-

mal treatment which already can be seen in the optical images (Figure 177), respectively. An-

other reason could be the sulfur because the raw product of the phenylthiomethyl-group con-

taining monomer also shows a light-yellow colour, which disappears after distillation. This ob-

servation is also reported by Mosley et al.136 After several months, the purified monomer stored 

under argon atmosphere, shows again a slight yellow colour. Additionally, because of the cat-

alyst poisoning effect of the sulfur towards the platinum,386, 463 the reaction between the hy-

dride- and vinyl-groups is slower respectively more platinum has to be used. Too high amounts 

of platinum result in the formation of yellow platinum nanoparticles,136, 474, 507 this effect is 

increased when free Si-H groups are present.507 Overall, the self-prepared polymers not only 

matches the properties of the commercial OE-6630 system but excels them. But during the long 

thermal treatment, some impurities lead to a bigger problem of a yellow colouration which has 

still to be solved. 
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4.5.3 Synthesis and characterisation of phenanthrenyl-group containing pol-

ysiloxanes 

Besides the introduction of oxygen or sulfur atoms into the side-groups of the polysiloxane, 

Mosley et al. simultaneously used a higher aromatic content to increase the refractive index 

with formally seen three phenyl rings per silicon D monomer.136 Another approach to introduce 

more phenyl-groups is the use of conjugated aryl-groups like the naphthyl297-298, anthracenyl299 

or phenanthrenyl one. Because these side-groups are larger and not as flexible as the previously 

used phenyl-, 4-(phenoxy)phenyl- or 4-(methylthio)phenyl-group, a methyl-group on the D sil-

icon atom of the newly synthesised monomers was also used instead of only the phenyl one. 

Therefore 9-bromophenanthrenyl (PH) was used in a Grignard reaction with methyl- or phe-

nyltrimethoxysilane to receive both phenanthren-9-ylmethyldimethoxysilane (Figure 180, 

PHM) and phenanthren-9-ylphenyldimethoxysilane (PHP). 

 
Figure 180: Overview of the used monomers for the phenanthrenyl-group containing polysiloxanes and 

their abbreviation. 

These novel high refractive index group B monomers were polymerised with hydride- or vinyl-

group A monomers and a group C monomer, which consists of either dimethyl- (MM), 

methylphenyldimethoxysilane (PM) or diphenylsilanediol (PP). These linear hydride and vinyl 

copolymers were thermally cured using Ossko’s platinum catalyst. Additionally, polysiloxanes 

with a general monomer composition of group A: hydride/vinyl (H/V), B: phenanthrenylmethyl 

(PHM) and C: diphenyl (PP) were polymerised using different amounts of these groups to be 

able to compare the effects of these groups among themselves. 
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4.5.3.1 Synthesis and characterisation of the phenanthrenyl-group containing mon-

omers 

For the investigation of the influence of conjugated electron rich substituents, which according 

to the calculations of the Lorentz-Lorenz equation136, 227-228 increase the RI, new monomers 

have to be synthesised. Since these groups are known to significantly increase the viscosity of 

the copolymers because of their sterical demand508-509 and the resulting brittleness of the cured 

films, two variants of the dimethoxysilane monomer were prepared. One with an additional 

methyl-group (PHM) and one with a phenyl-group (PHP). The Grignard syntheses (Figure 181) 

start from 9-bromophenanthrene with magnesium granules which were reacted with methyltri-

methoxysilane (PHM) or phenyltrimethoxysilane (PHP), respectively. Both syntheses are based 

on published procedures of Mosley et al.136 and Kondo et al.510-511 

 
Figure 181: Grignard syntheses for phenanthren-9-ylmethyldimethoxysilane (PHM) 

 and phenanthren-9-ylphenyldimethoxysilane (PHP). 

In the first few syntheses, the magnesium organyl and the trimethoxysilane were reacted in a 

ratio of about 1:1, which leads to various side products of multiple substitutions. Unreacted 

educts can be removed at low temperatures under high vacuum. The double reacted species, 

especially in the PHP synthesis, remain in the flask during distillation due to its extreme high 

boiling point. The synthesis was modified to increase the methyl- or phenyltrimethoxysilane to 

9-bromophenanthrene ratio to approximately 4:1. This nearly prevents the formation of the 

double substituted product and the unreacted trimethoxysilane can be removed by high vacuum 

distillation under room temperature. 

The PHM monomer was synthesised as colourless oil in 53 % yield, therefore a refractive index 

of 1.631 at 20 °C and 589 nm can be determined. Comparing this value with three cyclic aro-

matics with the 1.544 for the two phenyl-group containing diphenyldimethoxyislane (PP) or the 

1.479 for the one phenyl-group containing methylphenyldimethoxysilane (MM), an increase of 
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around 0.070 per additional cyclic aromatic can be calculated.419 After some months crystal 

could be grown directly out of the pure monomer. 

The purified PHP monomer was obtained as a colourless solid in 76 % yield and crystals could 

also be grown. A refractive index could not be measured because the melting point is above 

80 °C and the refractometer could be damaged using higher temperatures. With the estimation 

of an increase of around 0.070 per aromatic, a theoretical value of ~1.700 for the PHP monomer 

with four aromatic rings can be assigned. Since purification by distillation takes a long time and 

remains incomplete, the synthesis was optimised. After the crude product has been dried and 

the phenyltrimethoxysilane was removed, it can be recrystallised in hexane for purification. 

4.5.3.1.1 FT-IR spectra of the phenanthrenyl-group containing monomers 

FT-IR measurements of the two monomers were recorded (Figure 182). The monomer shows 

the C-H bands at 2962 cm-1, at 2935 cm-1, at 1257 cm-1, at 960 cm-1, at 742 cm-1 and at 

667 cm-1.346-347 The aromatic C=C vibrations are located around 1612 cm-1, 1583 cm-1 and 

1489 cm-1.495 The Si-O-C vibration from the methoxy-group (dark grey area) is clearly visible 

at 2835 cm-1 and at 1184 cm-1.346 Both monomers show the Si-O vibrations in the region of 

1170 cm-1.346-347 The Si-C bands are located at 1445 cm-1, at 1251 cm-1 as well as at 1170 cm-1 

and in the area of 680 cm-1 till 780 cm-1 which is in the region of C-H bands.346 
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Figure 182: FT-IR spectra of phenanthren-9-ylmethyldimethoxysilane (PHM) and phenan-

thren-9-ylphenyldimethoxysilane (PHP). 

The additional signal at 1120 cm-1 in the PHP spectrum also refers to the Si-CAr group. This 

Si-CAr vibration at 1170 cm-1 splits into a doublet when two aromatic groups are attached on 
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one silicon atom, according to Launer.346 The second PHP signal and the single PHM signal are 

around 1170 cm-1 and under the Si-O signal.346 

4.5.3.1.2 NMR spectra of the phenanthrenyl-group containing monomers 
1H, 13C and 29Si NMRs of the monomers were recorded (Figures 183 – 185 and 398 – 400), but 

only the 1H NMR and 29Si NMR are shown here. In both 1H NMRs (Figures 183 – 184) all 

signals are assignable to PHM and PHP, respectively. In the PHM spectrum, small unknown 

signals in the aromatic area are also visible, they do not belong to the educt 9-bromophenan-

threne or to solvent residuals like toluene. The signals can also not be assigned to phenanthrene 

because of the very low field shift, but they have to belong to a phenanthrene species.426-428, 512 

In the 29Si NMR (Figure 185), one signal is visible at −13.1 ppm which belongs to PHM.  

 
Figure 183: 1H NMR (300 MHz, CDCl3) of phenanthren-9-ylmethyldimethoxysilane.  

In the 1H NMR spectrum of PHP (Figure 184), small aromatic signals in the range from 7.3 ppm 

to 7.7 ppm are visible, which most likely belong to the unreacted educt phenyltrimethoxysilane.  

 
Figure 184: 1H NMR (300 MHz, CDCl3) of phenanthren-9-ylphenyldimethoxysilane. 

In the 29Si NMR (Figure 185) the product signal of PHP at −29.7 ppm is visible. No additional 

signal for the educt phenyltrimethoxysilane was separately measured and shows a signal at 

around −54.5 ppm, which cannot be observed here. 
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Figure 185: 29Si NMR (60 MHz, CDCl3) of a) phenanthren-9-ylmethyldimethoxysilane (PHM) and b) phe-

nanthren-9-ylphenyldimethoxysilane (PHP). 

4.5.3.1.3 Crystal structure of the phenanthrenyl-group containing monomers 

From the synthesised PHM and PHP monomers, single crystals and thus a single crystal struc-

ture analysis (Figure 186) were obtained. The crystal data (Table 47), the bond lengths, and 

angles (Table 48) are discussed in the following section. 

 
Figure 186: Crystal structure of a) phenanthren-9-ylmethyldimethoxysilane (PHM) 

 and b) phenanthren-9-ylphenyldimethoxysilane (PHP). 

The methyl-group containing PHM monomer crystallises in the monoclinic space group P21/c, 

while the phenyl-group containing PHP monomer crystallises in the orthorhombic space group 

Pbca. The packing diagrams are shown in Figure 187. 
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Figure 187: Packing diagrams of a) phenanthren-9-ylmethyldimethoxysilane (PHM) 

 and b) phenanthren-9-ylphenyldimethoxysilane (PHP). 

Table 47: Crystal data of the synthesised PHM and PHP monomers. 

Monomer PHM PHP 

Space group 
P21/c (14) 

monoclinic 

Pbca (61) 

orthorhombic 

a 1018.25(18) pm  1013.11(3) pm  

b 746.59(13) pm 1531.34(5) pm 

c 2005.6(4) pm 2393.66(7) pm 

α 

β 

γ 

90° 90° 

100.688(9)° 90° 

90° 90° 

V 1.4983(5) nm3 3.7136(2) nm3 

 

The important bond lengths and angles are shown in Table 48. The length of the bond between 

the phenanthrenyl carbon atom (C1) and the silicon atom is with 186.75(1) pm for PHM mon-

omer and 186.52(11) pm for the PHP monomer marginally larger than the usually observed 

Si-C bond with around 185 pm.492 The distance between the silicon atom and the carbon atom 

of the methyl- and phenyl-group (C15) is with 184.96(1) pm for PHM identical with the general 

literature value and with 185.57(12) pm for the PHP slightly larger than in the literature, re-

spectively.492 The bond length between the silicon atom and the two oxygen atoms is with 

163.80(1) pm and 164.33(1) pm for the PHM molecule in the typical range of these bonds.491 

The Si-O distances for PHP is with 162.81(10) pm and 163.11(10) pm almost identical with the 

standard reported in literature.491  

a) b) 
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A torsion angle between the two aromatic planes of phenanthren-9-ylphenyldimethoxysilane of 

87.28(3)° indicates a slight distortion compared to the ideal 90° angle. The phenanthrenyl-group 

shows an angle of 111.70(0)° between the methyl and an angle of 113.37(5)° between the ste-

rical more demanding phenyl-group of PHP. Because of the large phenanthrenyl-group, both 

values exceed the tetrahedral angle of 109.5°. The angle between the C1 atom and one of the 

oxygen atoms for PHM is with 107.90(0)° for C1-Si-O1 and 109.33(0)° for C1-Si-O2 smaller 

than the tetrahedral one, while for PHP, one angle is with 102.72(5)° (C1-Si-O1) much smaller 

and the other one with 112.49(5)° (C1-Si-O2) larger than the tetrahedral one. This results in a 

smaller angle between the oxygen atoms for PHM, while for PHP the angle is slightly larger. 

The angle between the methyl or phenyl carbon atom and one of the oxygen atoms therefore is 

112.20(0)° or 109.67(0)° for PHM and 103.94(5)° or 112.49(5)° for PHP. 

Table 48: Selected bond lengths and angles of both phenanthrenyl-group containing monomers. 

 PHM PHP 

Angle: C1-Si-C15 111.705(2)° 113.37(5)° 

Angle: C1-Si-O1 107.904(3)° 113.67(5)° 

Angle: C1-Si-O2 109.330(3)° 102.72(5)° 

Angle: C15-Si-O1 112.200(3)° 103.94(5)° 

Angle: C15-Si-O2 109.676(3)° 112.49(5)° 

Angle: O1-Si-O2 105.824(3)° 110.93(6)° 

Torsion angle between planes: phenanthrenyl and Me/Ph − 87.282(32)° 

Distance: Si-C1 186.75(1) pm 186.52(11) pm 

Distance: Si-C15 184.96(1) pm 185.57(12) pm 

Distance: Si-O1 163.80(1) pm 162.81(10) pm 

Distance: Si-O2 164.33(1) pm 163.11(10) pm 



4 | RESULTS AND DISCUSSION 

211 

 

4.5.3.2 Synthesis and characterisation of the hydride or vinyl and phenanthrenyl-

group containing copolymers 

With the two novel phenanthrenyl-group containing monomers, various hydride- and vi-

nyl-group containing copolymers were synthesised based on the earlier described modified syn-

thetic routes (Figure 188) reported by Mosley et al.136 and Kim et al.138, 317 The hydride 

polymerisation was carried out using concentrated hydrochloric acid as catalyst and tetra-n-

butyl ammonium hydroxide was used for the vinyl polymerisation. The polycondensation re-

action was performed in an aqueous methanol solution for three hours at 85 °C for the first hour 

and 115 °C for the last two ones. 

 
Figure 188: General hydride- or vinyl- and phenanthrenyl-group containing copolymer syntheses, exem-

plarily shown for X20_PHM40_PP40. 

For the copolymers usually 20 mol% of cross-linking group A monomer, 40 mol% of high RI 

group B monomer and 40 mol% of lower RI group C monomers like dimethyl- (MM), phenyl-

methyl- (PM) and diphenylsiloxane (PP) were used in a sol-gel reaction. Additionally, a com-

position with different amounts of H/V, PHM and PP are used for the syntheses of 

Xm0_PHMn0_PPo0. The nomenclature is exemplarily shown (Figure 188) for 

H20_PHM40_PP40 and V20_PHM40_PP40, which consists of 20 mol% of H or V, 40 mol% 

of PHM and 40 mol% of PP referred to the total silicon atom content. All synthesised hydride 

and vinyl and phenanthrenyl-group containing copolymers are listed in Table 49. 
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Table 49: Overview of all synthesised phenanthrenyl-group containing copolymers. 

Group A Group B Group C Copolymer 

20 % H 40 % PHM 40 % MM H20_PHM40_MM40 

20 % V 40 % PHM 40 % MM V20_PHM40_MM40 

20 % H 40 % PHM 40 % PM H20_PHM40_PM40 

20 % V 40 % PHM 40 % PM V20_PHM40_PM40 

20 % H 40 % PHM 40 % PP H20_PHM40_PP40 

20 % V 40 % PHM 40 % PP V20_PHM40_PP40 

    

40 % H 20 % PHM 40 % PP H40_PHM20_PP40 

40 % V 20 % PHM 40 % PP V40_PHM20_PP40 

40 % H 40 % PHM 20 % PP H40_PHM40_PP20 

40 % V 40 % PHM 20 % PP V40_PHM40_PP20 

    

20 % H 40 % PHP 40 % MM H20_PHP40_MM40 

20 % V 40 % PHP 40 % MM V20_PHP40_MM40 

20 % H 40 % PHP 40 % PM H20_PHP40_PM40 

20 % V 40 % PHP 40 % PM V20_PHP40_PM40 

20 % H 40 % PHP 40 % PP H20_PHP40_PP40 

20 % V 40 % PHP 40 % PP V20_PHP40_PP40 

4.5.3.2.1 FT-IR spectra of the phenanthrenyl-group containing copolymers 

FT-IR analyses were recorded for all 16 copolymers (experimental section, Figures 405 – 412), 

but only one hydride and one vinyl spectrum from the PHM or PHP group containing polymers 

are shown here (Figure 189). The copolymers show slightly different FT-IR spectra compared 

to the PHM or PHP monomers ones because of the copolymerisation with other monomers. The 

already mentioned groups and bands are not described here, see 4.5.3.2.1. The methoxy signals 

are no longer present due to the sol-gel reaction, also additional bands for the Si-O backbone 

are visible from 1000 cm-1 to 1150 cm-1.346-347 Because of the copolymerisation of group A and 

C monomers with PHM or PHP, new signals are present. The vinyl copolymers 

V20_PHM40_PM40 and V20_PHP40_PM40 have signals at 1404 cm-1 and at 962 cm-1 repre-

senting the vinyl-group (yellow).234-235, 319, 370 The hydride polymers H20_PHM40_PM40 and 

H20_PHP40_PM40 in contrast show Si-H signals (dark grey) at 2164 cm-1 and at 897 cm-1.234-

235, 319, 346-347 
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Figure 189: FT-IR spectra of hydride or vinyl and phenanthrenyl-containing linear copolymers 

X20_PHM40_PM40 and X20_PHP40_PM40. 

4.5.3.2.2 Fluorescence spectroscopy of the phenanthrenyl-group containing copolymers 

Because larger conjugated π-systems can be excited at lower wavelengths,513 fluorescence 

measurements of V20_PHM40_PP40 in tetrahydrofuran were performed to evaluate if these 

side-groups show unwanted fluorescence when excited at 450 nm (Figure 190). The emission 

spectrum shows the highest fluorescence at 457 nm when excited at 370 nm. 
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Figure 190: Excitation and emission spectrum of V20_PHM40_PP40. 
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In the excitation spectrum the intensity at 450 nm is almost zero, which means no significant 

fluorescence is present and these groups are suitable for blue LED applications. 

4.5.3.2.3 NMR spectra of the phenanthrenyl-group containing copolymers 
1H, 13C and 29Si NMR were recorded for all copolymers (experimental section, Figures 413 – 

428) and show all the desired signals. The CDCl3 signal cannot be used as reference for the 1H 

NMR spectra, because the phenanthrenyl and the phenyl-groups are present over a large area 

in the aromatic region. Therefore, the toluene CH3 signal at 2.36 ppm is used here. The toluene 

is present in all samples because it could not completely be removed by the purification. Ex-

emplarily the 1H and 29Si NMR spectra of V20_PHP40_PM40 and H40_PHM20_PP40 are 

shown below (Figures 191 and 192), because they represent all but the dimethylsiloxane-group 

in the 29Si NMR. 

 
Figure 191: 1H NMR (400 MHz, CDCl3) of V20_PHP40_PM40 and H40_PHM20_PP40 to show all im-

portant regions. 

The 1H NMRs show the signals of the methyl (M, −0.5 – 0.5 ppm), the hydride (H: 4.6 – 

5.3 ppm), the vinyl (V: 5.6 – 6.4 ppm) and the phenanthrenyl (PH) as well as the phenyl (P) 

groups in the region of 6.9 ppm to 8.8 ppm. 

The 29Si NMR spectra show a low signal-to-noise ratio because only 400 mg of sample were 

used and left, respectively. In the 29Si NMRs there are seven regions of D signals referring to 

the seven silicon atoms with different side-groups. The lowest chemical shift signal relates to 

the MM group at around −17 ppm to −22 ppm,321-324 but neither V20_PHP40_PM40 nor 

H40_PHM20_PP40 consists of these groups, therefore no signals are present in the spectra. The 

PM group shows signals at −27 ppm to −33 ppm331, 368 and the PP group is located at −42 ppm 

to −46 ppm.234-235, 319, 324, 331, 368 The signal from the methylsiloxane- (H) group can be seen at 

−34 ppm to −38 ppm323-324, 331 and the signal of vinylphenylsiloxane (V) at −41 ppm to 

−43 ppm.53,61,83 The phenanthren-9-ylmethylsiloxane (PHM) signal is in the region of −29 ppm 

to −37 ppm, the phenanthren-9-ylphenylsiloxane (PHP) one is located at −43 ppm to −50 ppm. 
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Both groups show slightly high-field shifted values compared to PM or PP, because of the larger 

aromatic system.431, 490 The large signal range compared to molecules results from the impact 

of the neighboured groups inside the polymer as well as at the end of the chain to the chemical 

shift.138 In the hydride polymerisations, the Piers-Rubinsztajn reaction can always occur, which 

is the formation of a Si-O-Si bond from Si-H and Si-OR.514 

 
Figure 192: 29Si NMR (101 MHz, CDCl3) of V20_PHP40_PM40 and H40_PHM20_PP40 to show all im-

portant regions. 

For H20_PHM40_PP40, additional signals in the 2D 1H 29Si HMBC NMR at around −19.5 ppm  

are visible (experimental section, Figure 403) that cannot observed in the 1D 29Si NMR and 

therefore the amount is very small. Nevertheless, these signals are in an area where this copol-

ymer should not have any signals, because it does not contain any dimethylsiloxane-groups 

(MM). Further analysis showed that these peaks belong to the methoxylated phenan-

thren-9-ylmethyl (MeO-SiPHM-O-) end group and indicates an uncompleted condensation pro-

cess. Also, at 3.5 ppm in the 1H NMR the methoxy signals are visible and can be assigned to 

the phenanthren-9-ylmethyl-group and the methylphenyl one via 2D 1H 29Si HMBC NMR (Fig-

ure 403). The integration at 3.4 ppm can be calculated to 0.5 methoxy-groups per hydride-

group. 

In the 29Si NMR of H20_PHP40_PM40 are signals at around −20 ppm, which cannot be as-

signed to one of the three used monomers. Therefore, also a 2D 1H 29Si HMBC NMR was 

recorded (Figure 404), it showed, that the silicon atom is close to phenyl and methyl-groups, 

but not in the coupling range of phenanthren-9-yl- or hydride- groups. An explanation can be 

the reaction of the -MeSiH- group to a -MeSiCx- one, because these aliphatic D groups like 

dimethylsiloxane (MM) show signals in this region. In the 1H NMR about 0.3 methoxy groups 

at 3.5 ppm per hydride atom are also visible, which can be assigned to the -MeSiH-O- group 

applying 2D NMR spectroscopy. This group is in neighbourhood of one PHP group, which can 
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be seen by the highly low field shifted 1H NMR signals at 8.5 ppm. The ethoxy-group intro-

duced by the hydride monomer is no longer present, because no signals are visible in the 1H 

and 13C NMR. Instead, the methoxy signals are present in both NMRs. Therefore, during the 

polycondensation reaction the ethoxy-groups react before the methoxy-groups which was also 

observed in the kinetic study. 

4.5.3.2.4 Molecular weight determination of the phenanthrenyl-group containing copoly-

mers 

The molecular weights of the linear hydride- or vinyl- and phenanthren-9-yl-containing copol-

ymers were estimated using 1H NMR spectroscopy and SEC analyses. For the 1H NMR, the 

synthesised polysiloxanes were treated with tert-butyldimethylchlorosilane to introduce a ter-

minal group which can be recognized in the spectrum (Figure 193). The OH end groups of the 

synthesized polysiloxanes were reacted with a high excess of the chlorosilane using triethyla-

mine as catalyst. The introduced tert-butyl-group has a chemical shift of 0.9 ppm to 1.0 ppm 

with an integration of 18 protons for the two end groups and the dimethyl-groups are visible at 

0.4 ppm revealing an integration of twelve protons for both end groups. The estimated mass of 

the hydride polymers is most likely slightly smaller than the real value, because of the possible 

reaction of the Si-H group with tert-butyldimethylchlorosilane under the basic conditions and 

the resulting polysiloxane might not be linear anymore. This side reaction is concluded from a 

lower integration of the hydride proton or from a T signal in the 29Si NMR at −65 ppm,321, 324 

for example in the spectrum of H20_PHP40_PP40. 

 
Figure 193: End group capping reaction of poly[vinylphenyl-co-phenanthren-9-ylmethyl-co-diphenyl]si-

loxane (Vn0_PHMm0_PPo0) using tert-butyldimethylchlorosilane. 

All calculated average molecular weights range from 6000 g/mol to 41000 g/mol (Table 50). 

The MW of the vinyl copolymers is higher or equal than the one of hydride copolymers, except 

H20_PHM40_MM40 and H40_PHM40_PP20. They also should show lower values compared 

to the vinyl compound, because of the lower reaction speed for hydride-containing ethoxides 

compared to vinyl ones.515 The measured SEC masses vary between 800 g/mol and 2200 g/mol. 

Nearly all values are significantly lower than estimated by 1H NMR spectroscopy. Potential 

problems in the NMR estimation method are unreacted and small molecules as well as the po-

tential Si-H side reaction with the chlorosilane leading to non-linear molecules, which overall 
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Table 50: Molecular weight and PDI of hydride- respectively vinyl- and phenanthrenyl-group containing 

copolymers using 1H NMR integration and SEC measurements. 

Hydride 

H20_ 

MW 

NMR 

[g/mol]  

MW 

SEC 

[g/mol]  

PDI 

SEC 

Vinyl 

V20_ 

MW 

NMR 

[g/mol] 

MW 

SEC 

[g/mol]  

PDI 

SEC 

PHM40_MM40 27200 21900 3.12 PHM40_MM40 2200 2500 1.24 

PHM40_PM40 8300 6300 1.74 PHM40_PM40 35200 8900 2.76 

PHM40_PP40 15200 1200 1.26 PHM40_PP40 18800 8300 2.38 

PHP40_MM40 6200 11800 3.05 PHP40_MM40 27100 12100 2.68 

PHP40_M40 9100 3100 1.44 PHP40_PM40 8800 800 1.09 

PHP40_PP40 10100 11900 3.67 PHP40_PP40 12800 1100 1.20 

H40_    V40_    

PHM20_PP40 9500 3400 1.43 PHM20_PP40 13900 2700 1.38 

PHM40_PP20 40700 4900 1.50 PHM40_PP20 27300 3000 1.47 

 

lead to a different value than determined by SEC analyses. These small molecules cannot be 

detected by SEC because they eluate with the solvent front. The SEC method is very sensitive 

to the environment and the chemical composition of the polymer, leading to two obstructions. 

First, the SEC instrument was calibrated using polystyrene standards and therefore the masses 

cannot be directly compared to the polysiloxane masses and second, all polysiloxanes have 

different amounts of specific side-groups, which results in different interactions with the col-

umns. For both methods, cyclic polysiloxanes are problematic for having no end groups which 

leads to a higher MW estimation and being non-linear, which results in a chemically different 

environment. 

The trend of the PDI values follow the length of the polysiloxane chains, higher MWs cause an 

increase of the PDI due to the broader mass distribution like seen in the kinetic analyses. The 

comparison of the SEC analysis of hydride- and phenanthren-9-ylmethyl-containing polymers 

(H20_PHM40_XX40) show a rapid decrease of MW and PDI with increasing the size of the 

group C monomer, which can result from an increased activation energy due to steric hindrance. 

While the vinyl- and phenanthren-9-ylmethyl-containing polymers (V20_PHM40_XX40) dis-

play a small molecular weight for the dimethyl (MM) monomer; the phenylmethyl (PM) and 
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the diphenyl (PP) monomers have equal MWs. Here, the chemical environment may be im-

portant. In the reaction with PM or PP monomers, all educts have phenyl-groups which increase 

the miscibility of each other. The comparison of H20_PHP40_XX40 shows an increasing MW 

from 6200 g/mol to 10100 g/mol in 1H NMR studies from smaller to larger group C monomers. 

In the SEC measurements, the MM and PP containing polymers show an equally high MW of 

11800 g/mol while the PM polymer shows a MW of only 3100 g/mol. For the 

V20_PHP40_XX40 polymers, the MM containing one has the highest MW and PDI, while the 

larger group C monomers show lower values in the SEC and 1H NMR. 

The variation of the composition of the H, PHM and PP group containing copolymers, named 

Hm0_PHMn0_PPo0 and Vm0_PHMn0_PPo0, shows the smallest MW and PDI for the 

20 mol% H containing sample. The highest MW and PDI shows the for the 20 mol% V contain-

ing sample. For the 40 mol% vinyl respectively hydride polysiloxanes containing low amounts 

of phenanthren-9-ylmethyl (PHM) or diphenyl (PP), the MW as well as the PDI are higher for 

the X40_PHM40_PP20 than the X40_PHM20_PP40 which shows a reduced reaction speed 

when using higher amounts of PP compared to PHM monomers. The reason may be because of 

the two phenyl-groups, despite being smaller than the phenanthrenyl one, shield the silicon 

atom from two sides, while for the PHM monomer, only one sterically demanding group (PH) 

is present. The M group is very flexible and small and therefore has only a very small impact. 

Overall, the observed results are difficult to interpret because of the chemical different mono-

mers and catalysts, as well as the various analytical methods SEC and 1H NMR giving different 

results. An explanation for these results can be the chemical difference between the small ali-

phatic methylsilane (H) and sterically large aromatic vinylphenylsilane (V) and their interaction 

with the small aliphatic dimethylsilane (MM) and sterically large aromatic diphenylsilane (PP) 

and phenanthren-9-yl (PH), as well as the used catalyst and the usage of diols and dialkoxides 

with their different reactivity towards each other and the catalysts. 

4.5.3.2.5 Refractive index of the phenanthrenyl-group containing copolymers 

RIs of the liquid copolymers vary from 1.521 to 1.633 (Table 51). All values, despite for PHP 

with PM or PP, are higher for the hydride copolymers. Because the RI depends both on molar 

refraction and molar volume according to the Lorentz-Lorentz equation,136, 227-228, 516 the size of 

the side-group plays an important role. The sterically smaller monomer methyldiethoxysilane 

can lead to a denser network compared to the sterically more demanding vinylphenyldiethox-

ysilane. This leads to a higher impact of the phenanthren-9-yl-groups, as can be seen in the 

study of the different compositions of Xm0_PHMn0_PPo0. The RI rises with increasing the 
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amount of phenyl (P) groups, precisely substituting a methyl one with a phenyl one. For every 

group, the RI increases by about 0.015 for the hydride copolymers despite H20_PHP40_PP40. 

For the vinyl ones on the other side, no correlation can be observed as some polymers, despite 

having a higher phenyl content, show no or only a slight increase which can be caused by re-

sidual solvent seen in the NMR data. The V20_PHM40_PX40 show only a small RI change of 

0.009 when switching the methyl-groups with the phenyl ones (X=M → X=P), while others 

like the V20_PHP40_XM40 show a large difference of 0.060. 

Reducing the amount of PP groups and increasing the amount of PHM groups from 

X40_PHM20_PP40 to X40_PHM40 _PP20 increases the RI approximately by a value of 0.020, 

which is within the earlier agreement, that every “ring” (phenyl-group) raises the value by 

0.015. Increasing the hydride content from H20_PHM40_PP40 reduces the RI by 0.010 or 

0.030 for H40_PHM20_PP40 or H40_PHM40_PP20. When increasing the vinyl content, the 

difference is very small because the V monomer already consists out of a phenyl-group and a 

vinyl one, which also has an RI impact close to the phenyl one according to the Lorentz-Lorentz 

equation.136, 227-228, 516 This effect can be seen when substituting the V group with the PP one by 

comparing V40_PHM40_PP20 and V20_PHM40_PP40 which shows identical values around 

1.558. The V40_PHM40_PP20 with one “ring” (P) more therefore has a 0.020 higher value 

than the other two. 

Table 51: Refractive indices of hydride- or vinyl- and phenanthrenyl-group containing copolymers meas-

ured in transmission mode at 20 °C and 589 nm. 

Hydride RI Vinyl RI 

H20_PHM40_MM40 1.593 V20_PHM40_MM40 1.521 

H20_PHM40_PM40 1.612 V20_PHM40_PM40 1.569 

H20_PHM40_PP40 1.627 V20_PHM40_PP40 1.578 

H20_PHP40_MM40 1.602 V20_PHP40_MM40 1.573 

H20_PHP40_PM40 1.618 V20_PHP40_PM40 1.633 

H20_PHP40_PP40 1.603 V20_PHP40_PP40 1.630 

H40_PHM20_PP40 1.599 V40_PHM20_PP40 1.596 

H40_PHM40_PP20 1.616 V40_PHM40_PP20 1.576 

4.5.3.2.6 Thermogravimetric analyses of the phenanthrenyl-group containing copolymers 

Thermogravimetric analyses (TGA) were carried out for each vinyl and hydride copolymer un-

der oxygen and nitrogen atmosphere up to 900 °C (experimental section, Figures 429 – 444). 
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The two different conditions in the TGA analyses help to verify the difference between the 

depolymerisation of the polysiloxanes which is mainly occurring under inert atmosphere and 

the pyrolytic decomposition of the organic groups which is observable under oxidative atmos-

phere.217, 351, 353-354, 356, 359, 376, 517 In the inert gas measurements the atmosphere was switched to 

oxygen above 900 °C to decompose pyrolytic graphite, which was obtained from the organic 

groups and oxidise the silicon moieties to SiO2 and also to clean the oven. To compare the start 

of the decomposition, again the T95% value was used, which is the temperature at 5 % mass loss 

and 95 % residual mass, respectively.518-521 

The temperatures at 95 % residual mass for the hydride and vinyl copolymers are shown in 

Table 52 and vary between 180 °C to 280 °C. These low numbers result in two special decom-

position mechanisms named “intramolecular back biting mechanism” (IBBM) and “preliminary 

hydrolysis” (PLH).119, 353, 522 PLH occurs when the terminal OH group of a linear polysiloxane 

reacts with the silicon atom inside its own chain to form a cyclotrisiloxane or a cyclotetrasilox-

ane. IBBM is similar, but the ring formation takes place inside the chain without opening it.  

Table 52: Temperatures of the hydride- respectively vinyl- and phenanthrenyl-group containing polysilox-

anes at 95 % residual mass under oxygen respectively under nitrogen atmosphere. 

Hydride  

copolymer 

T95% O2 

[°C] 

T95% N2 

[°C] 

Vinyl 

copolymer 

T95% O2 

[°C] 

T95% N2 

[°C] 

H20_PHM40_MM40 234 248 V20_PHM 40_MM40 190 193 

H20_PHM40_PM40 254 228 V20_PHM 40_PM40 202 207 

H20_PHM40_PP40 246 247 V20_PHM 40_PP40 198 191 

H20_PHP40_MM40 221 237 V20_PHP 40_MM40 213 202 

H20_PHP40_PM40 210 211 V20_PHP 40_PM40 254 244 

H20_PHP40_PP40 184 184 V20_PHP 40_PP40 193 177 

H40_PHM20_PP40 269 282 V40_PHM 20_PP40 218 220 

H40_PHM40_PP20 218 224 V40_PHM 40_PP20 202 202 

 

These mechanisms occur at very low temperatures because of its low activation energy 

(167 kJ). While using PHM or PHP and MM the decomposition temperatures are higher for the 

hydride polysiloxanes than their relating vinyl polymers. An explanation can be the better mis-

cibility due to chemical more similar side-groups between the methyl-groups during the syn-

thesis, resulting in a higher molecular weight. Every monomer consists of at least one methyl-
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group, including the hydride component. The vinyl monomer only consists of electron rich and 

sterically more demanding side-groups (V and P), which results in a lower reaction rate of vi-

nyl-containing ethoxides compared to hydride ones515 and overall to a lower molecular weight. 

The onset temperature of degradation depends on the type and amount of end groups and the 

resulting molecular weight.217-218, 222, 523 Under oxygen the degradation of shorter or longer pol-

ymer chains shows no difference. Under nitrogen atmosphere the smaller polymers show a 

higher onset temperature, because the unzipping mechanism (PLH) is dominant due to the 

larger relative amount of hydroxyl-groups.218 For longer polysiloxanes, the intramolecular 

backbiting (IBBM) is faster than the preliminary hydrolysis (PLH) and therefore dominant.67-

70 When using a very high phenyl content like in the X20_PHP40_PP40, the T95% temperature 

can, according to Chou and Yang, decrease.402 

4.5.3.2.7 Differential scanning calorimetry of the phenanthrenyl-group containing copol-

ymers 

DSC measurements were carried out from −60 °C to 150 °C in two cycles (Figures 445 – 448). 

The first heating cycle was used to determine Tm (Table 53) of crystalline areas of the copoly-

mers. The second heating cycle was used to detect the Tg (Table 53) and additional Tm’s which 

could not observed in the first heating. The Tg is an indicator of the steric claim of the side-

groups and their degree of freedom, whereas larger groups like phenanthren-9-yl or phenyl 

increase the value and smaller groups like hydride and methyl or more flexible groups like 

propyl decrease it.119 In Table 53, Tm and Tg of the hydride and the vinyl copolymers are shown, 

Tm1 was identified using the first cycle, the Tg values and additional observable melting tem-

peratures (Tm2 and Tm3) were determined using the second heating cycle. Tm3 is just shown for 

completeness and, if observable, equals Tm1 but with a lower energy. The Tg varies between 

−42 °C and 42 °C for these phenanthren-9-yl-containing copolymers. Overall, the Tg of the hy-

dride compounds rises with increasing phenyl content from −17 °C to 7 °C. When substituting 

one methyl-group from H20_PHM40_MM40 with a phenyl one to H20_PHM40_PM40 and 

H20_PHP40_MM40, the temperature rises from −17 °C to 3 °C. Switching another group fur-

ther raises the value to 7 °C. The highest phenyl-containing copolymer H20_PHP40_PP40 alt-

hough has a lower Tg of 4 °C. Increasing the amount of the H monomer from 

H20_PHM40_PP40 reduces the Tg from 7 °C to −7 °C for H40_PHM20_PP40 and to 3 °C for 

H40_PHM40_PP20. Values around 0 °C can be referred to poly[diphenyl-co-dimethyl]silox-

ane (80:20, Tg = 4 °C) or polyphenylsiloxane with a flexible sidechain at the phenyl-group pol-

ydi-(4-propyl)phenylsiloxane, Tg = −5 °C). 
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Table 53: Melting and glass transition temperatures as well as the integrated energy of the melting tem-

peratures of hydride- or vinyl- and phenanthrenyl-group containing copolymers. 

Copolymer 

 

Cycle 1  Cycle 2 

Tm1 

[°C] 

Em1 

[J/g] 

Tg1 

[°C] 

Tg2 

[°C] 

Tm2 

[°C] 

Em2 

[J/g] 

Tm3 

[°C] 

Em3 

[J/g] 

H20_PHM40_MM40 47.1 3.300 −17.2      

H20_PHM40_PM40   2.1      

H20_PHM40_PP40   7.0      

H20_PHP40_MM40   3.3      

H20_PHP40_PM40 81.4 0.041 6.7  12.5 0.388   

H20_PHP40_PP40 83.7 24.49 4.2  58.8 3.706 82.2 12.89 

H40_PHM20_PP40   −6.5      

H40_PHM40_PP20   3.5      

V20_PHM40_MM40 93.0 37.73 −42.3  90.0 31.56   

V20_PHM40_PM40 91.5 30.32 −18.3  86.6 26.04   

V20_PHM40_PP40 92.0 30.22 5.8  89.6 28.99   

V20_PHP40_MM40 85.9 27.52 −22.3 41.6 59.8 1.311 84.7 14.92 

V20_PHP40_PM40 68.0 0.818 14.1      

V20_PHP40_PP40 70.3 11.92 −4.4  54.1 0.401 62.9 1.035 

V40_PHM20_PP40 83.4 7.515 −18.2  −13.8 0.381   

V40_PHM40_PP20 87.3 31.33 −17.2  83.3 27.72   

 

Polymethylphenylsiloxanes with a phenyl and methyl content of 50 mol% each show a reduced 

Tg value of −28 °C. Polysiloxanes with hydride atoms, like polymethylhydridosiloxane, show 

a much smaller value of −138 °C compared to pure polydimethylsiloxane with a value of 

−123 °C because of the hydride-group being much smaller than the methyl one.119 

The Tg of the vinyl copolymers ranges from −42 °C to 42 °C. Staring from the highly methylic 

V20_PHM40_MM40 with a Tg of −42 °C, a substitution of a methyl-group with a phenyl one 

increases the value to −18 °C for V20_PHM40_PM40. For V20_PHP40_MM40, a second glass 

transition temperature was observed, indicating the existence of a kind of block-polymer struc-

ture399, 404, 524 with a highly methyl side-group containing region and a Tg of −22 °C and a highly 

phenyl side-group containing region with a Tg of 42 °C. In comparison with other polysilox-
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anes, a Tg value of 50 °C refers to polydi-(p-tolyl)siloxane, whereas the less sterical polydi-

phenylsiloxane shows a lower value of 40 °C.119 Another substitution of methyl-groups with 

phenyl ones drastically increases the values and shows, that it is important where the substitu-

tion is made. While switching a group at the group C monomer to V20_PHM40_PP40 rises the 

value to 6 °C, the substitution at the phenanthren-9-yl-group B monomer to V20_PHP40_PM40 

leads to a greater increase to 14 °C, showing the larger sterical impact of the phenan-

thren-9-ylphenyl-group. The only exception, likewise in the hydride series, is the 

V20_PHP40_PP40 with a low Tg of −4 °C. Increasing the amount of V monomer and decreas-

ing the amount of PHM or PP decreases the Tg to around −18 °C, respectively. 

Some of the hydride copolymers show a melting temperature, for H20_PHM40_MM40 a Tm1 

of 47 °C and for H20_PHP40_PX40 a Tm1 of around 82 °C is observable, while only the highly 

phenylic H20_PHP40_PP40 shows a significant amount of energy. All vinyl copolymers dis-

play a Tm which is in the range of 68 °C to 93 °C and decreases with increasing phenyl content. 



4 | RESULTS AND DISCUSSION 

224 

 

4.5.3.3 Syntheses and characterisations of the cured phenanthrenyl-group contain-

ing polysiloxanes 

The appropriate linear copolymers were mixed in a 1:1 ratio with 6.00 ppm of platinum catalyst, 

doctor bladed onto microscope glass slides with 120 µm and thermally cured in a hydrosilyla-

tion reaction at 100 °C for one hour and 150 °C for six hours (Figure 194). The resulting cured 

films are 50 µm to 60 µm thick. 

 
Figure 194: Curing reaction of a vinyl and the appropriate hydride copolymers exemplarily shown for 

V20_PHP40_PP40 and H20_PHP40_PP40 to P20_PHP40_PP40. 

4.5.3.3.1 FT-IR spectra of the cured phenanthrenyl-containing polysiloxanes 

All recorded FT-IR spectra of the cured phenanthrenyl-containing polysiloxanes are shown in 

Figure 195. Only the typical regions for the hydride and vinyl signals are marked because all 

signals of the copolymers were assigned earlier. All cured polymers show a reduced intensity 

for these bands. P40_PHM20_PP40 shows a small Si-H signal at 2164 cm-1 and a larger one at 

897 cm-1,234-235, 319, 346-347 which indicates an incomplete hydrosilylation reaction maybe caused 

by the high amount of diphenyl (PP) monomer. Also, the higher amount of cross-linkable hy-

dride- or vinyl-groups may not find each other at some point during the formation of the dense 

network, because they are not able to move and react anymore.396, 463 Despite there being unre-

acted-groups, a rigid, non-sticky material was obtained. P20_PHP40_MM40 shows a very 

small signal at 2162 cm-1 and at 893 cm-1 from the unreacted Si-H group. The other polymers 

show a negligible signal at 2160 cm-1 and at 900 cm-1, but at 900 cm-1 other signals also overlap. 

The vinyl-group signals are located at 1406 cm-1 26,27,48,85 and at 966 cm-1,26,27,48,85 but they over-

lap with other aromatic signals from the phenyl or phenanthrenyl-groups and therefore can only 

hardly be used as an identification for residual vinyl-groups. 

Overall, besides P40_PHM20_PP40, the polysiloxanes are almost fully condensed,396 a full re-

action cannot be achieved most of the time due to the increasing viscosity and reduced immo-

bility of the reactive groups during the curing process,136, 318, 395 especially here when the sterical 

demanding phenanthren-9-yl-groups are present. Post-curing processes are possible when the 

hydride-groups react in presence of platinum and oxygen or moisture.525 
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Figure 195: FT-IR spectra of the cured phenanthrenyl-containing polysiloxanes. 

4.5.3.3.2 CP MAS NMR spectra of the cured phenanthrenyl-containing polysiloxanes 

One 13C and one 29Si CP MAS NMR of P20_PHP40_MM40 were recorded as example of the 

cured phenanthrenyl-group containing polysiloxanes. In the carbon NMR (Figure 196), two 

regions of signals are visible. One for the aliphatic carbon of the methyl atoms322, 332 and the 

one of the ethyl bridge333 at −5 ppm to 10 ppm and one for the aromatic atoms of the phenyl 

and phenanthrenyl atoms at 120 ppm to 140 ppm.369 

 
Figure 196: 13C solid-state CP MAS NMR (101 MHz, 13 kHz) of P20_PHP40_MM40. 

The silicon atom NMR is displayed in Figure 197. The signal at −20 ppm can be referred to the 

dimethyl silicon atom (MM)321-324 as well as the MeSi(OR)2-CH2-CH2-X silicon atom,331, 333 

which was verified by using a 1H 29Si HMBC measurement of the related H20_PHP40_MM40 

polymer. The peak at around −35 ppm is caused by the PhSi(OR)2-CH2-CH2-X atom,331, 368 

which was also confirmed with liquid 1H 29Si HMBC measurements of V20_PHP40_MM40. 
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The signal at −47 ppm can be referred to the D silicon atom with the self-synthesised phenan-

thren-9-ylphenyl- (PHP) group, which can be compared to a high field shifted diphenyl silicon 

atom,324, 331, 368 because of the larger conjugated polycyclic aromatic. 

 
Figure 197: 29Si solid-state CP MAS NMR (80 MHz, 13 kHz) of P20_PHP40_MM40. 

4.5.3.3.3 Refractive index of the cured phenanthrenyl-containing polysiloxanes 

RIs of the cured phenanthrenyl-group containing polysiloxanes were determined in reflection 

mode using the high RI 1-bromonaphthalene as contact fluid at 20.0 °C and 589 nm and  varies 

from 1.569 to 1.630 (Table 54). For the comparison between the P20_PHX40_XX40 polymers, 

the methyl and phenyl-group from the H and V monomer as well as the phenanthrenyl-group 

were neglected, because they are present in all polysiloxanes in a constant amount. With in-

creasing phenyl content starting from P20_PHM40_MM40 with three methyl-groups and zero 

phenyl-groups and a RI of 1.569, a substitution of one M group with a P one increases the RI 

to 1.599 for P20_PHM40_PM40 and 1.590 for P20_PHP40_MM40. This supports previous 

observations, at least for P20_PHM40_PM40, that one more phenyl-group increases the RI by 

about 0.020. The impact of a phenyl-group at a different silicon atom than the phenanthrenyl 

one is here slightly higher and results in an increase of 0.030. A further M group substitution to 

two P groups and one M one increases the RI to 1.614 for P20_PHM40_PP40 which is an 

increase of 0.015 to 0.024 depending on whether it is compared to P20_PHP40_MM40 and 

P20_PHM40_PM40. P20_PHP40_PM40, however shows a RI of 1.627 which is only 0.013 

higher than P20_PHM40_PP40 with the same amount of phenyl and methyl-groups. The 

smaller increase shows that in the region of 1.63 the lower RI contributing groups like phenyl 

only have a smaller overall impact. Particularly, when taken the RI of P20_PHP40_PP40 with 

1.630 into account, which is 0.016 higher than the P20_PHM40_PP40 or 0.003 higher than the 

P20_PHP40_PM40, both with one less phenyl side-group. 

Comparing the polysiloxanes with different monomer content (Pm0_PHMn0_PPo0), the one 

with the lowest amount of cross-linkers, P20_PHM40_PP40, has the highest RI with 1.614. 

Comparing the increase of the amount of PP groups (P40_PHM20_PP40) while reducing the 

amount of the PHM ones in P40_PHM40_PP40 shows a slight increase of the RI from 1.603 to 
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1.605 and therefore has no significant impact. Overall, one substitution of a methyl-group with 

a phenyl one increases the RI by around 0.020 and the refractive index increment of the PHM 

group is comparable to the PP one. 

Table 54: Refractive indices of the cured phenanthrenyl-containing polysiloxanes. 

Cured polymer RI 

P20_PHM40_MM40 1.569 

P20_PHM40_PM40 1.599 

P20_PHM40_PP40 1.614 

P20_PHP40_MM40 1.590 

P20_PHP40_PM40 1.627 

P20_PHP40_PP40 1.630 

P40_PHM20_PP40 1.603 

P40_PHM40_PP20 1.605 

4.5.3.3.4 Thermogravimetric analyses of the cured phenanthrenyl-containing polysilox-

anes 

TGA measurements were carried out to analyse the thermal stability of the cured phenan-

threnyl-group containing polysiloxanes (experimental section, Figures 429 – 444) under the 

same conditions as the copolymers. The decomposition temperatures (T95%, Table 55) for the 

cured polysiloxanes under oxygen vary between 300 °C and 370 °C, while the temperatures 

under nitrogen atmosphere range up to 420 °C with decreasing methylic and increasing phe-

nylic content, which is agreement with the literature.218, 234, 317, 402 P20_PHM40_MM40 shows 

a T95% of 309 °C under oxygen atmosphere. Switching a methyl-group with a phenyl one in-

creases the temperature to 329 °C for P20_PHP40_MM40 and 347 °C for P20_PHM40_PM40. 

A further substitution with a phenyl-group raises the temperatures to 364 °C for 

P20_PHP40_PM40, while for the phenanthrenylmethyl-containing polymer 

P20_PHM40_PP40 no increase is observable. The highly phenylic P20_PHP40_PP40 shows 

the highest value with 366 °C under oxygen. Under nitrogen atmosphere the T95% value is with 

341 °C about 30 °C higher than the one under oxygen atmosphere. P20_PHP40_MM40 shows 

a decomposition temperature of 342 °C, which is only marginally higher despite the methyl to 

phenyl substitution. 
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Table 55: TGA values of the cured phenanthrenyl-group containing polysiloxanes under oxygen and ni-

trogen atmosphere. 

Cured polymer T95% O2 [°C] T95% N2 [°C] 

P20_PHM40_MM40 309 341 

P20_PHM40_PM40 347 301 

P20_PHM40_PP40 346 335 

P20_PHP40_MM40 329 342 

P20_PHP40_PM40 364 367 

P20_PHP40_PP40 366 416 

P40_PHM20_PP40 350 377 

P40_PHM40_PP20 340 396 

 

For P20_PHM40_PM40, a T95% of only 301 °C can be measured, which is probably due to 

residual solvent like toluene or an uncompleted sol-gel reaction, because in the graph in Figure 

430 (red) the mass loss starts already at 150 °C, which is very unusual for cross-linked pol-

ysiloxanes. With a T95% of 335 °C, P20_PHM40_PP40 is in the range of the previously men-

tioned phenanthrenyl polymers under nitrogen. P20_PHP40_PM40 however shows an in-

creased temperature with 367 °C and shows the impact of the high amount of phenyl-groups. 

The highest value under nitrogen has the highly aromatic P20_PHP40_PP40 with 416 °C. Over-

all, the phenanthrenylphenyl-group containing polysiloxanes show a higher T95% value than 

phenanthrenylmethyl ones with the same amount of phenyl-groups.24,48,122 Besides the variation 

of monomers, different monomer contents for Pm0_PHMn0_PPo0 were also studied. The cured 

polysiloxanes show little difference in their decomposition behaviour under oxygen atmosphere 

with temperatures ranging from 340 °C to 350 °C. Under nitrogen an increasing stability for 

the higher cross-linked polysiloxanes P40_PHMx0_PPx0 is observable.218 The 

P20_PHM40_PP40 has a T95% value of 335 °C while the one with the increased phenanthrenyl-

methyl content, P40_PHM40_PP20, shows the highest value with 396 °C. The polymer with 

the high diphenyl content, P40_PHM20_PP40, has a 20 °C lower decomposition temperature 

of 377 °C. 

The thermal stability is independent of the aromatic content when the amount of P or PH side-

groups is in between 30 % to 70 % with a T95% value of 300 °C to 350 °C. With higher aromatic 
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content over 70 %, the thermal stability ranges from 360 °C to 416 °C. For nearly all polysilox-

anes the decomposition temperature is higher or equal under nitrogen compared to the values 

under oxygen, which is the case when comparing low molecular weight polymers.218, 356 

4.5.3.3.5 Differential scanning calorimetry of the cured phenanthrenyl-containing pol-

ysiloxanes 

DSC measurements of the cured phenanthren-9-yl-group containing polysiloxanes were carried 

out from −60 °C to 150 °C in two cycles analogously to the DSC measurements of the copoly-

mers (experimental section, Figures 449 – 450). Curing generally increases the Tg compared to 

the ones obtained from the relating copolymers, because the increased cross-linking decreases 

the mobility of the polymer chain and the side-groups.273, 526 The measurements of the cured 

polymers were carried out although cross-linking decreases the ability of crystallisation and 

therefore, smaller respectively no signals can be observed.273, 460, 526-532 The integrated energy 

of the melting area therefore can be used as an indirect measurement of cross-linking.526, 532 

Also, a shift of the melting temperatures to lower values is visible which was already reported 

by Bac et al.529 The Tm of the cured polysiloxanes (Table 56) are consequently lower than the 

ones of the linear polymers with the relating monomer composition,529 despite the highly me-

thylic H20_PHM40_MM40. 

Table 56: Differential scanning calorimetry of the cured phenanthrenyl-group containing polysiloxanes. 

Cured polymer Tg [°C] Tm [°C] Em [J/g] 

P20_PHM40_MM40 17.0 − − 

P20_PHM40_PM40 49.0 59.0 3.688 

P20_PHM40_PP40 39.2 52.5 2.597 

P20_PHP40_MM40 33.6 55.5 0.043 

P20_PHP40_PM40 51.3 61.3 3.956 

P20_PHP40_PP40 25.3 60.6 0.401 

P40_PHM20_PP40 41.7 53.6 2.014 

P40_PHM40_PP20 43.2 53.4 1.819 

 

The Tg’s of all cured polysiloxanes are significantly higher than their relating hydride and vinyl 

copolymers. The Tg first ascends with increasing phenyl content from 17.0 °C for 

P20_PHM40_MM40 to 51.3 °C for P20_PHP40_PM40, but no clear side-group correlation can 

be made because P20_PHM40_PM40, despite having a low amount of phenyl-groups shows 
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the second highest Tg with 49.0 °C. Also, P20_PHP40_PP40, which is the polymer with the 

highest aromatic content, has a comparably low Tg value of 25.3 °C. 

The Tm of all cured polysiloxanes vary between 52 °C and 61 °C where a higher phenyl content 

tendentially leads to higher temperatures. The polysiloxane with high amounts of methyl-

groups, P20_PHM40_MM40, shows no Tm. 

Varying the amount of monomers for the cured PHM and PP group containing polysiloxanes, 

named Pm0_PHMn0_PPo0, only shows a slight difference in the melting temperature around 

53 °C. The energy of the integrated area although increases from P40_PHM40_PP20 over 

P40_PHM20_PP40 to P20_PHM40_PP40 and shows the increased mobility of the polymer 

when reducing the amount of PHM and increasing the amount of the sterical less demanding 

PP group and reducing the cross-linking from P40_PHMn0_PPo0 to P20_PHM40_PP40. The 

Tg shows the opposite trend, the increasing mobility and reduced cross-linking from 

P40_PHM40_PP20 over P40_PHM20_PP40 to P20_PHM40_PP40 decreases the Tg from 

43.2 °C over 41.7 °C to 39.3 °C.162,163 

4.5.3.3.6 UV/Vis measurements of the cured phenanthrenyl-group containing polysilox-

anes 

The cured films on microscope slides (Figure 198) are all highly transparent and colourless or 

slightly yellow. 

 
Figure 198: Optical pictures of the cured phenanthrenyl-containing polysiloxanes onto glass slides on blue 

paper to increase the visibility of the yellow colour. 

The polysiloxanes were analysed using an UV/Vis spectrometer with an integrating sphere to 

consider the dispersion of the films (Figure 199), the calculated haze curve is reported in the 

experimental section (Figure 451). At 450 nm, all polysiloxanes show a transmission from 96 % 

up to 99 % (Table 57). The transmission decreases with increasing phenyl content and increas-

ing RI.18, 533-534 The highly methylic P20_PHM40_MM40 reveals the highest value of 99 %. 

Replacing one methyl-group with a phenyl one to P20_PHM40_PM40 shows no change and to 

P20_PHP40_MM40 slightly reduces the transmission down to 98 %. By further increasing the 

aromatic content the transmission is reduced to 97 % for P20_PHP40_PM40 or remains at 98 % 

P20_PHM40_                 P20_PHP40_                       Pn0_PHMm0_PPo0 

MM40          PM40            PP40           MM40         PM40          2-4-4          4-2-4             4-4-2 
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for P20_PHM40_PP40. The highly phenylic sample P20_PHP40_PP40 shows the lowest but 

still very high transmission of 96 %. 
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Figure 199: Transmission spectra of cured phenanthrenyl-group containing polysiloxanes onto micro-

scope slides. 

The same trend can also be observed when varying the composition of Pm0_PHMn0_PPo0. 

The sample with the highest aromatic content, P20_PHM40_PP40, shows the lowest transmis-

sion value with 98 %. The difference between the high amounts of PHM compared to the high 

amounts of PP is very small. Nonetheless, the P40_PHM20_PP40 shows 99 % transmission 

while the P40_PHM40_PP20 shows 98 %. 

To evaluate the amount of light, which is diverted by passing through the samples, the haze 

values were calculated. Therefore, the transmission values and the measured diffusion values 

are required. The haze value at 450 nm varies from 8 % to 9 % for the low phenyl-containing 

polysiloxanes like P20_PHM40_XX40 or P20_PHP40_MM40. P20_PHP40_PM40 and 

P20_PHP40_PP40 with higher aromatic content show values of 15 % respectively 19 %. The 

comparison of Pm0_PHMn0_PPo0 shows a haze values of around 9 % for the 40 mol% PHM 

containing ones and 15 % for P40_PHM20_PP40. 

The WI’s and YI’s535-537 were calculated using the spectrometer software, the values are shown 

in Table 57. YI values larger than zero are implying yellow probes, negative values blue ones. 

A WI value of 100 is achievable, higher values imply bluish and lower values yellowish sam-

ples. YIs vary from 0.0 to 1.7 and imply a slightly yellow colour. However, these amounts are 
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so small that they can only barely be seen in the thin films. The values are increasing with 

higher phenyl content, which was already observed in literature.12, 273, 538-540  

Table 57: Transmission and haze values at 450 nm and yellowness and whiteness indexes of the cured phe-

nanthrenyl-group containing polysiloxanes. 

Polysiloxane T450 [%] H450 [%] YI WI 

P20_PHM40_MM40 99 9 0.8 97.0 

P20_PHM40_PM40 99 8 0.6 97.5 

P20_PHM40_PP40 98 9 0.8 97.1 

P20_PHP40_MM40 98 8 1.1 97.0 

P20_PHP40_PM40 97 15 0.9 96.2 

P20_PHP40_PP40 96 19 1.7 93.6 

P40_PHM20_PP40 99 15 0.0 98.7 

P40_PHM40_PP20 98 9 0.5 97.6 

 

The phenanthrenylmethyl-group containing polymers show a value below 0.8. The samples 

with the phenanthrenylphenyl-group containing monomer show higher values of 0.9 to 1.7. WIs 

between 96.2 and 97.5 were observed for nearly all samples, only P20_PHP40_PP40 shows a 

lower value of 93.6. The value can be increased using low amounts of phenyl and high amount 

of methyl-groups in the polysiloxanes.12, 273, 538-540 The P40_PHM20_PP40 sample, with the 

lowest amount of phenanthrenyl side-groups shows the highest WI of all samples with 98.7. 

This clearly shows the direct correlation of delocalised electrons and the yellow colour.12, 273, 

538-540 

4.5.3.3.7 Thermal aging test of the cured phenanthrenyl-group containing polysiloxanes 

To simulate the thermal aging inside the LED, the cured polysiloxanes were treated under op-

erating temperatures of high energy LEDs, which is in the range of 150 °C to 200 °C.364, 394 The 

thermal stability was verified by calculating the colouration of the samples using UV/Vis meas-

urements. The synthesised polysiloxanes were thermally treated for 63 days at 180 °C in air 

atmosphere and ambient humidity (Figure 200) while UV/Vis measurements were carried out 

regularly and the transmission values at 450 nm are displayed (Figure 201). YI and WI were 

compared before and after the thermal treatment (Figure 202). The phenanthrenylmethyl-group 

containing samples show a decreasing transmission after 63 days with increasing phenyl con-

tent down from 94 % for P20_PHM40_MM40 over 91 % for P20_PHM40_PM40 down to 
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82 % for P20_PHM40_PP40. The phenanthrenylphenyl-group containing polysiloxanes show 

a more rapid decrease with increasing phenyl content. The transmission of P20_PHP40_MM40 

decreases to 83 % after the thermal treatment. P20_PHP40_PM40 shows a linear reduction of 

the transmission down to 66 %. 

 
Figure 200: Transmission of the phenanthrenyl-group containing polysiloxanes after the synthesis (top) 

and after the thermal treatment (bottom). 

The polysiloxane with the highest aromatic content, P20_PHP40_PP40 still remains at 88 %. 

The varied composition of Pm0_PHMn0_PPo0 also shows a decreasing transmission during 

the 63 days with increasing phenyl content down to 94 % for P40_PHM20_PP40, to 86 % for 

P40_PHM40_PP20 and to 82 % for P20_PHM40_PP40. 
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Figure 201: Transmission at 450 nm of cured phenanthrenyl-group containing polysiloxanes during ther-

mal treatment at 180 °C under air atmosphere, a) P20_PHX40_XX40 and b) Pm0_PHMn0_PPo0. 

The calculated yellowness and whiteness indices implicate a yellowing of the polysiloxanes 

(Figure 202) which can already be seen in the optical images.535-537 With increasing phenyl 

content from P20_PHM40_MM40 to P20_PHM40_PP40 the yellowing increases linear, from 

around 0.8 YI for the as synthesised polysiloxanes up to 18.7 YI and from 97.1 WI down to 

41.9 WI. The phenanthrenylphenyl-group containing samples P20_PHP40 _MM40 and 

     P20_PHM40_    P20_PHP40_                   Pm0_PHMn0_PPo0 

   MM40          PM40           PP40         MM40          PM40          PP40            4-2-4             4-4-2 

Before 

After 
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P20_PHP40_PM40 display a strong yellow colour which increases with increasing phenyl con-

tent, the YI increases from around 1.0 to 17.0 respectively 27.5. The WI shows the same ten-

dency by decreasing from 96.5 down to 48.3 for P20_PHP40 _MM40 respectively to 5.8 for 

P20_PHP40_PM40 in the first M to P switch. Interestingly, the sample with the highest phenyl 

content, P20_PHP40_PP40, only shows very little yellowing, which is comparable to the highly 

methyl-containing sample P20_PHM40_MM40. The YI increases from 1.7 to 4.4, while the 

WI decreases from 93.6 to 79.9. 

Varying the composition of the monomers for Pm0_PHMn0_PPo0 shows little to no difference, 

for the YI from 0.0 to 0.8 and for the WI from 97.1 to 98.7. The yellowing increases with 

increasing aromatic content from P40_PHM20_PP40 over P40_PHM40_PP20 to 

P20_PHM40_PP40 with 4.2 over 11.0 to 18.7. The WI shows the same trend by decreasing 

from 87.5 over 65.8 down to 41.9. The yellowing most likely occurs due to the formation of 

phenyl radicals, which are produced from cleaving of backbone chains.12, 541 
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Figure 202: Yellowness (a)) and whiteness (b)) indices bevor and after thermal treatment at 180 °C for 63 

days under air atmosphere of the cured phenanthrenyl-group containing polysiloxanes onto microscope 

glass slides. 
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4.5.3.4 Conclusion for the phenanthrenyl containing polysiloxanes 

We synthesised two new novel phenanthrenyl-containing monomers which show very high RI 

values of 1.631 for the phenanthren-9-ylmethyldimethoxysilane (PHM) and an approximated 

value of ~1.700 for the phenanthren-9-ylphenyldimethoxysilane (PHP). With these monomers 

and the usual V, H, MM, PM and PP monomers new hydride- and vinyl-group containing co-

polymers were synthesised (Figure 203). Besides the usual 20 mol% group A and 40 mol% 

group B as well as C monomers, for Xm0_PHMn0_PPo0 different amounts were used to study 

the impact of the individual monomers. These linear polymers have a tuneable RI of 1.521 to 

1.633, which is a slightly larger range compared to the thioanisole ones. The thermal stability 

although reaches a maximum of 280 °C, which is lower than the maximum value of the thioan-

isole copolymers or the commercial ones. The glass transition temperature ranges from −42 °C 

to 14 °C when neglecting V20_PHP40_MM40, because it shows two Tg signals. Nonetheless, 

the Tg region is slightly larger than for the thioanisole-group containing polymers. These novel 

hydride and vinyl copolymers were thermally cross-linked using Ossko’s platinum catalyst. 

 
Figure 203: Overview of the synthesis of phenanthrenyl-group containing polysiloxanes from monomers. 

These new solid materials show a very high refractive index of 1.569 to 1.630 depending on 

the used copolymers, which is identical to the range of the thioanisole-group containing ones 

but significantly higher than the 1.552 of the OE-6630. A very high transmission of 96 % to 

99 % with reducing phenyl content can be achieved for the polysiloxanes, which is slightly 

lower than the one for the thioanisole ones or the commercial systems. The calculated coloura-

tion from the yellowness and whiteness indices are close to the optimal value of zero for the YI 
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and 100 of the WI. The self-prepared phenanthrenyl-containing polysiloxanes show YIs of 0.0 

to 1.7 for the highly aromatic ones, but most of the values are in the range of the OE-6630 and 

the thioanisole-group containing polymers. The WIs range from 94 to 97 and therefore are 

lower than the 97 to 100 for the sulfur polymers respectively the OE-6630 system. The glass 

transition temperatures can be tuned from 17 °C to 51 °C with increasing the arylic and de-

creasing the methylic content. The thermal stability of the systems can be increased up to 

416 °C for the highly aromatic P20_PHP40_PP40 when using the T95% criteria, which is in the 

range of the thioanisole-containing PPSMPS with 420 °C or the OE-6630 polysiloxane with 

430 °C. The simulated thermal aging test showed a high transmission of over 94 % for 

P20_PHM40_MM40 and P40_PHM20_PP40 which is larger than the 90 % for the 

P20_PSMP40_PM40 system after the 63 days under 180 °C while the commercial OE-6630 

remained at 99 % transmission over this period. Here again, small residuals from the synthesis 

and a relatively high content of platinum of 6.00 ppm reduces the transmission under the ther-

mal aging. The platinum catalyst can form yellow Pt nanoparticles136, 474, 507 and the effect is 

even increased when free Si-H groups are present. Therefore, the content was lowered to 

1.63 ppm for the phenoxyphenyl and phenylthiomethyl-group containing polymers. Addition-

ally, aromatic side-groups, which here are represented in large numbers, lead to yellowing of 

the cured polysiloxanes.  

Overall, novel cured polysiloxanes with the newly synthesised monomers could be prepared 

which show comparable properties like the commercial OE-6630 system but have a drastically 

increased refractive index like the self-synthesised thioanisole-group containing polymers. For 

some compositions, the long thermal treatment leads to a reduced transmission which is caused 

by yellowing of the samples. Some impurities and a relatively high amount of platinum caused 

this problem, which has to be solved. Nonetheless, these materials are very suitable for high-en-

ergy LED encapsulation when slightly improving the synthesis progress. 
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4.6 Results obtained from OSRAM Opto Semiconductors 

In cooperation with OSRAM Opto Semiconductors, some well-chosen copolymer systems (H 

and V) were tested directly on LED chips. The selection of the chips and the reference systems 

as well as the performed measurements were carried out by OSRAM employees. First, blue 

LED chips (Duris S5) which emit at 450 nm were used because the focus was on white LEDs 

in the beginning of the project.542-543 The chip of blue LEDs often consists of GaN with a RI of 

2.49544 or InGaN with a RI of 2.59545-546 both at 450 nm. After the first test from OSRAM, they 

shifted to red LED chips (Oslon2 Hyper Red) which emit at 660 nm.547 The chip consists of 

InGaAlP with a refractive index of 3.59 at 660 nm.548 This change was made because the ener-

getically weaker radiation and the lower thermal stress of these LEDs should provide better 

testing results with the self-synthesised materials. For red emitting LEDs the impact of a high 

refractive index is more important in receiving a high lumen output because the LED chip has 

a higher RI than blue LED chips. 
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4.6.1 Testing of P20_PHM40_PP40 with the Duris S5 LED 

Several LEDs (Duris S5,542-543 Figure 204) were casted with the self-prepared polysiloxane 

P20_PHM40_PP40. The mould is 3 mm x 3 mm and the here used blue fluorescing chip has a 

dimension of 2 mm x 2 mm, electrical details cannot be described because the chips are avail-

able in different versions. A 1:1 mixture of H20_PHM40_PP40 and V20_PHM40_PP40 with 

Ossko’s platinum catalyst was casted into the mould by hand with a syringe. The moulds were 

placed on a hot plate to reduce the viscosity and receive a bubble-free film. 

 
Figure 204: OSRAM Duris S5 mould with a small exemplarily shown chip and coloured encapsulation 

material.549 

Besides the P20_PHM40_PP40, a reference polymer LPS5547S-1,550 was used as well as a chip 

without casting. The LPS5547S-1 was manufactured by Shin-Etsu and has a refractive index of 

1.51 to 1.53550 and therefore is a methyl- and phenyl-group containing polysiloxane comparable 

to the OE-6630 system. Different currents from 10 mA to 250 mA were applied (Figure 205) 

and the lumen were measured. These correlate to the brightness and the light extraction of the 

chip. The LED chip without encapsulant always shows the highest lumen with 9.45 lm at 

250 mA. The second highest is always the LPS5547S-1 for example with 8.50 lm at 250 mA. 

The self-synthesised P20_PHM40_PP40 always shows the lowest value and only reaches 

7.10 lm at 250 mA. According to a personal communication with OSRAM, the main advantage 

of the high refractive index polymer P20_PHM40_PP40 can only be seen in combination with 

a fluorescent dye and a lens. Therefore, no additional tests or explanations were made, and the 

further testing was optimised. 
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Figure 205: Comparison of the lumen output from the Duris S5 chip without and with casting of 

LPS5547S-1 or P20_PHM40_PP40. 
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4.6.2 Testing of various polysiloxanes with the Oslon2 Hyper Red LED 

For further and extended testing, a different LED chip was chosen by OSRAM employees, 

because the advantages of high RI polysiloxanes can be better evaluated using high RI chips. 

The longer wavelength of 660 nm of the Oslon2 Hyper Red547 also leads to a radiation with 

lower energy which should increases the lifetime of the self-synthesised polysiloxanes. The 

Oslon2 Hyper Red (Figure 206) has no TiO2 reflector and a “giant lens”, the chip is 2 mm x 

2 mm large and has a beam angle of 120°. The InGaAlP chip has a light current of 905 mW 

using 700 mA and about 2000 mW when applying 1800 mA for a 1000 hour steady-state life-

time test, where the surrounding air is also heated to 150 °C to simulate fast aging. 

 
Figure 206: Oslon2 Hyper Red LED, a) schematic image with giant lens, b) side view, c) top view.547 

Eight self-synthesised polymers were selected for further testing (Table 58, Figure 208). Be-

sides the 4-(phenoxy)phenyl-group containing one (P20_POPP40_PP40), two phenan-

threnyl-containing polymers P20_PHM40_PX40 were chosen by OSRAM. For the 4-(methyl-

thio)phenyl-group containing polysiloxanes all four (P20_PSMP40_XX40 and P20_PSMP80) 

were tested as well as the epoxide-group containing polymethylphenylsiloxane (EP = 

EP6.3_MM37.5_PP37.5_TP18.7) with 10.0 wt% of zirconium dioxide nanoparticles. Also, a 

commercial high refractive index polysiloxane (RI = 1.61 at 633 nm) was used. This ILE501 

polymer was manufactured by INKRON and is a two component system which can be cured 

thermally using a platinum catalyst.551 The phenylic polysiloxane with nanoparticle fillers can 

be used as encapsulation material because of its high transmission of 99 % for a 70 µm thick 

film.552 It has a low water and air permeability compared to a standard polymethylphenylsilox-

ane like the OE-6630 system.551 The ILE501 was only used by OSRAM and therefore no own 

investigations were made. 

The hydride and matching vinyl copolymers were mixed and hand casted onto the chip and 

cured. Afterwards an additional “giant lens” with a refractive index of around 1.54 was applied 

onto the self-synthesised silicone using compression moulding. This led to delamination be-

cause of the stiff lens as well as bubbles or cracks at the wire bonds (Figure 207). 

a) b) c) 
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Figure 207: Images of the Oslon2 Hyper Red LED encapsulated with the selected polymers and the “giant 

lens”, EP = EP6.3_MM37.5_PP37.5_TP18.7, P20_PHM40_PM40 is not shown here because OSRAM did 

not provide an image. 

Nevertheless, the best chips from each polymer set were used to compare the brightness differ-

ence from the bare chip and the reference polysiloxane (Figure 208). 
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Figure 208: Brightness comparison of the eight selected self-synthesised as well as the reference polysilox-

ane in the wafers. They are split into four different groups because the chips were produced in different 

batches, LoC with “giant lens” compression moulding. 

Because the chips are from four different wafer batches which has a huge effect on the bright-

ness, the reference wafer are also displayed for every set. The percentage difference between 

the self-synthesised polymers and the pure chip is given in percent to be able to compare the 

different batches. In addition, the reference silicone ILE501 was casted in the fourth batch. In 

Table 58, the polymers are arranged with increasing refractive index, which shows that the RI 

P20_POPP40_PP40 P20_PHM40_PP40 P20_PSMP40_MM40 P20_PSMP40_PM40 

P20_PSMP40_PP40 P20_PSMP80 EP with 10.0 w% ZrO
2
 ILE501 
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increase also leads to a percentage increase in the brightness independent from the used side-

groups or fillers. The reference siloxane ILE501 has a RI of 1.61 and shows an increase of 

2.3 % compared to the pure chip. Therefore, P20_PHM40_PP40, P20_PSMP40_PP40 and 

P20_PSMP80, which have a higher RI than 1.61 display an increased brightness and show the 

potential of the newly synthesised polysiloxanes. Noteworthy, P20_PSMP40_MM40 shows the 

second highest brightness increase with 3.1 % despite having the lowest RI. A higher the RI 

should always result in a higher brightness, which is described in the theoretical background. 

Also, when comparing P20_PHM40_PM40 and P20_PSMP40_PM40, which have an identical 

RI, show a large difference in the relative brightness change. Very small residues from the 

syntheses as well as the handmade build-up quality has a high influence on the brightness output 

as stated by OSRAM employees and therefore results in these errors. 

Table 58: The eight selected polysiloxanes with a high RI and a reference silicone, which are used in the 

Oslon2 Hyper Red LED with a “giant lens” are shown and their refractive indices as well as the percent-

age increase in brightness. 

Polysiloxane Refractive index at 589 nm Brightness increase [%] 

P20_PSMP40_MM40 1.583 + 3.1 

P20_PHM40_PM40 1.599 - 2.7 

P20_PSMP40_PM40 1.599 - 0.1 

EP with 10.0 wt% ZrO2 1.607 + 0.6 

Ref. silicone ILE501 ~1.61 (633 nm) + 2.3 

P20_POPP40_PP40 1.613 + 0.5 

P20_PHM40_PP40 1.614 + 2.7 

P20_PSMP40_PP40 1.616 + 2.7 

P20_PSMP80 1.635 + 4.6 

 

Therefore, in the next test, the “giant lens” compression moulding is not applied for a better 

brightness comparison. Only the “Lens on Chip” approach (LoC) is used here, which also re-

duces the appearance of bubbles or cracks and prevents the delamination. The brightness values 

are shown in Figure 209 with the percentage difference to the reference siloxane ILE501, the 

self-synthesised polymers are sorted again by increasing RI for a better comparison. For every 

polysiloxane eight to ten chips were encapsulated and measured which is the reason why error 

bars are displayed here. Without the additional giant lens, no clear brightness to refractive index 

correlation can be made. The lower RI polysiloxanes P20_PSMP40_MM40, 
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P20_PSMP40_PM40 and P20_PHM40_PM40 show a raise in brightness of about 2 %. EP 

10.0 wt% ZrO2 and P20_POPP40_PP40 show lower values, which is congruent with the gen-

eral explanation, although P20_POPP40_PP40 shows large error bars because the measured 

brightness ranges from 40.6 lm to 43.9 lm. Out of the three polysiloxanes with a higher RI than 

ILE501, P20_PHM40_PP40 shows 0.7 % less brightness, while the two sulfur containing 

P20_PSMP40_PP40 and P20_PSMP80 show higher values. Out of all tested polysiloxanes 

P20_PSMP40_PP40 has the highest increase with 3.4 % despite only having a slightly higher 

RI than the reference. 
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Figure 209: Brightness comparison of the eight selected self-synthesised as well as the reference polysilox-

ane sorted by increasing RI, only LoC approach. 

To simulate the durability of the materials, a steady-state lifetime (SSLT) test for 1000 hours at 

150 °C with 1800 mA was performed and the relative brightness change from 100 % was com-

pared. The humidity was not artificially increased. Seven out of the eight polysiloxanes showed 

cracks and strong discolouration’s before the 1000 h were reached (Figure 210). EP with 

10.0 wt% ZrO2, P20_PHM40_PP40 and P20_PSMP40_PP40 show a strong decomposition af-

ter 24 h. P20_PSMP40_MM40, P20_PHM40_PM40 and P20_PSMP80 showed failures after 

96 h, while P20_PSMP40_PM40 lasted for 168 h. Some LEDs show cracks and deformations 

of the encapsulant while staying transparent, others turned black. 
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Figure 210: Images of LED chips whit the seven self-synthesised polysiloxanes, which broke down during 

the steady-state lifetime test, the successful operating time is shown under the name in hours. 

After 1000 h, pictures of the LED chips were taken again (Figure 211). The two-dark brown to 

black coloured samples EP with 10.0 wt% ZrO2 and P20_PHM40_PP40 were not further in-

vestigated and therefore only six samples are shown. The five different polymers which showed 

cracks after 24 h to 168 h, were continuously operated until the 1000 h were reached. 

P20_PSMP40_MM40, P20_PHM40_PM40, P20_PHM40_PP40 and P20_PSMP40_PP40 

show a strong yellow colour and an increased number of larger cracks after the full SSLT test.  

 

 

Figure 211: Images of five of the seven damaged chips, the two still operating chips with 

P20_POPP40_PP40 respectively ILE501 and the bare chip after 1000 h of SSLT treatment under 150 °C 

and 1800 mA. 

P20_PSMP40_MM40  P20_PHM40_PM40     P20_PSMP40_PM40             EP/ZrO2 

 96 h     96 h        168 h          24 h 

P20_PHM40_PP40     P20_PSMP40_PP40         P20_PSMP80         
24 h        24 h         96 h 

P20_PSMP40_MM4    P20_PHM40_PM40     P20_PSMP40_PM40    P20_PHM40_PM40 

 

 

 

P20_PSMP40_PP40    P20_POPP40_PP40               ILE 501       chip only 
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The encapsulant P20_PSMP40_PM40 detached from the chip with only remaining small 

amounts at the edges. Synthesising polysiloxanes suitable for these high energy LED applica-

tions is very difficult in a small scale, because very small residues have a large impact under 

these conditions. Also, the amount of platinum is critical, commercial manufacturers can use 

very low amounts because of the reduced amount of side reactions resulting from the purer 

materials from the more advanced synthesis process. Additionally, no additives were used 

which commonly manufactures use in their commercial polysiloxanes. The only self-synthe-

sised polysiloxane which tolerated the hard conditions is P20_POPP40_PP40 which showed no 

colouration, no bubbles, and no cracks. The commercial reference polysiloxane also withstands 

the SSLT test as well as the pure chip. 

The relative change in brightness at 150 °C and 700 mA for the three remaining systems over 

the whole time period is shown in Figure 212. Three LEDs for P20_POPP40_PP40 are shown 

and four for the ILE501 and the chip alone. The aim of this measurement is the consistent light 

extraction of the chip, the graph should ideally run horizontally, because a rise could be due to 

scattering effects and a drop due to material decomposition, according to OSRAM employees.23 

After a strong increase from 100.0 % to 105.5 % after the first 24 h, one LED maintains the 

power output, while the other two slightly increase to 106.4 % and 107.5 %, respectively. 
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Figure 212: Relative brightness of the Oslon2 Hyper Red during 1000 h of a SSLT test under 150 °C and 

700 mA (The graph was redrawn using WebPlotDigitizer410 from the curve OSRAM received from an-

other institution). 
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Therefore, P20_POPP40_PP40 showed good results in the SSLT test and is suitable for LED 

applications. Mosley et al. tested their phenoxyphenyl-group containing polysiloxane with a 

Luxeon K2 1000 mA LEDs from Philips Lumileds Lighting Company where they removed the 

silicone and the lens and casted their self-made silicone onto it.136 They cycled the temperature 

from −10 °C to 85 °C every twelve hours while maintaining 50 % humidity for 5400 h.136 Start-

ing from 100 % relative brightness, it decreased to 98 % after 1000 h down to 86 % after the 

full 225 days.136 While the cycling does improve the mechanical stress especially towards 

highly cross-linked polymers, Mosley et al. used more ampere and about 53 % of the tempera-

ture compared to the SSTL test.136 The system shows no drop in relative brightness, on the 

contrary, even neglecting the initial increase in the first 24 h, the relative brightness increases 

by 1 % to 2 %. 

Overall, despite the other seven tested polysiloxanes not surviving the fast aging process, with 

an improved synthesis procedure they can still be used as an encapsulation material for LEDs, 

which do not operate at high current like shown for the P20_POPP40_PP40. In literature, chips 

which operate at lower currents of 10 mA to 50 mA were often used to test the durability in 

hindsight to low energy LEDs.25, 469, 553-561 
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5 Conclusions and perspective 

The aim of this thesis was the development of novel polysiloxanes, which can serve as encap-

sulation material for high energy LEDs. The focus was in the increase of the refractive index 

compared to the commercially used systems. An increase of the refractive index results in a 

higher light output of the LED chip and therefore increased efficiency. Additionally, less 

backscattered photons lead to lower thermal and photon stress for the chip. 

First, the two commercial materials provided by OSRAM Opto Semiconductor were analysed. 

The KJR-9022E-1 system from Shin-Etsu is a LRI (n = 1.410) polydimethylsiloxane. The pol-

ymer consists of two components: a vinyl- and methyl-group terminated polydimethylsiloxane 

with Q groups and a cross-linked hydride-group terminated poly[dimethyl-co-hydridome-

thyl]siloxane with T and Q groups. The analysis was performed by using FT-IR and NMR 

spectroscopy to determine the completeness of the polymerisation and cross-linking reactions, 

respectively. TG and TG-FT-IR measurements were used to evaluate the thermal stability under 

oxygen and nitrogen atmosphere as well as the decomposition products, respectively. DSC 

measurements were performed to determine the glass transition temperature which also depends 

on the amount of cross-linking. The refractive index was determined for comparing it with the 

commercial systems as well as the self-prepared materials. The viscosity using a rheometer and 

the molecular weight using a SEC of the copolymers were ascertained for comparing the pro-

cessability compared to the commercial systems. UV/Vis measurements were performed to de-

termine the transmission, haze values, yellowness, and whiteness indices at 450 nm after the 

synthesis and during a thermal treatment to evaluate their use as LED encapsulation material. 

The cured polysiloxane shows a high thermal stability (T95% value) of 399 °C in an oxygen 

atmosphere and 471 °C in a nitrogen atmosphere. The high transmission of around 100 % is 

maintained after 69 days at 180 °C. The OE-6630 system from Dow Corning is a high refractive 

index (n = 1.552) polymethylphenylsiloxane. The polymer consists of two components: A being 

a linear vinyl terminated polymethylphenylsiloxane and B being a cross-linked hydride and 

vinyl terminated poly[dimethyl-co-diphenyl]siloxane. The thermal stability (T95% values) of the 

cured polysiloxane is 425 °C under oxygen and 430 °C under nitrogen. The high transmission 

of around 100 % is maintained under 180 °C for over 1600 h. 

The second part of this thesis focused on investigating the use ZrO2 and HfO2 nanoparticles 

produced by different ambient pressure and high-pressure synthesis. The zirconium dioxide 

nanoparticles were synthesised using an alkoxide, basic carbonate, and acetate precursor. The 
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self-prepared nanoparticles were analysed using TEM, XRD and DLS measurements to deter-

mine the particle size. The received particle sizes determined by TEM images are 4.1 ± 0.8 nm, 

4.3 ± 0.7 nm, and 8.1 ± 4.0 nm. The hafnium dioxide nanoparticles were prepared using an 

alkoxide, chlorine, and acetate precursor. The received particle sizes determined by TEM im-

ages are 5.1 ± 1.5 nm, 5.6 ± 1.6 nm, and 4.8 ± 1.2 nm. The trifluoroacetate route cannot be rec-

ommend, although it is very fast, because of larger elongated particles and agglomerates which 

was observed in the TEM images. These particles increase the scattering and therefore lead to 

opaque samples. The basic carbonate and the n-propoxide route resulted in identical particle 

diameters determined by TEM images with around 4.2 nm and a crystallite size of 4.6 ± 0.1 nm 

and 3.7 ± 0.2 nm. The autoclave reaction of the n-propoxide shows a smaller crystallite size of 

3.3 ± 0.1 nm making them all suitable. The diameter as well as the deviations of the HfO2 na-

noparticles measured by TEM images are comparable between 3.5 nm and 7.2 nm considering 

the standard deviation. The crystallite size increases from iso-propoxide over trifluoroacetate 

to the chloride precursor reaction from 2.0 ± 0.1 nm over 3.2 ± 0.1 nm to 5.0 ±0.1 nm. There-

fore, the trifluoroacetate synthesis is the most suitable one because it is the fastest. The particles 

were incorporated into the KJR-9022E-1, OE-6630 and a self-prepared polydiphenylsiloxane. 

The RI could not be increased significantly with only a maximum increase of 0.45 %. The 

transmission often dropped drastically from 99 % of the pure polymer to 85 % when using 

10 wt% HfO2. Therefore, the particles were surface modified with methacrylate-groups and a 

new methacrylate-group containing polysiloxane was prepared to be able to covalently 

cross-link the particles with the matrix. The RI could be increased by adding up to 20 wt% ZrO2 

nanoparticles to 1.617, but the transmission as well as the thermal stability dropped to 80 % and 

261 °C under oxygen atmosphere, respectively. Also, the thermal curing process resulted in a 

yellowing of the material which was prevented by substituting the methacrylate-groups with 

epoxide ones. The RI could be increased to 1.604 with 10 wt% ZrO2 nanoparticles and a trans-

mission of 100 % could be achieved. The thermal stability is also lower than the one of the 

commercial systems. It is rather time-consuming to synthesise the nanoparticles in a suitable 

amount. Additionally, a surface-modification has to be carried out to enhance the miscibility of 

the particles with the matrix material. In contrast to these aspects, the incorporation of 10 wt% 

nanoparticles have a rather small effect on the refractive index and is therefore not efficient in 

terms of possible industry scale production processes. 

The third part has focused on studying the increase of the RI by substituting silicon atoms with 

metal atoms in the polymer backbone using zirconium, hafnium, tin, and tantalum. The alkoxide 

or chlorine precursors were copolymerised with methyl-, phenyl-, hydride-, and vinyl-group 
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containing D silicon monomers which were then curing in a hydrosilylation reaction. The metal 

content was varied between 0.0 mol% and 15.0 mol%. The RI varied between 1.570 and 1.593 

but did not correlate with the metal content. A transmission of over 97 % for nearly all metal 

atom containing polysiloxanes could be achieved after the synthesis which is comparable to the 

commercial systems. The yellowness and whiteness indices showed colourless samples. The 

thermal stability roughly decreases with increasing metal content between 247 °C and 390 °C, 

which is lower as the commercial systems. The effect of backbone-insertion of metal atoms in 

polysiloxanes is rather small towards the increase of the RI and the thermal stability compared 

to an analogue metal-free system. The syntheses revealed some difficulties, which are the reac-

tivity of the metal centres towards Si-H groups. As a result, the vinyl components with the 

twofold metal content have to be synthesised and combined with metal-free hydrogen com-

pounds. Also, the metal centres are potential places for additional cross-linking during the syn-

thesis, leading to very high viscous and brittle products. An attempt to reduce this problem 

using chelating ligands was not successful and also led to coloured products. 

In the fourth part, the dependency of the achieved molecular weight on the reaction method, the 

reaction time, and the pH value were investigated. To this end, model copolymers were synthe-

sised in an acidic and a basic polycondensation reaction. For the acidic reaction methyldieth-

oxysilane, methylphenyldimethoxysilane and diphenylsilanediol were used and for the basic 

reaction phenylvinyldiethoxysilane, methylphenyldimethoxysilane and diphenylsilanediol. In 

the hydride-group containing polymerisation the molecular weight increased exponentially with 

increasing reaction time while in the vinyl-group containing polymerisation the molecular 

weight increased nearly linearly when excluding the last two samples due to them being bi-

modal. The acidic catalysis revealed a linear decrease of the integration of methoxy and ethoxy 

protons in the 1H NMR, while the basic catalysed reaction showed a “S” shape, which are both 

reported in the literature. The molecular weight was calculated using 1H NMR measurements 

and SEC analyses, which are both afflicted with errors. The MW calculations using 1H NMR 

revealed MW’s of 22500 g/mol after five hours, while the SEC showed masses of around 

1800 g/mol. For the vinyl polymerisation the initially used five hours of reaction time for the 

hydride polymerisation was extended for an additional hour because after five hours the MW 

curves in the acidic polymerisation have a strong slope. According to the NMR calculations 

this additional hour leads to a strong increase of the molecular weight up to 37000 g/mol when 

calculating the masses with 1H NMR and 3800 g/mol when using the SEC analysis. The SEC 

data shows that the MW also rises but due to the equilibrium reactions these numbers are maybe 

afflicted with errors, which occurred because the sample could not be measured the next day. 
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In conclusion the reaction time should be long enough to let hydrolysis occur completely, and 

to let the released alcohols be distilled or evaporated completely in dependence on the used 

alcohols as well as the sterical hindrance of the side-groups. 

The fifth part of the thesis investigated the modification of the organic side-groups to increase 

the refractive index. First the phenoxyphenyl side-groups were investigated and the monomer 

4-(phenoxy)phenylphenyldimethoxysilane was synthesised in a Grignard reaction. This new 

monomer was the copolymerised with diphenylsilanediol and methyldiethoxysilane or phenyl-

vinyldiethoxysilane to receive a hydride- and vinyl-group containing copolymer. The cured 

polysiloxane has a high RI of 1.613 compared to the 1.552 of OE-6630 and a high transmission 

of 95 % compared to the 100 %. The thermal stability is slightly lower but still high with 400 °C 

compared to the 425 °C of the OE-6630 independently of the atmosphere. Next the 4-(methyl-

thio)phenyl side-group was investigated. The new monomer 4-(methylthio)phenylphenyl-

dimethoxysilane was synthesised in an analogous way. Four hydride- and vinyl-group contain-

ing copolymers were synthesised each while the diphenylsilanediol-group was substituted with 

dimethyldimethoxylsilane, methylphenyldimethoxysilane and 4-(methylthio)phenylphenyl-

dimethoxysilane, later one to double the amount of sulfur atoms. The refractive index could be 

increased between 1.583 to 1.635 depending on the amount of methyl, phenyl and 4-(methyl-

thio)phenyl side-groups which is higher than the 1.552 of OE-6630. A transmission of 97 % 

could be achieved for all polysiloxanes which is close to the 100 % of OE-6630. A thermal 

stability of 380 °C to 420 °C could be reached for all but the dimethyldimethoxysilane mono-

mer containing polysiloxane with around 340 °C, which is lower than the 420 °C of OE-6630 

independently of the atmosphere. The next side-group was investigated is the phenanthrene 

one. The monomer synthesis was analogously but phenanthren-9-ylmethyldimethoxysilane and 

phenanthren-9-ylphenyldimethoxysilane were synthesised. The hydride- and vinyl-group con-

taining copolymers were synthesised using one of the self-prepared monomers, either methyl-

diethoxysilane or phenylvinyldiethoxysilane and one of dimethyldimethoxysilane, 

methylphenyldimethoxysilane or diphenylsilanediol. A high refractive index of the cured ma-

terials between 1.569 and 1.630 could be reached compared to the 1.552 of OE-6630. A trans-

mission between 96 % to 99 % could be obtained which decreases with increasing phenyl con-

tent compared to the 100 % of the OE-6630. The thermal stability ranges from 300 °C to 420 °C 

rising with increasing phenyl content compared to the 420 °C of the OE-6630 independently of 

the atmosphere. The synthesis is more complex and expensive for large scales because at the 

novel monomers had to be synthesised via Grignard reaction. Contrary to the other attempts, a 

notable increase of the refractive index of the produced siloxanes can be observed. An increase 
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to values above 1.6 is possible using various organic side-groups. Higher values would also be 

possible, but the aromatic moieties tend to stack or crystallise which results in very viscous and 

brittle products. For this reason, a higher content of methyl-groups realised by the thiomethyl- 

or methyl-group at the phenanthrenyl-group containing silicon atom was introduced in the pol-

ymers to enhance the flexibility and reduce viscosity at the expense of a slightly lowered re-

fractive index. 

The sixth part focused on the study of eight selected encapsulation materials on the Oslon2 

Hyper Red LED with an InGaAlP chip which was driven with 1800 mA an emitted a light at 

660 nm. The test was performed by OSRAM Opto Semiconductors. The selected materials were 

the 10 wt% ZrO2 and epoxide-group containing polysiloxane, the 4-(phenoxy)phenyl- and all 

four 4-(methylthio)phenyl-group containing ones as well as the phenanthren-9-ylmethyl- and 

methylphenyl- or diphenyl-group containing ones. The casting with poly[4-(methylthio)phe-

nylphenyl]siloxane increased the brightness of the bare chip with a giant lens compression 

moulding by 4.6 %, poly[4-(methylthio)phenylphenyl-co-dimethyl]siloxane by 3.1 %, 

poly[4-(methylthio)phenylphenyl-co-diphenyl]siloxane by 2.7 % and poly[phenan-

threne-9-ylmethyl-co-diphenyl]siloxane by 2.7 % while the reference silicone ILE 501 in-

creased it only by 2.3 %. Without the giant lens compression moulding most of the polymers 

showed a higher brightness with poly[4-(methylthio)phenylphenyl-co-diphenyl]siloxane being 

superior with an increase of 16.3 % compared to the bare chip and 3.4 % compared to the ref-

erence silicone. The last performed test was a steady-state lifetime investigation for 1000 hours 

at 150 °C with a forward current of 1800 mA. Only the reference silicone and poly[4-(phe-

noxy)phenylphenyl-co-diphenyl]siloxane passed the test. The other seven polymers probably 

did not pass the test because very small syntheses impurities strongly affect the performance of 

them. 

Despite not passing the test, some of the materials appear promising, by showing a thermal 

stability and a transmission comparable to the commercial OE-6630 system. Overall, the addi-

tion of nanoparticles and the modification of the polysiloxane backbone using metal atoms lead 

to unsatisfactory results, the modification of the side-groups was very successful. The main 

advantage of the self-prepared polysiloxanes using self-synthesised monomers is the greatly 

increased refractive index without losing the advantages of the silicone as encapsulant. With 

further synthesis optimisations, the materials can be used as commercial encapsulation materi-

als showing that the project goal was successfully reached.  
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6 Experimental details 

6.1 Instruments and methods 

6.1.1 Thermogravimetry 

Thermogravimetric analyses (TGA) of the samples were measured on a Netzsch TG 209C F1 

Iris (Netzsch-Gerätebau GmbH, Germany) with 10 K/min heating rate. The measurements un-

der oxygen were performed using 20 mL/min oxygen and 20 mL/min nitrogen gas up to 

1000 °C. The analyses under inert atmosphere were performed using 40 mL/min nitrogen gas 

up to 900 °C, switching to 20 mL/min oxygen and 20 mL/min nitrogen from 900 °C to 1000 °C. 

The thermal stability was estimated using T95% value, indicating the temperature at 5 % mass 

loss. The polymer samples were cut into small pieces and 5 mg to 30 mg were placed into a 

corundum crucible. The collected data were analysed by standard procedures using the Netzsch 

Proteus program package. 

6.1.2 Differential scanning calorimetry 

DSC measurements were conducted in a DSC 204 F1 Phoenix (Netzsch-Gerätebau GmbH, 

Germany) in a range from −160 °C to 160 °C depending on the substance with a rate of 

10 K/min under nitrogen atmosphere. The apparatus has an active cooling via liquid/gaseous 

nitrogen and samples of 4 mg to 15 mg were measured in aluminium crucibles with pierced 

lids. The collected data were analysed by standard procedures using the Netzsch Proteus pro-

gram package. 

6.1.3 Infrared spectroscopy 

Infrared spectra were recorded in total reflectance mode on a Bruker Vertex 70 ATR Spectrom-

eter (Bruker Corporation, USA) from 400 cm-1 to 4500 cm-1 performing 16 scans with a reso-

lution of 4 cm-1. The collected data were analysed using the Bruker OPUS program package. 

6.1.4 Rheology (viscosity) 

The rheological measurements were performed on a MCR-301 rheometer with a CTD-450 con-

vection heating system (Anton Paar GmbH, Austria) at 25 °C in oscillatory mode with a plate–

plate geometry using a 25 mm PP25-SN0 measuring plate, a frequency of 1 Hz, a normal force 

value of 0 N and an amplitude of 5 %. The measurements were performed for 10 min and were 

recorded every 0.1 min using the RHEOPLUS/32 V3.21 software. 
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6.1.5 Nuclear magnetic resonance 

The liquid NMR spectra (Table 59) were recorded on a Bruker Avance III 300 (300 MHz) or 

Bruker Avance III HD with a 400 UltraShield core (400 MHz) spectrometer (Bruker Corpora-

tion, USA). Deuterated chloroform was used as internal standard for 1H (7.26 ppm) and 13C 

(77.00 ppm) spectra. Tetramethylsilane was used as internal standard for 29Si (0.00 ppm) spec-

tra. The solid-state NMR spectra were recorded on a Bruker Avance III HD with an Ascend 

400 WB (400 MHz) core (Bruker Corporation, USA). 

Table 59: Core frequencies of the NMR spectrometer. 

NMR core Frequency at 300 MHz Frequency at 400 MHz 

1H 300.13 400.13 

13C 75.47 100.61 

29Si 59.63 79.50 

31P 121.50 161.98 

119Sn 111.92 149.21 

195Pt 64.52 86.02 

 

Some 29Si NMR experiments were performed with a PTFE NMR tube (Figure 213) from Ro-

totec-Spintec GmbH (Germany) which consists of three parts, a PTFE inlet for measuring the 

silicon containing probes, a PTFE plug for closing the inlet and a glass holder to match the 

diameter of this special NMR tube with standard spinners. 

 
Figure 213: PTFE NMR tube. 

Solid state NMR of elastic polysiloxanes like Shin-Etsu KJR-9022E-1 and Dow Corning 

OE-6630 were measured using a polysiloxane rod (Figure 214) which was produced by curing 

the mixed components A and B inside a Teflon mould with different diameters from 5 mm to 

10 mm. One end of the mould has a screw thread where a screw is placed to seal one side of 

the form. After filling the mould bubble-free with the liquid polysiloxane through a syringe, it 
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is placed inside an oven at 150 °C for 18 hours to receive a cured polysiloxane rod, which can 

be removed by unscrewing the bolt and pushing out the cylinder. The idea as well as the ap-

pearance of the system was developed in the group of Prof. Dr. Guido Kickelbick. 

 
Figure 214: Teflon mould for curing elastic polysiloxanes to receive a rod which can be placed inside the 

zirconia solid-state NMR rotor. 

6.1.6 Refractive index 

Refractive indices (RI) were measured using an AR4 Abbé refractometer with a PT31 Peltier 

thermostat (A. KRÜSS Optronic GmbH, Germany) at 20.0 °C, with 589 nm wavelength and 

1-bromonaphthalene respectively cinnamon oil as contact fluid for solid samples. Cinnamon 

oil can only be used up to a RI of 1.5902, while 1-bromonaphthalene is usable up to a RI of 

1.6570. 

6.1.7 Plasma Etching 

Plasma etching of the microscope slides was carried out applying a Plasma-Surface-Technology 

Femto (Diener electronic GmbH + Co. KG, Germany) with 15 mL/min oxygen and 100 % 

power for 10 minutes. The microscope glass slides were cleaned with acetone and dried using 

pressurised air before the plasma etching. 

6.1.8 UV/Vis spectroscopy 

UV/Vis spectra were recorded using a Lambda 750 (Perkin Elmer, USA) and a 100 mm inte-

grating sphere with an InGaAs detector. The polysiloxanes were doctor bladed with 120 µm 

onto a plasma etched glass slide, which was corrected by blank measurements. The samples are 

measured from 320 nm to 800 nm using a scan speed of 2 nm/sec.  

The yellowness index (YI) and the whiteness index (WI) of the doctor bladed samples were 

determined with the UV/Vis spectrometer in an integration sphere and were calculated using 

PerkinElmer UV Winlab (6.4.0.973) software. The higher the yellowness index is, the more 

yellow the sample appears. A negative value indicates a blue colour and the optimum value is 

zero. The whiteness index indicates the whiteness of a sample, the optimum is 100. A value 



6 | EXPERIMENTAL DETAILS 

256 

 

below 100 indicates a yellowish and a value above 100 a bluish sample. The glass slide is 

included in the baseline correction so that the samples can be measured in transmission. The 

measurements are performed from 380 nm to 780 nm with 5 nm increment. The yellowness 

index is measured according to ASTM D 1925-88 and the whiteness index according to ASTM 

E 313-96. 

6.1.9 Fluorescence spectroscopy 

Fluorescence spectroscopy was performed on a FluoroMax 4 Spectrofluorometer (Horiba Sci-

entific, Japan) using different excitation and emission wavelengths and a quartz cuvette. 

6.1.10 SEC measurements 

SEC measurements were performed using a Viscotek VE1121 Pump (Malvern Instruments, 

United Kingdom), two PSS SDV 103 and 105 columns. Three detectors were used, a Shodex 

RID org udc 2 (refractive index, Showa Denko, Japan), a UV Waters 2487 (UV/Vis, Waters 

GmbH, Germany) and a PSS SLD 7000/BI-MwA (light scattering, PSS Polymer Standards 

Service GmbH, Germany). Measurements were carried out in THF, the system was calibrated 

with polystyrene. Stock solutions of 8 mg of polysiloxane in 4 mL of THF were prepared and 

eluted at 0.95 mL/min. The detection wavelength was the absorption maximum of the phenyl-

groups at 264 nm. 

6.1.11 Film applicator 

A 4-fold film applicator MODEL 360 15078 with various gap heights at 30 µm, 60 µm, 90 µm 

and 120 µm from Erichsen GmbH & Co. KG PrüfMasch.Bau (Germany) was used for the doc-

tor-blading onto the microscope slides (Figure 215). 

 
Figure 215: 4-fold film applicator MODEL 360 15078 onto an inked polysiloxane film cured on a micro-

scope glass slide. 
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6.1.12 Used chemicals 

All chemicals were used as received. The solvents were dried using a solvent purification sys-

tem from M.Braun Inertgas-Systeme GmbH (Germany). Dow Corning OE-6630 two compo-

nent system and Shin-Etsu KJR-9022E-1 two component system were obtained from OSRAM 

Opto Semiconductors. 3-Methacryloxypropyl trimethoxysilane (98 %), dimethyldimethox-

ysilane (97 %), diphenyldimethoxysilane (97 %), diphenylsilanediol (98 %), hafnium (IV) iso-

propoxide (99 %), Karstedt’s catalyst ([Pt] = 2.1 – 2.4 % in xylene), methyldiethoxysilane 

(95 %), methyltrimethoxysilane (97 %), Ossko’s catalyst ([Pt] = 1.85 – 2.1 % in Cyclomethyl-

vinylsiloxane), phenylmethyldimethoxysilane (97 %), phenyltrimethoxysilane (97 %), polydi-

methylsiloxane, α-n-butyl, ω-carboxylate, polydimethylsiloxane, α-n-butyl, ω-phosphate, pol-

ydimethylsiloxane, α-n-butyl, ω-phosphonate, triphenylsilanol (98 %), vinylphenyldiethox-

ysilane (95 %), vinyltrimethoxysilane (99 %) and zirconium(IV) chloride (99.5 % Zr) were 

bought from ABCR (Germany). 4-Bromophenyl phenyl ether (99 %), 9-bromophenanthrene 

(96 %), acetylacetone (99 %), benzyl alcohol (98 %), diphenylphosphinic acid (99 %), dodec-

anoic acid (99 %), oleylamine (80 % – 90 %), stearic acid (97 %), tin(IV) chloride (anhydrous, 

99 %) and trifluoroacetic acid (99 %) were bought from ACROS Organics B.V.B.A. (Belgium). 

Butyric acid (99 %) and tetra-n-butylammonium hydroxide (40 wt% in water) were bought 

from fisher scientific (United States). Tantalum(V) ethoxide (98 %) was bought from Gelest 

(United States). 3-Glycidyloxypropyl trimethoxysilane (98 %), 4-bromothioanisole (97 %), 

barium hydroxide monohydrate (98 %), barium hydroxide octahydrate (98 %), benzoyl perox-

ide (98 %), hafnium (IV) n-butoxide (99 %), hafnium(IV) chloride (98 %), zirconium(IV) car-

bonate basic (≥ 40 % ZrO2 basis), zirconium(IV) iso-propoxide iso-propanol complex (99.9 % 

trace metals basis) and zirconium(IV) n-propoxide solution (70 wt% in 1-propanol) were 

bought from Merck Group (Germany). Polydiphenylsiloxane two component system was syn-

thesised by Patrick Wenderoth. Acetone (99 %), benzene (99.5 %), chloroform (99 %), con-

centrated hydrochloric acid (37 %), dichloromethane (97 %), diethyl ether (97 %), ethanol 

(99 %), ethyl acetate (97 %), iso-propanol (97 %), magnesium turnings, methanol (98 %), n-

hexane (99 %), n-pentane (95 %), potassium bicarbonate (98 %), sodium hydroxide (98 %), 

tetrahydrofuran (99 %), toluene (99.8 %) and xylene (98 %) were bought from zentrales 

Chemikalienlager der Universität des Saarlandes (Germany). 
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6.2 Syntheses 

6.2.1 Commercial silicones 

The two commercial silicon systems were obtained from OSRAM Opto Semiconductors. 

6.2.1.1 KJR-9022E-1 

KJR-9022E-1 from Shin-Etsu (Tokio, Japan) consists of two components, A (KJR-9022E) and 

B (C-9022E), which are mixed in a 10:1 ratio. After degassing for 30 minutes at 2 mbar the 

polymer is cured at 150 °C for four hours, as described by the manufacturer.13 

6.2.1.1.1 Shin-Etsu KJR-9022E-1 component A (KJR-9022E) 
1H NMR (400 MHz, CDCl3): δ = 6.19 – 5.72 (m, 3H, vinyl), 0.24 – −0.05 (m, 426H, me-

thyl) ppm. 

13C NMR (101 MHz, CDCl3): δ = 139.54 (vinyl), 131.82 (vinyl), 1.63 (methyl), 1.62 (methyl), 

1.36 (methyl), 1.26 (methyl), 1.16 (methyl), 0.89 (methyl), 0.46 (methyl) ppm. 

29Si NMR (79 MHz, CDCl3): δ = 11.88 (Me3Si-), −4.15 (Me2VSi-), −20.96 – −22.44 (-Me2Si-

), −109.8 (-Si-) ppm. 

RI: 1.4086. 

Viscosity: 2790 ± 4 mPa∙s. 

 
Figure 216: 13C NMR (101 MHz, CDCl3) of Shin-Etsu KJR-9022E. 

6.2.1.1.2 Shin-Etsu KJR-9022E-1 component B (C-9022E) 
1H NMR (400 MHz, CDCl3) δ = 4.78 – 4.63 (m, 1H, hydride), 3.70 (ddd, J = 11.5 Hz 3.2 Hz, 

1.8 Hz, 0.13H), 3.63 – 3.54 (m, 0.28H), 3.44 (s, 0.45H), 3.13 (ddd, J = 5.8 Hz, 4.0 Hz, 2.8 Hz, 

0.12H), 2.77 (t, J = 4.6 Hz, 0.13H), 2.58 (dd, J = 5.1 Hz, 2.7 Hz, 0.13H), 1.74 – 1.58 (m, 0.26H), 

0.68 – 0.54 (m, 0.27H), 0.35 – −0.12 (m, 16.3H, methyl) ppm. 
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13C NMR (101 MHz, CDCl3) δ = 49.81 – 43.15 (methoxy), 0.37 – −2.20 (methyl) ppm. 

29Si NMR (79 MHz, CDCl3) δ = −4.71 – −7.00 (Me2HSi-), −17.08 – −22.49 (-Me2Si-), −32.21 

– −37.57 (-MeHSi-), −65.09 (-MeSi-), −75.29 (-MeOSi-), −110.43 (-Si-) ppm. 

RI: 1.4062.  

Viscosity: 108 ± 3 mPa∙s. 

 
Figure 217: 13C NMR (101 MHz, CDCl3) of Shin-Etsu C-9022E. 

 
Figure 218: 29Si NMR (79 MHz, CDCl3) of C-9022E measured in the PTFE tube. 

6.2.1.1.3 Shin-Etsu KJR-9022E-1 cured 
13C CP MAS NMR (101 MHz, 13 kHz) δ = 8.63 (ethyl), 1.09 (methyl), −1.17 (methyl) ppm. 

29Si CP MAS NMR (80 MHz, 13 kHz) δ = 11.04 (Me3Si-, -Me2EtSi-), −4.01 (Me2VSi-, 

Me2HSi-), −22.71 (-MeEtSi-, -Me2Si-), −35.91 – −38.81 (-MeHSi-), −67.78 (-MeSi-), 

−110.68 (-Si-) ppm. 

RI: 1.4100. 
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6.2.1.2 OE-6630 

OE-6630 from Dow Corning (Michigan, United States of America) consisting of two compo-

nents, A (OE-6630 A) and B (OE-6630 B), which are mixed in a 1:4 ratio. After degassing for 

30 minutes at two mbar the polymer is cured at 150 °C for four hours, although the manufac-

turer suggested two hours.14 

6.2.1.2.1 Dow Corning OE-6630 component A 
1H NMR (400 MHz, CDCl3) δ = 7.89 – 7.28 (m, 50H, phenyl), 6.44 – 5.98 (m, 3H, vinyl), 0.65 

– 0.34 (m, 36H, methyl) ppm. 

13C NMR (101 MHz, CDCl3) δ = 139.01 – 127.39 (phenyl, vinyl), 0.39 – −0.63 (methyl) ppm. 

29Si NMR (79 MHz, CDCl3) δ = −2.34 (Me2VSi-), −32.05 – −33.61 (-MePhSi-) ppm. 

RI: 1.5420. 

Viscosity: 2960 ± 60 mPa∙s (manufacturer: 2975 mPa∙s). 

 
Figure 219: 13C NMR (101 MHz, CDCl3) of Dow Corning OE-6630 component A. 

6.2.1.2.2 Dow Corning OE-6630 component B 
1H NMR (400 MHz, CDCl3) δ = 7.93 – 6.89 (m, 22.5H, phenyl), 6.31 – 5.51 (m, 3H, vinyl), 

5.03 – 4.90 (m, 1H, hydride), 0.47 – −0.25 (m, 13.5H, methyl) ppm. 

13C NMR (101 MHz, CDCl3) δ = 139.03 – 127.60 (phenyl, vinyl), 1.19 – 0.00 (methyl) ppm. 

29Si NMR (79 MHz, CDCl3) δ = −0.47 – −2.27 (Me2VSi-, Me2HSi-), −3.51 – −4.41 (-Me2Si-), 

−44.70 (-Ph2Si-), −77.40 – −82.09 (-PhSi-) ppm. 

RI: 1.5336. 

Viscosity: 2530 ± 30 mPa∙s (manufacturer: 2775 mPa∙s). 



6 | EXPERIMENTAL DETAILS 

261 

 

 
Figure 220: 13C NMR (101 MHz, CDCl3) of Dow Corning OE-6630 component B. 

6.2.1.2.3 Dow Corning OE-6630 cured 
13C CP MAS NMR (101 MHz, 13 kHz) δ = 133.84 – 127.47 (phenyl, vinyl), 9.32 (ethyl), 

−0.60 (methyl) ppm. 

29Si CP MAS NMR (80 MHz, 13 kHz) δ = 11.11 (-Me2EtSi-), −4.32 (-Me2HSi-), −19.38 (-

Me2Si-), −33.08 (-MePhSi-), −46.29 (-Ph2Si-), −79.08 (-PhSi-) ppm. 

RI: 1.5515. 
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6.2.2 MetO2 nanoparticle syntheses 

6.2.2.1 Synthesis of MetO2 from iso- or n-propoxide precursor 

The metal precursor (27.8 mmol of Zr(OiPr)4, Zr(OnPr)4 or Hf(OiPr)4) was mixed with 110 mL 

benzyl alcohol in a 300 mL stainless steel autoclave with a 200 mL glass inlet and a magnetic 

Teflon stirring bar and heated for 210 °C for two days for the ZrO2 nanoparticles and for 230 °C 

for four days for the HfO2 ones under nitrogen atmosphere. The resulting suspension was cen-

trifuged and the powder was washed with THF twice and 700 mg in 20 mL THF were surface 

modified with 100 µL of nBu-PDMS-C10H20-COOH (1500 Da) for a transparent suspension.241, 

249-250 

6.2.2.1.1 ZrO2 for the incorporation into polysiloxanes cross-linked by hydrosilylation re-

action 

DLS measurements: 
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Figure 221: DLS measurement of ZrO2 nanoparticles synthesised from Zr(OnPr)4 in benzyl alcohol re-

spectively THF and surface modified with PDMS-COOH (1500 g/mol). 
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FT-IR measurements: 
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Figure 222: FT-IR spectrum of the unmodified and modified ZrO2 nanoparticles. 

TG measurements: 
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Figure 223: TG analysis of the ZrO2 nanoparticles with and without surface modification synthesised 

from Zr(OnPr)4 under nitrogen atmosphere. 

6.2.2.1.2 ZrO2 for the cross-linking with polysiloxanes by the ring opening reaction of 

epoxides 

The particles received after the autoclave synthesis inside the benzyl alcohol were mixed with 

5.0 g (21.2 mmol) of 3-glycidyloxypropyl trimethoxysilane and 0.5 mL of sulfuric acid. After 

heating the suspension at 70 °C for one hour, the particles were precipitated with 100 mL of 
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distilled water and centrifuged. The resulting particles were dried under high vacuum 

(2∙10-3 mbar) and dispersed in toluene. 

NMR measurements: 

1H NMR (300 MHz, CDCl3) δ = 3.65 (s, 1H, H5), 3.56 (m, 2H, H4, H5’), 3.18 (s, 1H, H4’), 

2.74 (m, 1H, H6), 2.57 (s, 1H, H7), 2.15 (s, 1H, H7’), 1.57 (m, 2H, H3), 0.94 (tr, J = 7.4 Hz, 

2H, H2) ppm. 

DLS measurements: 
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Figure 224: DLS curves of ZrO2 nanoparticles after the synthesis in benzyl alcohol and after the surface 

modification with 3-glycidyloxypropylsiloxane in toluene. 
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TG measurements: 

0 100 200 300 400 500 600 700 800

55

60

65

70

75

80

85

90

95

100

R
e

s
id

u
a

l 
m

a
s

s
 [

%
]

Temperature [°C]

- 3.7 %

- 38.4 %

 3-glycidyloxypropylsiloxane surface modified ZrO2

57.9 %
O2

 
Figure 225: TGA of 3-glycidyloxypropylsiloxane surface modified ZrO2 with residual methanol, toluene, 

and benzyl alcohol. 

6.2.2.1.3 HfO2 

DLS measurements: 
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Figure 226: DLS measurement of hafnium dioxide nanoparticles synthesised from Hf(OiPr)4 in benzyl al-

cohol respectively THF and surface modified with PDMS-COOH (1500 g/mol). 
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FT-IR measurements: 
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Figure 227: FT-IR spectrum of HfO2 nanoparticles in THF, dried on the spectrometer. 

TG measurements: 
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Figure 228: TG analysis of the HfO2 nanoparticles with and without surface modification synthesised 

from Hf(OiPr)4 under nitrogen atmosphere. 

6.2.2.2 Synthesis of HfO2 from chlorine precursor 

The synthesis was carried out by mixing 200 mg (0.624 mmol) of HfCl4 with 45 mL of benzyl 

alcohol in a 200 mL stainless steel autoclave with a closed 110 mL Teflon inlet. After the sus-

pension was heated to 220 °C for three days, it was washed twice with ethanol and diethyl ether 

and filtered with a 0.2 µm syringe filter. The residue was dispersed in 6.94 ml of chloroform 



6 | EXPERIMENTAL DETAILS 

267 

 

and for post modification, 40 mg of dodecanoic acid were added and stirred for 5 min. Subse-

quently, 64 μL oleylamine were added and an opaque suspension was obtained. 

DLS measurements: 
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Figure 229: DLS measurement of HfO2 nanoparticles synthesized from HfCl4 in THF and surface modi-

fied with dodecanoic acid and oleylamine. 

FT-IR measurements: 
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Figure 230: FT-IR spectrum of HfO2 nanoparticles synthesised from HfCl4. 
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TG measurements: 
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Figure 231: TG analysis of HfO2 nanoparticles synthesised by HfCl4. 

6.2.2.3 Synthesis of MetO2 from trifluoroacetate precursor 

Precursor synthesis: 

50 mL (~ 650.0 mmol) of trifluoroacetic acid were slowly added to 30.0 mmol of MetCl4 

(9.60 g of HfCl4, 6.99 g of ZrCl4). After the solution was heated at 40 °C for five hours, the 

solvent was removed under reduced pressure. The product was obtained as a white solid (14.44 

g, 25.5 mmol, 85 % HfCl4, 15.33 g, 28.2 mmol, 94 % of ZrCl4). 

Nanoparticle synthesis: 

4.00 mmol (2.52 g Hf(CF3COO)4, 2.17 g Zr(CF3COO)4) of the metal trifluoroacetate precursor 

were added to 52.6 mL (160.0 mmol) of oleylamine and high vacuum (2∙10-3 mbar) was applied 

for 30 min at 110 °C. Afterwards, the now transparent solution was heated under argon atmos-

phere for 1 h at 330 °C. After the solution was cooled down to room temperature. 150 mL of 

acetone were added, and the precipitated particles were collected by centrifugation. By redis-

solving three times with toluene and precipitating in ethanol followed by centrifuging, clean 

particles were obtained. Thereafter, the particles are redissolved in 20 mL of toluene to form a 

clear suspension. 
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6.2.2.3.1 ZrO2 

DLS measurements: 
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Figure 232: DLS measurement of ZrO2 nanoparticles in THF after the synthesis from the trifluoroacetate 

route. 
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Figure 233: FT-IR spectrum of the ZrO2 nanoparticles after the synthesis from the trifluoroacetate route. 
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TGA measurements: 
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Figure 234: TG analysis of ZrO2 nanoparticles synthesised by Zr(CF3COO)4. 

6.2.2.3.2 HfO2 

DLS measurements: 
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Figure 235: DLS measurement of HfO2 nanoparticles in THF after the synthesis from the trifluoroacetate 

route. 
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FT-IR measurements: 
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Figure 236: FT-IR spectrum of the HfO2 nanoparticles after the synthesis from the trifluoroacetate route. 

TG measurements: 
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Figure 237: TG analysis of HfO2 nanoparticles synthesised by Hf(CF3COO)4. 

6.2.2.4 Synthesis of ZrO2 from basic carbonate precursor 

50.0 g (47.2 wt% ZrO2) zirconium basic carbonate (3ZrO2∙CO2∙yH2O), 35.0 g (1943 mmol) dis-

tilled water and 9.4 g (235 mmol) sodium hydroxide were heated at 110 °C for twelve hours. 
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After the supernatant was discarded, the particles were washed twice with 2 M ammonium bi-

carbonate solution and once with distilled water. The particles were mixed with 80 mL of dis-

tilled water and 100 mL of butyric acid and then heated at 70 °C for four hours. After the sedi-

ment was centrifuged, it was washed twice with distilled water to remove the free acid. The 

postmodified particles were dried for 48 hours at 5 mbar and 200 °C. These were then redis-

persed in 96 mL ethyl acetate and 8.0 g (32.3 mmol) of 3-methacryloxypropyl trimethoxysilane 

and heated at 70 °C for one hour. The particles were precipitated with 100 mL of distilled water 

and centrifuged. The resulting particles were dried under high vacuum (2∙10-3 mbar) and redis-

persed in toluene. 
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Figure 238: DLS measurement of the ZrO2 nanoparticles in THF after the post-modification with butyric 

acid and 3-methacryloxypropyl trimethoxysilane. 
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FT-IR measurement: 
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Figure 239: FT-IR spectra of the dried ZrO2 nanoparticles after the post-modification with butyric acid 

and 3-methacryloxypropyl trimethoxysilane. 

TGA measurement: 
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Figure 240: TG analyses of the dried ZrO2 nanoparticles after the post-modification with butyric acid and 

3-methacryloxypropyl trimethoxysilane. 

NMR measurements: 

1H NMR (400 MHz, CDCl3) δ = 6.08 (s, 1H, H5), 5.52 (s, 1H, H6), 4.10 (tr, J = 6.8 Hz, 2H, 

H4), 3.55 (s, 5.7H, H1), 1.92 (s, H7, 3H), 1.75 (m, 2H, H3), 0.67 (m, 2H, H2) ppm. 

13C NMR (101 MHz, CDCl3) δ = 167.50 (C-CO-O), 136.59 (C2-C=C), 125.27 (C=C), 66.63 

(O-C-C), 50.64 – 50.41 (CH3-O-, 22.24 (C-C2=C), 6.83 (C-C-Si), 5.43 (C-C-C-Si) ppm. 
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29Si NMR (79 MHz, CDCl3) δ = −42.53 (SiOMeOH), −50.78 (Si-OMe2) ppm. 

 
Figure 241: 13C NMR (101 MHz, CDCl3) of ZrO2 nanoparticles after the postmodification with butyric 

acid and 3-methacryloxypropyl trimethoxysilane 

 
Figure 242: 29Si NMR (79 MHz, CDCl3) of ZrO2 nanoparticles after the postmodification with butyric acid 

and 3-methacryloxypropyl trimethoxysilane 
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6.2.3 Metal dioxide nanoparticles incorporated into polysiloxane 

General procedure for surface-modification of nanoparticles after the synthesis and mixing of 

the particles into the polysiloxane polymers: 

The wet particles were mixed with the surfactant and stirred for three hours at room tempera-

ture. Subsequently, ethanol was added to precipitate the modified particles. After centrifuga-

tion, the supernatant was discarded to remove the liberated oleylamine and benzyl alcohol de-

pending on the synthesis route. The still wet particles were suspended in toluene until a clear 

and homogeneous suspension was obtained. The polysiloxane component A and B for 

KJR-9022-E1, OE-6630 or PDPS (including adding the Ossko’s platinum catalyst for PDPS) 

were added in relation to the wanted particle content. The solvent was removed under stirring 

and reduced pressure (2 mbar). The polymer was doctor bladed with a film thickness of 120 μm 

or spread thinly onto a cleaned microscope glass slide and cured at 150 °C for four hours. 

FT-IR measurements: 
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Figure 243: FT-IR spectra of HfO2 nanoparticles synthesised with the trifluoroacetate precursor mixed in 

OE-6630 and cured. 
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UV/Vis measurements: 
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Figure 244: UV/Vis spectra of HfO2 nanoparticles synthesised with the trifluoroacetate precursor mixed in 

OE-6630 and cured. 
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Figure 245: TGA curves of HfO2 nanoparticles synthesised with the trifluoroacetate precursor mixed in 

OE-6630 and cured. 
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FT-IR measurements: 
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Figure 246: FT-IR spectra of HfO2 nanoparticles synthesised with the trifluoroacetate precursor mixed in 

polydiphenylsiloxane and cured. 

UV/Vis measurements: 
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Figure 247: UV/Vis spectra of HfO2 nanoparticles synthesised with the trifluoroacetate precursor mixed in 

polydiphenylsiloxane and cured. 
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TGA measurements: 
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Figure 248: TGA curves of HfO2 nanoparticles synthesised with the trifluoroacetate precursor mixed in 

polydiphenylsiloxane and cured. 
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6.2.4 Synthesis of methacrylate-group containing polysiloxane for cross-linking 

with 10.0 wt%, 20.0 wt% and 30.0 wt% methacrylate surface modified ZrO2 

nanoparticles 

6.2.4.1 Synthesis of triphenylsiloxane terminated poly[(3-methacryloxypropyl)-co-

dimethyl-co-diphenyl]siloxane 

Polymer synthesis: 

898.5 mg (3.25 mmol, 1 eq.) 3-methacryloxypropyl trimethoxysilane, 4696.0 mg (21.71 mmol, 

6 eq.) diphenylsilanediol, 2610.0 mg (21.71 mmol, 6 eq.) dimethoxydimethylsilane, 3000.0 mg 

(10.85 mmol, 3 eq.) triphenylsilanol and 18.1 mg (0.06 mmol) barium hydroxide octahydrate 

were added to 50 mL of ethyl acetate and refluxed for 24 h at 60 °C. The cold suspension was 

filtered with a 0.45 µm syringe filter to remove the catalyst. After removing the solvent and the 

emerging methanol under reduced pressure, a clear polymer (9060.4 mg, 97 %) was obtained. 

 
Figure 249: Synthesis of triphenylsiloxane terminated poly[(3-methacryloxypropyl)-co-dimethyl-co-diphe-

nyl]siloxane. 

Curing: 

1000.0 mg of the polymer were mixed without or with the butyric acid and 3-methacryloxypro-

pyl trimethoxysilane surface modified zirconium dioxide nanoparticles with 17 µL of a suspen-

sion of 10.0 mg (0.04 mmol) of benzoyl peroxide in 100 µL ethyl acetate. After degassing at 

2 mbar for one hour the polymer was doctor bladed and cured at 150 °C for four hours. 

NMR spectra: 

1H NMR (400 MHz, CDCl3) δ = 7.73 – 7.46 (m, 42H, Ph), 7.45 – 7.08 (m, 63H, Ph), 6.58 – 

6.18 (m, 2H, C=CH2), 4.16, (m, 2H, C-CH2-O), 2.27 – 2.16 (m, 3H, C-CH3), 1.81 – 1.72 (m, 

2H, C-CH2-C), 0.38 – 0.31 (m, 2H, Si-CH2-C), 0.30 – −0.26 (m, 36H, Me) ppm. 

13C NMR (101 MHz, CDCl3) δ = 171.24 (C-CO-O), 136.15 (C2-C=C), 135.92 – 129.79 (Ph), 

127.80 (C=C), 60.46 (O-C-C), 22.97 (C-C2=C), 14.23 (C-C-Si), 11.36 (C-C-C-Si), 1.13 – 

−1.58 (methyl) ppm. 
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29Si NMR (79 MHz, CDCl3) δ = −8.13 – −11.04 (Me/HO- Me2Si-), −14.57 – −15.33 (Ph3Si-), 

−19.05 – −21.22 (-Me2Si-), −37.84 – −39.15 (HO-Ph2Si-), −42.81 – −47.95 (-Ph2Si-), −64.50 

– −65.52 (-MASi-) ppm. 

 
Figure 250: 1H NMR (400 MHz, CDCl3) of triphenylsiloxane terminated poly[(3-methacryloxypropyl)-co-

dimethyl-co-diphenyl]siloxane. 

 
Figure 251: 13C NMR (101 MHz, CDCl3,) of triphenylsiloxane terminated poly[(3-methacryloxypropyl)-

co-dimethyl-co-diphenyl]siloxane. 

RI:  

After synthesis: 1.5840. 

After curing: 1.6041. 
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FT-IR measurements: 
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Figure 252: FT-IR spectra of MA6.3_MM37.5_PP37.5_TP18.7 after the synthesis and after curing. 

UV/Vis measurements: 
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Figure 253: 1st and 2nd heating cycle of the cured MA6.3_MM37.5_PP37.5_TP18.7. 

6.2.4.2 Synthesis of a ZrO2/polysiloxane nanocomposite cross-linked by methacry-

late-groups 

RI: 

RI cured, with 10.0 wt% ZrO2: 1.6041. 

RI cured, with 20.0 wt% ZrO2: 1.6157. 

RI cured, with 30.0 wt% ZrO2: 1.6167. 
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FT-IR measurements: 
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Figure 254: FT-IR spectra of cured MA6.3_MM37.5_PP37.5_TP18.7 with 10.0 wt%, 20.0 wt% and 

30.0 wt% surface modified nanoparticles. 

DSC curves: 
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Figure 255: 1st DSC heating curve of cured MA6.3_MM37.5_PP37.5_TP18.7 with 0.0 wt%, 10.0 wt%, 

20.0 wt% and 30.0 wt% surface modified nanoparticles. 
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Figure 256: 2nd DSC heating curve of cured MA6.3_MM37.5_PP37.5_TP18.7 with 0.0 wt%, 10.0 wt%, 

20.0 wt% and 30.0 wt% surface modified nanoparticles. 

UV/Vis measurements: 
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Figure 257: UV/Vis spectra and the calculated haze curves of cured MA6.3_MM37.5_PP37.5_TP18.7 with 

0.0 wt%, 10.0 wt%, 20.0 wt% and 30.0 wt% surface modified nanoparticles. 
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6.2.5 Synthesis of epoxide-group containing polysiloxane for cross-linking with 

10.0 wt% epoxide-surface modified ZrO2 nanoparticles 

Polymer synthesis: 

768.1 mg (3.25 mmol, 1 eq.) 3-glycidyloxypropyl trimethoxysilane, 4696.0 mg (21.71 mmol, 

6 eq.) diphenylsilanediol, 2610.0 mg (21.71 mmol, 6 eq.) dimethoxydimethylsilane, 3000.0 mg 

(10.85 mmol, 3 eq.) triphenylsilanol and 18.1 mg (0.06 mmol) barium hydroxide octahydrate 

were added to 50 mL of ethyl acetate and refluxed for 24 h at 60 °C. The cold suspension was 

filtered with a 0.45 µm syringe filter to remove the catalyst. After removing the solvent and the 

emerging methanol under reduced pressure, a clear polymer (6722.7 mg, 94 %) was obtained. 

 
Figure 258: Synthesis of triphenylsiloxane terminated poly[(3-glycidyloxypropyl)-co-dimethyl-co-diphe-

nyl]siloxane. 

Curing:  

1000.0 mg of the polymer EP6.3_MM37.5_PP37.5_TP18.7 were mixed with the 100.0 mg 

3-glycidyloxypropyl trimethoxysilane surface modified zirconium dioxide nanoparticles. After 

degassing at 2 mbar for one hour the polymer was doctor bladed and cured at 150 °C for four 

hours. 

NMR spectra: 

1H NMR (400 MHz, CDCl3) δ = 7.92 – 7.55 (m, 42H, Ph), 7.55 – 7.14 (m, 63H, Ph), 3.60 – 

3.40 (m, 3H, H4, H5, H5’), 3.16 – 3.00 (s, 1H, H4’), 2.77 – 2.65 (m, 1H, H6), 2.61 – 2.43 (s, 

1H, H7), 1.93 – 2.03 (s, 1H, H7’), 1.88 – 1.46 (m, 2H, H3), 0.87 – 0.58 (m, 2H, H2), 0.05 – 

0.31 (m, 36H, Me) ppm. 

13C NMR (101 MHz, CDCl3) δ = 135.79 – 127.67 (phenyl), 77.48 (-O-C-C-C), 76.84 (O-C-C2-

O-C), 49.99 (C-O-C2-C), 44.25 (O-C-C2), 23.12 (C-C-C-Si-), 14.73 (C-C-C-Si-), 0.53 – 

−1.71 (methyl) ppm. 

29Si NMR (79 MHz, CDCl3) δ = −4.84 (MeO-Me2Si-), −7.18 – −9.67 (HO-Me2Si-), −13.35 

(Ph3Si-), −15.24 – −20.88 (-Me2Si-), −33.58 (MeO-Ph2Si-), −35.10 – −38.39 (HO-Ph2Si-), 

−41.39 – −46.52 (-Ph2Si-), −54.61 (EPSiOH-), −64.52 (EPSi-) ppm. 
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Figure 259: 1H NMR (400 MHz, CDCl3) of triphenylsiloxane terminated poly[(3-glycidyloxypropyl)-co-

dimethyl-co-diphenyl]siloxane. 

 
Figure 260: 13C NMR (101 MHz, CDCl3) of triphenylsiloxane terminated poly[(3-glycidyloxypropyl)-co-

dimethyl-co-diphenyl]siloxane. 

RI: 

RI uncured: 1.5815.  

RI cured, with 10.0 wt% ZrO2: 1.6075. 
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FT-IR measurements: 
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Figure 261: FT-IR spectra of mixed and cured EP6.3_MM37.5_PP37.5_TP18.7 with 10.0 wt% epoxide-

group surface modified ZrO2 nanoparticles. 

TGA curves: 
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Figure 262: TGA curves of cured EP6.3_MM37.5_PP37.5_TP18.7 without and with 10.0 wt% epoxide-

group surface modified ZrO2 nanoparticles under oxygen atmosphere. 
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DSC curves: 
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Figure 263: DSC curves of the first and second heating cycle of cured EP6.3_MM37.5_PP37.5_TP18.7 

with 10.0 wt% epoxide-group surface modified ZrO2 nanoparticles. 

UV/Vis measurements: 
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Figure 264: Transmission and haze curves of cured EP6.3_MM37.5_PP37.5_TP18.7 with 10.0 wt% epox-

ide-group surface modified ZrO2 nanoparticles. 
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6.2.6 Syntheses of metal atom containing polysiloxanes 

6.2.6.1 Hydride and metal atom containing polysiloxanes 

General synthesis for hydride and metal atom containing polysiloxanes: 

The percentages refer to the accumulated amount of silicon and metal atoms. To 40 % (2.50 g, 

11.56 mmol) of diphenylsilanediol, (40-X) % (40 %: 2.10 g, 11.56 mmol) of methylphenyl-

dimethoxysilane, X % of the metal monomer, 3 mL of xylene and 0.1 % (4.37 mg, 0.02 mmol) 

of barium hydroxide monohydrate were heated to 110 °C for 24 h with an equipped distillation 

head. A 1H NMR measurement was performed to check if the reaction is finished. After the 

addition of 100 µL conc. HCl(aq) at room temperature the solution was stirred for 10 min, then 

20 % (0.78 g, 5.78 mmol) of methyldiethoxysilane were added. The solution was heated to 

80 °C for one hour and to 110 °C for two additional hours. After cooling down and adding 2 mL 

of distilled water and 2 mL of toluene, the polymer was extracted using a centrifuge at 8000 

rpm for one minute. After washing the organic phase once with potassium bicarbonate solution 

and four times with distilled water, it was filtered with a 0.45 µm syringe filter and the residual 

solvent was removed under high vacuum to receive a viscous clear to opaque polymer (theo-

retical: 100 % with solvent residuals). The synthesis of the reference hydride was performed in 

a larger scale using 296.2 mmol of silanes in total because every metal containing vinyl copol-

ymer is cross-linked with this metal-free hydride. 

For the tin containing samples, the Sn(Cl)4 ∙ 5 H2O was dissolved in absolute methanol first 

before it was added to the siloxanes. Also, additional amounts of barium hydroxide or sodium 

hydroxide were added to compensate the emerging HCl and remain a slightly basic solution. 

The 1H NMRs are referenced to the CH3 signal of toluene at 2.36 ppm, the 13C NMRs are ref-

erenced to the CDCl3 signal at 77.16 ppm. The stated integration of the groups is based on the 

theoretical values because of overlapping solvent and alkoxy signals. 

H20_Met0_PP40_PM40: 

Yield: 40.49 g. 

1H NMR (400 MHz, CDCl3): δ = 7.75 – 7.06 (m, 30.00H, Ph), 5.08 – 4.67 (m, 1.00H, H), 0.61 

– −0.31 (m, 9.00H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.51 – 125.45 (Ph), 1.22 – −0.30 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.22 – −32.45 (-MePhSi-), −33.87 – −35.24 (-HMeSi-), 

−43.12 – −46.28 (-Ph2Si-) ppm. 
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Refractive index: 1.5625. 

Viscosity: 2800 ± 170 mPa∙s. 

6.2.6.1.1 Zirconium 

H20_Zr1_PP40_PM39: 

Yield: 3.88 g. 

1H NMR (400 MHz, CDCl3): δ = 7.82 – 6.83 (m, 29.75H, Ph), 5.24 – 4.64 (m, 1.00H, H), 0.56 

– −0.20 (m, 8.85H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.72 – 127.55 (Ph), 1.05 – −1.97 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.20 – −32.64 (-MePhSi-), −33.15 – −36.03 (-HMeSi-), 

−42.89 – −47.07 (-Ph2Si-) ppm. 

Refractive index: 1.5668. 

Viscosity: 25200 ± 350 mPa∙s. 

H20_Zr3_PP40_PM37: 

Yield: 3.54 g. 

1H NMR (400 MHz, CDCl3): δ = 7.84 – 6.83 (m, 29.25H, Ph), 5.06 – 4.01 (m, 1.00H, H), 0.57 

– −0.12 (m, 8.55H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.79 – 127.55 (Ph), −0.14 – −4.05 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −29.98 – −32.49 (-MePhSi-), −33.47 – −34.64 (-HMeSi-), −42.81 

– −47.04 (-Ph2Si-) ppm. 

Refractive index: 1.5606. 

Viscosity: 7220 ± 90 mPa∙s. 

H20_Zr5_PP40_PM35: 

Yield: 3.19 g. 

1H NMR (400 MHz, CDCl3): δ = 7.80 – 6.87 (m, 28.75H, Ph), 5.02 – 4.16 (m, 1.00H, H), 0.61 

– −0.10 (m, 8.25H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.00 – 127.54 (Ph), −0.30 – −1.99 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −25.51 – −29.78 (-MePhSi-), −32.47 – −33.61 (-HMeSi-), −42.78 

– −47.07 (-Ph2Si-) ppm. 

Refractive index: 1.5560. 

Viscosity: 7090 ± 80 mPa∙s. 

H20_Zr10_PP40_PM30: 

Yield: 3.70 g. 
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1H NMR (400 MHz, CDCl3): δ = 7.73 – 6.98 (m, 27.50H, Ph), 4.79 – 4.09 (m, 1.00H, H), 0.49 

– −0.18 (m, 7.50H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.04 – 125.44 (Ph), −0.25 – −4.12 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −25.18 – −32.73 (-MePhSi-), −33.30 – −39.65 (-HMeSi-), −42.92 

– −46.84 (-Ph2Si-) ppm. 

Refractive index: 1.5506. 

Viscosity: 30200 ± 1600 mPa∙s. 

H20_Zr15_PP40_PM25: 

Yield: 2.29 g. 

1H NMR (400 MHz, CDCl3): δ = 7.81 – 6.86 (m, 26.25H, Ph), 4.61 – 4.05 (m, 1.00H, H), 0.59 

– −0.17 (m, 6.75H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.04 – 125.43 (Ph), −0.25 – −5.56 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −29.24 – −32.63 (-MePhSi-), −33.18 – −39.40 (-HMeSi-), −42.93 

– −47.20 (-Ph2Si-) ppm. 

Refractive index: 1.5770. 

Viscosity: 680000 ± 24000 mPa∙s. 

6.2.6.1.2 Hafnium 

H20_Hf1_PP40_PM39: 

Yield: 3.94 g. 

1H NMR (400 MHz, CDCl3): δ = 7.76 – 6.92 (m, 29.75H, Ph), 5.31 – 4.54 (m, 1.00H, H), 0.58 

– −0.23 (m, 8.85H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.99 – 125.45 (Ph), −0.23 – −0.30 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.21– −32.66 (-MePhSi-), −33.08 – −33.75 (-HMeSi-), 

−42.91 – −47.18 (-Ph2Si-) ppm. 

Refractive index: 1.5657. 

Viscosity: 20000 ± 220 mPa∙s. 

H20_Hf3_PP40_PM37: 

Yield: 3.22 g. 

1H NMR (400 MHz, CDCl3): δ = 7.81 – 6.83 (m, 29.25H, Ph), 5.13 – 4.64 (m, 1.00H, H), 0.64 

– −0.21 (m, 8.55H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.98 – 125.43 (Ph), 0.14 – −2.86 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −29.16 – −32.52 (-MePhSi-), −33.13 – −34.66 (-HMeSi-), −42.85 

– −47.23 (-Ph2Si-) ppm. 



6 | EXPERIMENTAL DETAILS 

291 

 

Refractive index: 1.5589. 

Viscosity: 26600 ± 110 mPa∙s. 

H20_Hf5_PP40_PM35: 

Yield: 3.66 g. 

1H NMR (400 MHz, CDCl3): δ = 7.85 – 6.87 (m, 28.75H, Ph), 5.01 – 4.28 (m, 1.00H, H), 0.61 

– −0.10 (m, 8.25H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.00 – 127.54 (Ph), −0.30 – −4.12 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −24.94 – −31.12 (-MePhSi-), −32.30 – −33.59 (-HMeSi-), −42.77 

– −47.06 (-Ph2Si-) ppm. 

Refractive index: 1.5560. 

Viscosity: 3120000 ± 470000 mPa∙s. 

H20_Hf10_PP40_PM30: 

Yield: 3.17 g. 

1H NMR (400 MHz, CDCl3): δ = 7.82 – 6.85 (m, 27.50H, Ph), 4.96 – 4.27 (m, 1.00H, H), 0.53 

– −0.13 (m, 7.50H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.04 – 125.44 (Ph), −0.25 – −4.15 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −25.16 – −32.68 (-MePhSi-), −33.07 – −39.72 (-HMeSi-), −42.91 

– −47.20 (-Ph2Si-) ppm. 

Refractive index: 1.5520. 

Viscosity: 54000 ± 750 mPa∙s. 

H20_Hf15_PP40_PM25: 

Yield: 3.93 g. 

1H NMR (400 MHz, CDCl3): δ = 7.82 – 6.85 (m, 26.25H, Ph), 4.96 – 4.27 (m, 1.00H, H), 0.53 

– −0.13 (m, 6.75H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.04 – 125.44 (Ph), −0.25 – −4.15 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −25.16 – −32.68 (-MePhSi-), −33.07 – −39.72 (-HMeSi-), −42.91 

– −47.20 (-Ph2Si-) ppm. 

Refractive index: 1.5365. 

Viscosity: 6640 ± 360 mPa∙s. 

6.2.6.1.3 Tin 

H20_Sn1_PP40_PM39: 

Yield: 3.67 g. 
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1H NMR (400 MHz, CDCl3): δ = 7.84 – 6.83 (m, 29.75H, Ph), 5.12 – 4.63 (m, 1.00H, H), 0.57 

– −0.24 (m, 8.85H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 137.88 – 125.94 (Ph), 1.03 – −0.28 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.11 – −32.53 (-MePhSi-), −33.02 – −35.84 (-HMeSi-), 

−42.80 – −47.11 (-Ph2Si-) ppm. 

Refractive index: 1.5654. 

Viscosity: 30600 ± 470 mPa∙s. 

H20_Sn3_PP40_PM37: 

Yield: 4.05 g. 

1H NMR (400 MHz, CDCl3): δ = 7.83 – 6.89 (m, 29.25H, Ph), 4.89 – 4.67 (m, 1.00H, H), 0.62 

– −0.13 (m, 8.55H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.98 – 125.94 (Ph), 1.01 – −0.30 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −28.97 – −32.87 (-MePhSi-), −33.59 – −37.73 (HMeSi-), −41.43 

– −46.72 (-Ph2Si-) ppm. 

Refractive index: 1.5674. 

Viscosity: 276000 ± 1700 mPa∙s. 

H20_Sn5_PP40_PM35: 

Yield: 4.14 g. 

1H NMR (400 MHz, CDCl3): δ = 7.77 – 6.88 (m, 28.75H, Ph), 5.07 – 4.64 (m, 1.00H, H), 0.62 

– −0.12 (m, 8.25H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.79 – 125.45 (Ph), 1.03 – −0.31 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −29.04 – −32.51 (-MePhSi-), −33.11 – −35.49 (-HMeSi-), −42.73 

– −47.22 (-Ph2Si-) ppm. 

Refractive index: 1.5729. 

Viscosity: 26800 ± 580 mPa∙s. 

H20_Sn10_PP40_PM30: 

Yield: 3.11 g. 

1H NMR (400 MHz, CDCl3): δ = 7.89 – 7.16 (m, 27.50H, Ph), 5.19 – 4.83 (m, 1.00H, H), 0.67 

– −0.23 (m, 7.50H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.49 – 125.44 (Ph), 1.32 – −0.51 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −29.04 – −32.55 (-MePhSi-), −33.58 – −36.63 (-HMeSi-), −43.36 

– −46.30 (-Ph2Si-) ppm. 

Refractive index: not determinable. 



6 | EXPERIMENTAL DETAILS 

293 

 

Viscosity: not determinable. 

H20_Sn15_PP40_PM25: 

Yield: 4.30 g. 

1H NMR (400 MHz, CDCl3): δ = 7.75 – 6.80 (m, 26.25H, Ph), 5.03 – 4.61 (m, 1.00H, H), 0.51 

– −0.23 (m, 6.75H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.66 – 125.92 (Ph), −0.25 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −28.93 – −32.81 (-MePhSi-), −33.24 – −38.93 (-HMeSi-), −42.98 

– −46.81 (-Ph2Si-) ppm. 

Refractive index: not determinable. 

Viscosity: not determinable. 

6.2.6.1.4 Tantalum 

H20_Ta1_PP40_PM39: 

Yield: 3.74 g. 

1H NMR (400 MHz, CDCl3): δ = 7.79 – 6.87 (m, 29.75H, Ph), 5.01 – 4.69 (m, 1.00H, H), 0.58 

– −0.11 (m, 8.85H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.97 – 125.94 (Ph), 1.07 – −1.90 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −24.83 – −32.98 (-MePhSi-), −33.45 – −39.27 (-HMeSi-), 

−42.62 – −46.91 (-Ph2Si-) ppm. 

Refractive index: 1.5718. 

Viscosity: 16700 ± 190 mPa∙s. 

H20_Ta3_PP40_PM37: 

Yield: 4.16 g. 

1H NMR (400 MHz, CDCl3): δ = 7.77 – 6.90 (m, 29.25H, Ph), 4.99 – 4.65 (m, 1.00H, H), 0.44 

– −0.12 (m, 8.55H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.78 – 125.93 (Ph), 1.05 – −1.93 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −24.87 – −32.79 (-MePhSi-), −33.38 – −39.31 (-HMeSi-), −42.72 

– −46.98 (-Ph2Si-) ppm. 

Refractive index: 1.5677. 

Viscosity: 2160 ± 30 mPa∙s. 

H20_Ta5_PP40_PM35: 

Yield: 3.76 g. 

1H NMR (400 MHz, CDCl3): δ = 7.74 – 6.88 (m, 28.75H, Ph), 5.02 – 4.66 (m, 1.00H, H), 0.57 

– −0.16 (m, 8.25H, Me) ppm. 
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13C NMR (101 MHz, CDCl3): δ = 134.96 – 125.93 (Ph), 1.06 – −1.93 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −29.02 – −32.97 (-MePhSi-), −33.48 – −39.28 (-HMeSi-), −42.70 

– 46.92 (-Ph2Si) ppm. 

Refractive index: 1.5750. 

Viscosity: 20300 ± 300 mPa∙s. 

H20_Ta10_PP40_PM30: 

Yield: 3.95 g. 

1H NMR (400 MHz, CDCl3): δ = 8.21 – 6.92 (m, 27.50H, Ph), 5.16 – 4.61 (m, 1.00H, H), 0.59 

– −0.28 (m, 7.50H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.98 – 125.42 (Ph), 1.03 – −1.94 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −24.66 – −32.60 (-MePhSi-), −33.22 – −39.29 (-HMeSi-), −43.83 

– −46.73 (-Ph2Si-) ppm. 

Refractive index: 1.5635. 

Viscosity: 25200 ± 460 mPa∙s 

H20_Ta15_PP40_PM25: 

Yield: 4.13 g. 

1H NMR (400 MHz, CDCl3): δ = 7.72 – 6.82 (m, 26.25H, Ph), 5.07 – 4.51 (m, 1.00H, H), 0.52 

– −0.16 (m, 6.75H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.96 – 125.92 (Ph), −0.24 – −0.28 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): −29.19 – −32.56 (-MePhSi-), −33.00 – −39.11 (-HMeSi-), −42.89 

– −47.15 (-Ph2Si-) ppm. 

Refractive index: 1.5820. 

Viscosity: 10600000 ± 960000 mPa∙s. 

6.2.6.2 Vinyl and metal atom containing polysiloxanes 

General synthesis for vinyl and metal atom containing polysiloxanes: 

The percentages refer to the accumulated amount of silicon and metal atoms. To 40 % (2.50 g, 

11.56 mmol) of diphenylsilanediol, (40-X) % (40 %: 2.10 g, 11.56 mmol) of methylphenyl-

dimethoxysilane, X % of the metal monomer, 3 mL of xylene and 0.1 % (4.37 mg, 0.02 mmol) 

of barium hydroxide monohydrate were heated to 110 °C for 24 h with an equipped distillation 

head. A 1H NMR measurement was performed to check if the reaction is finished. After the 

addition of 100 µL conc. HCl(aq) at room temperature the solution was stirred for 10 min, then 

20 % (1.29 g, 5.78 mmol) of vinylphenyldiethoxysilane were added. The solution was heated 

to 80 °C for one hour and to 110 °C for two additional hours. After cooling down and adding 
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2 mL of distilled water and 2 mL of toluene, the polymer was extracted using a centrifuge at 

8000 rpm for one minute. After washing the organic phase once with potassium bicarbonate 

and four times with distilled water, it was filtered with a 0.45 µm syringe filter and the residual 

solvent was removed under high vacuum to receive a viscous clear to opaque polymer (theo-

retical: 100 % with solvent residuals). 

For the tin containing samples, the Sn(Cl)4 ∙ 5 H2O was dissolved in absolute methanol first 

before it was added to the siloxanes. Also, additional amounts of barium hydroxide or sodium 

hydroxide were added to compensate the emerging HCl and remain a slightly basic solution. 

The 1H NMRs are referenced to the CH3 signal of toluene at 2.36 ppm, the 13C NMRs are ref-

erenced to the CDCl3 signal at 77.16 ppm. The stated integration of the groups is based on the 

theoretical values because of overlapping solvent and alkoxy signals. 

V20_Met0_PP40_PM40: 

Yield: 4.90 g. 

1H NMR (400 MHz, CDCl3): δ = 7.82 – 6.84 (m, 35.00H, Ph), 6.24 – 5.47 (m, 3.00H, V), 0.55 

– −0.19 (m, 6.00H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.57 – 125.45 (Ph, V), −0.17 – −0.26 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.09 – −32.75 (-MePhSi-), −42.77 – −47.59 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5731. 

Viscosity: 508000 ± 10000 mPa∙s. 

6.2.6.2.1 Zirconium 

V20_Zr1_PP40_PM39: 

Yield: 5.34 g. 

1H NMR (400 MHz, CDCl3): δ = 7.81 – 6.84 (m, 34.75H, Ph), 6.25 – 5.80 (m, 3.00H, V), 0.48 

– −0.25 (m, 5.85H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.65 – 127.53 (Ph, V), −0.30 – −2.47 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −22.89 – −32.77 (-MePhSi-), −42.47 – −46.91 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5639. 

Viscosity: 330 ± 10 mPa∙s. 

V20_Zr3_PP40_PM37: 

Yield: 5.43 g. 
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1H NMR (400 MHz, CDCl3): δ = 7.82 – 6.86 (m, 34.25H, Ph), 6.37 – 6.00 (m, 3.00H, V), 0.64 

– −0.13 (m, 5.55H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.76 – 127.53 (Ph, V), −0.16 – −4.12 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −23.05 – −32.40 (-MePhSi-), −42.70 – −46.94 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5580. 

Viscosity: 320 ± 10 mPa∙s. 

V20_Zr5_PP40_PM35: 

Yield: 6.13 g. 

1H NMR (400 MHz, CDCl3): δ = 7.63 – 6.72 (m, 33.75H, Ph), 6.14 – 5.84 (m, 3.00H, V), 0.38 

– −0.29 (m, 5.25H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.00 – 127.54 (Ph, V), −0.17 – −4.14 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −24.76 – −32.65 (-MePhSi-), −42.64 – −46.86 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5526. 

Viscosity: 500 ± 370 mPa∙s. 

V20_Zr10_PP40_PM30: 

Yield: 6.35 g. 

1H NMR (400 MHz, CDCl3): δ = 7.65 – 6.85 (m, 32.50H, Ph), 6.15 – 5.85 (m, 3.00H, V), 0.34 

– −0.24 (m, 4.50H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.98 – 127.51 (Ph, V), −0.30 – −4.16 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −25.20 – −32.47 (-MePhSi-), −42.57 – −46.82 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5510. 

Viscosity: 830 ± 30 mPa∙s. 

V20_Zr15_PP40_PM25: 

Yield: 6.63 g. 

1H NMR (400 MHz, CDCl3): δ = 7.66 – 6.72 (m, 31.25H, Ph), 6.16 – 5.87 (m, 3.00H, V), 0.37 

– −0.24 (m, 3.75H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.96 – 127.50 (Ph, V), −0.22 – −4.18 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −24.92 – −32.78 (-MePhSi-), −42.45 – −46.69 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5474. 



6 | EXPERIMENTAL DETAILS 

297 

 

Viscosity: 260 ± 10 mPa∙s. 

6.2.6.2.2 Hafnium 

V20_Hf1_PP40_PM39: 

Yield: 5.26 g. 

1H NMR (400 MHz, CDCl3): δ = 7.74 – 6.88 (m, 34.75H, Ph), 6.25 – 5.95 (m, 3.00H, V), 0.39 

– −0.13 (m, 5.85H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.69 – 127.53 (Ph, V), −0.16 – −2.50 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −25.46 – −32.97 (-MePhSi-), −42.64 – −46.86 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5592. 

Viscosity: 1430 ± 10 mPa∙s. 

V20_Hf3_PP40_PM37: 

Yield: 5.63 g. 

1H NMR (400 MHz, CDCl3): δ = 7.64 – 6.87 (m, 34.25H, Ph), 6.19 – 5.85 (m, 3.00H, V), 0.36 

– −0.19 (m, 5.55H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.72 – 127.54 (Ph, V), −0.17 – −4.14 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −24.95 – −32.95 (-MePhSi-), −42.62 – −46.81 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5561. 

Viscosity: 300 ± 20 mPa∙s. 

V20_Hf5_PP40_PM35: 

Yield: 6.15 g. 

1H NMR (400 MHz, CDCl3): δ = 7.78 – 6.78 (m, 33.75H, Ph), 6.17 – 5.81 (m, 3.00H, V), 0.40 

– −0.14 (m, 5.25H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.69 – 127.52 (Ph, V), −0.34 – −4.17 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −24.82 – −32.75 (-MePhSi-), −42.35 – −46.57 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5518. 

Viscosity: 290 ± 10 mPa∙s. 

V20_Hf10_PP40_PM30: 

Yield: 7.24 g. 

1H NMR (400 MHz, CDCl3): δ = 7.71 – 6.68 (m, 32.50H, Ph), 6.15 – 5.86 (m, 3.00H, V), 0.36 

– −0.30 (m, 4.50H, Me) ppm. 
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13C NMR (101 MHz, CDCl3): δ = 135.00 – 127.51 (Ph, V), −0.19 – −4.16 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.03 – −32.80 (-MePhSi-), −42.68 – −46.92 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5460. 

Viscosity: 140 ± 10 mPa∙s. 

V20_Hf15_PP40_PM25: 

Yield: 7.37 g. 

1H NMR (400 MHz, CDCl3): δ = 7.87 – 6.83 (m, 31.25H, Ph), 6.24 – 5.93 (m, 3.00H, V), 0.47 

– −0.24 (m, 3.75H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.03 – 127.60 (Ph, V), −0.26 – −4.14 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −25.16 – −33.18 (-MePhSi-), −42.93 – −46.86 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5364. 

Viscosity: 61600 ± 3800 mPa∙s. 

6.2.6.2.3 Tin 

V20_Sn1_PP40_PM39: 

Yield: 5.99 g. 

1H NMR (400 MHz, CDCl3): δ = 7.88 – 6.92 (m, 34.75H, Ph), 6.39 – 5.72 (m, 3.00H, V), 0.62 

– 0.02 (m, 5.85H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.63 – 125.45 (Ph, V), −0.13 – −0.32 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.13 – −33.65 (-MePhSi-), −42.82 – −47.06 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5728. 

Viscosity: 5260 ± 170 mPa∙s. 

V20_Sn3_PP40_PM37: 

Yield: 3.24 g. 

1H NMR (400 MHz, CDCl3): δ = 7.81 – 7.02 (m, 34.25H, Ph), 6.15 – 5.61 (m, 3.00H, V), 0.55 

– 0.00 (m, 5.55H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.63 – 125.45 (Ph, V), −0.12 – −0.38 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.10 – −33.62 (-MePhSi-), −42.79 – −47.04 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5805. 

Viscosity: 1170000 ± 38000 mPa∙s. 
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V20_Sn5_PP40_PM35: 

Yield: 4.42 g. 

1H NMR (400 MHz, CDCl3): δ = 7.61 – 6.74 (m, 33.75H, Ph), 6.15 – 5.84 (m, 3.00H, V), 0.31 

– −0.20 (m, 5.25H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.69 – 127.51 (Ph, V), −0.16 – −2.47 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.03 – −33.54 (-MePhSi), −42.70 – −46.95 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5588. 

Viscosity: 330 ± 10 mPa∙s. 

V20_Sn10_PP40_PM30: 

Yield: 4.84 g. 

1H NMR (400 MHz, CDCl3): δ = 7.87 – 6.87 (m, 32.50H, Ph), 6.41 – 5.81 (m, 3.00H, V), 0.63 

– −0.10 (m, 4.50H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.02 – 125.93 (Ph, V), 0.00 – −0.27 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −32.33 – −33.42 (-MePhSi-), −42.61 – −46.52 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5757. 

Viscosity: 541000 ± 120000 mPa∙s. 

V20_Sn15_PP40_PM25: 

Yield: 6.34 g. 

1H NMR (400 MHz, CDCl3): δ = 7.78 – 6.88 (m, 31.25H, Ph), 6.45 – 5.76 (m, 3.00H, V), 0.49 

– −0.10 (m, 3.75H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.52 – 125.90 (Ph, V), −0.17 – −0.31 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −32.20 – −33.55 (-MePhSi-), −42.70 – −46.96 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5641. 

Viscosity: 80 ± 20 mPa∙s. 

6.2.6.2.4 Tantalum 

V20_Ta1_PP40_PM39: 

Yield: 4.53 g. 

1H NMR (400 MHz, CDCl3): δ = 7.66 – 6.78 (m, 34.75H, Ph), 6.15 – 5.85 (m, 3.00H, V), 0.42 

– −0.25 (m, 5.85H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.70 – 127.64 (Ph, V), 0.04 – −2.49 (Me) ppm. 
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29Si NMR (79 MHz, CDCl3): δ = −30.24 – −33.45 (-MePhSi-), −42.63 – −46.83 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5620. 

Viscosity: 4490 ± 2020 mPa∙s. 

V20_Ta3_PP40_PM37: 

Yield: 3.94 g. 

1H NMR (400 MHz, CDCl3): δ = 7.66 – 6.74 (m, 34.25H, Ph), 6.15 – 5.82 (m, 3.00H, V), 0.42 

– −0.17 (m, 5.55H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.73 – 127.55 (Ph, V), 0.04 – −2.44 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −30.26 – −30.45 (-MePhSi-), −42.65 – −46.86 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5620. 

Viscosity: 340 ± 10 mPa∙s. 

V20_Ta5_PP40_PM35: 

Yield: 4.22 g. 

1H NMR (400 MHz, CDCl3): δ = 7.60 – 6.78 (m, 33.75H, Ph), 6.15 – 5.80 (m, 3.00H, V), 0.30 

– −0.26 (m, 5.25H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.70 – 127.52 (Ph, V), −0.04 – −2.50 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −31.30 – −33.62 (-MePhSi), −42.75 – −46.98 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5675. 

Viscosity: 890 ± 20 mPa∙s. 

V20_Ta10_PP40_PM30: 

Yield: 5.16 g. 

1H NMR (400 MHz, CDCl3): δ = 8.17 – 6.75 (m, 32.50H, Ph), 6.37 – 5.61 (m, 3.00H, V), 0.78 

– −0.12 (m, 4.50H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.76 – 125.41 (Ph, V), −0.06 – −1.90 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −31.95 – −33.45 (-MePhSi-), −39.73 – −46.47 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5773. 

Viscosity: 159000 ± 3000 mPa∙s. 

V20_Ta15_PP40_PM25: 
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Yield: 4.66 g. 

1H NMR (400 MHz, CDCl3): δ = 7.65 – 6.89 (m, 31.25H, Ph), 6.15 – 5.85 (m, 3.00H, V), 0.41 

– −0.24 (m, 3.75H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.69 – 127.61 (Ph, V), 0.03 – −0.36 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −30.84 – −33.49 (-MePhSi-), −42.65 – −46.97 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5680. 

Viscosity: 2310 ± 80 mPa∙s. 
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6.2.6.3 Additional experimental data for the hydride- or vinyl-group and metal atom 

containing copolymers 

6.2.6.3.1 FT-IR spectra of the hydride- or vinyl-group and metal atom containing copoly-

mers 
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Figure 265: FT-IR spectra of the a) hydride- and b) vinyl-group and zirconium atom containing copoly-

mers. 
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Figure 266: FT-IR spectra of the a) hydride- and b) vinyl-group and hafnium atom containing copoly-

mers. 
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Figure 267: FT-IR spectra of the a) hydride- and b) vinyl-group and tin atom containing copolymers. 
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Figure 268: FT-IR spectra of the a) hydride- and b) vinyl-group and tantalum atom containing copoly-

mers. 
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6.2.6.3.2 NMR spectra of the hydride- or vinyl-group and metal atom containing copoly-

mers 

6.2.6.3.2.1  Metal free copolymers 

 

 

 
Figure 269: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Met0_PP40_PM40. 
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Figure 270: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Met0_PP40_PM40. 
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6.2.6.3.2.2 Zirconium containing copolymers 

 
Figure 271: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Zr1_PP40_PM39. 
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Figure 272: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Zr1_PP40_PM39. 
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Figure 273: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Zr3_PP40_PM37. 
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Figure 274: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Zr3_PP40_PM37. 
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Figure 275: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Zr5_PP40_PM35. 
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Figure 276: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Zr5_PP40_PM35. 



6 | EXPERIMENTAL DETAILS 

312 

 

 

 

 
Figure 277: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Zr10_PP40_PM30. 
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Figure 278: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Zr10_PP40_PM30. 
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Figure 279: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Zr15_PP40_PM25. 
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Figure 280: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Zr15_PP40_PM25. 
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6.2.6.3.2.3 Hafnium containing copolymers 

 
Figure 281: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Hf1_PP40_PM39. 
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Figure 282: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Hf1_PP40_PM39. 
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Figure 283: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Hf3_PP40_PM37. 
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Figure 284: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Hf3_PP40_PM37. 
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Figure 285: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Hf5_PP40_PM35. 
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Figure 286: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Hf5_PP40_PM35. 
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Figure 287: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Hf10_PP40_PM30. 
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Figure 288: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Hf10_PP40_PM30. 
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Figure 289: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Hf15_PP40_PM25. 
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Figure 290: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Hf15_PP40_PM25. 



6 | EXPERIMENTAL DETAILS 

326 

 

6.2.6.3.2.4 Tin containing copolymers 

 
Figure 291: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Sn1_PP40_PM39. 
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Figure 292: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Sn1_PP40_PM39. 
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Figure 293: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Sn3_PP40_PM37. 
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Figure 294: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Sn3_PP40_PM37. 
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Figure 295: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Sn5_PP40_PM35. 
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Figure 296: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Sn5_PP40_PM35. 
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Figure 297: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Sn10_PP40_PM30. 
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Figure 298: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Sn10_PP40_PM30. 
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Figure 299: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Sn15_PP40_PM25. 
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Figure 300: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Sn15_PP40_PM25. 
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6.2.6.3.2.5 Tantalum containing copolymers 

 

 
Figure 301: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Ta1_PP40_PM39. 
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Figure 302: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Ta1_PP40_PM39. 
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Figure 303: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Ta3_PP40_PM37. 
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Figure 304: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Ta3_PP40_PM37. 
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Figure 305: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Ta5_PP40_PM35. 
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Figure 306: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Ta5_PP40_PM35. 
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Figure 307: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Ta10_PP40_PM30. 
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Figure 308: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Ta10_PP40_PM30. 
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Figure 309: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

H20_Ta15_PP40_PM25. 
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Figure 310: a) 1H (400 MHz, CDCl3), b) 13C (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, CDCl3) of 

V20_Ta15_PP40_PM25. 

6.2.6.3.3 TGA curves of the hydride- or vinyl-group and metal atom containing copolymers 

All measured TGA curves from the metal atom containing copolymers are shown here, the 

thermogravimetric measurements under oxygen atmosphere up to 900 °C are shown on the left, 

and the one under inert atmosphere on the right. The nitrogen atmosphere was maintained up 

to 800 °C and then switched to oxygen atmosphere and the measurement was continued up to 

900 °C. 
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Figure 311: TGA curves of the hydride- or vinyl-group and zirconium atom containing copolymers under 

a) oxygen and b) nitrogen atmosphere. 
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Figure 312: TGA curves of the hydride- or vinyl-group and hafnium atom containing copolymers under a) 

oxygen and b) nitrogen atmosphere. 
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Figure 313: TGA curves of the hydride- or vinyl-group and tin atom containing copolymers under a) oxy-

gen and b) nitrogen atmosphere. 
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Figure 314: TGA curves of the hydride- or vinyl-group and tantalum atom containing copolymers under 

a) oxygen and b) nitrogen atmosphere. 

6.2.6.3.4 DSC curves of the hydride- or vinyl-group and metal atom containing copolymers 

From the DSC curves of the metal atom containing copolymers the first and second heating 

cycle (h. c.) are shown here. The measurements range from −100 °C or −50 °C to 150 °C under 

nitrogen atmosphere depending on the copolymer. 
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Figure 315: 1st and 2nd heating cycle (h. c.) from DSC curves of the hydride-group and zirconium atom 

containing copolymers. 
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Figure 316: 1st and 2nd heating cycle (h. c.) from DSC curves of the vinyl-group and zirconium atom con-

taining copolymers. 
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Figure 317: 1st and 2nd heating cycle (h. c.) from DSC curves of the hydride-group and hafnium atom con-

taining copolymers. 
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Figure 318: 1st and 2nd heating cycle (h. c.) from DSC curves of the vinyl-group and hafnium atom contain-

ing copolymers. 
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Figure 319: 1st and 2nd heating cycle (h. c.) from DSC curves of the hydride-group and tin atom containing 

copolymers. 
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Figure 320: 1st and 2nd heating cycle (h. c.) from DSC curves of the vinyl-group and tin atom containing 

copolymers. 
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Figure 321: 1st and 2nd heating cycle (h. c.) from DSC curves of the hydride-group and tantalum atom con-

taining copolymers. 
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Figure 322: 1st and 2nd heating cycle (h. c.) from DSC curves of the vinyl-group and tantalum atom con-

taining copolymers. 

6.2.6.4 Cured metal atom containing polysiloxanes 

400 mg each of a hydride and a vinyl copolymer were mixed with 2.5 µL of the platinum stock 

solution (1.63 ppm), which was prepared using 6 µL of Ossko’s platinum catalyst and 10 µL of 

xylene. After degassing for 30 min at 2 mbar, the polymer was doctor bladed onto a cleaned 

microscope glass slide. The polymer film was cured for one hour at 80 °C, one hour at 100 °C 

and six hours at 150 °C. 

P20_Met0_PP40_PM40: 

RI: 1.5833. 

6.2.6.4.1 Zirconium 

P20_Zr1_PP40_PM39: 

RI: 1.5848. 

P20_Zr1.5_PP40_PM38.5: 

RI: 1.5820. 

P20_Zr2.5_PP40_PM37.5: 

RI: 1.5852. 

P20_Zr3_PP40_PM37: 

RI: 1.5879. 

P20_Zr5_PP40_PM35: 

RI: 1.5855. 
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P20_Zr5H_PP40_PM35: 

RI: 1.5855. 

P20_Zr7.5_PP40_PM32.5: 

RI: not determinable. 

P20_Zr10_PP40_PM30: 

RI: not determinable. 

P20_Zr15_PP40_PM25: 

RI: not determinable. 

6.2.6.4.2 Hafnium 

P20_Hf1_PP40_PM39: 

RI: 1.5856. 

P20_Hf1.5_PP40_PM38.5: 

RI: 1.5825. 

P20_Hf2.5_PP40_PM37.5: 

RI: 1.5730. 

P20_Hf3_PP40_PM37: 

RI: 1.5826. 

P20_Hf5_PP40_PM35: 

RI: not determinable. 

P20_Hf5H_PP40_PM35: 

RI: 1.5860. 

P20_Hf7.5_PP40_PM32.5: 

RI: 1.5850. 

P20_Hf10_PP40_PM30: 

RI: 1.5865. 

P20_Hf15_PP40_PM25: 

RI: not determinable. 
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6.2.6.4.3 Tin 

P20_Sn1_PP40_PM39: 

RI: 1.5821. 

P20_Sn1.5_PP40_PM38.5: 

RI: 1.5825. 

P20_Sn2.5_PP40_PM37.5: 

RI: 1.5820. 

P20_Sn3_PP40_PM37: 

RI: not determinable. 

P20_Sn5_PP40_PM35: 

RI: not determinable. 

P20_Sn5H_PP40_PM35: 

RI: not determinable. 

P20_Sn7.5_PP40_PM32.5: 

RI: not determinable. 

P20_Sn10_PP40_PM30: 

RI: not determinable. 

P20_Sn15_PP40_PM25: 

RI: not determinable. 

6.2.6.4.4 Tantalum 

P20_Ta1_PP40_PM39: 

RI: 1.5864. 

P20_Ta1.5_PP40_PM38.5: 

RI: 1.5800. 

P20_Ta2.5_PP40_PM37.5: 

RI: 1.5815. 

P20_Ta3_PP40_PM37: 

RI: 1.5886. 
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P20_Ta5_PP40_PM35: 

RI: 1.5930. 

P20_Ta5H_PP40_PM35: 

RI: 1.5750. 

P20_Ta7.5_PP40_PM32.5: 

RI: 1.5884. 

P20_Ta10_PP40_PM30: 

RI: 1.5700. 

P20_Ta15_PP40_PM25: 

RI: not determinable. 

6.2.6.5 Additional experimental data for the cured metal atom containing polysilox-

anes 

6.2.6.5.1 FT-IR spectra of the metal atom containing and cured polysiloxanes 
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Figure 323: FT-IR spectra of the zirconium atom containing cured polysiloxanes. 
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Figure 324: FT-IR spectra of the hafnium atom containing cured polysiloxanes. 
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Figure 325: FT-IR spectra of the tin containing cured polysiloxanes. 

3000 2750 2500 2250 2000 1750 1500 1250 1000 750

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

re
l.
 I

n
te

n
s

it
y
 [

a
.u

.]

Wave number [cm-1]

 P20_Ta1_PP40_PM39

 P20_Ta1.5_PP40_PM38.5

 P20_Ta2.5_PP40_PM37.5

 P20_Ta3_PP40_PM37

 P20_Ta5_PP40_PM35

 P20_Ta5H_PP40_PM35

 P20_Ta7.5_PP40_PM32.5

 P20_Ta10_PP40_PM30

 P20_Ta15_PP40_PM25

 
Figure 326: FT-IR spectra of the tantalum containing cured polysiloxanes. 
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6.2.6.5.2 TGA curves of the metal atom containing polysiloxanes 
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Figure 327: TGA curves of the zirconium atom containing polysiloxanes under nitrogen atmosphere. 
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Figure 328: TGA curves of the zirconium atom containing polysiloxanes under oxygen atmosphere. 
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Figure 329: TGA curves of the hafnium atom containing polysiloxanes under nitrogen atmosphere. 
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Figure 330: TGA curves of the hafnium atom containing polysiloxanes under oxygen atmosphere. 
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Figure 331: TGA curves of the tin atom containing polysiloxanes under nitrogen atmosphere. 
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Figure 332: TGA curves of the tin atom containing polysiloxanes under oxygen atmosphere. 
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Figure 333: TGA curves of the tantalum atom containing polysiloxanes under nitrogen atmosphere. 
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Figure 334: TGA curves of the tantalum atom containing polysiloxanes under oxygen atmosphere. 
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6.2.6.5.3 DSC curves of the metal atom containing polysiloxanes 
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Figure 335: 1st heating cycle (h. c.) of the DSC curves of the cured zirconium atom containing polysilox-

anes. 
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Figure 336: 2nd heating cycle (h. c.) of the DSC curves of the cured zirconium atom containing polysilox-

anes. 
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Figure 337: 1st heating cycle (h. c.) of the DSC curves of the cured hafnium atom containing polysiloxanes. 



6 | EXPERIMENTAL DETAILS 

361 

 

-50 -25 0 25 50 75 100 125 150

0.0

0.1

0.2

D
S

C
 o

ff
s

e
t 

[m
w

/m
g

]

Temperature [°C]

 P20_Hf1_PP40_PM39 2nd h. c.

 P20_Hf1.5_PP40_PM38.5 2nd h. c.

 P20_Hf2.5_PP40_PM37.5 2nd h. c.

 P20_Hf3_PP40_PM37 2nd h. c.

 P20_Hf5_PP40_PM35 2nd h. c.

 P20_Hf5H_PP40_PM35 2nd h. c.

 P20_Hf7.5_PP40_PM32.5 2nd h. c.

 P20_Hf10_PP40_PM30 2nd h. c.

 P20_Hf15_PP40_PM25 2nd h. c.

exo

 
Figure 338: 2nd heating cycle (h. c.) of the DSC curves of the cured hafnium atom containing polysiloxanes. 
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Figure 339: 1st heating cycle (h. c.) of the DSC curves of the cured tin atom containing polysiloxanes. 
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Figure 340: 2nd heating cycle (h. c.) of the DSC curves of the cured tin atom containing polysiloxanes. 
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Figure 341: 1st heating cycle (h. c.) of the DSC curves of the cured tantalum atom containing polysiloxanes. 
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Figure 342: 2nd heating cycle (h. c.) of the DSC curves of the cured tantalum atom containing polysilox-

anes. 
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6.2.6.5.4 UV/Vis measurements 
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Figure 343: UV/Vis measurements curves of the zirconium atom containing polysiloxanes. 
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Figure 344: UV/Vis measurements curves of the hafnium atom containing polysiloxanes. 
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Figure 345: UV/Vis measurements curves of the tin atom containing polysiloxanes. 
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Figure 346: UV/Vis measurements curves of the tantalum atom containing polysiloxanes. 
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Figure 347: Calculated haze curves of the zirconium atom containing polysiloxanes. 

350 400 450 500 550 600 650 700 750 800

0

10

20

30

40

50

60

70

80

90

100

H
a
z
e
 [

%
]

Wavelength [nm]

 P20_Hf1_PP40_PM39

 P20_Hf1.5_PP40_PM38.5

 P20_Hf2.5_PP40_PM37.5

 P20_Hf3_PP40_PM37

 P20_Hf5_PP40_PM35

 P20_Hf5H_PP40_PM35

 P20_Hf7.5_PP40_PM32.5

 P20_Hf10_PP40_PM30

 P20_Hf15_PP40_PM25

 
Figure 348: Calculated haze curves of the hafnium atom containing polysiloxanes. 
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Figure 349: Calculated haze curves of the tin atom containing polysiloxanes. 
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Figure 350: Calculated haze curves of the tantalum atom containing polysiloxanes. 
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6.2.6.5.5 Haze values during the thermal aging 
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Figure 351: Haze values at 450 nm of the metal-free and the zirconium atom containing samples during 

the thermal treatment at 180 °C for 70 days. 
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Figure 352: Haze values at 450 nm of the metal-free and the hafnium atom containing samples during the 

thermal treatment at 180 °C for 70 days. 
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Figure 353: Haze values at 450 nm of the metal-free and the tin atom containing samples during the ther-

mal treatment at 180 °C for 70 days. 
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Figure 354: Haze values at 450 nm of the metal-free and the tantalum atom containing samples during the 

thermal treatment at 180 °C for 70 days. 
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6.2.7 Synthesis of hydride- or vinyl-group containing polymethylphenylsiloxanes 

for the kinetic investigations 

6.2.7.1 Poly[hydridomethyl-co-methylphenyl-co-diphenyl]siloxane 

The target polymer is poly[hydridomethyl-co-methylphenyl-co-diphenyl]siloxane, which was 

prepared by copolymerisation of methyldiethoxysilane, methylphenyldimethoxysilane and di-

phenylsilanediol (Figure 355) in methanolic-aqueous solution with concentrated hydrochloric 

acid as catalyst. The reaction (initial weights see Table 60) was carried out in a round bottom 

flask with a distillation head. The reaction was performed according to the following tempera-

ture profile (Figure 356). 
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Figure 355: Left: structural formulas of the monomers, right: UV/Vis spectra with marked positions of 

the absorption maxima. 

Table 60: Initial weights for the kinetics study of the hydride-group containing polysiloxanes from the ki-

netic reaction. 

Substance Equivalent Weight [g] Mol [mmol] O-X/Si-H 

Methyldiethoxysilane 20 0.736 5.48 2 

Methylphenyldimethoxysilane 40 2.000 10.97 4 

Diphenylsilanediol 40 2.373 10.97 4 

Dist. Water  1.344 74.67  

Methanol  1.974 61.61  

conc. Hydrochloric acid 5.3 % rel. to Si 0.143 1.45  
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Figure 356: Temperature profile and nomenclature of the samples for the hydride-group containing pol-

ysiloxane from the kinetic reaction. 

For the investigation, a sample was taken every 30 minutes, between 0.7 mL at the beginning 

and 0.4 mL at the end, depending on the present amount of solvent. Because during the reaction 

process the product concentration rises, the removed amount has to be lowered to remove ap-

proximately the same amount of polymer. The withdrawn sample was diluted with 1.5 mL sat-

urated potassium bicarbonate and 2.0 mL toluene, shaken in a 5.0 mL centrifuge tube, and cen-

trifuged for one minute at 8000 rpm. The aqueous phase was discarded, and 1.5 mL of distilled 

water was added, shaken and centrifuged again. After centrifuging, the aqueous phase was dis-

carded. In total the sample was washed three times with water. The organic phase was trans-

ferred into a cylindrical glass and all volatiles were removed over two hours at 3 mbar, then at 

5∙10-2 mbar under high vacuum. 

FT-IR spectra, 1H NMR spectra in CDCl3 and SEC analyses in tetrahydrofuran (8 mg sample 

in 4 mL THF) were recorded of the ten obtained samples. 1H NMR spectra are referenced to 

the CH3 signal of toluene and normalized to an integration value of one for the Si-H group. For 

the SEC analyses, both a refractive index (RI) detector and a UV/Vis detector were used. For 

the UV/Vis detector adsorption spectra (Figure 355) of the monomers were recorded in tetra-

hydrofuran which also is the solvent for the SEC analysis to find the best wavelength for the 

detector. The absorption from 250 nm to 270 nm is characteristic for phenyl-groups.562 
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Figure 357: 1H 29Si HMBC NMR spectrum of sample one for the hydride-group containing polysiloxanes 

from the kinetic reaction. 

 
Figure 358: 1H 29Si HMBC NMR spectrum of sample nine for the hydride-group containing polysiloxanes 

from the kinetic reaction. 
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6.2.7.2 Poly[vinylphenyl-co-methylphenyl-co-diphenyl]siloxane 

The target polymer is poly[vinylphenyl-co-methylphenyl-co-diphenyl]siloxane, which was pre-

pared by copolymerisation of vinylphenyldiethoxysilane, methylphenyldimethoxysilane and 

diphenylsilanediol (Figure 359) in methanolic-aqueous solution with  tetrabutylammonium hy-

droxide (40 wt% in water) as catalyst. The reaction (initial weights see Table 61) was carried 

out in a round bottom flask with a distillation head. 
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Figure 359: Left: structural formulas of the monomers, right: UV/Vis spectra with marked positions of 

the absorption maxima. 

Table 61: Initial weights for the kinetics study for the vinyl-group containing polysiloxanes from the ki-

netic reaction. 

Substance Equivalent Weight [g] Mol [mmol] O-X/Si-H 

Vinylphenyldiethoxysilane 20 1.830 8.23 2 

Methylphenyldimethoxysilane 40 3.000 16.46 4 

Diphenylsilanediol 40 3.560 16.46 4 

Dist. water  2.016 112.00  

Methanol  2.961 92.42  

Tetrabutylammonium  

hydroxide solution 

1.5 % rel. to 

Si 

0.039 0.06  

 

The reaction was performed according to the following temperature profile (Figure 360). For 

one hour at 85 °C, an isothermal step was applied for a prehydrolysis of the reactants without 

removing them by distillation because of their low boiling point (methyldiethoxysilane 94 – 

95 °C). Although, this temperature is high enough to remove methanol (Tb = 64.7 °C). The 

second isothermal step at 115 °C allows the polymerisation of the now condensed and hydro-

lysed precursors. In a first step the polymerisation was carried out with a distillation head for 
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one hour. Afterwards the distillation head was removed to facilitate the removal of methanol, 

ethanol and water and the reaction was continued for three hours instead of the two hours for 

the hydride polymerisation because the MW analyses showed a drastically increasing weight 

after five hours of total reaction time. 

 
Figure 360: Temperature profile and nomenclature of the samples for the vinyl-group containing pol-

ysiloxanes from the kinetic reaction. 

For the investigation, a sample was taken every 30 minutes, between 1.0 mL at the beginning 

and 0.3 mL at the end, depending on the present amount of solvent, because during the reaction 

process the product concentration rises, to remove approximately the same amount of polymer. 

The withdrawn sample was diluted with 1.5 mL 2 M HCl and 2.0 mL toluene, shaken in a 

5.0 mL centrifuge tube and centrifuged for one minute at 8000 rpm. The aqueous phase was 

discarded and 1.5 mL of 2 M HCl was added, shaken, and centrifuged again, for a total of three 

times. Afterwards the sample was washed twice with 1.5 mL of distilled water, shaken, and 

centrifuged again. In total the sample was washed three times with 2 M HCl and twice with 

water. The organic phase was transferred into a cylindrical glass and all volatiles were removed 

over two hours at 3 mbar, then at 5∙10-2 mbar under high vacuum. 

All analyses were performed identically as well as the sample preparation for SEC measure-

ments, the 1H NMR was integrated relative to the vinyl-group (integration of three) instead of 

the hydride-group (integration of one). For the UV/Vis detector adsorption spectra (Figure 359, 

right) of the monomers were recorded in tetrahydrofuran which also is the solvent for the SEC 

analysis to find the best wavelength for the detector. The absorption from 250 nm to 270 nm is 

characteristic for phenyl-groups.562  
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Figure 361: 1H 29Si HMBC NNMR spectra of sample one from the vinyl-group containing polysiloxanes 

from the kinetic reaction. 

 
Figure 362: 1H 29Si HMBC NNMR spectra of sample eleven from the vinyl-group containing polysiloxanes 

from the kinetic reaction. 
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6.2.8 Synthesis of phenoxyphenyl-group containing monomers and polymers 

6.2.8.1 Synthesis of 4-(phenoxy)phenylphenyldimethoxysilane 

 
Figure 363: Chemical formula of 4-(phenoxy)phenylphenyldimethoxysilane. 

To 3.22 g (132.4 mmol) of magnesium turnings in 50 mL of absolute THF, 30.00 g 

(120.4 mmol) of 4-bromodiphenylether in 100 mL of absolute tetrahydrofuran were added 

dropwise at room temperature and heated under reflux for one hour. In a second flask, 47.75 g 

(240.8 mmol) of phenyltrimethoxysilane was mixed in 50 ml of absolute tetrahydrofuran and 

the reactive Grignard species were added dropwise. After the mixture was stirred at room tem-

perature overnight, it was refluxed for one hour. The cold suspension was filtered through a 

glass frit and the THF removed under reduced pressure. The crude product was dissolved in 

toluene and the precipitated salt was removed with a glass frit. After the solvent had been re-

moved under reduced pressure, the crude product was distilled under high vacuum (4∙10-3 mbar, 

45 °C). The product was obtained as a clear oil (Figure 363, 29.21 g, 86.8 mmol, 72 %). 

1H NMR (300 MHz, CDCl3): δ = 7.85 – 7.76 (m, 4H, H5, H6), 7.57 – 7.36 (m, 5H, H2, H7, 

H8), 7.27 – 7.11 (m, 5H, H1, H3, H4), 3.76 (s, 6H, H9) ppm. 

13C NMR (75 MHz, CDCl3): δ = 159.64 (C5), 156.44 (C4), 136.67 (C10), 134.85 (C11), 132.37 

(C7), 130.41 (C13), 129.83 (C12), 127.98 (C2), 126.19 (C8), 123.75 (C1), 119.59 (C3), 117.90 

(C6), 50.87 (C9) ppm. 

29Si NMR (60 MHz, CDCl3): δ = −28.78 (POPPSiOMe2) ppm. 

RI: 1.5701. 

CHN C: 70.56 %, H: 5.94 %, N: 0.00 %; calc.: C: 71.40 %, H: 5.99 %, N: 0.00 %. 
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Figure 364: 13C NMR (75 MHz, CDCl3) of 4-(phenoxy)phenylphenyldimethoxysilane. 

6.2.8.2 Synthesis of vinyl- and phenoxyphenyl-group containing polysiloxanes 

 
Figure 365: Synthesis of vinyl- and phenoxyphenyl-group containing polysiloxanes 

To 324.0 mg (1.45 mmol) vinylphenyldiethoxysilane, 975.7 mg (2.90 mmol) 4-(phenoxy)phe-

nylphenyldimethoxysilane, 708.6 mg (2.90 mmol) diphenylsilanediol, 352.0 mg (19.60 mmol) 

distilled water and 0.5 mL of methanol, 22.6 mg (0.09 mmol) of tetra-n-butylammonium hy-

droxide (40 wt% in water) as catalyst was added and a fractionating column was attached onto 

the flask (Figure 365). After one hour at 85 °C, the temperature was raised to 115 °C for one 

hour. The distillation head was removed, and the reaction was continued for three additional 

hours. 8.0 mL of toluene and 4.0 mL of water were added and then centrifuged at 8000 rpm for 

one minute. The organic phase was washed three times with 6.0 mL of 2 M hydrochloric acid 

and two times with 6.0 ml of distilled water analogously. After filtering the organic phase with 

a 0.45 µm syringe filter, the organic phase was dried under vacuum. A slightly turbid, viscous 

polymer was obtained (1675.8 mg, 100 % with toluene).  

1H NMR (400 MHz, CDCl3): δ = 7.71 – 6.70 (m, 53H, Ph), 6.19 – 5.63 (m, 3H, V) ppm. 

13C NMR (101 MHz, CDCl3): δ = 156.70 – 117.66 (Ph, V, POPP) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −42.63 – −46.48 (-VPhSi-, -Ph2Si-, -POPPSi-), −82.97 (-PhSi-

) ppm. 

Refractive index: 1.6104. 
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Figure 366: a) 1H (400 MHz, CDCl3) and b) 13C (101 MHz, CDCl3) of V20_POPP40_PP40. 

 
Figure 367: 1H 29Si HMBC NMR of V20_POPP40_PP40. 
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6.2.8.3 Synthesis of hydride- and phenoxyphenyl-group containing polysiloxanes 

 
Figure 368: Synthesis of hydride- and phenoxyphenyl-group containing polysiloxanes 

To 195.0 mg (1.45 mmol) methyldiethoxysilane, 975.7 mg (2.90 mmol) 4-(phenoxy)phe-

nylphenyldimethoxysilane, 708.6 mg (2.90 mmol) diphenylsilanediol, 352.0 mg (19.60 mmol) 

distilled water, 0.5 mL of methanol and 45.0 mg (1.23 mmol) of concentrated hydrochloric acid 

as catalyst was added and a fractionating column was attached onto the flask (Figure 368). After 

one hour at 85 °C, the temperature was raised to 115 °C for one hour. The distillation head was 

removed, and the reaction was continued for three additional hours. 8.0 mL of toluene and 

4.0 mL of water were added and then centrifuged at 8000 rpm for one minute. The organic 

phase was washed once with 6.0 mL of saturated potassium bicarbonate and four times with 

6.0 mL of distilled water analogously. After filtering the organic phase with a 0.45 µm syringe 

filter, the organic phase was dried under vacuum. A clear, viscous polymer was obtained 

(1602.6 mg, 100 % with toluene).  

1H NMR (400 MHz, CDCl3): δ = 7.65 – 6.93 (m, 48H, Ph), 5.02 – 4.55 (m, 1H, H), 0.29 – 

−0.48 (m, 3H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.49 – 119.01 (Ph, POPP), 1.20 – 0.70 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −31.40 – −34.52 (-HMeSi-), −45.84 (-Ph2Si-, -POPPSi-), 

−69.62 (-PhOHSi-), −76.54 – −79.65 (-PhSi-) ppm. 

Refractive index: 1.5953. 
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Figure 369: a)  1H (400 MHz, CDCl3) and b) 13C (101 MHz, CDCl3) of H20_POPP40_PP40. 

 
Figure 370: 1H 29Si HMBC NMR of H20_POPP40_PP40. 
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6.2.8.4 Synthesis of the cured phenoxyphenyl-group containing polysiloxane 

400 mg of hydride (H20_POPP40_PP40) and vinyl (V20_POPP40_PP40) copolymers were 

mixed with 2.5 µL (1.63 ppm in siloxane) Ossko’s catalyst stock solution which was prepared 

using 10 µL of xylene isomers with 6 µL Ossko’s catalyst. The polymer was degassed at 2 mbar 

for one hour and doctor bladed with 120 µm onto a glass which was cleaned with iso-propanol 

and acetone and plasma etched at 100 % power for 15 minutes. The sample was cured at 80 °C 

for one hour and at 150 °C for four hours. 

13C CP MAS NMR (101 MHz, 13 kHz): δ = 158.24 – 156.11 (CPh-O-CPh), 133.67 –118.85 (Ph), 

6.03 (Et), −1.96 (Me) ppm. 

29Si CP MAS NMR (80 MHz, 13 kHz): δ = −20.06 (-EtMeSi-), −34.17 (-EtPhSi-), −47.03 (-

Ph2Si-, -POPPSi-), −71.84 (-PhOHSi-), −80.25 (-PhSi-) ppm. 

Refractive index: 1.6132. 

 
Figure 371: 13C CP MAS NMR (80 MHz, 13 kHz) of P20_POPP40_PP40. 
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6.2.9 Synthesis of phenylthiomethyl-group containing monomers and polymers 

6.2.9.1 Synthesis of 4-(methylthio)phenylphenyldimethoxysilane (PSMP) 

 
Figure 372: Chemical formula of 4-(methylthio)phenylphenyldimethoxysilane. 

To 4.79 g (196.90 mmol) of magnesium chippings in 40 mL absolute THF, 20.00 g 

(98.48 mmol) bromothioanisole in 100 mL absolute THF were slowly added. After three hours 

under reflux, the suspension was added to a second flask with 87.87 g (443.12 mmol) phenyl-

trimethoxysilane in 50 mL absolute THF over two hours. After stirring the solution overnight 

at room temperature, it was heated to reflux for three hours. Salts were filtered off and the 

solvent was evaporated. 200 mL of toluene were added, and the remaining salts were filtered 

off. The crude product was distilled under high vacuum (135 – 140 °C, 1∙10-2 mbar) to receive 

the desired product as clear oil (Figure 372, 19.11 g, 65.80 mmol, 67 %). 

1H NMR (300 MHz, CDCl3): δ = 7.75 (dt, J = 7.6 Hz, 1.7 Hz, 2H, H3), 7.66 (d, J = 7.6 Hz, 2H, 

H4), 7.55 – 7.40 (m, 3H, H1, H2), 7.33 (d, J = 7.6 Hz, 2H, H5), 3.70 (s, 6H, H7), 2.50 (s, 3H, 

H6) ppm. 

13C NMR (75 MHz, CDCl3): δ = 141.72 (C9), 135.18 (C3), 134.78 (C4, C7), 132.23 (C6), 

130.37 (C1), 127.92 (C2), 125.31 (C8), 50.82 (C5), 14.88 (C10) ppm. 

29Si NMR (60 MHz, CDCl3): δ = −28.80 (PSMPSiOMe2) ppm. 

RI: 1.5777. 

CHN: C: 62.13 %, H: 6.59 %, N: 0.00 %; calc.: C: 62.03 %, H: 6.25 %, N: 0.00 %. 
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Figure 373: 13C NMR (75 MHz, CDCl3) of 4-(methylthio)phenylphenyldimethoxysilane (PSMP). 

6.2.9.2 Synthesis of vinyl- and phenylthiomethyl-group containing polysiloxanes 

 
Figure 374: General synthesis of vinyl- and phenylthiomethyl-group containing polysiloxanes. 

General synthesis for vinyl- and phenylthiomethyl-group containing polysiloxanes: 

To 1 eq. (1.912 g, 8.6 mmol) vinylphenyldiethoxysilane, 2 eq. (5.000 g, 17.2 mmol) 4-(methyl-

thio)phenylphenyldimethoxysilane, 2 eq. (17.2 mmol) group C monomer, 2.089 g 

(116.0 mmol) distilled water and 2.869 mL (70.9 mmol) of methanol, 134.0 µL (0.5 mmol) of 

40 wt% tetra-n-butylammonium hydroxide solution in water as catalyst was added and a frac-

tionating column was attached onto the flask (Figure 374). After one hour at 85 °C, the temper-

ature was raised to 115 °C for one hour. The distillation head was removed, and the reaction 

was continued for two additional hours. 40 mL of toluene and 20 mL of water were added and 

then centrifuged at 8000 rpm for one minute. The organic phase was washed twice with 12 mL 

of 2 M hydrochloric acid and three times with 12 ml of distilled water analogously. After fil-

tering the organic phase with a 0.45 µm syringe filter, the organic phase was dried under vac-

uum. A clear, viscous polymer was obtained (100 % with residual toluene).  

V20_PSMP40_MM40: 

Yield: 6.512 g 

1H NMR (400 MHz, CDCl3): δ = 7.65 – 6.96 (m, 23H, Ph), 6.14 – 5.71 (m, 3H, V), 2.44 (s, 6H, 

S-Me), 0.23 – −0.10 (m, 12H, Me) ppm. 
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13C NMR (101 MHz, CDCl3): δ = 134.81 – 125.41 (Ph, V), 15.13 – 15.08 (SMe), 1.15 – 

0.88 (SiMe) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −17.06 – −20.42 (-Me2Si-), −44.43 – −48.15 (-PSMPSi-, -

VPhSi-) ppm. 

Refractive index: 1.5796. 

Viscosity: 10000 ± 330 mPa∙s. 

V20_PSMP40_PM40: 

Yield: 6.971 g 

1H NMR (400 MHz, CDCl3): δ = 7.66 – 7.10 (m, 33H, Ph), 6.18 – 5.70 (m, 3H, V), 2.48 (s, 6H, 

S-Me), 0.57 – −0.02 (m, 6H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.86 – 125.16 (Ph, V), 15.11 (SMe), −0.15 – −0.33 (SiMe) 

ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.49 – −33.68 (-MePhSi-), −43.29 – −46.74 (-PSMPSi-, -

VPhSi-) ppm. 

Refractive index: 1.5992. 

Viscosity: 87600 ± 5200 mPa∙s. 

V20_PSMP40_PP40: 

Yield: 5.038 g 

1H NMR (400 MHz, CDCl3): δ = 7.70 – 6.91 (m, 43H, Ph), 6.12 – 5.64 (m, 3H, V), 2.44 (s, 6H, 

S-Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.88 – 125.09 (Ph, V), 15.14 – 15.12 (SMe) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −42.55 – −45.61 (-PSMPSi-, -Ph2Si-, -PhVSi-) ppm. 

Refractive index: 1.6160. 

Viscosity: 1490000 ± 107000 mPa∙s. 

V20_PSMP80: 

Yield: 5.837 g 

1H NMR (400 MHz, CDCl3): δ = 7.70 – 6.91 (m, 43H, Ph), 6.12 – 5.64 (m, 3H, V), 2.44 (s, 6H, 

S-Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.85 – 124.95 (Ph, V), 15.08 – 15.03 (SMe) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −42.56 – −45.60 (-PSMPSi-, -PhVSi-) ppm. 

Refractive index: 1.6230. 

Viscosity: 151000 ± 2300 mPa∙s. 
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6.2.9.2.1 FT-IR spectra 
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Figure 375: FT-IR spectra of the vinyl- and phenylthiomethyl-group containing copolymers. 
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6.2.9.2.2 NMR spectra 

 
Figure 376: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PSMP40_MM40. 
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Figure 377: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PSMP40_PM40. 
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Figure 378: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PSMP40_PP40. 
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Figure 379: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PSMP80. 
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Figure 380: 1H 29Si HMBC NMR of V20_PSMO40_PM40 in CDCl3. 

6.2.9.3 Synthesis of hydride- and phenylthiomethyl-group containing polysiloxanes 

 
Figure 381: General synthesis of hydride- and phenylthiomethyl-group containing polysiloxanes. 

General synthesis for hydride- and phenylthiomethyl-group containing polysiloxanes: 

To 1 eq. (1.155 g, 8.6 mmol) methyldiethoxysilane, 2 eq. (5.000 g, 17.2 mmol) 4-(methyl-

thio)phenylphenyldimethoxysilane, 2 eq. (17.2 mmol) group C monomer, 2.089 g 

(116.0 mmol) distilled water and 2.869 mL (70.9 mmol) of methanol, 258.2 µL (3.2 mmol) of 

concentrated hydrochloric acid as catalyst was added and a fractionating column was attached 

onto the flask (Figure 381). After one hour at 85 °C, the temperature was raised to 115 °C for 

one hour. The distillation head was removed, and the reaction was continued for two additional 

hours. 40 mL of toluene and 20 mL of water were added and then centrifuged at 8000 rpm for 

one minute. The organic phase was washed once with 12 mL of saturated potassium bicarbonate 
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and four times with 12 ml of distilled water analogously. After filtering the organic phase with 

a 0.45 µm syringe filter, the organic phase was dried under vacuum. A clear, viscous polymer 

was obtained (100 % with residual toluene).  

H20_PSMP40_MM40: 

Yield: 5.146 g 

1H NMR (400 MHz, CDCl3): δ = 7.70 – 6.94 (m, 18H, Ph), 5.01 – 4.67 (m, 1H, H), 2.45 (s, 6H, 

S-Me), 0.31 – −0.18 (m, 15H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 135.05 – 125.12 (Ph, V), 15.19 – 15.08 (SMe), 1.12 – 

0.87 (SiMe) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −17.51 – −21.02 (-Me2Si-), −31.80 – −35.67 (-HMeSi-), 

−45.73 – −46.81 (-PSMPSi-) ppm. 

Refractive index: 1.5645. 

Viscosity: 2190 ± 100 mPa∙s. 

H20_PSMP40_PM40: 

Yield: 5.725 g 

1H NMR (400 MHz, CDCl3): δ = 7.67 – 7.02 (m, 28H, Ph), 5.03 – 4.58 (m, 1H, H), 2.45 (s, 6H, 

S-Me), 0.58 – −0.05 (m, 9H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.77 – 125.12 (Ph, V), 15.94 – 15.10 (SMe), −0.06 – 

−0.22 (SiMe) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −30.02 – −32.57 (-MePhSi-), −34.19 – −35.13 (-HMeSi-), 

−45.18 – −45.87 (-PSMPSi-) ppm. 

Refractive index: 1.5795. 

Viscosity: 5250 ± 260 mPa∙s. 

H20_PSMP40_PP40: 

Yield: 6.654 g 

1H NMR (400 MHz, CDCl3): δ = 7.64 – 7.11 (m, 38H, Ph), 5.02 – 4.75 (m, 1H, H), 2.44 (s, 6H, 

S-Me), 0.24 – −0.18 (m, 3H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 134.81 – 125.23 (Ph, V), 15.91 – 15.05 (SMe), 1.10 (SiMe) 

ppm. 

29Si NMR (79 MHz, CDCl3): δ = −31.34 – −36.70 (-HMeSi-), −43.05 – −45.47 (-PSMPSi-, -

Ph2Si-) ppm. 

Refractive index: 1.5991. 

Viscosity: 13800 ± 460 mPa∙s. 
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H20_PSMP80: 

Yield: 8.172 g 

1H NMR (400 MHz, CDCl3): δ = 7.64 – 6.98 (m, 36H, Ph), 5.02 – 4.61 (m, 1H, H), 2.43 (s, 

12H, S-Me), 0.29 – −0.31 (m, 3H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 138.48 – 125.06 (Ph, V)), 15.86 – 14.95 (SMe), 1.03 (SiMe) 

ppm. 

29Si NMR (79 MHz, CDCl3): δ = −31.29 – −34.44 (-HMeSi-), −45.53 – −45.80 (-PSMPSi-) 

ppm. 

Refractive index: 1.5960. 

Viscosity: 1400 ± 740 mPa∙s. 

6.2.9.3.1 FT-IR spectra 
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Figure 382: FT-IR spectra of the vinyl- and phenylthiomethyl-group containing copolymers. 
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6.2.9.3.2  NMR spectra 

 
Figure 383: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PSMP40_MM40. 
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Figure 384: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PSMP40_PM40. 
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Figure 385: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PSMP40_PP40. 
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Figure 386: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PSMP80. 
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Figure 387: 1H 29Si HMBC NMR of H20_PSMO40_PP40 in CDCl3. 

6.2.9.4 Additional experimental data for the vinyl- or hydride- and phenylthiome-

thyl-group containing copolymers 

6.2.9.4.1 TGA curves 
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Figure 388: TGA curves of hydride- or vinyl- and phenylthiomethyl-group containing copolymers under 

oxygen atmosphere. 
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Figure 389: TGA curves of hydride- or vinyl- and phenylthiomethyl-group containing copolymers under 

nitrogen atmosphere. 

6.2.9.4.2  DSC curves 
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Figure 390: DSC curves of the first heating cycle of hydride- or vinyl- and phenylthiomethyl-group con-

taining copolymers. 
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Figure 391: DSC curves of the second heating cycle of hydride- or vinyl- and phenylthiomethyl-group con-

taining copolymers. 

6.2.9.5 Synthesis of the cured phenylthiomethyl-group containing polysiloxanes 

Typically 400 mg of hydride (H20_PSMP40_XY40) and vinyl (V20_PSMP40_XY40) copol-

ymers are mixed with 2.5 µL (1.63 ppm in siloxane) Ossko’s catalyst stock solution which was 

prepared using 10 µL of xylene isomers with 6 µL Ossko’s catalyst. The polymer was degassed 

at two mbar for one hour and doctor bladed with 120 µm onto a glass which was cleaned with 

iso-propanol and acetone and plasma etched at 100 % power for 15 minutes. The sample was 

cured at 80 °C for one hour and at 150 °C for four hours. 

For P20_PSMP80, 13C and 29Si CP MAS NMRs were exemplarily recorded. 

P20_PSMP40_MM40: 

Refractive index: 1.5830. 

P20_PSMP40_PM40: 

Refractive index: 1.5991. 

P20_PSMP40_PP40: 

Refractive index: 1.6156. 

P20_PSMP80: 

13C CP MAS NMR (101 MHz, 13 kHz): δ = 141.64 – 124.48 (Ph), 14.01 (SMe), 5.02 (Et), 0.65 

– −1.81 (SiMe) ppm. 

29Si CP MAS NMR (80 MHz, 13 kHz): δ = −19.98 (-EtMeSi-), −34.50 (-EtPhSi-), −45.12 (-

PSMPSi-), −71.32 – −79.33 (-PhSi-) ppm. 
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Refractive index: 1.6348. 

 
Figure 392: 13C CP MAS NMR (101 MHz, 13 kHz) of P20_PSMP80. 

6.2.9.5.1 TGA curves 
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Figure 393: TGA curves of the cured phenylthiomethyl-group containing polymers under oxygen atmos-

phere. 
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Figure 394: TGA curves of the cured phenylthiomethyl-group containing polymers under nitrogen atmos-

phere. 

6.2.9.5.2 DSC curves 
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Figure 395: DSC curves of the first heating cycle of the cured phenylthiomethyl-group containing pol-

ysiloxanes. 
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Figure 396: DSC curves of the second heating cycle of the cured phenylthiomethyl-group containing pol-

ysiloxanes. 
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6.2.10 Synthesis of phenanthrenyl-group containing monomers and polymers 

6.2.10.1 Synthesis of phenanthrenyl-group containing monomers 

6.2.10.1.1 Synthesis of phenanthren-9-ylmethyldimethoxysilane (PHM) 

 
Figure 397: Chemical formula of phenanthren-9-ylmethyldimethoxysilane 

20.00 g (77.78 mmol) of 9-bromophenanthrene in 100 mL of absolute tetrahydrofuran were 

added dropwise at room temperature to 2.00 g (82.29 mmol) of magnesium turnings in 40 mL 

of absolute tetrahydrofuran and were heated under reflux for one hour. 52.97 g (388.90 mmol) 

of methyltrimethoxysilane in 50 mL absolute tetrahydrofuran were mixed in a second flask and 

the reactive Grignard species was slowly added dropwise. After the mixture was stirred at room 

temperature overnight, it was refluxed for one hour. The cold solution was filtered through a 

glass frit and the tetrahydrofuran removed under reduced pressure. The crude product was dis-

solved in 200 mL of toluene and the precipitated salt was removed with a glass frit. After the 

solvent and the excess methyltrimethoxysilane had been removed under reduced pressure, the 

product is distilled under high vacuum (8∙10-3 mbar at 152 °C). The clear colourless oil 

(11.61 g, 41.11 mmol, 53 %) crystallised after several months to form a white solid. 

1H NMR (300 MHz, CDCl3): δ = 8.81 (d, J = 7.6 Hz, 1H, H6), 8.75 (d, J = 7.9 Hz, 1H, H5), 

8.53 (d, J = 7.9 Hz, 1H, H9), 8.40 (s, 1H, H1), 8.06 (d, J = 7.6 Hz, 1H, H2), 7.75 (m, 4H, H3, 

H4, H7, H8), 3.79 (s, 6H, H11), 0.70 (s, 3H, H10) ppm. 

13C NMR (75 MHz, CDCl3): δ = 137.75 (C14), 134.57 (C1), 131.55 (C2), 131.04 (C7), 130.66 

(C13), 130.11 (C10), 129.27 (C3), 128.65 (C8), 127.73 (C11), 126.90 (C4), 126.68 (C5), 126.37 

(C12), 123.17 (C9), 122.53 (C6), 50.62 (C16), −3.59 (C15) ppm. 

29Si NMR (60 MHz, CDCl3): δ = −13.12 (PHMSiOMe2) ppm. 

RI: 1.6310. 

CHN C: 72.30 %, H: 6.42 %, N: 0.00 %; calc.: C: 72.32 %, H: 6.45 %, N: 0.00 %.  
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Figure 398: 13C NMR (75 MHz, CDCl3) of phenanthren-9-ylmethyldimethoxysilane (PHM). 

6.2.10.1.2 Synthesis of phenanthren-9-ylphenyldimethoxysilane (PHP) 

 
Figure 399: Chemical formula of phenanthren-9-ylphenyldimethoxysilane. 

20.00 g (77.78 mmol) of 9-bromophenanthrene in 100 mL of absolute tetrahydrofuran were 

added dropwise at room temperature to 2.00 g (82.29 mmol) of magnesium turnings in 40 mL 

of absolute tetrahydrofuran and were heated under reflux for one hour. In a second flask, 30.85 g 

(155.56 mmol) of phenyltrimethoxysilane in 50 mL absolute tetrahydrofuran were mixed and 

the reactive Grignard species were slowly added dropwise. After the mixture was stirred at 

room temperature overnight, it was refluxed for one hour. The cold solution was filtered through 

a glass frit and the tetrahydrofuran removed under reduced pressure. The crude product was 

dissolved in 200 mL of toluene and the precipitated salt was removed with a glass frit. After 

the solvent had been removed under reduced pressure, the excess phenyltrimethoxysilane was 

removed under high vacuum by distillation (5∙10-2 mbar at 25 °C). The product was recrystal-

lized from hexane to give white crystals (20.31 g, 58.95 mmol, 76 %). 

1H NMR (300 MHz, CDCl3) δ = 8.71 (tr, J = 7.6 Hz, 2H, H5, H6), 8.37 (s, 1H, H1), 8.29 (d, J 

= 8.1 Hz, 1H, H9), 7.96 (d, J = 7.7 Hz, 1H, H2), 7.72 (m, 3H, H7, H10), 7.63 (tr, J = 7.7 Hz, 

2H, H3, H4), 7.53 (tr, J = 7.5 Hz, 1H, H8), 7.39 (m, 3H, H11, H12),  3.70 (s, 6H, H13) ppm. 

13C NMR (75 MHz, CDCl3): δ = 139.09 (C14), 134.84 (C1), 134.76 (C16), 133.03 (C15), 

131.81 (C2), 131.10 (C7), 130.52 (C18), 130.15 (C17), 129.50 (C13), 129.16 (C10), 128.94 
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(C3), 128.14 (C8), 127.95 (C11), 126.93 (C4), 126.76 (C12), 126.42 (C5), 123.08 (C9), 122.63 

(C6), 51.15  (C19) ppm. 

29Si NMR (60 MHz, CDCl3): δ = −27.68 (PHPSiOMe2) ppm. 

RI: could not be determined. 

CHN C: 76.71 %, H: 5.85 %, N: 0.00 %; calc.: C: 76.73 %, H: 5.90 %, N: 0.00 %. 

 
Figure 400: 13C NMR (75 MHz, CDCl3) of phenanthren-9-ylphenyldimethoxysilane (PHP). 

6.2.10.2 Synthesis of phenanthrenyl-group containing copolymers 

6.2.10.2.1 Vinyl- and phenanthrenyl-group containing polysiloxanes 

 
Figure 401: General synthesis of vinyl- and phenanthrenyl-group containing polysiloxanes. 

General synthesis for vinyl- and phenanthrenyl-group containing polysiloxanes: 

To 1 eq. (1.45 mmol) vinylphenyldiethoxysilane, 2 eq. (2.90 mmol) phenanthrenyl-group con-

taining monomer of group B, 2 eq. (2.90 mmol) of group C monomer, 352 mg (19.60 mmol) 

distilled water and 396 mg (12.36 mmol) of methanol, 22.6 µL (0.09 mmol) of 40 wt% tetra-n-

butylammonium hydroxide solution in water as catalyst was added and a fractionating column 

was attached onto the flask (Figure 401). After one hour at 85 °C, the temperature was raised 

to 115 °C for one hour. The distillation head was removed, and the reaction was continued for 

two additional hours. 7.0 mL of toluene and 3.5 mL of water were added and then centrifuged 
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at 8000 rpm for one minute. The organic phase was washed twice with 2.0 mL of 2 M hydro-

chloric acid and three times with 2.0 mL of distilled water analogously. After filtering the or-

ganic phase with a 0.45 µm syringe filter, the organic phase was dried under vacuum. A clear, 

viscous polymer was obtained (100 % with residual toluene). 

V20_PHM40_MM40: 

Yield: 1007.8 mg 

1H NMR (400 MHz, CDCl3): δ = 8.72 – 7.14 (m, 23H, PHE, Ph), 6.25 – 5.94 (m, 3V, V), 0.27 

– 0.14 (m, 18H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.48 – 122.78 (Ph, PH, V), 1.04 – −3.34 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −17.60 – −21.91 (-Me2Si-), −34.36 – −37.67 (-PHMSi-), 

−46.12 – −46.54 (-PhVSi-) ppm. 

Refractive index: 1.5210. 

V20_PHM40_PM40: 

Yield: 1231.7 mg 

1H NMR (400 MHz, CDCl3): δ = 8.68 – 7.13 (m, 33H, PHE, Ph), 6.18 – 5.81 (m, 3V, V), 0.56 

– −0.01 (m, 12H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.69 – 122.78 (Ph, PH, V), −0.02 – −2.42 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −30.14 – −34.92 (-MePhSi-, -PHMSi-), −42.19 – −43.39 (-

PhVSi-) ppm. 

Refractive index: 1.5689. 

V20_PHM40_PP40: 

Yield: 1368.6 mg 

1H NMR (400 MHz, CDCl3): δ = 8.68 – 7.15 (m, 43H, PHE, Ph), 6.26 – 5.75 (m, 3V, V), 0.86 

– 0.30 (m, 6H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.87 – 122.42 (Ph, PH, V), 1.97 – 1.55 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −28.26 – −31.78 (-PHMSi-), −42.59 – −46.22 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5782. 

V20_PHP40_MM40: 

Yield: 1239.3 mg 

1H NMR (400 MHz, CDCl3): δ = 8.70 – 7.17 (m, 33H, PHE, Ph), 6.11 – 5.84 (m, 3H, V), 0.24 

– −0.25 (m, 12H, Me) ppm. 
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13C NMR (101 MHz, CDCl3): δ = 134.18 – 122.79 (Ph, PH, V), 0.99 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −17.93 – −20.33 (-Me2Si-), −44.44 – −49.17 (-PHPSi-, -

PhVSi-) ppm. 

Refractive index: 1.5725. 

V20_PHP40_PM40: 

Yield: 1479.4 mg 

1H NMR (400 MHz, CDCl3): δ = 8.68 – 7.05 (m, 43H, PHE, Ph), 6.18 – 5.90 (m, 3H, V), 0.65 

– 0.17 (m, 6H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 138.38 – 122.76 (Ph, PH, V), 0.14 – −0.40 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −28.30 – −32.71 (-MePhSi-), −40.97 – −45.47 (-PHPSi-, -

PhVSi-) ppm. 

Refractive index: 1.6334. 

V20_PHP40_PP40: 

Yield: 1683.0 mg 

1H NMR (300 MHz, CDCl3): δ = 8.70 – 6.84 (m, 53H, PHE, Ph), 6.07 – 5.67 (m, 3H, V) ppm. 

13C NMR (75 MHz, CDCl3): δ = 138.30 – 122.78 (Ph, PH, V) ppm. 

29Si NMR (60 MHz, CDCl3): δ = −44.94 – −48.93 (-PHPSi-, -Ph2Si-, -PhVSi-) ppm. 

Refractive index: 1.6297. 

V40_PHM20_PP40: 

Yield: 1263.9 mg 

1H NMR (400 MHz, CDCl3): δ = 8.69 – 7.18 (m, 39H, PHE, Ph), 6.14 – 5.75 (m, 6H, V), 0.63 

– −0.18 (m, 3H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.11 – 122.77 (Ph, PH, V), 1.74 – −3.44 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −28.24 – −29.50 (-PHMSi-), −42.74 – −47.27 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5960. 

V40_PHM40_PP20: 

Yield: 1409.5 mg 

1H NMR (400 MHz, CDCl3): δ = 8.69 – 7.12 (m, 38H, PHE, Ph), 6.30 – 5.74 (m, 6H, V), 0.35 

– 0.10 (m, 6H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 137.96 – 122.46 (Ph, PH, V), 1.36 – −3.90 (Me) ppm. 
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29Si NMR (79 MHz, CDCl3): δ = −28.37 – −35.28 (-PHMSi-), −44.25 – −47.90 (-Ph2Si-, -

PhVSi-) ppm. 

Refractive index: 1.5756. 

6.2.10.2.2 Hydride- and phenanthrenyl-group containing polysiloxanes 

 
Figure 402: General synthesis of hydride- and phenanthrenyl-group containing polysiloxanes. 

General synthesis for hydride- and phenanthrenyl-group containing polysiloxanes: 

To 1 eq. (1.45 mmol) methyldiethoxysilane, 2 eq. (2.90 mmol) phenanthrenyl-group containing 

monomer of group B, 2 eq. (2.90 mmol) of group C monomer, 352 mg (19.60 mmol) distilled 

water and 396 mg (12.36 mmol) of methanol, 45 mg (1.12 mmol) of concentrated hydrochloric 

acid as catalyst was added and a fractionating column was attached onto the flask (Figure 402). 

After one hour at 85 °C, the temperature was raised to 115 °C for one hour. The distillation 

head was removed, and the reaction was continued for two additional hours. 7.0 mL of toluene 

and 3.5 mL of water were added and then centrifuged at 8000 rpm for one minute. The organic 

phase was washed once with saturated potassium bicarbonate and four times with 2.0 mL of 

distilled water analogously. After filtering the organic phase with a 0.45 µm syringe filter, the 

organic phase was dried under vacuum. A clear, viscous polymer was obtained (100 % with 

residual toluene). 

H20_PHM40_MM40: 

Yield: 1069.5 mg 

1H NMR (400 MHz, CDCl3): δ = 8.71 – 7.15 (m, 18H, PHE), 5.11 – 4.76 (m, 1H, H), 0.61 – 

0.04 (m, 21H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.61 – 122.45 (PH), 1.56 – 0.84 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −17.42 – −21.73 (-Me2Si-), −29.46 – −33.40 (-PHMSi-), 

−35.68 – −36.42 (-HMeSi-) ppm. 

Refractive index: 1.5925. 

H20_PHM40_PM40: 

Yield: 1254.0 mg 
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1H NMR (400 MHz, CDCl3): δ = 8.69 – 7.08 (m, 28H, PHE, Ph), 5.24 – 4.87 (m, 1H, H), 0.85 

– 0.04 (m, 15H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 137.94 – 122.45 (Ph, PH), 1.67 – −0.53 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.37 – −32.86 (-MePhSi-, -PHMSi-), −35.26 – −35.87 (-

HMeSi-) ppm. 

Refractive index: 1.6120. 

H20_PHM40_PP40: 

Yield: 1321.1 mg 

1H NMR (400 MHz, CDCl3): δ = 8.68 – 7.18 (m, 38H, PHE, Ph), 5.23 – 4.95 (m, 1H, H), 3.53 

– 3.19 (m, 1.5H, Si-OMe), 0.69 – 0.08 (m, 9H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.83 – 122.29 (Ph, PH), 2.31 – 0.64 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.29 – −31.51 (-PHMSi-), −33.59 – −36.76 (-HMeSi-), 

−45.03 – −45.41 (-Ph2Si-) ppm. 

Refractive index: 1.6274. 

 
Figure 403: 1H 29Si HMBC NMR of H20_PHM40_PP40. 

H20_PHP40_MM40: 

Yield: 1206.6 mg 
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1H NMR (400 MHz, CDCl3): δ = 8.69 – 7.15 (m, 28H, PHE, Ph), 5.26 – 4.81 (m, 1H, H), 0.36 

– −0.06 (m, 15H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 137.83 – 122.42 (Ph, PH), 1.06 – 0.93 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −17.24 – −19.94 (-Me2Si-), −31.40 – −35.84 (-HMeSi-), 

−43.21 – −46.06 (-PHPSi-) ppm. 

Refractive index: 1.6024. 

H20_PHP40_PM40: 

Yield: 1479.3 mg 

1H NMR (400 MHz, CDCl3): δ = 8.69 – 7.11 (m, 38H, PHE, Ph), 5.27 – 4.92 (m, 1H, H), 3.64 

– 3.49 (m, 0.3 H, Si-OMe), 0.59 – 0.20 (m, 9H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 138.58 – 122.50 (Ph, PH), 51.23 – 51.04 (OMe), 1.27 – 

−0.26 (SiMe) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.66 – −31.86 (-MePhSi-), −32.36 – −37.89 (-HMeSi-), 

−42.99 – −45.13 (-PHPSi-) ppm. 

Refractive index: 1.6175. 

 
Figure 404: 1H 29Si HMBC NMR of H20_PHP40_PM40. 

H20_PHP40_PP40: 

Yield: 1531.9 mg 



6 | EXPERIMENTAL DETAILS 

410 

 

1H NMR (300 MHz, CDCl3): δ = 8.69 – 6.78 (m, 48H, PHE, Ph), 5.06 – 4.27 (m, 1H, H), 0.17 

–0.55 (m, 3H, Me) ppm. 

13C NMR (75 MHz, CDCl3): δ = 134.50 – 122.77 (Ph, PH), 0.58 (Me) ppm. 

29Si NMR (60 MHz, CDCl3): δ = −32.08 – −35.43 (-HMeSi-), −43.84 – −46.69 (-PHPSi-, -

Ph2Si-) ppm. 

Refractive index: 1.6030. 

H40_PHM20_PP40: 

Yield: 927.8mg 

1H NMR (400 MHz, CDCl3): δ = 8.74 – 7.00 (m, 29H, PHE, Ph), 5.16 – 4.73 (m, 2H, H), 0.64 

– −0.11 (m, 9H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 136.43 – 122.46 (Ph, PH), 1.44 – 1.04 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −30.93 – −34.85 (-HMeSi-, -PHMSi-), −42.91 – −45.80 (-

Ph2Si-) ppm. 

Refractive index: 1.5985. 

H40_PHM40_PP20: 

Yield: 1225.8 mg 

1H NMR (400 MHz, CDCl3): δ = 8.79 – 7.05 (m, 28H, PHE, Ph), 5.21 – 4.84 (m, 2H, H), 0.94 

– −0.10 (m, 12H, Me) ppm. 

13C NMR (101 MHz, CDCl3): δ = 137.96 – 122.44 (Ph, PH), 1.53 – 1.12 (Me) ppm. 

29Si NMR (79 MHz, CDCl3): δ = −29.41 – −32.23 (-PHMSi-), −34.34 – −35.52 (-HMeSi-), 

−45.28 – −46.11 (-Ph2Si-) ppm. 

Refractive index: 1.6162. 

6.2.10.3 Curing of the phenanthrenyl-containing polysiloxanes 

330 mg from a vinyl and the appropriate hydride polysiloxane were mixed with 6 ppm of Os-

sko’s platinum catalyst. To handle such low concentrations, the as received 2 % Ossko’s cata-

lyst in xylene was further diluted with xylene. The mixed copolymers were evacuated at 

two mbar for one hour and doctor bladed with 120 µm onto a microscope slide. The slide was 

cleaned with iso-propanol and acetone, then plasma etched for 15 minutes. Finally, the films 

were cured at 100 °C for one hour and 150 °C for six hours to ensure complete cross-linking. 

P20_PHM40_MM40: 

Refractive index: 1.5690. 

P20_PHM40_PM40: 
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Refractive index: 1.5990. 

P20_PHM40_PP40: 

Refractive index: 1.6140. 

P20_PHP40_MM40: 

13C CP MAS NMR (101 MHz, 13 kHz): δ = 140.00 – 120.00 (Ph, PH), 10.00 – −5.00 (Et, Me) 

ppm. 

29Si CP MAS NMR (80 MHz, 13 kHz): δ = −25.00 – −30.00 (-EtMeSi-), −32.00 – −38.00 (-

EtPhSi-), −43.00 – −50.00 (-PHPSi-) ppm. 

Refractive index: 1.5896. 

P20_PHP40_PM40: 

Refractive index: 1.6270. 

P20_PHP40_PP40: 

Refractive index: 1.6297. 

P40_PHM20_PP40: 

Refractive index: 1.6034. 

P40_PHM40_PP20: 

Refractive index: 1.6051. 
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6.2.10.4 Additional experimental data for the hydride- or vinyl- and phenanthrenyl-

group containing copolymers and cured polysiloxanes 

6.2.10.4.1 FT-IR spectra of the phenanthrenyl-group containing polysiloxanes 
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Figure 405: FT-IR spectra of X20_PHM40_MM40. 
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Figure 406: FT-IR spectra of X20_PHM40_PM40. 
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Figure 407: FT-IR spectra of X20_PHM40_PP40. 
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Figure 408: FT-IR spectra of X20_PHP40_MM40. 
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Figure 409: FT-IR spectra of X20_PHP40_PM40. 
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Figure 410: FT-IR spectra of X20_PHP40_PP40. 
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Figure 411: FT-IR spectra of X40_PHM20_PP40. 

3000 2750 2500 2250 2000 1750 1500 1250 1000 750

0.0

0.5

1.0

1.5

2.0

re
l.
 I
n

te
n

s
it

y
 [

a
.u

.]

Wave number [cm-1]

 P40_PHM40_PP20

 V40_PHM40_PP20

 H40_PHM40_PP20

 
Figure 412: FT-IR spectra of X40_PHM40_PP20. 
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6.2.10.4.2 NMR spectra of the hydride- or vinyl- and phenanthrenyl-group containing pol-

ysiloxanes 

 
Figure 413: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PHM40_MM40. 
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Figure 414: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PHM40_MM40. 
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Figure 415: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PHM40_PM40. 
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Figure 416: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PHM40_PM40. 
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Figure 417: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PHM40_PP40. 
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Figure 418: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PHM40_PP40. 
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Figure 419: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PHP40_MM40. 
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Figure 420: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PHP40_MM40. 
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Figure 421: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PHP40_PM40. 
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Figure 422: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PHP40_PM40. 
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Figure 423: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H20_PHP40_PP40. 
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Figure 424: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V20_PHP40_PP40. 
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Figure 425: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H40_PHM20_PP40. 
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Figure 426: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V40_PHM20_PP40. 
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Figure 427: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of H40_PHM40_PP20. 
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Figure 428: a) 1H NMR (400 MHz, CDCl3), b) 13C NMR (101 MHz, CDCl3) and c) 29Si NMR (79 MHz, 

CDCl3) of V40_PHM40_PP20. 
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6.2.10.4.3 TGA curves under oxygen atmosphere of the phenanthrenyl-group containing 

polymers 
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Figure 429: TGA curves under oxygen atmosphere of X20_PHM40_MM40. 
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Figure 430: TGA curves under oxygen atmosphere of X20_PHM40_PM40. 
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Figure 431: TGA curves under oxygen atmosphere of X20_PHM40_PP40. 
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Figure 432: TGA curves under oxygen atmosphere of X20_PHP40_MM40. 
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Figure 433: TGA curves under oxygen atmosphere of X20_PHP40_PM40. 
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Figure 434: TGA curves under oxygen atmosphere of X20_PHP40_PP40. 
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Figure 435: TGA curves under oxygen atmosphere of X40_PHM20_PP40. 
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Figure 436: TGA curves under oxygen atmosphere of X40_PHM40_PP20. 
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6.2.10.4.4 TGA curves under nitrogen atmosphere of the phenanthrenyl-group containing 

polymers 
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Figure 437: TGA curves under nitrogen atmosphere of X20_PHM40_MM40. 
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Figure 438: TGA curves under nitrogen atmosphere of X20_PHM40_PM40. 
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Figure 439: TGA curves under nitrogen atmosphere of X20_PHM40_PP40. 
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Figure 440: TGA curves under nitrogen atmosphere of X20_PHP40_MM40. 
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Figure 441: TGA curves under nitrogen atmosphere of X20_PHP40_PM40. 
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Figure 442: TGA curves under nitrogen atmosphere of X20_PHP40_PP40. 



6 | EXPERIMENTAL DETAILS 

439 

 

0 100 200 300 400 500 600 700 800 900 1000

10

20

30

40

50

60

70

80

90

100

R
e
s
id

u
a
l 
m

a
s
s
 [

%
]

Temperature [°C]

 H40_PHM20_PP40

 V40_PHM20_PP40

 P40_PHM20_PP40

N2  O2

T95%

 
Figure 443: TGA curves under nitrogen atmosphere of X40_PHM20_PP40. 
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Figure 444: TGA curves under nitrogen atmosphere of X40_PHM40_PP20. 
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6.2.10.4.5 DSC curves of the hydride- or vinyl- and phenanthrenyl-group containing copol-

ymers 
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Figure 445: DSC curves of the 1st heating cycle of the hydride- and phenanthrenyl-group containing copol-

ymers. 
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Figure 446: DSC curves of the 2nd heating cycle of the hydride- and phenanthrenyl-group containing co-

polymers. 
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Figure 447: DSC curves of the 1st heating cycle of the vinyl- and phenanthrenyl-group containing copoly-

mers. 
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Figure 448: DSC curves of the 2nd heating cycle of the vinyl- and phenanthrenyl-group containing copoly-

mers. 
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6.2.10.4.6 DSC curves of the cured phenanthrenyl-group containing polysiloxanes 
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Figure 449: 1st heating cycle of the DSC measurements of the cured phenanthrenyl-group containing pol-

ysiloxanes. 

-40 -20 0 20 40 60 80 100 120 140

-0.1

0.0

0.1

0.2

D
S

C
 o

ff
s

e
t 

[m
W

/m
g

]

Temperature [°C]

 P40_PHM40_PP20

 P40_PHM20_PP40

 P20_PHP40_PP40

 P20_PHP40_PM40

 P20_PHP40_MM40

 P20_PHM40_PP40

 P20_PHM40_PM40

 P20_PHM40_MM40

exo

 
Figure 450: 2nd heating cycle of the DSC measurements of the cured phenanthrenyl-group containing pol-

ysiloxanes. 
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6.2.10.4.7 Haze curve of the cured phenanthrenyl-group containing polysiloxanes 
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Figure 451: Calculated haze curve of the cured phenanthrenyl-group containing polysiloxanes. 
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