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Abstract 

 

Silicone release liners are silicone coatings on top of papers or films that are used in the adhesives 

industry to prevent adhesion before the final use of the adhesive e.g. labels. The process of 

production of release liners involves the casting of molten polysiloxanes on top of the substrates 

that crosslink by hydrosilylation reaction forming silicone networks. The quality of the release liner 

can be assessed by diverse methods usually performed when the coating process has been 

finished. Rarely an online control of the reaction is possible. Fluorescence spectroscopy was found 

to be a non-invasive useful method to control the reaction during the whole process by introducing 

very small concentration of fluorescent molecules in the polymer formulations, those fluorophores 

are sensitive to environmental changes as the silicone polymer molecules crosslink. In response to 

that stimulus, the fluorescence intensity varies along the time upon reaction allowing the 

identification of the gel point and further modifications or molecules rearrangements in a post-

curing stage within weeks that are non-observable with conventional quality control methods. It 

was found that the fluorescent molecules do not require to be attached covalently to the 

polysiloxanes, thus fluorescence spectroscopy is a simple method to implement for controlling the 

production of silicone coatings. Moreover, the characterization of several silicone formulations was 

performed to find the optimal conditions for the production of release liners and to understand the 

effect of every component in the formulation on the performance of the silicones. The kinetics of 

the reaction was also studied and even a mechanism for the hydrosilylation reaction was 

proposed. 
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1.1. Introduction 

Organosilicon compounds in form of oils, rubbers, greases, resins and sealings have been widely 

used by the industry of electronics, lubricants, cookware, automobile, aeroplane, medicine, textile, 

paper and films, among others for applications such as insulation, coatings, seals, gaskets, etc. [1]. 

In the paper industry, PDMS has been used to produce silicone-coated release liners that prevent 

adhesive surfaces to stick before their final use [2]. Release liners can be found in the market as 

self-adhesive labels or pressure-sensitive adhesives (PSAs), decorative labels, food release 

papers, tapes, medical and hygiene products, etc [1]. There are two routes to obtain those release 

liners; one uses tin-catalysts to promote the condensation of silanol and alkoxysilyl functionalities, 

and the other involves Pt-catalysts used for the hydrosilylation reaction which is the addition of 

hydrosilane groups (SiH) to vinyl functional siloxanes [3]. The coatings can be made by using 

solvent-based systems, aqueous emulsions, or solvent-free silicone systems that can be heat-

cured or photochemically cured [3]. The work presented in this thesis is about the study of Pt-

catalyzed solvent-free systems that are heat-cured for the production of the silicone release liners.       

The main functions of the silicone release liners are providing protection to the adhesive during 

storage and transportation, functional support during cutting and printing, and very important, they 

should be removed safely from the adhesive without causing damage on it i.e. the silicones should 

not affect the performance of the adhesive surfaces [2]. In order to meet the requirements, the 

paper or film liner should have a homogeneous silicone layer which has been well cured to avoid 

interactions of the adhesive with the PDMS liquid precursors. 

Additionally, the release forces must be adapted according to the customer demand and they 

should keep constant for long periods. This can be achieved by adjusting the silicone formulations 

and securing a good anchorage of the silicone to the substrates. Nevertheless, controlling the 

curing and the release forces can be a tedious work when the silicone systems chemistry i.e. base-

polymer bearing the vinyl groups, crosslinker bearing SiH groups, catalyst type, inhibitors and 

additives are unknown to the release-liner producer. Most companies buy the precursors and 

perform the reactions without detailed knowledge about the used compounds. The producers 

adjust the formulations by measuring the properties of the release liners once the product is 

finished, but no control of those is possible during the reaction. A period of 24 h can occur until the 

quality of produced coatings is examined which results in a large quantity of useless material that 

must be either disposed or reprocessed. Moreover, the amount of energy applied during the 

coating and curing process is probably much higher than the energy required to obtain steady 

cured silicones. This energy is dependent on the structure of the polymers and the concentration of 

the components in the formulations. Hence, the purpose of the researching presented here was on 

one hand to characterize different silicone systems, to make variations in their composition, to 

analyse their properties, and to study the kinetics of the hydrosilylation reaction, in order to 

optimize the production process of the coatings. On the other hand, the development of a method 

that allows monitoring the reaction on-line to prevent loses due to quality failures was also the aim 

of this thesis.  

In Chapter 2 a literature review is presented on the synthesis and characterization of silicones, all 

methods used, and the studies contained in this dissertation. The work presented here was a 



Chapter 1                                                                                                                            Introduction 

4 

detailed study of three silicone systems used in the release liner industry. The characterization of 

the prepolymers conforming the systems can be made by several methods e.g. gel-permeation-

chromatography (GPC), NMR, FTIR, light scattering, viscometry, among others [4]-[9] that do not 

represent difficulties if the analytes were pure. However, industrial products often contain additives 

and traces of other compounds that complicate the characterization of the main compounds. Only 

a combination of several methods allows the determination of the mixtures conformation. Chapter 

3 is dedicated to the full characterization by diverse methods of the polymer precursors, inhibitors, 

catalysts and additives.  

Later in Chapter 4, the composition of the systems was varied by modifying the concentration of 

the components in the silicone formulations with the aim of determining characteristics of the cured 

silicones such as the conversion of reactive groups, the crosslinking density of the silicone rubbers, 

the contact angles and the surface energy of the different silicones treated as bulk rubbers. The 

surface energy measurements were also used to study one-side defective coatings. Furthermore, 

kinetic and mechanistic studies on the silicone systems undergoing hydrosilylation reaction were 

made with a combination of experimental and computational results. Also, the gelation process 

was modelled.  

With the aim of controlling the curing process and avoiding mistakes in the production, a method 

that gives an on-line overview of the reaction progress without being invasive was desired. 

Therefore, techniques such as IR spectroscopy (Chapter 4), and fluorescence spectroscopy 

(Chapter 5 and 6) were assessed.  

Fluorescence analysis techniques have been used in the last three decades to study the properties 

of polymers with the incorporation of free or covalently attached fluorescence moieties to the 

polymer matrix [10]-[18]. The emission of the fluorophores is sensitive to their microenvironment 

due to their interaction with the neighbouring molecules or polymer matrix [19]. Chapter 5 is 

dedicated to the implementation of a free fluorescent molecule into the PDMS precursors and the 

study of its fluorescence behaviour during the hydrosilylation reaction and for prolonged periods 

post-reaction. An attempt to bring the fluorescence studies from silicone bulk rubbers to thin 

silicone coated films is presented. Chapter 6 deals with the comparison of covalently attaching the 

fluorophore to the polymers and having mobile fluorophore in the silicone matrix. On the other 

hand, the properties of silicone rubbers with and without fluorophores are presented. The similarity 

of the properties, as well as the fluorescence intensity behaviour during reaction and post-reaction, 

confirmed that following the fluorescence intensity of free fluorophores embedded in the precursors 

of silicone rubbers, provide a valid approach to asses the progress of the hydrosilylation reaction 

and hence, avoiding bad quality of the release liners. 

Finally, a summary of the results of this thesis and the outlook for future research in this topic is 

presented.  
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2.1. Polysiloxanes 

Polysiloxanes are polymers with a backbone of alternating silicon and oxygen atoms. In linear and 

cyclic polysiloxanes, the silicon atoms are also bonded to two organic groups, which are usually 

methyl groups [1], [4]. Polysiloxanes with methyl groups are called “polydimethylsiloxane”, PDMS 

or at low molecular weight silicone oil. Polysiloxanes can also form tridimensional structures having 

more than two oxygen atoms attached to the silicon atoms [1]. They are classified according to the 

number of oxygen atoms that are attached to the silicon atom. Monofunctional siloxanes refer to 

one oxygen atom bonded to the silicon atom, difunctional to two oxygen atoms, trifunctional to 

three oxygen atoms and tetrafunctional to four oxygen atoms attached to each silicon atom [2].  

2.1.1.  Siloxanes Nomenclature 

According to the IUPAC rules, the siloxane polymers are known as polyorganosiloxanes [1]. 

However, in order to describe more easily the siloxanes, the General Electric company has 

developed a siloxane notation in which presumes the presence of methyl groups as organic 

substituents. Monofunctional siloxane units (trimethylsiloxane) are denoted by “M”, difunctional 

units (dimethylsiloxane) by “D”, trifunctional units (methylsiloxane) by “T”, and tetrafunctional units 

(silicate units) by “Q”. When a silicon atom is bonded to other functional groups those are specified 

[2]. Figure 2.1.1 depicts the General Electric notation for siloxanes and illustrates the notation of 

the silicon atoms that are contained in the present studies. 
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Figure 2.1.1 General Electric Notation for siloxanes according to their functionality [2]. 

2.1.2.  Synthesis of Siloxanes 

The synthesis of polysiloxanes, starting from sand as the raw material, is a three-step process.  

In the first step, chlorosilane is synthesized by using the direct process of Rochow [3]. The sand is 

reduced with charcoal to silicon metal at high temperature, cf. Eq. 2.1.1. Methyl chloride is 

obtained by the condensation of methanol with hydrochloric acid, cf. Eq. 2.1.2. Silicon and methyl 

chloride are reacted at 250 to 350°C and pressure of 1 to 5 bars to yield a mixture of chloromethyl 
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silanes, with mostly dimethyldichlorosilane Me2SiCl2 as shown in Eq. 2.1.3 [4]. For this reaction, a 

copper-based catalyst is used. Afterwards, the dimethyldichlorosilane is separated by distillation for 

further polymerization.   

                                          Eq. 2.1.1 

                         
   
→              

Eq. 2.1.2 

                                                                                Yield        Bp (°C)  

                                                                 < 50%      70 

                                                                            10-30%      66.4  
                                                                               <10%      57.9 

                                                                              < 5%       41.0 
                                                                                                 5%        

Eq. 2.1.3 

To produce non-methyl chlorosilanes, the Rochow synthesis is made with hydrochloric acid instead 

of methyl chloride. The products are hydrosilanes and tetrachlorosilanes cf. Eq. 2.1.4 which also 

become separated and purified by distillation [5]. 

                                                         Eq. 2.1.4 

Vinyl groups are introduced by hydrosilylation of an existing silane, e.g. methyl dichlorosilane 

(MeHSiCl2) with acetylene, by using a platinum complex as the catalyst, cf. Eq. 2.1.5 [4]. Alkoxy 

groups are bonded to the silicon atom by alcoholysis of chlorosilanes cf. Eq. 2.1.6 [4].   

                            
  
            Eq. 2.1.5 

              
                  

              Eq. 2.1.6 

As an alternative to Rochow’s process, the synthesis of chlorosilanes can be made through 

Grignard reactions, where the reaction of silicon tetrachloride with alkyl-, aryl-, H- magnesium 

chloride takes place [6] (cf. Eq. 2.1.7 and Eq. 2.1.8). The introduction of phenyl groups to the 

chlorosilane is also made by Grignard reactions [4]. 

                                                Eq. 2.1.7 

                                            Eq. 2.1.8 

With R= Alkyl, Aryl, H, Phenyl.  

The second step in the synthesis of polysiloxanes is the chlorosilane hydrolysis, which yields 

cyclic molecules (“cyclics”) and oligomers [7]. Hydrolysis of chlorosilanes with an excess of water, 

using HCl as the catalyst, produces silane diols (cf. Eq. 2.1.9) that condense to give oligomers (cf. 

Eq. 2.1.14). However, the rate of condensation can be lower than the rate of hydrolysis due to the 

pH of the reaction or low content of water, thus partial hydrolysis occurs (cf. Eq. 2.1.10). 

Furthermore, the polymerization of chlorosilanes with silane diols is also possible as shown by the 

reactions in equations Eq. 2.1.11, Eq. 2.1.12, and Eq. 2.1.13 [7], all occurring simultaneously with 

the condensation of silanols cf. Eq. 2.1.14. In the end, the product is a mixture of cyclic and linear 

silicones (cf. Eq. 2.1.15) [4].  

Complete Hydrolysis                                                                                              Eq. 2.1.9 
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Partial Hydrolysis                                                                                                                                                                            Eq. 2.1.10 

 

Step-Growth reactions 

a) Type RA2 + RB2                                                                                 

                                                                                                                                   
Eq. 2.1.11 

 

b) Type RA2 + ARB or RB2 + ARB                                                                               

                                                                            Eq. 2.1.12 

                                                                                                                             Eq. 2.1.13 

c) Type RA2 („Condensation“) 

                                   [          ] 
    
→                             Eq. 2.1.14 

 

                                             
    
→                                 

                                                          n= 20-50; m= 3,4,5 (mainly 4) 

Eq. 2.1.15 

The third step consists of polymerization of the oligomers and the cyclics to yield high molecular 

weight silicones. There are two routes to synthesize polysiloxanes [8]. One is polycondensation 

with the redistribution of Si-O bonds that yields broad distributions of molecular weight, and the 

second is ring-opening polymerization of oligomeric cyclics that produces low polydisperse 

polysiloxanes [7].  

In polycondensation, α,ω-difunctional polysiloxanes are synthesized by the condensation of silane 

diols as shown in Eq. 2.1.14 or hydrolysis of dialkoxysilanes (cf. Eq. 2.1.16). The latter is a slow 

process that produces methanol that can be reused in the synthesis of methyl chloride necessary 

for the Rochow process [7]. In general, the polycondensation requires the oligomers mixture of 

linear and cyclics, catalyst and end groups like chlorotrimethylsilane or chlorosilane with other 

substituents e.g. hydrogen or vinyl, to achieve high molecular weight polymers. The molecular 

weight of the polymers is controlled by the amount of added end cappers [9]. Additionally, the 

cyclics and the linear chains exist in equilibrium at the end of polycondensation. The ratio of cyclics 

and polymer is governed by the thermodynamics of the system. The cyclic oligomers are removed 

from the polymers by distillation. The condensation involves an equilibrium that has to be shifted to 

the product side to yield high molecular weight; this is achieved by removing the water produced 

from the condensation of silanols at high temperatures and low pressure [7].      

 [           ]                                                Eq. 2.1.16 

The type of catalyst used in the polymerization by equilibration plays an important role in the 

redistribution of Si-O bonds. Strong acids and bases not only catalyze the condensation of OH 

groups but also the cleavage of Si-O bonds. Within the acid catalyst H2SO4, HCl and CF3SO3H are 

used. KOH, R4POH and R4NOH bases also catalyze efficiently the equilibration [7].    

Functionalization of the terminal groups is also achieved by hydrosilylation, where a functional 

group is introduced at the end of the polymer chains, which previously contained hydrosilane SiH 

groups. The use of allyl derivates can lead to a variety of functional groups by using a platinum 

catalyst (cf. Eq. 2.1.17) [4].  
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Eq. 2.1.17 

In addition, the redistribution of cycles of four silicon atoms with functionalization and end capers 

such as hexamethyldisiloxane yield polymers with pendant groups. The mixture of cyclics with and 

without functionalization allows the control of functionalization along the polymer chain in the 

synthesis of copolymers. The mixture of cycles of four silicone atoms with functional pendant 

groups with cyclics without functionalization specially produces copolymers that exhibit blockiness 

along the polymer chain when the time for equilibration was not sufficient [7]. Note that all step-

growth polymerizations yield broad molecular weight distributions. In case of perfect equilibration, 

the sequence-distribution of the monomers along the polymer chain is completely random and the 

molecular weight distribution is a general Schulz-Flory distribution [10]. 

The second route to produce polysiloxanes is via ring-opening polymerization (ROP), which can be 

cationic or anionic depending on the catalyst used. The most frequently used cyclic monomers in 

ROP are hexamethylcyclotrisiloxane (Me2SiO)3 and octamethylcyclotetrasiloxane (Me2SiO)4 [11]. 

Anionic ROP requires an alkali metal hydroxide (M+OH-) or silanolates (Me3SiO-M+) (M= K, Li, Na, 

Cs, NH4, PH4) as initiator. The propagation of the silanolates is terminated by adding end cappers 

such as chlorosilanes. Functionalization at the end groups is made through the initiator using 

R2NLi, butadienyl-lithium or hexenyl-lithium, or the end-capping reagent. The resulting polymer has 

a low polydispersity (Poisson distribution, Mw/Mn ≈ 1+ 1/  ̅̅ ̅ ). Backbiting or depolymerization 

reactions can occur, depending on the conditions of the reaction. For example, when the cyclics 

are consumed, intramolecular or intermolecular reactions take place causing an increase of the 

polydispersity [7]. Scheme 2.1.1 depicts the initiation, propagation and termination stages of the 

anionic ring-opening polymerization when metal hydroxides and silanolates are used as initiators. 
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Scheme 2.1.1 Anionic ring-opening polymerization stages to synthesize linear polysiloxanes. 
 

On the other hand, cationic ROP (cf. Scheme 2.1.2) requires a strong protonic acid (H+A-) as 

initiator such as H2SO4, CF3SO3H, HCl, HOClO3, CH3SO2OH, acidified montmorillonite, ion 

exchange resins that open the cyclic siloxane. Then the polymerization proceeds by simultaneous 

polycondensation and chain polymerization via oxonium intermediates. Cationic ROP has the 

advantage of protecting reactive functional groups such as ≡SiH, ≡SiROOH, ≡SiRSH [7]. The 

termination step involves a nucleophile as water or alcohols that deactivates the oxonium ion to 

produce silanol terminated polysiloxanes. Also, the nucleophile (A-) from the catalyst deactivates 

the oxonium ions to form Si-A terminated polysiloxanes that further hydrolyze and condense. The 

acid-catalyzed degradation of high molecular weight polysiloxanes with hexamethyldisiloxane 

yields silicone oils. On the other hand, acid-catalyzed degradation with functionalized 

dimethyldisiloxanes of the form MxMx like HMe2SiOSiMe2H (MHMH) will lead to terminal 

functionalized polysiloxanes [12]. As in anionic ROP, the polymerization carried out with cyclics 

containing functional pendant groups yield polysiloxanes bearing functional groups along the 

polymer chain [7].       
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Scheme 2.1.2 Cationic ring-opening polymerization stages to synthesize linear polysiloxanes. 
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2.1.3.  Synthesis of Silicone Elastomers 

The transformation of polysiloxanes into three-dimensional networks with rubber-like properties is 

made by the crosslinking reaction between adjacent chains through one of the reactions described 

below. 

Radical crosslinking or high-temperature-vulcanization (HTV): The synthesis involves radical 

species that are usually generated by decomposition of peroxides such as benzoyl peroxide, m-

chlorobenzoyl peroxide, di-t-butyl peroxide and commercial Lupersols [7]. The peroxides act as 

initiators when they decompose at high temperatures producing free radicals. There are two types 

of radical crosslinking depending on the structure of the polysiloxanes backbone. The first involves 

the abstraction of hydrogen by free radicals in methyl polysiloxanes (see Scheme 2.1.4), the 

second type concerns the addition of peroxide radicals to vinyl groups (cf. Scheme 2.1.4). The 

latter requires lower temperatures than the former type and also less specific peroxides [7]. The 

radical curing can be inhibited by oxygen of the air thus, special care should be taken [13]. At the 

post-curing stage, volatile byproducts and radicals have to be removed from the resulting 

elastomer to avoid depolymerization al high temperatures. Silicones produced by this method are 

called high consistency rubbers that are used for high-performance seals [4]. The synthesis 

method is suitable for extrusion and injection moulding processes. When the methyl backbone is 

partially replaced with phenyl groups the silicone rubber exhibit good low-temperature properties 

[14].    
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Scheme 2.1.3 Radical crosslinking of polysiloxanes via hydrogen abstraction by radicals. 
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Scheme 2.1.4 Radical crosslinking of polysiloxanes via radical addition to vinyl groups. 
 

Crosslinking via Radiation and UV: Silicones can be crosslinked by high-energy UV radiation, 

gamma rays, and electron beam processes by a similar process to radical crosslinking. In this 

case, not only the C-H bonds are involved, but the Si-H bond is also cleaved. The latter is the most 

favoured process in this type of crosslinking [7]. 

Room- temperature vulcanization (RTV): It can be performed by using a one-component system 

or a two-components system. In one-component systems, acetoxy polysiloxanes are previously 

produced by the reaction of hydroxy-terminated polysiloxanes with an excess of acetoxy silanes as 

shown in Scheme 2.1.5 a. For the cure, moisture from the air is necessary to hydrolyze the 

acetoxypolysiloxane in order to produce silanols which further condense to form a network (cf. 

Scheme 2.1.5 b) [4]. The reaction proceeds at room temperature and a tin catalyst is often used. 

Other catalysts can be used as strong acids and bases or titanate catalysts, however, tin catalysts 

cure faster [7]. The chemistry of the one component system is determined by the functional groups 

of the silane. Besides acetoxysilanes, also alkoxysilanes are used to obtain acetic acid or alcohols 

as by-products, however, the acid can be corrosive and the alcohol could cause shrinkage. Other 

curing processes produce oximes and amides, being the former useful for dip and spray coatings 

[15].   
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Scheme 2.1.5  Chemistry of a one-part system RTV. a) synthesis of acetoxypolysiloxanes. 
b) Hydrolysis of acetoxypolysiloxanes  and condensation reaction to yield PDMS rubbers. 

The two components system does not require moisture. In one part of the system, the base 

polymer containing hydroxy terminal groups is found. The second part is conformed by the tin 

catalyst usually dibutyl tin dialurate and an alkoxysilane [7]. The two components of the system are 

sold separately and have to be mixed with precision adding the second part dropwise. The curing 

process is fast and yields silicone rubbers of 12000 cP to pastes of 600000 cP [15]. 
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Scheme 2.1.6 Chemistry of Two-parts RTV system [4]. 

Addition cure or metal-catalyzed hydrosilylation is a system of minimum two parts, it involves a 

base polymer containing vinyl groups, a crosslinker polymer bearing SiH bonds and a platinum 

catalyst (cf. Scheme 2.1.7) [7]. The Pt catalyst can be mixed with the base polymer or found 

separately. Special care has to be taken with the Pt catalyst since inhibition of hydrosilylation can 

occur due to the presence of catalysts poisons as amines and sulphur-bearing compounds [13]. 

When the cure is finished the platinum catalyst stays in the formed silicone network and may cause 

a yellow colouration of the elastomer. In addition-curing no byproducts are obtained, that overcome 

the shrinkage problem observed in condensation cure [4]. The temperature of the reaction can vary 

from room temperature to 200°C, the higher the temperature the faster the curing rate, changing 

from a couple of days to a few seconds. This method may involve additives and/or silica fillers that 

modify the temperature onset of reaction and the properties of the elastomers [15]. More 

information about the hydrosilylation reaction is found in Section 2.4.1. 
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Scheme 2.1.7 Addition-curing by hydrosilylation reaction. 
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Secondary reactions may occur post-curing when the silicones are formulated with an excess of 

crosslinker i.e. SiH groups [16]-[18]. First, the catalysed hydrolysis of SiH groups to silanol (cf. 

Scheme 2.1.8 a). Later the silanols catalytically react with the remaining SiH to yield a crosslink via 

Si-O-Si bonds (cf. Scheme 2.1.8 b). Also, the condensation of two silanol groups gives rise to the 

formation of Si-O-Si bonds (cf. Scheme 2.1.8 c). 
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Scheme 2.1.8 Secondary reactions to Pt-catalyzed hydrosilylation [16]-[18]. 

a) SiH hydrolysis. 
b) Catalytic reaction of hydrosilanes with silanols. 
c) Condensation of Silanols.  
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2.1.4.  Properties and Applications of Polysiloxanes 

Polysiloxanes are intermediates between organic polymers and inorganic silicates. They are 

colourless and have flexible chains due to the length of the Si-O bond (1.64 ± 0.03  ̇) and the Si-O-

Si angle (140°) contributing to low glass transition temperature (Tg ≤ -123°C) [11]. The Si-O bond 

has a high polarity and is hydrolyzed when base or acid catalysts are involved, it can make 

molecular interactions when the backbone is not protected. However, the presence of methyl 

groups provides shielding protection giving stability to the polymers and allowing the chain to adopt 

many conformations since methyl groups weakly interact with each other. The barrier of rotation of 

the Si-O bond is low (2,5 KJ/mol) compared to alkane bonds (17 KJ/mol) [19]. PDMS is insoluble in 

water, methanol, aniline, benzyl alcohol, ethylene glycol, among others [20] but readily dissolve in 

diisopropylamine, pentane, xylenes, ether, chloroform, tetrahydrofuran, cyclohexane and others 

[34]. Polysiloxanes are thermally stable in the absence of basic or acid catalysts. The degradation 

starts at 350°C attributed to the Si-O bond strength (108 Kcal/mol) which enables the use of 

silicones (crosslinked polysiloxanes) in seals resistant to high-temperature conditions [7]. 

Moreover, polysiloxanes exhibit low thermal conductivity of 0.14 W/m.K thus, they are also used in 

thermal insulations. Silicones are also electrically resistant, hence, they are used in wire coatings, 

insulators [7]. Polydimethylsiloxanes are hydrophobic, this property results from the methyl groups 

and the flexibility of the polymer that allows rearrangement of the methyl groups at the interface 

causing a hydrophobic layer. The hydrophobicity of linear and crosslinked polysiloxanes (synthesis 

described in Section 2.1.2) allows the application of these materials in fabrics, resins, sealants, etc. 

[7]. Polysiloxanes have a low surface tension (20.4 N/m) which is caused by the methyl groups 

pointing out of the helical polymer backbone conformation. They are able to wet most surfaces and 

form a uniform film to provide good release properties from adhesive surfaces especially after 

curing (crosslinking) the materials [19], due to the slippage of adhesives on the silicone surfaces 

[21][20], [22]. The viscosity of PDMS increases proportionally with the molecular weight below the 

entanglement molecular weight (Mn*= 12000 g/mol), afterwards zero-shear-rate viscosity increases 

non-proportionally with the molecular weight in a polynomial degree of 3.2 (ηZSR   Mn3.2) [23]. 

More properties of polysiloxanes include good gas permeability, transparency, surface activity, 

chemical and physiological inertness [11].   

Other organic groups different than methyl groups can reduce the thermal stability of the 

polysiloxane but also improve other properties. Phenyl groups in small concentrations along the 

polymer chains reduce the glass transition temperature [19],  the introduction of fluoroalkyl chains 

to form copolymers give to the silicone materials superhydrophobic properties (contact angle 

>150°).  
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2.2. Characterization of Non-Crosslinked Polysiloxanes 

The elastomers investigated in the present thesis were synthesized via addition curing or Pt-

catalyzed hydrosilylation. In Section 2.1.3, the components of a Pt-catalyzed synthesis of silicones 

were introduced, namely base polymer, crosslinker, Pt-catalyst and sometimes other additives. 

The industrially sold components might not be found pure i.e. each component could be a mixture 

of compounds. Moreover, the producer of Pt-catalyzed silicones might not have an idea of the type 

of polymers found within these components i.e. whether they are linear, branched, homopolymers, 

copolymers and how their distributions are, type of functionalization, molecular weight, etc., 

causing difficulties to optimize the silicone formulations. The characterization of polysiloxanes 

concerning the composition, the chemical structure and the morphology can be done by 

conventional methods described in any polymer chemistry book. In this section, a description of the 

methods and the theory associated with them, that were used in this thesis are presented. The 

methods contributed to the characterization of the primary components involved in addition-cure of 

silicone systems. Note that they are only a few from several possibilities and only when analyzing 

the combined results, the full characterization of the components was possible.   

Previous to the theoretical description of the methods, it is appropriate to display a molecular 

weight distribution function to define the different values of molar mass used in this work. In Figure 

2.2.1 wi represents the weight-fraction, Mi the molar mass, Mn is the number average molecular 

weight defined as the molecular weight of most molecules cf. Eq. 2.2.1, MV is viscosity average 

molecular weight resulting from the measurement of viscosity of polymer solutions cf. Eq. 2.2.2, 

and Mw is the weight average molecular weight expressed as the summation of the product of the 

molar mass of each fraction and the weight fraction [9] cf. Eq. 2.2.3. 

 
Figure 2.2.1 Typical weight-fraction molar mass distribution function of a polymer. Mn: number-
average molecular weight; MV: viscosity-average molecular weight; Mw: weight-average molecular 
weight. 

 

   
∑    

∑  
 Eq. 2.2.1 

                 [
∑    

   

∑    
]

   

 Eq. 2.2.2 

Mi: molecular weight of the molecules of size i; ni: number of molecules of size i; a: constant that is a 
measure of the hydrodynamic volume of the polymer.   
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∑    

 

∑    
 Eq. 2.2.3 

2.2.1.  Solution Nuclear Magnetic Resonance (NMR) 

The most common technique in polymer characterization is nuclear magnetic resonance or NMR 

by which the sample is under a magnetic field that is excited with a radiation pulse. The nuclei in 

the sample absorb the frequency radiation to get in resonance i.e. change of the spin. As the nuclei 

get to the initial state, they emit radiation of frequency proportional to the energy difference 

between both spin states. The electronic cloud around the excited nuclei influence the emitted 

radiation frequency and thus unique emission frequencies (       ) are observed for the different 

nuclei in a molecule. The result of NMR measurements is a spectrum of the intensity of the 

different emitted frequencies which are given in chemical shifts (δ) cf. Eq. 2.2.4 [24]. If the right 

technique is applied, the method allows the characterization of samples respect to the composition, 

the type of functional groups, and the number average molecular weight. A comprehensive 

description of the method can be found in several texts [7], [9], [24]-[27]; therefore, this section 

does not contain information about 1H- and 13C-NMR but 29Si-NMR, as well as 2D NMR 

measurements, are described below. 

       
                   

          
      Eq. 2.2.4 

29Si-NMR is one of the most useful techniques for characterization of silane and siloxane polymers. 

The isotope 29Si occurs naturally in abundance of 4,7% and has a spin ½ with a magnetic moment 

similar to carbon. The silicon atoms are observed at ~99 MHz. The spectra are difficult to analyze 

because 29Si exhibits extremely long relaxation times (3-5 min). The addition of Cr(acac)3 reduces 

the relaxation time and improves the resolution of the spectra background [24]. The relaxation time 

for CRA samples was D1= 10s. Another interference in 29Si NMR is the material of the glass tube 

i.e. when an analyte is a resin that contains Q groups (SiO4), the peak in the spectrum 

representing those tetrafunctional silicon atoms can be hindered by the glass material of the tube 

at around -100 ppm. Hence PTFE tubes are used to avoid such interference as it was the case of 

CRA measurements.  

Figure 2.2.2 is a plot of most common observable chemical structures by silicone NMR and their 

chemical shifts [24], [25]. Note that the chemical shifts are very sensitive to the number of attached 

oxygen atoms. Some of the values presented in Figure 2.2.2 were added taking into account the 

results of the characterization of some polysiloxanes in Chapter 3 when the crosslinkers were 

analyzed.  

The silicon spectrum of a copolymer will be affected by the ratio of the monomers because the 

spectrum is very sensitive to the monomer sequence. Harris et al. [41] and Gray et al. [42] 

presented frequency resonances due to microstructures of random co-polymers around M, DH and 

D units. Parts of those data are presented in Chapter 3 where the characterization of the 

crosslinkers is done.  
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Figure 2.2.2 Typical 29Si-NMR shift ranges for polysiloxanes [24].  
 

Multidimensional NMR 

A one-dimensional NMR measurement is usually limited by the overlapping of peaks, this makes it 

difficult to observe some signals e.g. end groups. The way to overcome this limitation is to expand 

the chemical shifts into more frequency dimensions [24]. The 2D spectra can be homonuclear and 

heteronuclear. The homonuclear 1H-1H COSY NMR (correlation spectroscopy) allows the 

identification of the proton-proton interactions over 2 or 3 bonds 2JHH or 3JHH. Heteronuclear 

correlations as 1H-13C HSQC (heteronuclear single quantum correlation) is used to identify direct 

proton-carbon interactions 1JCH and 1H-29Si HMBC( Heteronuclear multiple bond correlation) is 

used to determine interactions over 2 or 3 bonds between proton and silicon atoms 2JHSi and 3JHSi. 
1H-29Si HMBC is perhaps the most powerful tool to determine the structure of polysiloxanes and 

with this being able to understand the 1D spectra i.e. 1H- and 29Si-NMR spectra. Hence, the 

calculation of the number-average molecular weight becomes possible.  

 

Diffusion ordered spectroscopy or DOSY-NMR allows the separation of the signals of the 1D 

spectra based on the diffusion coefficient of the molecular species in a mixture without physical 

separation. In one axis, the 1D nuclear spectrum is depicted, while in the other axis 

chromatograms are found [27]. The 2D-integration allows the identification of the molar 

composition of mixtures as it was demonstrated in Appendix A of the present thesis. This is a 

useful approach when the signals of the 1D spectrum of a mixture are overlapping.   
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2.2.2.  IR-Spectroscopy 

The energy associated with the vibrations of atoms or functional groups of a molecule can be 

quantized in the infrared region of the spectrum which upturns transitions between different 

vibrational states. In infrared spectroscopy, the molecules absorb specific frequencies 

characteristic of their structure. The absorption or resonant frequencies match the transition energy 

of the bond or group that vibrates [9].  

There are two instrumental variations of the IR-spectrometer. One in which prisms are used to 

disperse IR radiation and the other one used in this work which takes interferometry as principle 

i.e. waves are superimposed to obtain information about the waves, also known as Fourier 

Transform (FT-IR). The technique records and transforms spectra in a few seconds and it requires 

only a few mg of sample. It can be measured directly and there is no need for a solvent [26].  

The vibration frequencies of C-C, C-H and C-O bonds can be found in plenty of sources. 

Nevertheless, the frequencies of silicon bonding are not easily found. Table 2.2.1 presents data of 

frequencies for silicon bonds that were also found in the IR spectra of the analyzed compounds. 

The letters as (asymmetric), sy (symmetric), δ (deformation vibration: change of the atoms angle), 

γ (lattice vibration: wagging or twisting movement) and st (stretching vibration: change of the length 

of the bonds), stand for kind of vibration of the attached atoms. 

Table 2.2.1 Silicon bonding IR frequencies. Pretsch et al.[28] 
Bonding ν (cm-1) Comment 

Si-CH3 δ as ~1410 Weak 

Si-CH3 δ sy 1275-1260 Sharp, strong 

Si-CH3 γ 860-760                
~765                    
~855, ~800           

~840, ~765 

                                   
SiCH3                         

Si(CH3)2              

Si(CH3)3 

Si-O st 1110-1000            
850-800               

1090-1030, <600 

Si-O-C                             

Si-O-Si 

Si-H st 2250-2090          
2160-2090           

2220-2120 

Medium                    
R3Si-H                      
(Si-O)Si-H 

Si-H δ 1010-700 Strong 2 bands 

 

2.2.3.  Polymer Solutions  

The measurement of the properties of polymer solutions having different concentrations of analyte 

e.g. the viscosity and the amount of scattered light going through the solutions, provides 

information about the molecular weight of the polymers when the polymers molecules are well 

dissolved. Thus, the selection of a good solvent is important since the dissolution process may 

take long heating periods or even the polymer molecules might not dissolve at all.   
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2.2.3.1. Solvent Selection  

Dissolution of polymers is a slow process that involves two stages, i) the solvent molecules diffuse 

throughout the polymer matrix to form a swollen gel, ii) from the gels surface polymer chains 

detach and the molecules are dispersed to form a solution. However, not all polymers form a 

solution in the solvent. There are several handbooks where the solvents and non-solvents are 

specified for different types of polymers e.g. “Polymer Handbook” [20], VII/497. The selection of a 

good solvent is based on thermodynamic principles i.e. the formation of a solution requires the 

Gibbs free energy of mixing cf. Eq. 2.2.5 to be negative ΔGm <0 at a constant temperature and 

pressure for the polymer to dissolve spontaneously [9]. In Eq. 2.2.5, ΔHm is the enthalpy of mixing 

and ΔSm is the entropy of mixing. During the dissolution, ΔSm >0 due to the increased 

conformational mobility of the polymer chains, thus     must be small in order to obtain 

dissolution. 

                               Eq. 2.2.5 

ΔSm can be calculated based on the theory of Flory and Huggins that considers that a polymer 

solution is made by N2 molecules of x chain segments in contact with N1 molecules of solvent of 

the same length as x in a total number of N cells that are equal in size to a solvent molecule [30]. 

The development of the Flory-Huggins theory began with the concept of ideal solutions that states 

that the molecules in the mixtures are identical in size and the energy of the molecule interactions 

(A-A, A-B, B-B) is equal. This means that ΔHm=0 for ideal solutions [9]. The conditions of “ideality” 

also mean that there are no changes in the rotational, vibrational and translational entropy of the 

molecules. Hence, the entropy change upon mixing only depends on combinatorial or 

configurational effects. In the Flory-Huggins theory, the Gibbs free energy of mixing consists of a 

free energy of contact part that account for molecular interactions    
       , and a part related to 

the free energy of configurational effects described by TΔSm cf. Eq. 2.2.6. From the theory, ΔSm is 

described by Eq. 2.2.7 where n1 and n2 are the numbers of moles of the solvent and the polymer 

respectively, and Φ1 and Φ2 are the volume fraction of solvent and polymer. The expression Eq. 

2.2.7 is also comparable to the expression for ideal mixing in which the volume fractions are 

replaced with mole fractions.  

                                   
             Eq. 2.2.6 

                                  [              ] Eq. 2.2.7 

In the Flory-Huggins theory, the effect of intermolecular interactions are of enthalpy type but are 

treated as a contact Gibbs free energy change. The Eq. 2.2.8 leads to the calculation of ΔGm
contact 

where χ12 is known as the Flory-Huggins polymer-solvent interaction parameter, it is temperature 

dependent, dimensionless and characterizes the polymer-solvent interaction 89[9]. Hence, 

replacing Eq. 2.2.7 and Eq. 2.2.8 in Eq. 2.2.6 results in the expression Eq. 2.2.9 for the Gibbs free 

energy of mixing. In the Flory-Huggings theory, if     < 0 the dissolution if favoured. Moreover, 

   =    
        should not be too large otherwise the dissolution process does not occur [30].   

   
                  Eq. 2.2.8 

                                                [                     ] Eq. 2.2.9 

 



Chapter 2                                                                                                                   Literature Review 

25 

It is ΔHm what determines the sign of ΔGm. The heat of mixing in binary systems is related to the 

concentration, and Hildebrandt energy parameters [29] or solubility parameter in the case of 

polymers ( ) by the Eq. 2.2.10 and Eq. 2.2.11, where the term ΔEi/Vi is called cohesive energy 

density which is the energy necessary to remove a molecule from its nearest neighbours. The term 

(ΔEi/Vi )
1/2 is equal to  . 

                                [(
   

  
)
   

 (
   

  
)
   

]

 

     Eq. 2.2.10 

             
       Eq. 2.2.11 

ΔHm: Enthalpy of mixture (J); Vm: volume of the mixture (cm
3
); ΔE1

 
and ΔE2: energies of vaporization of the 

solvent and the polymer (J/mol); V1 and V2: the molar volumes of the solvent and the polymer (cm
3
/mol);  

   and   : volume fractions of the solvent and the polymer.  

 

From the ΔHm the polymer-solvent interaction parameter   derived from Flory-Huggins theory [30] 

can be determined by using  Eq. 2.2.12 [31]. 

  
  
  

       
  Eq. 2.2.12 

The selection of a good solvent requires a solubility parameter of similar magnitude to the solubility 

parameter of the polymer since ΔHm must be small. Plenty of solubility parameters are published in 

handbooks e.g. [20], VII/675. The solubility parameters for the solvents were determined 

experimentally by measuring the molar enthalpy of vaporization ΔHv and the molar volume V, 

variables that are introduced in Eq. 2.2.13. 

  √
      

 
 Eq. 2.2.13 

For polymers, the values of δ must be calculated indirectly since they are not volatile. The δ 

parameter can be calculated by the group contribution method which is based on experimental 

values derived from studies of low-molecular-weight compounds. In the method, δ is calculated as 

the summation of the intermolecular forces contributed by each group integrating the chemical 

structure of the polymer cf. Eq. 2.2.14. Where ρ is the density of the polymer, M the molecular 

weight of a repeating unit and G is the group contribution in one repeating unit. Different G values 

can be found in the literature cf. [9], [26], [31]. 

   
    

 
 

Eq. 2.2.14 

The solubility parameter of polymers can be also determined experimentally by immersing a 

crosslinked sample in a series of solvents with different δ1. The swelling coefficient Q can be 

measured by the change in length, volume or weight of the crosslinked sample following Eq. 

2.2.15. The plot of the swelling coefficient Q vs δ will lead to a curve with a maximum where the 

solubility parameter of the polymer    is found [20], [32], [33]. (cf  Figure 2.2.3). 



Chapter 2                                                                                                                   Literature Review 

26 

   
      

    
 Eq. 2.2.15 

Q: swelling coefficient;  : weight of the swollen sample;   : initial weight of the sample before swelling; ρs: 
density of the solvent. 

 

 

Figure 2.2.3 Experimental approach for the determination of the solubility parameter of the 
polymer. 

Good solvents swell a polymer network, therefore, swelling ratios are of importance to determine 

the quality of a solvent. Whitesides et al. published experimental data of the swelling ratios S=D/D0 

(D: length) of PDMS rubbers of constant crosslinking density in different solvents of solubility 

parameters δ. The authors to ranked the solvents and divided them in four groups, i) extreme 

solubility (1.58 < S < 2.13), ii) high solubility (1.28< S < 1.58), iii) moderate solubility (1.10 < S < 

1.28), and iv) low solubility (S < 1.10). Part of the results is shown in Table 2.2.2 which contains 

the first 20 solvents of the list in Figure 2.2.4. The solvents are of extreme, high, and moderate 

solubility.  

 

Table 2.2.2 Solubility parameters δ, swelling ratios S, and rank of the swelling ability of the 
solvents for crosslinked PDMS. Whitesides et al. [34]. 

Solvent Rank  (cal/cm3)1/2
 S Solvent Rank  (cal/cm3)1/2

 S 

PDMS - 7.3 ∞     
Diisopropylamine 1 7.3 2.13 Cyclohexane 11 8.2 1.33 

Triethylamine 2 7.5 1.58 DME 12 8.8 1.32 

Pentane 3 7.1 1.44 Toluene 13 8.9 1.31 

Xylenes 4 8.9 1.41 Benzene 14 9.2 1.28 

Chloroform 5 9.2 1.39 Chlorobenzene 15 9.5 1.22 

Ether 6 7.5 1.38 
Methylene 
chloride 

16 9.9 1.22 

THF 7 9.3 1.38 t-butyl alcohol 17 10.6 1.21 

Hexanes 8 7.3 1.35 2-butanone 18 9.3 1.21 

Trichlorethylene 9 9.2 1.34 Ethylacetate 19 9.0 1.18 

n-heptane 10 7.4 1.34 Dioxane 20 10.0 1.16 
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Figure 2.2.4 Relationship of between swelling ratio (S) of crosslinked PDMS in different solvents 
and the solubility parameter (δ) of the later. The solvents are numbered in order of decreasing 
swelling ability. Whitesides et al.[34]. 
 

2.2.3.2. Chain Dimensions 

Once the solvent has been selected, the next step is to know how the polymer behaves in that 

solvent. The shape of a macromolecule depends on the flexibility of the backbone, the more 

flexible, the more it tends to form a coil. The Si-O-Si backbone is very flexible due to the free 

rotation of the atoms about the Si-O bonds (~2,5 KJ/mol) [19] and the length of the bonds (1.64 ± 

0.03  ̇) [35]. Thus, a coil arrangement can be expected from linear PDMS in solution. The size of 

polymer molecules is statistically expressed since the shape constantly changes with time due to 

Brownian motion, therefore, it is common to express the dimensions in terms of mean-square 

average distance ( 〈  〉 and 〈  〉 ) cf. Figure 2.2.5. For linear polymers, the distance between the 

chain ends 〈 〉 is considered, while for branched polymers, the radius of gyration 〈 〉 is used which 

is the distance from the mass centre of the polymer to the edge [26]. In linear polymers the end-to-

end distance is related to the length between the bonds in the polymer (L), the number of bonds 
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(N), and the characteristic ratio (  ) that corrects for all deviations of the ideal from the real 

polymer chain by Eq. 2.2.16 and to the gyration radius by Eq. 2.2.17 [31].    

〈  〉    〈  〉    Eq. 2.2.16 

〈  〉    〈  〉 Eq. 2.2.17 

 

Figure 2.2.5 Schematic representation of a polymer coil with the gravity centre located at the 
origin, r: end-to-end distance and S: radius of gyration. 

The size of the coil depends on the affinity of the polymer and the solvent. If it is good, the coil will 

be large, while if it is poor, the coil shrinks [31]. When a spherical particle of radius rh is suspended 

in a solvent and is moved at a constant velocity, a determined force is required, which magnitude 

depends on the frictional coefficient of the particle. This coefficient is dependent on the particle 

size. The particle diffuses fast if it is small and slow if it is big. The hydrodynamic radius of a 

polymer (rh) is the radius of a spherical particle that diffuses at the same speed as the polymer 

[36].  

The hydrodynamic volume is of vital importance when the molecular weight determination is 

desired because it is related to the molecular weight by Eq. 2.2.18 where    and    are empiric 

constants of each solvent/polymer system. For a precise calculation of the molecular weight, the 

polymer concentration in the solvent must be low enough that the molecules are fully separated 

from each other, otherwise, polymer-polymer interactions will take place. Thus, the hydrodynamic 

radius depends on the solvent-polymer interactions, steric effects, polarity, chain branching and 

restricted rotation [26]. 

       
   Eq. 2.2.18 

When the end-to-end distance 〈  〉 and the gyration radius 〈  〉 only depend on the free rotation of 

the polymer and intramolecular steric and polar interactions it is said that the those are the 

unperturbed dimensions 〈  
 〉 and 〈  

 〉. When considering the solvent-polymer interactions due to 

the imbibing of solvent into the domain of the polymer molecules and taking into account that 

molecules cannot occupy the same volume, the dimensions are perturbed by an expansion factor 

α [23]. The value of 〈  〉 is a result of the product of the unperturbed and perturbed dimensions cf. 

Eq. 2.2.19. 
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〈  〉  〈  
 〉    Eq. 2.2.19 

2.2.3.3. Theta Conditions θ 

In a good solvent, the polymer molecules expand from the unperturbed dimensions due to strong 

solvent-polymer interaction (α>1). The better the solvent the bigger α is. In a poor solvent, the 

solvent-polymer interactions are weak with ΔGm>0, the coil contracts and α get close to one. Thus, 

when there is a poor solvent solution, two phenomena are happening at the same time: First, the 

molecules tend to expand due to intramolecular interactions (e.g. volume exclusion and sterical 

hindrance) and second, the molecules tend to contract due to the unfavourable polymer-solvent 

interactions. There is a specific condition where the energies of those phenomena become equal 

and consequently, the polymer molecules assume the unperturbed conditions. These conditions 

are so-called theta conditions and it is said that the solution behaves as pseudo-ideal [37]. The 

solvent is named theta solvent and the temperature at which α=1 is called theta temperature (θ). 

This state of the polymer solution is considered a limit after which the polymer can precipitate [9], 

[23], [26].  

2.2.3.4. Frictional Properties of Polymer Molecules in Solution 

A polymer in solution undergoes frictional interactions with the solvent molecules. Those 

interactions depend on the size and shape of the polymer and its modification due to 

thermodynamic interactions with the solvent. The chain dimension can be therefore assessed by 

measuring the viscosity of the polymer solutions. Two extreme behaviours are distinguished; the 

solvent permeates the polymer coil and passes through the coil [9], in this case, all chain segments  

contribute equally to the frictional coefficient f0 cf. Eq. 2.2.20 where x is the number of chain 

segments and ε is the frictional contribution of one chain segment. In the other extreme, the solvent 

molecules cannot past through the polymer coil and thus they will not move it. This molecule can 

be represented as an impermeable hydrodynamic sphere of radius rh, that has the same frictional 

coefficient as the polymer. The frictional coefficient is proportional to the viscosity of the solvent,    

and it is calculated using Eq. 2.2.21. 

                                                                         Eq. 2.2.20 

                                                                                   Eq. 2.2.21 

The frictional properties of polymers take into account both contributions, for short chains and long 

rod-like molecules the permeation behaviour is favoured, whilst for coiled flexible chains, the 

permeation contribution decreases as the molecular weight of the chains increases being the 

impermeable contributions what dominate the system. To maximize the later contribution, the 

interaction of polymer coils must be avoided, that is possible when the solution is infinitely diluted. 

Under these conditions, if the intrinsic viscosity [ ] described by Eq. 2.2.22 can be determined 

where η is the viscosity of the solution and η0 the viscosity of the solvent. [ ] is related to the 

molecular weight of the polymer by the Flory-Fox Eq. 2.2.23 [26] that rearranged considering Eq. 

2.2.19 results in the Mark-Houwink-Sakurada equation Eq. 2.2.24 [26]. K and a are constants 

proper from a specific system of polymer/solvent/temperature that can be found in handbooks as in 

ref. ([20], p 1-42). The viscosity-average molecular weight MV is close to the value of Mw but it is not 

exactly the same value unless a=1 [9]. 
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[ ]     
   

{
 

 
  

    

  
} Eq. 2.2.22 

[ ]  
 〈  〉     

  
 Eq. 2.2.23 

[ ]     
  Eq. 2.2.24 

[ ]: intrinsic viscosity (cm
3
/); C: concentration (g/cm

3
);   : viscosity of polymer solution (Pa

.
s);   : viscosity 

of the solvent (Pa
.
s);  : proportional constant of value 3x10

24
 mol

-1
; 〈  〉: mean square end-to-end distance 

(cm
2
);   : viscosity-average molecular weight (g/mol).   and   empiric Mark-Houwink-Sakurada constants.  

Another possibility to determine the molecular weight of polymers come from the determination of 

the translational diffusion coefficient D which is related to the frictional coefficient f0 by the Einstein 

equation Eq. 2.2.25 [9]. The translational diffusion coefficient D can in analogy be related to the 

molecular weight by the Mark-Houwink-Sakurada equation for diffusion cf. Eq. 2.2.26 [9]. KD and aD 

have been determined experimentally and are found in polymer handbooks as ref. ([20], p 85-162). 

However, calculations of the translational diffusion were not made in further chapters of the present 

thesis. 

  
  

  
  

  

      
 

Eq. 2.2.25 

     
    Eq. 2.2.26 

 

2.2.3.5. Methods to Determine the Intrinsic Viscosity 

In diluted solutions the dynamic viscosity η of the solution is not very different from the viscosity of 

the solvent η0, the ratio η/ η0 is called relative viscosity   . It is correlated to the concentration of 

the polymer in the solution by a power of series as shown in Eq. 2.2.27 [10]. 

   
 

  
   [ ]  [ ]        Eq. 2.2.27 

The Eq. 2.2.27 can be reorganized to define the specific viscosity     as presented in Eq. 2.2.28. 

           
    

  
 [ ]  [ ]        Eq. 2.2.28 

The intrinsic viscosity [η], can be obtained from the plot of the reduced viscosity            vs 

concentration c cf. Eq. 2.2.29. [η] has units of (volume/mass) and describes the ability of a polymer 

to increase the viscosity of a solvent at a determined temperature. In Huggins equation shown in 

Eq. 2.2.29 [38] allows the determination of the intrinsic viscosity as the intercept of ηred vs c. In the 

equation, kH is Huggins constant generally positive which provides information about the molecules 

interaction [38], the other terms of the series are usually neglected [9]. (cf. Figure 2.2.6 a). 

                                                       
   

 
  [ ]  [ ]     Eq. 2.2.29 

Bernhard Wolf proposed a general method to determine the intrinsic viscosity since the linear 

extrapolation of ηred towards c→0 works very good with uncharged polymers but for 
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polyelectrolytes, it fails. The method implies the application of thermodynamic laws to the viscosity 

of polymer solutions. This method allows the determination of intrinsic viscosity for all kind of 

systems, namely uncharged systems and polyelectrolytes [39] by using Eq. 2.2.30, where [  ] 

refers to a characteristic hydrodynamic volume with value zero for uncharged systems as was 

demonstrated by Bercea et al. [40], and B is a system-specific constant. The Eq. 2.2.30 for 

uncharged systems can be reorganized to Eq. 2.2.31. A plot of 1/ln ηr vs 1/c leads to a linear plot 

with slope 1/[η] and intercept B. cf. Figure 2.2.6 b. 

     
 [ ]     [ ][  ]

     [ ]
 Eq. 2.2.30 

 

    
 

 

 [ ]
   Eq. 2.2.31 

 

  

Figure 2.2.6  Methods to determine experimentally the intrinsic viscosity of a polymer. a) Huggins 
method. b) Wolf method. 

 

2.2.3.6. Viscosity Measurement of Polymer Solutions 

The measurement of the viscosity of a polymer solution can be made by either using a rheometer 

or using a capillary viscometer, typically a U-tube Ostwald viscometer or the Ubbelohde viscometer 

with suspended level. With the rheometer, the viscosity is calculated as the ratio of the shear 

stress and the shear rate using a cone-plate geometry and keeping the temperature constant [31]. 

However, in the present thesis the Ubbelohde viscometer depicted in Figure 2.2.7 was used. The 

solution is introduced through a hole 1 until the solution has reached a level between the marks in 

A. A suction pump is placed in hole 2 until the solution reaches a level higher than mark B, hole 3 

must be kept at the same time closed. Then the suction is stopped, hole 3 is opened and the time 

within the solution goes from mark B and C is recorded. The temperature for the measurement 

must be constant, therefore, the viscometer must be placed into a thermostatted bad since 

viscosity is temperature-dependent. The recovered time must not change when the measurements 

are repeated. 

The capillary under mark C ensures steady laminar Newtonian flow. The volume V of solution 

which flows in time t through a capillary of length l, radius r is related to the viscosity η and the 

pressure difference ΔP. Eq. 2.2.32 is known as Poiseuille’s equation [9]. The pressure drop 

depends only on the capillary axis since the profile of velocity is parabolic with zero values at the 
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walls and maximum speed at the centre. ΔP=ρgh with h the average pressure head, ρ the density 

of the solution and g the gravity acceleration. Reorganizing Eq. 2.2.32 it results in Eq. 2.2.33 which 

has the form of Eq. 2.2.34 where A is a constant that depends on the used viscometer [9]. 

  

 
 

      

   
  Eq. 2.2.32 

  
       

   
 Eq. 2.2.33 

      Eq. 2.2.34 

 : volume of solution flowing through the capillary (cm
3
);  : 

flowing time from B to C (s); r: capillary radius (mm);  : 
density of the solution (g/cm

3
); g: gravity acceleration 

(mm/s
2
); h: pressure head (mm);  : dynamic viscosity of the 

solution (mPa.s); l: capillary length (mm).   

 

Figure 2.2.7 Ubbelohde viscometer.   

  

2.2.3.7. Light Scattering 

The determination of molecular weight can be also done using light scattering. Scattering involves 

light passing through a polymer solution that can be either absorbed, converted to heat or 

scattered. The last one refers to light that is redistributed in all directions due to light-molecules 

interactions and when is the matter of study is usually investigated in a part of the spectrum where 

no absorption of light by the molecules forming the solution takes place. The intensity of scattering 

depends on factors like concentration, size and polarizability of the molecules. The measurements 

can be time-dependent (DLS) or independent (SLS) [23]. 

2.2.3.7.1. Static Light Scattering (SLS) 

Lord Rayleigh developed the theory of light scattering which assumes that the molecular 

dimensions are much smaller than the incident light wavelength λ [9]. In the experiment, incident 

light I0 goes through the sample which is a solution containing the solute of interest and the 

intensity of scattered light Iθ is measured with a detector that is located at a determined distance r 

from the sample and angle θ respect to the transmitted light. cf. Figure 2.2.8 [8][9]. The Rayleigh 

equation Eq. 2.2.35, reports the intensity of scattered light by a particle in solution where c is the 

concentration, Rθ is the Rayleigh ratio, that is the ratio of the scattered light to the incident light 

denoted by Eq. 2.2.36, K is an optical constant defined in Eq. 2.2.37 with NA Avogadro’s constant, 

n0 the refractive index of the solvent and dn/dC is the differential refractive index i.e the change in 
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the refractive index as a function of the change in concentration, this can be found in the literature 

or be determined experimentally by a series of solutions with different concentrations of order of 

magnitude < 1 M. In Eq. 2.2.35 M is the solutes molecular weight, A2 the 2nd virial coefficient and, 

P(θ) is the correction of the scattered angle by optical interference [43]. 
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Eq. 2.2.35 

   
  
  

 
  

       
 

Eq. 2.2.36 
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Eq. 2.2.37 

 
Figure 2.2.8 Experimental array required for light scattering measurements. 

 

If the structure factor P(θ) is known, the measurement of the intensity of scattered light is made for 

different concentrations at one angle θ and compared to a standard as toluene of glass the Eq. 

2.2.35 can be rearranged to Eq. 2.2.38 and the plot called Debye plot will give a line, where the 

intercept point on the y-axis, x=0 will let to determine the weight average molecular weight of the 

solute as P(θ) KC/Rθ= 1/Mw and the gradient will let find the 2nd virial coefficient. cf. Figure 2.2.9. 

  

  
     

 

  
      Eq. 2.2.38 

 

 
Figure 2.2.9 Debye Plot. P(θ) KC/Rθ vs C. 
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Typically P(θ) is unknown and the scattering data must be extrapolated to θ 0, since the 

            . The extrapolation can conveniently be done by using a Zimm plot where KC/Rθ is 

plotted against sin2(θ/2)+KC. For constructing the plotted KC/Rθ is measured for different 

concentrations at constant θ. Later the angle is changed and the measurement with the different 

concentrations is repeated. This generates a series of straight lines which can be extrapolated to 

θ=0°. The intercept of the generated θ=0° line with the ordinate i.e. sin2(θ/2)+KC=0 allows 

determining Mw. Thus, KC/Rθ= 1/Mw [31]. However, those type of measurements were not made in 

the present thesis. Instead, Debye plots as the one shown in Figure 2.2.9 were used.      

2.2.3.7.2. Dynamic Light Scattering (DLS) 

When analyzing the intensity of scattered light along the time, it is possible to get access to new 

information by considering the Brownian motion of the solute molecules. Dynamic light scattering 

records the real-time fluctuations of the scattered light intensity and relates them to the size of the 

particles. The larger the particles are, the slower the motion and the smaller the particles are, the 

faster they move. Stokes-Einstein equation Eq. 2.2.25 explained above in Section 2.2.3.4 relates 

the size of the particles with the diffusion coefficient of the Brownian motion [9]. 

  
  

      
 Eq. 2.2.25 

D: diffusion coefficient (cm
2
/s);  : Boltzmann’s Constant ( =1.3806x10

23
 m

2
Kg/s

2
K); T: temperature (K); 

η0:dynamic viscosity of the solvent (mPa.s); rh: hydrodynamic radius of the particles using a sphere as 
model (nm). 

The DLS instrument records the scattering intensity along the time at an angle θ=173° with respect 

to the light source. The result, the correlation function, is obtained which exhibits a decay 

behaviour in time in the order of ns or ms, cf. Figure 2.2.10 a. The correlation function is converted 

to an intensity distribution by using algorithms. This distribution can be converted by Mie theory to 

volume distribution and further to number distribution [44], cf. Figure 2.2.10 b, c, and d 

respectively. In the three figures, the difference in the distribution is shown for a sample containing 

an equal number of particles with 5nm and 50 nm. The results are in terms of relative amplitude vs 

diameter (nm) [43]. The intensity distribution must not be taken for the calculations since big 

particles scatter more light and will outshine small particles no matter their concentration. The 

volume size distribution can be used to calculate the weight average molecular weight Mw cf. Eq. 

2.2.39, since the hydrodynamic radius belongs to the particles with the average size and. The 

number distribution can be used to calculate the number average molecular weight Mn Eq. 2.2.40 

because it reports the average diameter of the particles most frequently found in the sample. In the 

equations, V is the hydrodynamic volume of the particles got from the maximum of volume and 

number distribution using a sphere as a model, NA Avogadro’s number and ρ the density of the 

solute or polymer.  

                                                                    Eq. 2.2.39 

                                                                     Eq. 2.2.40 
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Figure 2.2.10 a) Correlation function. b) Intensity distribution. c) Volume distribution. d) Number 

distribution [43]. 

2.2.4.  High-Temperature Size Exclusion Chromatograpy (HT-SEC)  

The use of high temperatures in SEC also known as HT-GPC (high-temperature gel permeation 

chromatography) grants a faster separation of polymer molecules since the viscosity of the 

polymers decreases with the temperature and increases the solubility of the polymers in the 

solvent. The technique allows the measurements of molecular weights and molecular weight 

distributions of polymers that usually present solubility problems in the standard solvents used at 

conventional GPC measurements [45]. The method works as the standard SEC method i.e. the 

sample is passed through a column packed with microporous beds. The larger molecules have 

difficult to permeate the gel and hence, they pass faster the column than small molecules. From 

the elution time, the molecular weight of the polymers can be calculated by using calibration curves 

or a light scattering detector [31]. 

2.2.5.  C/H/N Elemental Analysis 

The elemental analysis of carbon, hydrogen and nitrogen allows the determination of the 

composition of an organic sample. Only 2-3 mg of the sample are required. The sample is placed 

into a chamber reactor that has an excess of oxygen previously introduced. The material is burned 

at      0°C. Complete oxidation is made by passing the gaseous reaction products through a 

tungsten trioxide catalyst in order to obtain CO2, H2O and NOx. Afterwards, the gases pass a silica 

tube packed with copper reducing the NOx compounds to N2. Helium is used as the carrier gas. 

The gases mixture is brought to a specific pressure and volume and then passed through a gas 

chromatography system that provides the molar composition of the C/H/N elements in the burned 

compounds [46].  
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2.2.6.  X-Ray Fluorescence (XRF) 

The XRF method is used for determining the elemental composition of a mixture, in particular the 

content of metals. In XRF, the sample is irradiated with high energy X-rays of Gamma rays ionizing 

the component atoms. Ionization is related to the expelling of an electron that can be in the inner 

orbitals of the atoms. Since the electron was removed, the atom is electronically unstable. An 

electron located in higher energy levels falls to fill in the space left by the expelled electron. In this 

process, energy is released in the form of a photon of wavelength proportional to the released 

energy. The energy between orbitals is characteristic of a specific element and thus, elemental 

analysis is possible [47].  

2.2.7.  Transmission Electron Microscopy (TEM) 

TEM is useful for the morphology analysis of polymers. TEM, a beam of electrons is transmitted 

throughout an ultrathin sample of    100 nm. The electron beams generated from an electron gun, 

are closely focused by lenses and metal apertures in a vertical array. The focussing is based on 

the wave-like character of the electrons that behave as negatively charged particles. Then they are 

deflected by magnetic or electric fields. Electrons within a small range of energy can be transmitted 

which results in a well-defined energy electron beam that hits and cross the sample contained on a 

metal grid and a carbon-based film [48]. The TEM column is maintained at very high vacuum to 

avoid interferences or scattering in the beam path. By using condenser lenses, information about 

the crystal structure of the samples is obtained from the paralleled electron beams. The transmitted 

electrons are magnified and projected on a phosphor screen that glows and thus, electron image 

information turns into a visible form [48].        

2.2.8.  X-ray Diffraction (XRD) 

The XRD method allows the determination of spatial arrangements of the atoms in solids. It 

provides information about the crystallinity of a material and the unit cell. The method is based on 

the constructive interference from the incident and diffracted X-rays after interaction with the 

sample. In the conditions of constructive interference, the scattered angle (θ) is related to the 

wavelength of the diffracted X-rays (λ) and the spacing between the lattices of the crystalline 

structure (dhkl) by Bragg’s law cf. Eq. 2.2.41 [49].  

              Eq. 2.2.41 

n: positive integer; λ: wavelength ( ̇); dhkl: spacing between the planes ( ̇); θ: scattering angle (°).  

The distance between the planes dhkl forming parallel families that intersect the repeating unit cell 

of the atoms is organized in a way described by Miller indexes (hkl). A unit cell is described by 

distances between atoms in a 3D array with lattices of length (a, b, c) and angles (α, β, γ) between 

them. The dimensions of the unit cell are related to the Miller indexes by a series of equations that 

depend on the geometry of the lattices e.g. cubic, triclinic, monoclinic, orthorhombic, tetragonal, 

hexagonal, trigonal. The X-ray diffraction pattern is recorded in function of the diffraction angle 2θ 

exhibiting peaks [50]. Each peak represents a miller index combination. If the sample is amorphous, 

no pattern is observed i.e. no peaks are seen in the intensity vs. 2θ plot.   
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2.3. Characterization of Crosslinked Polysiloxanes 

The characterization of crosslinked polymers and composites can be performed by using several 

methods such as swelling measurements, mechanic and dynamic measurements, spectroscopic 

methods, optic methods and thermoanalysis [51]-[53]. In this section, the methods used in this 

thesis to study the properties of the crosslinked silicones that were synthesized by using different 

formulations are described below. For methods involving the crosslinking process see Section 2.5 

and Section 2.6.     

2.3.1.  Magic Angle Spinning (MAS) Solid State NMR 

To determine the conversion of the functional groups involved in hydrosilylation, namely vinyl and 

hydrosilane (SiH), and the concentration of crosslinked points in the networks, the measurements 

of the solid-state 1H-NMR spectrum of the crosslinked samples may result useful. However, in solid 

samples, the 1D NMR spectrum does not yield narrow signals due to dipole-dipole interactions that 

are responsible for anisotropic effects [27]. The MAS-Solid-NMR technique improves the resolution 

of the signals by spinning the sample at the magic-angle θ=54.74° with respect to the applied 

magnetic field. This causes the reduction of dipole-dipole coupling and the chemical shift 

anisotropy [24], [27]. 

2.3.2.  Swelling of Crosslinked  Polymers  

Swelling is a characteristic of macromolecules that differentiate them from small molecules. A long 

chain will swell and subsequently dissolve, but a crosslinked polymer will have some limited 

swelling. A polymer network swells to an equilibrium when it gets in contact with a good solvent cf. 

Section 2.2.3.1. The degree of swelling is inversely proportional to the crosslinking density, it 

depends on the temperature and the solvent [54]. As the polymer network expands, the chains 

connected by junctions assume elongated states, and consequently its configurational entropy 

           is decreased. At the same time, the enthalpy of mixing       increases due to the 

solvent-polymer interaction, until the chain entropy at the defined temperature and the enthalpy of 

the solution become equal, then the equilibrium has been reached (cf. Eq. 2.3.1).  

                   Eq. 2.3.1 

According to the Flory-Rehner theory [55], the free energy change ΔF in the swelling process is 

associated to the free energy of mixing ΔFM and the elastic free energy ΔFel (cf. Eq. 2.3.2). ΔFM is 

described by Eq. 2.3.3, where n1 is the number of solvent molecules, ν1 volume fraction of solvent, 

ν2 volume fraction of polymer, χ1 is a dimensionless parameter that characterizes the interaction 

energy per solvent molecule divided by Boltzmann constant times temperature kT [30]. Eq. 2.3.4 

defines ΔFel in terms of the linear deformation factor αs and the effective number of chains in the 

network νe.  αs is determined by using Eq. 2.3.5.  
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                                                                         Eq. 2.3.2 

      [                 ] Eq. 2.3.3 
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Eq. 2.3.4 

  
           

    
  

     
Eq. 2.3.5 

ΔF: free energy change (J); ΔFM: free energy of mixing (J); ΔFel: elastic free energy (J); n1: number of 

solvent molecules (mol); ν1: volume fraction of solvent; ν2: volume fraction of polymer; χ12: polymer-solvent 

interaction parameter; k: Boltzmann’s Constant ( =1.3806x10
23

 m
2
Kg/s

2
K); T: temperature (K); αs: linear 

deformation factor;  νe: effective number of chains in the network;   : volume of unswollen polymer (cm
3
); 

  : Avogradro’s number (NA=6,022x10
23

 mol
-1

).   

The chemical potential    of the solvent in the swollen network is determined by the Eq. 2.3.6 that 

results in Eq. 2.3.7 when using the equations Eq. 2.3.3 to Eq. 2.3.5. V1 is the molar volume of the 

solvent, the other variables are defined above.   
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In swelling equilibrium      
 
 then Eq. 2.3.7 results in the Flory-Rehner equation Eq. 2.3.8 where 

          and represents the crosslinking density which is the concentration of the junctions or 

crosslinks in the bulk polymer (mol/cm3) [30]. The crosslinking density is proportional to stiffness 

and hardness of the elastomers. 

   
 [                 

 ]

     
   

      
 Eq. 2.3.8 

CN: crosslinking density (mol/cm
3
); V1: molar volume of the solvent (cm

3
/mol),    : Flory-Huggins polymer-

solvent interaction parmeter;   : volume fraction of polymer 

The determination of the crosslinking density by using the Flory-Rehner model that attempts to 

describe the thermodynamics of swollen network is only valid qualitatively since experimental 

evidence demonstrated that the mixing term described by Flory-Huggins theory (cf. Section 

2.2.3.1) and the elastic derived part fail for the description of the network behaviour [56].  

 

2.3.3. Atomic Absorption Spectroscopy (AAS) 

AAS is a spectro-analytical method that allows the measurement of the concentration of an 

element in a sample. In the present thesis, ASS was used to determine the concentration of Si that 

was not crosslinked by performing extractions with a solvent. In the method, the solution containing 

uncrosslinked polysiloxanes is suctioned by a pneumatic nebulizer that introduces the sample in a 

spray chamber with a nitrous oxide (N2O)-acetylene flame at temperatures over 2000°C where the 

samples atomize i.e. the molecules are dissociated into free atoms. A light radiation beam passes 

through this flame at its longest axis where the electrons of the atoms can be promoted to higher 

orbital for a short time (ns) by absorbing a defined quantity of energy. This energy represented by 

a wavelength is characteristic of each element. The radiation flux with and without analyte is 

measured using a detector, and the ratio between the two values i.e. absorbance is converted to 
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the analyte concentration. To convert the absorbance into concentration, calibrations are used 

from previously measured solutions of known analyte concentrations [57]. The AAS method has 

limited detections down to 90 µg/L for Si [58]. There are spectral or also called background 

interferences produced due to adsorption and scattering of unvaporized solvent droplets, 

undissociated matrix components and formed molecules species from the sample. To avoid those 

interferences chemical modifiers are used. Other types of interferences are the non-spectral that 

affect the availability of the analyte absorbing atoms. They can be physical or chemical. The former 

is related to differences between the viscosity, density etc. of the sample compared to the 

calibration standards, therefore, the same solvent for both should be used. The chemical 

interferences arise from the formation of low volatility compounds in the analyte. Thus, a NO2-

acetylene flame is used to decompose and prevent the formation of those compounds forming 

stable molecules that match the ones found in calibration solutions [59].   

 

2.3.4.  Surface Analysis 

In the industry of silicone release liners, the release or peeling forces from adhesive surfaces are 

probably the most important characteristic. They are dependent on the formulations used. Control 

release additives are used to modify the release forces. In the present thesis, the release forces 

from some adhesive surfaces were investigated in parallel to other properties such as the contact 

angle and the surface energy of the different formulations. In this section, the theory associated 

with the three methods is presented as well as XPS, a method that was used to estimate the 

surface composition of silicone coatings. 

2.3.4.1. Contact Angle, Wetting and Surface Energy 

When a drop of a liquid is placed on a solid surface, it partially spreads and the drop shape will 

form an equilibrium between the forces caused by the solid-liquid-gas interfaces (cf. Scheme 

2.3.1). The size of the drops should be small enough that the shape of the drop is determined by 

the interfacial energies and not from the gravity force [60]. The selected liquid must not modify the 

solid by e.g. swelling it, dissolving it or by chemical reaction. It should not evaporate easily at the 

conditions of the experiments. Moreover, there should not be substances dissolved in the drop that 

can migrate to the surface or in the opposite direction. Assuring the mentioned conditions does not 

mean that the drop is going to be static along the time but it guarantees a suitable drop for the 

measurement [61]. The angle θ that forms between the vectors representing the tangents at the 

solid-liquid interface and the liquid-gas interface is called contact angle. It is dependent on the 

surface tension of the liquid (σL), and the interfacial tension between the solid and the liquid (ϒSL). 

A contact angle lower than 90° indicates that the wetting of the surface is favourable, but an angle 

greater than 90° means that the wetting is unfavourable (cf. Scheme 2.3.1) [62].  
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Scheme 2.3.1 Schematic representation of the phases equilibrium for a sessile drop on a solid 
surface. (θ: contact angle; σL, σS: surface tension of the liquid and solid (mN/m); ϒSL: interfacial 
tension between solid-liquid phases (mN/m))  
 

In 1805 Thomas Young formulated a relationship between the contact angle and the interfacial 

interactions at the three phases contact line, cf. Eq. 2.3.9 [63].  

                Eq. 2.3.9 
θ: Contact angle (°); σL, σS: Surface tension of the liquid and solid (mN/m); ϒSL: interfacial tension between 
solid-liquid phases (mN/m). 

Different modifications to Young’s equation have been proposed using models developed to 

estimate the interfacial tension γsl. In the resulting “equations of state”, the contact angles are a 

function of the surface energies of the solid. The surface energy is defined as the work necessary 

to build a unit of area of the surface [64]. To determine the surface energy of the solid it is 

necessary to have measured the contact angles of different liquids on the surface. The software 

provided by Krüss GmbH calculates the surface energies for the models of Zisman, the equation of 

state, of Fowkes, Schultz, WU, OWENS [65]. However, in the present thesis the equation of state 

and the Fowkes model were used. 

Equation of state: For this method, the equation that correlates the interfacial tension with the 

surface tensions of the solid and liquid was empirically determined by using a large number of 

contact angle data and further thermodynamic considerations. Eq. 2.3.10 represents the empirical 

equation in which β= 0.0001247 (m2/mN2). When Eq. 2.3.10 is inserted into Young’s equation (Eq. 

2.3.9), it results in Eq. 2.3.11 which allows the calculation of the surface tension of the solid σs from 

a single contact angle if the surface tension σL is known. The method does not consider the polar 

or disperse interactions that lead to the formation of interfacial tensions [65].  

            √      
         

 
 Eq. 2.3.10 

           √
  

  
           

 
 Eq. 2.3.11 

θ: Contact angle (°); σL, σS: Surface tension of the liquid and solid (mN/m); ϒSL: interfacial tension between 
solid-liquid phases (mN/m); β= 0.0001247 (m

2
/mN

2
) empiric constant. 
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Fowkes: This method considers that the surface energy is composed of a polar and a disperse 

part. The method calculates the interactions in two steps. The first step determines the disperse 

part and the second the polar part. The sum of the two parts corresponds to the surface energy of 

the solid [66]. 

In the first step, the disperse part is calculated by measuring the contact angle of at least one pure 

liquid. Eq. 2.3.12 contains the expression of the interfacial tension developed by Fowkes. It 

introduces the disperse part of the liquid σL
D and the solid σS

D. In combination with Young’s 

equation resulting in Eq. 2.3.13. If cos θ is plotted against the inverse of the square root of the 

disperse parts of the liquids surface tension (1/√  
 ), then  √  

  corresponds to the slope m when 

linear regression is made (y=mx+b) with the intercept b= -1. The line becomes more accurate 

when the contact angles are measured for various liquids. From the slope the disperse part of the 

solid surface energy is determined (  
 ) (cf.Figure 2.3.1 a) [65]. 

            √  
   

   Eq. 2.3.12 

         √  
  

 

√  
 
   Eq. 2.3.13 

θ: Contact angle (°); σL, σS: Surface tension of the liquid and solid (mN/m); ϒSL: interfacial tension between 

solid-liquid phases (mN/m).   
    

 : disperse parts of the surface tension of the solid and the liquid (mN/m). 

 

a) 

 

 

b) 

 

 
Figure 2.3.1 Graphical representation of the surface energy determination of solid surfaces 
according to the Fowkes method [67].  a) Disperse part, and b) polar part of the surface energy of 
a solid substrate. 

In the second step, the polar part of the surface energy of the solid (  
 ) is determined by extending 

Eq. 2.3.12 as shown in Eq. 2.3.14. The work of adhesion between the solid and the liquid (   ) is 

described by Eq. 2.3.15. It is obtained by adding the work of adhesion of the polar and the disperse 

parts. On the other hand, the Dupré equation (cf.Eq. 2.3.16) correlates the work of adhesion and 

the surface stresses acting on the contact line of a droplet. The equation together with Young’s 

equation (Eq. 2.3.9) results in Eq. 2.3.17 which relates the work of adhesion with the contact angle. 
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                                                                √  
   

    √  
   

   Eq. 2.3.14 

                                                          
     

  Eq. 2.3.15 

                                                                   Eq. 2.3.16 

                                                                    Eq. 2.3.17 

θ: Contact angle (°); σL, σS: Surface tension of the liquid and solid (mN/m); ϒSL: interfacial tension between 

solid-liquid phases (mN/m).   
    

 : disperse parts of the surface tension of the solid and the liquid (mN/m). 

  
    

 : polar parts of the surface tension of the solid and the liquid (mN/m).     : work of adhesion between 

the solid and the liquid (mN/m).    
     

 : work of adhesion of the polar and disperse parts (mN/m). 

A combination of the equations Eq. 2.3.14, Eq. 2.3.15 and Eq. 2.3.17 allows for a calculation of the 

work of adhesion for the polar part WSL
P of each measured liquid (cf. Eq. 2.3.18). From Eq. 2.3.14 

the polar work of adhesion is defined by the geometric polar parts of the particular surface tensions 

described by Eq. 2.3.18. By plotting the polar work of adhesion    
  calculated by Eq. 2.3.19 

against the square root of the polar part of the liquid surface tension √  
 , a linear regression can 

be done with y= mx+b with b=0. The slope is equal to the square root of the polar part of the solid 

surface tension (m=2√  
 ) (see Figure 2.3.1 b). 

                                                   
    √  

 √  
  Eq. 2.3.18 

                                                   
                 √  

   
  Eq. 2.3.19 

2.3.4.2. Release Forces and Release Mechanism 

Silicone release liners are intended to protect adhesives before their use. Hence, they are 

expected to have adequate adhesion to the adhesive surfaces but they also need to be easily 

removed from them i.e. low release forces [69]. The magnitude of the release forces (RF) is 

proportional to the adhesion between the adhesive and the silicone surfaces but they are also 

dependent on bulk processes that occur in the materials associated with their viscoelastic 

properties [68]. 

Adhesion depends on several factors such as physical interactions or intermolecular forces [70] 

between the surfaces that are usually of dipole-dipole, London dispersions and hydrogen bonding 

type [72]. Adhesion by chemical bonding is not desired for release liners due to the required low 

release forces. However, special adhesives can be used to create chemical bonds between the 

surfaces for testing the degree of curing of the materials and thus, control the quality of the 

materials [68]. Adhesion also depends on the surface energy of the materials. The low surface 

energy of PDMS (   20 mN/m) is responsible for the poor adherence of the materials since the 

wettability is low [69]. Diffusion of polymers forming an interface can be also a mechanism of 

adhesion. However, for this to occur, the polymers in the adhesive should be compatible with the 

silicones [71]. Sometimes block copolymers are used in the silicone coatings to increase the 

compatibility with the adhesive. Entanglement of polymer chains might be also responsible for the 

adhesive/liner adhesion [71]. Mechanical interlocking improves the adhesion of materials due to 

the increase in the area of contact, the interlocking effect and more complex crack propagations 

causing more energy dissipation [69]. On the other hand, loss of adhesion may occur by adhesive 

or cohesive failure i.e. interfacial of inside one material respectively. The later represents a transfer 

of material that affects the sticking ability of the adhesive [69]. 
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Release Mechanism 

The release forces (RF) are measured at a determined test geometry. The strength of the adhesive 

bond to the release liners depends on the geometry of the joint, the mechanics of the test, the 

temperature and the properties of the bulk materials [69]. The magnitude of the release force must 

overcome the work of adhesion (  ) (cf. Eq. 2.3.16) caused by the intermolecular forces and the 

energy dissipated (     ) due to the bulk deformation of the adhesive and the silicone, in order to 

cause a crack that is propagated over the interface cf. Scheme 2.3.2 and Eq. 2.3.20 [72]. The 

energy dissipated depends on the viscoelastic properties of the materials of which a description is 

presented later in Section 2.5.3.1 and the local stresses near the crack tip which are peel angle-

dependent [69]. It is also dependent on the rate of peeling ( ) and the temperature (T). The control 

of the release forces can be made by either improving the adhesion or modifying the bulk 

properties of the materials.  

     [            ] Eq. 2.3.20 

Empiric equation of the RF: Release force (mN/m); WA: work of adhesion (mN/m); Ediss: dissipated energy 

(mN/m); 𝝂: peeling rate (m/s); T: temperature (K).  

 

The viscoelastic behaviour of materials is composed of an elastic and an inelastic part. The later 

causes energy dissipation increase. The high mobility of the chains by bond rotation gives the 

silicones a very elastic character that store the energy supplied returning it when the source is 

removed. This effect is called interfacial slippage and it is the reason why silicones exhibit low 

release forces by reducing the dissipation of energy [69]. CRAs “control release additives” freeze 

interfacial slippage by reducing the segmental mobility of the PDMS chains, this causes higher 

deformation of the adhesives leading to higher release forces [68]. 

 

Scheme 2.3.2 Schematic representation of the release mechanism with contributions of the 
adhesion forces and the energy dissipated due to the deformation of the materials. 
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2.3.4.3. X-Ray Photoelectron Spectroscopy (XPS) 

This measuring technique is one of the most powerful in surface analysis. In this method, the 

sample is irradiated with X-rays, which excite photoelectrons from inner shells of the atoms present 

in the sample surface. The energy of a photon from the X-rays (hν) overcomes the binding energy 

(EB) of a core level electron, and the electron is ejected from the sample. The kinetic energy (Ek) of 

the ejected electrons is measured with a spectrometer and a correction called work function (Ф) 

which depends on the system is applied. By the principle of energy conservation the Eq. 2.3.21 is 

obtained [73].  

             Eq. 2.3.21 

The kinetic energy is characteristic of the atom, and the shell from which the electron originates as 

well as the binding energy does. A spectrum obtained with XPS represents the number of 

electrons detected vs the binding energy of the electrons. Thus, XPS provides qualitative and 

quantitative information on the chemical composition of a ca. 10 nm thin surface layer of a 

substance, since the electrons that can escape from the material are located not more than 

approx. 10 nm below the surface [74]. Another feature of XPS is that at high resolution, it provides 

information about the bond states of the atoms since the binding energy is dependent on the 

oxidation states of the atoms. Thus, the most oxidized forms appear at higher binding energies 

(BE) e.g. For the 2p binding energy of Si, then BE SiO2 = 103.8 eV > BE Si2O3 = 102.7 eV > BE 

SiO = 101.6 eV > BE Si2O = 100.6 eV > BE Si-Si = 99.8 eV [75]. The BE of Si-C is 100.3 eV [75].        

All elements of the periodic table can be investigated by XPS except from hydrogen and helium 

[73]. The measurements are performed in an ultrahigh vacuum (<10-8 torr) environment because 

low pressure is required for the electrons to reach the electron detector without energy loss due to 

inelastic collisions. Moreover, the ultrahigh vacuum is necessary to operate the X-ray anode 

without damage. Another reason to use ultra-high vacuum is that it minimizes the surface 

contamination [76]. 
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2.4. Crosslinking of polysiloxanes 

In Section 2.1.3, the different types of crosslinking of polysiloxanes to form elastomers were 

already introduced. In this thesis, the crosslinking process was made by Pt-catalyzed 

hydrosilylation. This section contains a literature review about the hydrosilylation reaction 

mechanism and the kinetics, and of the gelation process. The description and theoretical 

considerations of the methods used in the present thesis to monitor the crosslinking process are 

found in Sections 2.5 and 2.6.  

2.4.1.  Hydrosilylation Reaction Mechanism and Kinetics 

In the hydrosilylation reaction a hydrosilane bond (Si-H) is added to an olefin (-C=C) (cf. Eq. 2.4.1). 

The reaction is extensively used by the industry of silicones to prepare monomers with Si-C bonds, 

functionalized silanes Si-Cl or Si-O, introduce alkyl siloxanes to organic molecules, or for the 

crosslinking of polymers to generate materials of many different properties [7]. The reaction can be 

initiated by free-radicals where the silyl radical is added to the less substituted carbon of the double 

bond, nucleophilic catalysts such as tertiary amines, Lewis acids such as metal salts, or transition 

metal catalysis [77]. The studies of the reaction by metal catalysis began in 1940 with Speier et al. 

who demonstrated that chloroplatinic acid (H2PtCl6) was efficient to catalyze hydrosilylation [78]. 

Several metals complexes of Rh, Ir, Pd, Ni, Ru and Pt have been demonstrated to catalyze the 

hydrosilylation reaction [77], [79]. However, Pt-based catalysts are the most efficient to the present. 

In the 70s, Karstedt discovered that a complex of Pt(0) made by the reaction of chloroplatinic acid 

and vinyl silicone compounds i.e. MviMvi is even more efficient than complexes of Pt (IV) [80], [81]. 

The catalyst is a mixture of the complex presented in Scheme 2.4.1 and vinyl siloxanes oligomers 

[82]. Even silica-supported Karstedt type catalysts have been developed and are successfully used 

for hydrosilylation with the highlight that they can be reused up to 5 times without exhibiting 

inactivation [83]. Pt-nanoparticles were also found to be efficient catalysts for hydrosilylation [84].  

R’-CH=CH2 + R3SiH 
   
→   R’CH2CH2SiR3 Eq. 2.4.1 

 

O
SiSi

Pt Pt

Si

Si

Si

Si

OO

 
Scheme 2.4.1 Karstedt Catalyst used in hydrosilylation reaction. 

Nowadays the most used catalysts for the organosilicon industry are still being the Speier catalyst 

(chloroplatinic acid) and Karstedt platinum-vinyl siloxane complex (Pt(0)) [85]. The catalysts remain 

in the silicone product causing colouring of the materials and black particle formation due to 

precipitation of the metals used. Catalyst poisoning occurs by the action of Sn and Hg that form 

complexes. The presence of amines, phosphines, or DMSO competes for the Pt centre with the π 

bond to be hydrosilylated [7].    
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Many studies have been done attempting to determine the mechanism of hydrosilylation reaction 

since the understanding of the catalytic process has been slow especially for Karstedt catalysts 

due to the unknown nature of intermediates formed during high catalytic activity [86]. Until the date, 

the mechanism proposed by Chalk and Harrod is the most accepted [79]. However, many details 

have been introduced by many scientists which are described below. The mechanism of Chalk-

Harrod is based on organometallic chemistry, originally the steps included oxidative addition of the 

Si-H group to the metal olefin complex with SiH bond cleavage, insertion steps and reductive 

elimination cf. Scheme 2.4.2 (black) [79], [82]. The proposal of Chalk and Harrod does not explain 

the observed induction period, the formation of colloidal species and the co-catalytic action of 

oxygen. 

 
Scheme 2.4.2 Hydrosilylation mechanism for ethylene. Chalk-Harrod mechanism (black) 

[79]. Modified Chalk-Harrod mechanism for Pt-Si ethylene insertion (blue) [87]. 

Other mechanisms alternative to Chalk-Harrod have been proposed such as the one described by 

Sakaki et al. [87]. They studied the hydrosilylation of ethylene and proposed that instead of 

inserting the ethylene to the Pt-H bond as in Chalk-Harrods, the insertion of ethylene occurs into 

the Pt-SiR3 bond followed by C-H reductive elimination (cf. Scheme 2.4.2, blue). In order to 

validate their hypothesis, they proved whether the Si-C reductive elimination final step of the 

Chalk-Harrod mechanism requires more activation energy than the ethylene insertion into the Pt-

SiR3 bond, otherwise, the Chalk-Harrod mechanism is more likely to occur. With the help of 

computational simulations and experimental work, it was found that the rate-determining step in the 

Chalk-Harrod mechanism is the ethylene isomerization while for the modified Chalk-Harrod 

mechanism was the ethylene insertion. The activation energy of the rate-determining step of the 

later was around 2,5 times higher than that for the rate-determining step of the Chalk-Harrod 

mechanism (Ea= 60 Kcal/mol vs. Ea   24Kcal/mol), thus it was found that the hydrosilylation reaction 

proceeds over the Chalk Harrod mechanism.      
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Lewis et al. suggested that the hydrosilylation reaction is rather catalyzed by colloids that are 

formed during the induction period than the catalyst itself [81], [88]. The colloids are formed by 

previous interaction of the catalyst with the silane before the hydrosilylation takes place. On adding 

first the catalyst to the silane, a brownish colour was observed, and subsequently, the olefin was 

added. The reaction proceeded this way much faster than when the catalyst, olefin and silane were 

mixed from the beginning. The presence of colloids was confirmed by TEM measurements at the 

end of the reaction observed for both types of reactions [81], [88]. However, no TEM 

measurements were made during the reaction in those studies.   

The effect of oxygen on the reaction was also discussed by Lewis [89]. The O2 molecules act as 

co-catalyst since they promote the formation of colloids, in the absence of O2, hydrosilylation did 

not occur. Oxygen also prevents the irreversible colloid agglomerations which consequently have 

reduced catalytic activity. Thus, in Lewis mechanism (cf. Scheme 2.4.3) there is an induction 

period where the Pt(0) complex or Karsted’s catalyst interact with O2 to form colloid 1 that later 

reacts with the silane compound to form colloid 2 preceding the olefin attack. The olefin is in this 

mechanism is considered a nucleophile that attacks colloid 2. The mechanism was also extended 

to a nucleophilic attack from water or alcohols to the electrophile colloid 2. The deactivation of the 

catalyst occurs as the olefin is consumed. Lewis stated that during the reaction, the small colloidal 

particles that are formed are stabilized by the interaction with vinyl groups, nonetheless, when the 

vinyl groups are consumed, the colloids grow in size by Ostwald ripening and coagulation. Hence, 

they become inactive. Moreover, Lewis and coworkers suggested that R3SiH reacts first with the 

Pt-complex to form Pt/R3SiH complex which has an electrophilic nature. Afterwards, the Pt/R3SiH 

complex is attacked by the olefin. In absence of oxygen, the complex Pt/R3SiH is not sufficiently 

electrophilic to react with electron-deficient olefins and colloid agglomerations occur, causing dark 

colours and thus deactivating the catalyst [81], [89].    

 
Scheme 2.4.3 Lewis mechanism of nucleophilic attack for hydrosilylation [89]. 
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The stage at which colloid formation occurs was later determined by Lewis et al. [82], [90]. They 

used extended X-ray absorption fine structure (EXAFS), small-angle x-ray scattering (SAXS), and 

x-ray photoelectron spectroscopy (XPS) to study solutions of hydrosilylation reactions since there 

was a lack of experimental evidence of the kind of Pt species present at different stages of the 

reaction. During the reaction, EXAFS and SAXS showed molecular compounds taking part in the 

reaction and not colloidal compounds when Karstedt catalyst is used. The colloids were formed at 

the end of the reaction and depended on the SiH/vinyl ratio used, and the type of olefin, 

hydrocarbon or silicone vinyl. When an excess of SiH was used, Pt-Pt and Pt-Si single bonds were 

identified in the colloid species. On the other hand, the type Pt-C bonds were found for reactions 

where the olefin was in excess. The Pt-Pt and Pt-Si colloids obtained from the excess of silane 

could be converted to Pt-C species if more olefin –Si-C=C was added. However, if a hydrocarbon 

olefin –C-C=C was used, the reversion was not possible; Pt-Pt and Pt-Si were always obtained 

[82]. The deactivation of the catalyst was often attributed to the formation of colloidal Pt species. 

However, in recent studies on developing new catalysts for hydrosilylation reaction, the use of Pt-

nanoparticles was successful for hydrosilylation, reactivating the debate of whether the colloids are 

only formed at the end of the reaction when Karstedt catalyst is used and if they are the cause of 

the deactivation of the catalyst [84].    

The Chalk-Harrod mechanism was recently improved including the induction period, the formation 

of coloured species especially at the end of the reaction, and the requirement of O2 for the reaction 

to occur. The extent of the induction period was found to be dependent on several variables such 

as the nature of the Pt-precatalyst and its concentration, the olefin structure, the hydrosilane 

structure, and the concentration of the reagents. For Pt(0) species such as Karstedt catalyst, the 

induction period is shorter because it does not undergo reduction prior to ligand exchange of 

hydrosilylation [90]. The active catalyst formed in the induction period is a result of exchange and 

hydrosilylation processes shown in Scheme 2.4.4 where the bridging ligand of the Karstedt catalyst 

is released yielding a more active form.  
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Scheme 2.4.4 Induction period of Karstedt catalyst for hydrosilylation [90]. 

Computational models have been developed to estimate the energy barriers on the catalytic cyclic 

of hydrosilylation on chalk-Harrods, Lewis mechanism and other practical model proposed only to 

simplify the simulation based on non-experimental evidence [91]. The results suggested that it is 

the olefin insertion and the reductive elimination the possible rate-determining steps for the Chalk-

Harrod mechanism. For Lewis mechanism, similar rate-determining steps possibilities were 

observed since the only differences with the Chalk-Harrod mechanism are the order of the addition 
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of the olefin and the hydride which are non-rate determining steps. The simplified simulations 

pointed to the insertion of the olefin to be the rate-determining step in the hydrosilylation 

mechanism [91].    

In recent studies presented by Meister et al. [86], the hydrosilylation mechanism was investigated 

together with the kinetics of the reaction with the help of methods such as 2H-labelling experiments 

and 195Pt NMR. The results allowed them to conclude that it is the coordination strength of the 

olefin to the catalyst which influences the kinetics. The rate-determining step was found to be the 

insertion of the olefin to the Pt-H bond and not the reductive elimination of the silane/olefin product. 

Other conclusions from following the kinetics of hydrosilylation at different catalyst concentrations, 

demonstrated that at very high Pt concentrations the reaction proceeds slower due to fast Pt-

colloids formation. By means of 195Pt NMR Meister and co-workers were able to differentiate Pt-

species depending on the coordination strength of the olefin. At low concentrations of the olefin, 

the Pt centre is coordinated by two olefins but at higher concentration, it is typically coordinated by 

three olefins.  

Scheme 2.4.5 represents the possible pathways occurring when the olefin is reacted with a 

hydrosilane in presence of Karstedt catalyst suggested by Meister et al. [86]. On the right, the 

catalytic cycle exclusive of hydrosilylation (HS) is shown. The reaction proceeds first by olefin 

coordination to the Pt(0) centre (M) which oxidizes by addition of the hydrosilane (IHS). Depending 

on the strength of the olefin coordination, this the process can be reversed. Afterwards, the 

migratory olefin insertion (IIHS) occurs into the Pt-H bond being this, the rate-determining step and 

thus, determining the kinetics of hydrosilylation as shown in Eq. 2.4.2, where     is the rate 

constant for the overall hydrosilylation reaction. After the insertion, reductive elimination (IIIHS) of 

the hydrosilylated compound takes place with simultaneous regeneration of the active catalyst by 

coordination of new double bonds to the metal centre.  

 
Scheme 2.4.5 Hydrosilylation mechanism (HS) and olefin isomerization (IS) proposed by 

Meister et al. [86]. 
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Depending on the olefin, the steps IIHS and IIIHS can compete or be replaced by isomerization 

reactions to form internal olefins as shown in Scheme 2.4.5 for reactions IIIS – IVIS. 

      [ ] [     ] Eq. 2.4.2 

 : hydrosilylation rate (mol/cm
3.
s);    : hydrosilylation rate constant (cm

3
/mol

.
s); [ ]: Pt-olefin complex 

concentration (mol/cm
3
);  [     ]: hydrosilane concentration (mol/cm

3
). 

           

The actual state of the knowledge about the hydrosilylation reaction points to a process occurring 

homogeneously [90], the active catalytic species contain Pt-Si and Pt-C bonds [82], [88]-[90], the 

olefin insertion into the Pt-Si bond does not take place [87], isomerization and hydrogenation of the 

olefin can occur if there is no excess of silane [90], O2 is required to improve the coordination of 

poor coordinating olefins and to avoid the deactivation of the Pt catalyst [81], a high concentration 

of Pt yields slow reactions since Pt colloids are formed [86], the reaction depends on the 

coordination strength of the olefin [86]. The mechanism of hydrosilylation is based on Chalk-Harrod 

[79] and includes the following steps: 

i) Induction period or activation of the Pt complex [90]. 

ii) Coordination of the olefin to the metal centre [77]. 

iii) Oxidative addition of the hydrosilane which can be an equilibrium process [86]. 

iv) Migratory insertion of the olefin into the Pt-H bond (rate-determining step [86]) [77]. 

v) Reductive elimination of the hydrosilylation product.   

Additionally, isomerization of the olefin can occur and may compete or replace the step iv) and v) 

[86].    

The reactivity of the olefins in hydrosilylation is better when the double bond is electron-rich [7]:  

                                   

              
   

The reactivity of the hydrosilanes is better for trihydrosilanes than for monohydrosilanes and for 

hydrosilanes bearing electron-withdrawing groups [7]:  

                       

                                  

                                          

Steric effects also play an important role in the rate of hydrosilylation [7]: 

                                          

Inhibitors are used for the prevention of premature crosslinking of polymers at room temperature. 

Only 10 ppm of Pt is needed for a crosslinking reaction to occur in a matter of a few minutes. 

However, at high temperatures, the reaction should occur fast [82]. Dimethyl fumarate and 

dimethyl maleate are common inhibitors that are often used in the industry of silicones [82], 

propargyl alcohols, cyclodextrins and α, β- unsaturated esters bind efficiently to Pt also acting as 

inhibitors [7]. Faglioni et al. demonstrated that inhibitors do not interfere with the polymerization 

reaction by binding to the catalytic centre; instead, they are not soluble in the silicone mixture and 

thus, form liquid globules which physically isolate the catalyst from the reactive silicone compounds 

[91].   
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Collision Theory 

In the studies presented in this thesis referent to the kinetics of hydrosilylation reaction (Chapter 4), 

the rate constants were written as a function of the temperature using the collision theory. The 

theory proposed by Trautz [92] and Lewis [93] states that in a reaction only a fraction of the 

collisions between the molecules is successful to cause chemical changes. This fraction of 

collisions has sufficient energy, known as the activation energy (  ), to break the molecular bonds 

and thus form new ones. The rate of reaction can be increased by increasing the concentration of 

the reactants, the temperature, and/or the catalyst concentration which reduces the energy 

necessary for causing the chemical changes. The collision theory is related to the kinetics of the 

reaction by Eq. 2.4.3. Where     is the impact parameter that describes the frequency of the 

collisions between A and B molecules.     is defined by Eq. 2.4.4, it is comparable to the 

Arrhenius pre-exponential factor.   

          
 
  
   Eq. 2.4.3 

     (
   

  
)
   

   [ ][ ] Eq. 2.4.4 

 : reaction rate (mol/m
3.
s);    : impact parameter (m

3
/s);  : steric factor;    : activation energy (J/mol); R: 

gas constant (J/mol
.
K); T: temperature (K);  : Boltzman constant (J/K);  : reduced mass of the reagents 

A and B (Kg);    : collisional cross section (m
2
); [ ] [ ]: concentrations of A and B reagents (mol/m

3
). 

    

2.4.2.  Gelation Process and Gelation Theories 

There are two kinds of polymerizations, those leading to soluble products characteristic of 

bifunctional systems (f=2) where linear polymers are formed, and those leading to insoluble 

polymers formed from a certain extent of reaction characteristic of polyfunctional systems (f>2), 

where the chains are joined by crosslinks to form a three dimensional structure of random 

branching, cf. Scheme 2.4.6 [94], [95]. Gelation can occur via step-growth of polyfunctional units 

e.g. trialcohol + diisocyanate to form polyurethane (PU), additive polymerization such as the free 

radical polymerization of vinyl compounds, and the chemical reaction of polymer chains bearing 

functional groups such as polyisoprene with sulphur to form rubber [96].    

 
Scheme 2.4.6 Molecule structure of a three-dimensional polymer made of polyfunctional 

units (f>2). 

Gelation occurs in polyfunctional systems at a low extent of reaction where infinitely large 

molecules have been formed. It begins with the formation of aggregates or clusters that grow to a 
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point where they trespass on one other, afterwards those clusters bond together until a spanning 

cluster is formed spreading onto the whole volume where the mixture is contained coexisting with 

the sol phase, from this point the system is considered gelled. The sol phase consists of small 

clusters that with time bond to the network [95], [97], [98]. 

The gel point is characteristic of the gelling process, it occurs at the time or extent of reaction when 

the cluster formed is “infinitely” large to distribute through the whole matrix of polymer, entrapping 

clusters of smaller size i.e. a critical number of intermolecular linkages have been exceeded [95]. 

At this point, the system loses the ability to flow. This can be observed by the stop in the 

movement of an air bubble that throughout the system [98]. It is possible to extract soluble material 

of molecular weight not as large as the one of the formed gel, that soluble fraction is called sol [95]. 

The gel point is reaction temperature and catalyst independent but mixture composition-dependent 

[94], [99]. It is difficult to measure analytically but as the gel point is achieved, the viscosity of the 

media increases sharply [100]. Some attempts have been done to determine the gel point, e.g. by 

measuring the viscoelastic response of the gel as a function of the shear rate among other 

methods cf. Section 2.5.3.3. The precise determination of the gel point allows better control over 

the processing of crosslinking materials, or the development of materials with mechanical 

properties obtained only when the extent of reaction is located in the proximity of the gel point 

[101].   

On the other hand, the gel is defined as a continuous solid molecule surrounding a continuous 

liquid phase that can be flexible. A gel can be formed by permanent bonds (chemical gel), the 

entanglement of chains or from particulate sols when van der Waals forces make them stick 

together (physical gels) [95], [100]. The mechanical properties of a gel are similar to those of solids 

even when its structure is disordered and contains a high volume fraction of liquid.   

Well beyond the gel point the gel can undergo further reactions or phase transformations in the 

solid and in the liquid phase, some gels even exhibit syneresis, which is a spontaneous shrinkage 

due to the attraction between the parts of the gel that induces expulsion of liquid. Those processes 

are known as gel ageing. Even siloxane bonds in silica gels can be cleaved with time causing flow 

what changes the structure and properties of the gel [95].  

Several theories have been proposed attempting to predict the gel point and the molecular size 

distribution in the sol and in the gel fractions. Some of them are discussed below. Those theories 

are related to changes occurring in the proximity of the gel point but do not describe the aging of 

the gels i.e. longer-term periods. 

a) Statistical Theories 

A polymerization of a A-A + B-B + Af  system with f>2 will lead to branching but also to a 

crosslinked polymer structure. To control the crosslinking reaction, the relationship between 

gelation and extent of reaction must be known. Based on calculating the extent of reaction at which 

the number or weight average degree of polymerization ( ̅ ,  ̅  respectively) reach infinity, some 

approaches have been developed [98].   
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Carothers theory for step-growth polymerization ( ̅   ) 

Carothers was the first one in placing the concept of gelation. In his theory, he proposed that the 

gel is formed as  ̅    and derived an equation that relates the gel point (pc) with the average 

functionality ( ̅) [9], [98], [102]-[103]. Therefore, first, he considered an equimolar mixture of 

functional groups (A, B). Second, he determined an average functionalization as shown in Eq. 

2.4.5, where    is the number of molecules of monomer   with functionality   . If N0 is the number of 

total molecules initially present and N the number of molecules at a certain extent of reaction (p), 

then p is given by Eq. 2.4.6. This is the fraction of functional groups that are lost during the 

reaction. If the number average degree of polymerization given by Eq. 2.4.7 is combined with Eq. 

2.4.6, then the extent of reaction at any time is denoted by Eq. 2.4.8. This equation at the critical 

extent of reaction or the gel point (  ) where  ̅   , turns into Eq. 2.4.9.  

 ̅   ∑     ∑   Eq. 2.4.5 

  
       

   ̅
 Eq. 2.4.6 

 ̅  
  

 
 Eq. 2.4.7 

  
 

 ̅
 

 

 ̅  ̅
 Eq. 2.4.8 

        ̅ Eq. 2.4.9 

 ̅: average functionalization;   : number of molecules of type i;   : number of functional groups in the 
molecules of type i;  : extent of reaction;   : initial number of the total of molecules;  : number of 

molecules at  ;  ̅ : number average degree of polymerization;   : critical extent of reaction (gel point) .  

For stoichiometric imbalance (B in excess) cf. Eq. 2.4.10 the number of initially present molecules 

is given by Eq. 2.4.11 since there are two functional groups per molecule. If Eq. 2.4.10 is 

substituted in Eq. 2.4.11, then Eq. 2.4.12 results [9]. 

   
  

  
 Eq. 2.4.10 

   
     

 
 Eq. 2.4.11 

    
       

 
 Eq. 2.4.12 

 : molar ratio between A and B;   : intitial number of molecules;      : number of molecules of A and B. 

Moreover, it is usual to define the extent of reaction in terms of the functional groups in minority 

(e.g. A groups). Therefore, 

                                 Eq. 2.4.13 

                                 Eq. 2.4.14 

Thus at any extent of reaction, the number of functional groups left is given by Eq. 2.4.15. If Eq. 

2.4.12 and Eq. 2.4.15 are substituted in Eq. 2.4.7, then Eq. 2.4.16 is obtained for the number-

average degree of polymerization  ̅  [9]. 

  
                   

 
   

            

 
  Eq. 2.4.15 
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 ̅  
   

       
 Eq. 2.4.16 

Carothers equation should be used for slight stoichiometric imbalances otherwise  ̅  will become 

very small [9]. The extent of reaction achieved during the reaction has to be very high otherwise 

the use of Eq. 2.4.16 is obsolete [9]. It is known than the gel point predicted by Carothers is higher 

than the gel point experimentally observed [102], therefore other theories were developed 

attempting to predict the gel point more accurately. Note that Carothers theory is wrong because 

 ̅  does not diverge at the gel point as well proved experimentally. Hence, Carothers gel point can 

be understood as an upper limit exceeding which guaranties gelation. 

Flory-Stockmayer theory ( ̅   ) 

Flory and Stockmayer developed a complementary statistical theory attempting to determine the 

critical conditions for the formation of infinite networks and the molecular distribution of non-linear 

polymers up to the gel point and after [94]-[95], [98]-[99], [104]-[108]. 

The statistical model is based on the assumption that intramolecular reactions do not occur and  

that all functional groups are of equally reactive at any stage of the reaction regardless of the size 

of the molecule and their amount of functional groups. 

I. Critical conditions for the formation of infinite networks   

Two different cases of polymerization of multifunctional molecules were studied by Flory and 

Stockmayer. Polyfunctional condensation polymerization and crosslinking of polymer chains.  

i) Polyfunctional condensation polymerization (Af + A2 + B2), n=0 to ∞: 

A

A

A

+ A A + B B A B B A A
n

B BA

 

Scheme 2.4.7 Polycondensation A-B of trifunctional A (f=3), bifunctional A and bifunctional B 
units.   

In this case, only the condensation of A + B occurs, i.e. no A + A or B + B reactions. The theory 

developed below is attempting to answer the question of Flory [30]: “under what conditions is there 

a finite probability that an element of the structure selected at random occurs as part of an infinite 

network?” 

The following definitions are necessary in order to simplify the problem [98]: 

 Molecule: an assemblage of chains connected by polyfunctional units as depicted in Scheme 

2.4.6.  

 Chain segment: the portion of a molecule between two branches or a branch and unreacted 

end unit.    

 Branching coefficient (α): the probability that a functional group of a branch unit drives to 

another branch unit through a chain conformed of bifunctional units (cf.Scheme 2.4.7).  

The reaction depicted in Scheme 2.4.7 represents the formation of chains between two branching 

units. Other reactions with one end or two ends unreacted may take place in this system. 
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The probability that an A group reacts is    and that of a B group is   . If ρ represents the ratio of 

branched A units to the total of A units, then the probability that a B group reacts with a branch unit 

is (   ), likewise, the probability that a B group reacts with a bifunctional A unit is (       ). 

Hence, the probability that an A branch unit is connected to a segment like the one represented as 

the product of the reaction in Scheme 2.4.7 is represented by Eq. 2.4.17. The probability (α) that 

the chains end in a branch unit independently of n is described by Eq. 2.4.18 [9], [98], [103]. 

  [         ]
                    Eq. 2.4.17 

  ∑[         ]      

 

   

  
     

           
 Eq. 2.4.18 

            : probability that an A branching unit is connected to a segment as the product in Scheme 2.4.7. 

     : probability of reaction of A or B groups;  : ratio of A branched units to the total A units;  : degree of 

polymerization between branches;  : probability of chain branching. 

If the ratio of B to A groups is described by r (cf. Eq. 2.4.19), then the expression of Eq. 2.4.18 can 

be rewritten conveniently in terms of   or    depending on the experimental array as shown in Eq. 

2.4.19 to Eq. 2.4.21.  

       Eq. 2.4.19 

  
   

  

     
      

 Eq. 2.4.20 

  
  
  

    
      

 Eq. 2.4.21 

 

Other cases are considered in the Flory-Stockmeyer theory [94], e.g. when no A2 is present (ρ=1) 

then: 

     
     

    Eq. 2.4.22 

When r=1 then: 

  
   

         
 Eq. 2.4.23 

If only A2 and Af are reacting (A-A reaction is allowed) then: 

  
  

        
 Eq. 2.4.24 

Infinite network formation is possible when the expected number of chains exceed the preceding 

number. i.e. more than one chain will grow from the branching unit. If f is the functionality of the 

branching unit, then gelation only occurs when α(f-1)>1[30]. The critical value of the branching 

coefficient (αc) is described by Eq. 2.4.25, therefore α> αc in order to obtain gels.  

   
 

   
 Eq. 2.4.25 

If Eq. 2.4.25 is substituted in equation Eq. 2.4.18, then the Eq. 2.4.26 results for the gel point. 

Substitution of Eq. 2.4.19 in Eq. 2.4.26 yields a critical extent of reaction for A and B groups in 



Chapter 2                                                                                                                   Literature Review 

56 

terms of the functionality of the branching molecules taking part of the reaction (cf. Eq. 2.4.27 and 

Eq. 2.4.28) [9], [98].  

        
 

        
 Eq. 2.4.26 

      
 

√         
 Eq. 2.4.27 

      
√ 

√        
 Eq. 2.4.28 

           : extent of reaction of A or B groups at the gel point;  : ratio of A brached units to the total A 

units;  : functionality of the branching unit;  : ratio of B to A molecules. 

The previous equations do not apply for reaction systems containing monofunctional reactants 

and/or both A and B type of branch units [98]. Several experiments form Flory [94] and others were 

carried out to evaluate the validity of the theory. Therefore, the experimental critical conversion for 

gelation pc was determined and compared to the theoretically calculated values. The results 

showed that the theoretical values are below the experimental value [102]. Flory [30], attributed the 

difference to the disregarded intramolecular reactions in the theory. The theory assumes the 

formation of ideal networks. Real networks, however, contain “dangling ends”, and loops that 

consume reactive groups without contributing to the network connectivity. Therefore, gelation is 

achieved experimentally at higher conversions. Stockmayer et al. [109], supported this hypothesis 

since they investigated the reaction of pentaerythritol and adipic acid at different concentrations. 

They worked with diluted solutions to avoid intramolecular reactions for determining pc at infinite 

concentrations by extrapolation (1/C=0). The gel point was pc.Obs = 0.578 ± 0.005, which was in 

good agreement with pc.Calc = 0.577. Nevertheless, the Flory-Stockmayer theory can be applied 

only if the assumption of equal reactivity of functional groups is satisfactory. PU networks formation 

can be well predicted but not formaldehyde and epoxy resins [9]. 

 

ii) Crosslinking of Polymer Chains: 

Chemical bonding of linear polymer molecules also gives rise to gel formation. The theory requires 

that the y functional units of a polymer chain are distributed at random along the molecule, and that 

crosslinking is carried out randomly. Each cross-linkage decreases the number of molecules by 

one [30]. The theory is based on the assumption that the crosslinking is exclusively intermolecular 

and that  a crosslink does not affect the expectancy of crosslinking of the neighbours or elsewhere 

along the chain.  

 

Scheme 2.4.8 Network formation by crosslinking of polymers. 

Consider a random primary molecule or polymer chain with y-units (see molecule A of Scheme 

2.4.8). In the next generation, two of its monomer units are cross-linked to molecules B1 and B2 

through two cross-linkages. The theory attempts to describe the conditions under which a primary 

molecule selected at random belongs to an infinite network. Therefore, in analogy to the case of 
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condensation polymerizations, the process of passing from one primary molecule to the other in 

the next generation via the cross-linkage, e.g. A to B2 or C2 to D2 is analysed. With the theory, an 

attempt is made to determine the expected number of crosslinked units on the polymer chain of 

next-generation (among the y-1 units) i.e. the expected number of crosslinked units in the 

unexplored B2 chain when passing from A to B2 cf. Scheme 2.4.8.    

If the crosslinking density ρ is defined as the total fraction of units that are crosslinked in the 

gelation process shown in Eq. 2.4.29 or the probability that any unit is crosslinked. The expected 

number of crosslinked units to be found among the other (y-1) functional units ( ), is equal to the 

probability (ρ) multiplied by the number of units available for crosslinking (y-1) (cf. Eq. 2.4.30). Note 

that one crosslink point always belongs to two connected chains, i.e. one links gives ½ point per 

chain. Since at least two connections per chain are required to guarantee gelation, an average 

number of one crosslink per chain is required. The critical value of   is      since for  <1 no 

infinite continuation of the structure occurs. For  >1 infinite structures are formed. Eq. 2.4.31 

describes the critical value of cross-linkage or crosslinking density [105]. If the linear polymer 

chains are large, the required amount of cross-linkages is small. A ratio of one cross-linkage for 

two polymer chains is sufficient to form gels structures [30]. 

     
 

  
 Eq. 2.4.29 

           Eq. 2.4.30 

   
 

     
                  

 

 
 Eq. 2.4.31 

 : Crosslinking density;  : number of units crosslinked;   : number of total units contained in the polymers; 

 : expectancy of crosslinked units in the polymer chain already crosslinked to the progeny;  : Amount of 

crosslinking units in one polymer chain.   : Critical crosslinking density. 
 

Stockmayer suggested that the same will occur with molecules of any arbitrary size distribution 

[107]. For that case, the expected number of additional crosslinked units in the polymer chain of 

the second generation e.g. B2 when passing from A to B2 in Scheme 2.4.8 is given by the 

summation of the product          where    is the weight fraction of y-mers overall values of y 

in the distribution with weight average degree of polymerization of linear polymers  ̅  (cf. Eq. 

2.4.32). The critical value of    is unity and the critical crosslinking density is described by Eq. 

2.4.33.  

       ∑         
        ̅     Eq. 2.4.32 

   
 

  ̅    
 

 

 ̅ 
 Eq. 2.4.33 

 : expectancy of crosslinked units in the polymer chain already crosslinked to the progeny;  : Crosslinking 

density;  : Amount of crosslinking units in one polymer chain;   : overall weight fraction of y-mers;  ̅ : 

weight-average degree of polymerization;   : Critical crosslinking density. 

For non-linear polymerization, Flory-Stockmayer theory predicts the coefficient of branching    as 

a product of the critical extents of reaction pacpbc of A and B reactive groups. The value     is 

related to the functionalities fa and fb of the A and B units as described in Eq. 2.4.34 [110].  

          
 

            
 Eq. 2.4.34 
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The crosslinking index      ̅  which is the number of crosslinked units per linear polymer is 

required to be 1 for homogeneous polymers to yield gelation but for heterogeneous polymers or 

polydisperse polymers  ̅ < ̅ , the crosslinking index values are less than unity representing that 

less than one crosslink per polymer molecules is required for gelation. The broader the molecular 

weight distribution, the fewer cross-linkages are required to produce gelation [30].  

II. Molecular distributions in crosslinked systems 

Stockmayer derived some expressions for the distribution of crosslinked molecules of any arbitrary 

crosslinking molecule distribution [107]. For establishing the distribution, a sharp boundary 

between the sol and the gel phases must be considered. Φs is the probability that a non-

crosslinked unit selected randomly belongs to the sol phase in a system of arbitrary primary 

molecular weight distribution. The selected unit belongs to the sol phase only if both the unit and 

the crosslinked partner belong to the sol phase in the absence of the crosslink. Thus, the 

probability that the unit belongs to the sol fraction is Φs
2. The probability of a crosslinked unit 

selected at random belongs to the sol phase is  Φs
2. The probability that the unit is not crosslinked 

and it is part of the sol phase is      Φs. Then the weight fraction of the sol (  ) phase is 

denoted by the Eq. 2.4.35 or Eq. 2.4.36 [30]. If   is low and the chains of very long, then Φs    . 

                  
  Eq. 2.4.35 

  

  
            

Eq. 2.4.36 

  : weight fraction of the gel; Φs: probability that a molecule belongs to the gel;  :crosslinking density of 
the system. 

In the sol phase    represents the crosslinking density of the sol denoted by Eq. 2.4.37. 

          
   ⁄               Eq. 2.4.37 

For the gel phase,     represents the fraction of crosslinked units belonging to the gel cf. Eq. 

2.4.38. At the gel point,            . The application of the expressions from above lead to 

Figure 2.4.1 a, which is the result of a primary distribution consisting of equal weight parts of every 

species. The observed decrease of    and the increase of     is generally obtained for all 

crosslinking processes [30], [104], [108]. 

           
        ⁄                   Eq. 2.4.38 

The number and the weight-average degrees of polymerization of the sol phase before and after 

gelation ( ̅        ̅  ) respectively are described by the equations Eq. 2.4.39 and Eq. 2.4.40. The 

graphical behaviour of  ̅   and  ̅   can be found in Figure 2.4.1 b. More detail about the deduction 

of the equations can be found in references [30], [107]-[108]. In Figure 2.4.1 b, it is observed that 

the number average degree of polymerization prior to gelation only increases slightly up to the gel 

point. The weight average degree of polymerization increases to infinity at the critical point. After 

the gel point, both degrees of polymerization are valid for the sol phase only, and both decrease 

with further crosslinking. The behaviour after gelation is the consequence of the more favourable 

addition of larger molecules to the gel than the smaller molecules [30].     
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a) 

 

b) 

 

Figure 2.4.1 Molecular distributions in crosslinked systems.  
a) Gel weight fraction (  ) and crosslinking density of the sol phase (  ) and of the gel phase 

(   ) vs. the overall degree of crosslinking ( ).  
b) Number   ̅    and weight ( ̅  ) average degrees of polymerization before gelation and for 

the sol after gelation vs. the overall degree of crosslinking (  . 
 

 ̅   
  

∑[(     )      ⁄  
]     

   
   Eq. 2.4.39 

 ̅   
 ̅         

      ̅     
 Eq. 2.4.40 

 ̅  : number average degree of polymerization of the sol phase; 

  : weight fraction of the sol; 

  : weight fraction of the sol consisting of y-mer primary molecules; 

 : amount of crosslinking units in one polymer chain;  

  : probability that a non-crosslinked unit selected randomly belongs to the sol  phase;  

 :  overall crosslinking density; 

 ̅  :    weight average degree of polymerization of the sol phase; 

 ̅   :  weight average value of y in the sol fraction; 

  :     crosslinking density of the sol. 

In the Flory-Stockmayer theory, the crosslinks are formed at random between adjacent nodes and 

no cyclic clusters are considered [111], however, it is known that in many crosslinking systems 10 

to 40% of the bonds are forming inelastic rings [112]. In other theories such as the percolation 

theory (described below), where bonds form at random but on a regular dimensional lattice [95], 

the cyclic structures are considered. Moreover, the Flory-Stockmayer theory fails into assuming the 

same reactivity independently of the number of reactive groups in a molecule. The assumption of 

infinite increase of the molecular weight is physically unacceptable, thus the theory does not 

provide a realistic picture of the polymer growth [95]. However, this theory is useful in predicting 

the gelation of silica sol-gels [100]. The degree of reaction is at the gel point αc= 1/3 cf. Eq. 2.4.25, 

which means that two-thirds of the functional groups are still available to continue linking after the 

gel point. The value is still lower than the experimentally observed but it represents a minimum 

degree of reaction before gelation occurs.    
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Other Statistical Theories 

The Ahmad-Rolfes-Stepto (ARS) theory proposes an expression for the gel point considering 

intramolecular reaction in RAfa + RBfb polymerizations attempting to overcome the delay of the gel 

point predicted by the Flory-Stockmayer theory. The ARS theory focuses on the path from B1 to B2 

in Scheme 2.4.9 and considers the probability that intramolecular reactions occur [101], [113]. B1 

and B2 are statistically equivalent points and the gelation occurs when the growth B1 towards B2 

probability equals unity. 

 

Scheme 2.4.9 Sequence of units used for defining gelation in the A-S theory. Sidechains up 
to two generations are considered.    and    are the extent of reactions of A and B. 

The probability of intramolecular reaction during the growth of the polymer includes a parameter 

    that depends on the mean-square end-to-end distance 〈  〉  which needs to be found 

independently by rotational-isomeric-state calculations in order to find     by using Eq. 2.4.41 

[111], [113] -[114]. 

    (
 

  〈  〉
)
   

       
Eq. 2.4.41 

〈  〉: mean-square end-to-end distance of the linear sub-chain joining two groups which can so react.    : 
Avogadro’s number.  

The parameter     times the number of opportunities for intramolecular reaction defines an internal 

concentration of A groups around B1 (      ) and of B around A1 (      ) cf. Eq. 2.4.42 and Eq. 

2.4.43 respectively. At the same time, there is a competitive reaction with the external A and B 

groups around B1 and A1 respectively (intermolecular reaction) that depends on the concentration 

of them (       and       ) cf. Eq. 2.4.44. and Eq. 2.4.45 respectively. 

                  [                                 ]   Eq. 2.4.42 

                 [                                 ]   Eq. 2.4.43 

                     Eq. 2.4.44 

                     Eq. 2.4.45 

      ,       : internal concentration of A and B;       ,       : external concentration of A and B;    : 

Functionalization of B molecules,    : extent of reaction of B,   : Functionalization of A molecules,    : 
extent of reaction of A,    : initial concentration of A,    : initial concentration of B. 

Intramolecular reactions of B1 and A1 occur with probability (  ) and    ) cf. Eq. 2.4.46 and Eq. 

2.4.47 respectively. Hence, gelation occurs when Eq. 2.4.48 is equal to unity [115]. 
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Eq. 2.4.46 

   
      

             
 

Eq. 2.4.47 

                                  Eq. 2.4.48 

    and    : extents of reaction of the A and B groups at the gel point. 

The ARS theory has been applied to the crosslinking of PDMS chains at various reactive-groups 

concentrations in a linear PDMS diluent [110]. The results showed good agreement of the theory 

for a wide range of the stoichiometric ratio of A to B groups. However, it fails for high PDMS 

molecular weights and PU systems with high molecular weights due to other effects such as 

entanglements of the chains [112]. The ARS theory has also shown a good prediction of the gel 

point for PES systems [112].    

Another theory was proposed by Yang et al. [102] that differs from the hypothesis used by 

Carothers and Flory-Stockmayer. They proposed a model of gel formation considering an infinite 

network by using graphs and probability as tools. Thus in the graphical model, they start from the 

idea of a gel containing a number of network circuits. The network formation is made by 

intramolecular crosslinking reactions, instead of intermolecular reactions. In intramolecular 

reactions, each reaction will result in the formation of a loop. The extent of reaction is therefore 

described by the number of circuits formed. In this theory, three systems were studied: A2+B3 

system, A2+B4 system, and A2+B2+B3 system. The gel point values obtained with this theory were 

located between the values predicted by Carothers and Flory-Stockmayer for some systems such 

as 1,2,3 Propanetriol + Dicarboxylic acid, Pentaerythritol + Dicarboxylic acid, Tricarboxylic acid + 

DG + Adipic acid. However, they are still slightly higher than the experimentally observed values 

[102].         

b) Percolation theory 

 
Scheme 2.4.10 Percolation model. Left: array of points with bonds at random; middle: more 
bonds are added and cluster points are formed; right: spanning cluster in the entire system or 
percolation threshold.   

The percolation model for gelation without solvents involves a d-dimensional lattice. Each lattice 

site represents one polyfunctional unit. Each site has Z neighbours and thus, Z reacting 

possibilities, the reaction between neighbours is represented by lines between points (cf. Scheme 

2.4.10) [96]. At any instant, the fraction of reacted units is called p. At low p clusters are formed but 

there is an instance where an infinite cluster is obtained at pc (gel point). p is defined by the Eq. 
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2.4.49 where N is the total number of bonds that have been formed on the lattice and Ntotal is the 

total bonds available for the lattice, this model is called bond percolation [116]. On the other hand, 

if instead of bonds the site or points are considered, N in Eq. 2.4.49 is then the number of reacted 

sites and Ntotal the total number of available sites, this model is called site percolation; it usually 

predicts higher pc than for bond percolation model [100].    

  
 

      
 Eq. 2.4.49 

 
The percolation model is based on the trespassing of a fluid through a lattice membrane. The 

system is said to be percolated when the membrane is completely wet. Using an analogy on the 

sol-gel system, the system is percolated when the spanning cluster has already been formed p>pc 

[116]. Thus, the probability of percolation P(p) can be defined as the probability that a site chosen 

at random belongs to the infinite cluster [116]. For p<pc, P(p)=0. The equations Eq. 2.4.50 and Eq. 

2.4.51 describe the percolation threshold and the probability P or gel fraction when the monomer 

functionality is high [95]-[96], [116]. The percolation threshold is lattice dimension dependent, pc for 

various lattices can be found in references [95] and [100]. 

   
 

   
  

 

 
          

Eq. 2.4.50 

                    

                                       

Eq. 2.4.51 

  : extent of reaction at the gel point;  : reacting probability of a site;  : fraction of reacted units;     : 
probability of percolation. 

The percolation theory includes the formation of loops which is not considered in the Flory-

Stockmayer theory. The predicted pc with percolation is greater than that of the classical theory 

(Flory-Stockmayer) [95]. However, this theory does not lead to analytical solutions for the threshold 

or the size distribution of the polymers. Computational simulations are usually performed to 

determine the mentioned variables based on the Monte Carlo studies in percolation for three 

dimensions [95].  

c) Simulations of the Gelation process 

The Monte Carlo algorithm has often been used for efficiently simulation of the RAfa + RBfb 

polymerizations [111], [117]. It consists of the random reaction of a pair of functional groups in 

intermolecular and intramolecular reaction. The later measured according to Gaussian statistics 

and the size of the rings formed [117]. The connections between groups as a function of the extent 

of reaction are simulated, also the number of rings formed are counted [111]. The simulations allow 

the determination of the gel point, sol-gel fractions and the modulus of the networks. The algorithm 

begins with the definition of the RAfa and RBfb in arrays with reacted and unreacted units being 

counted. The parameters to begin the simulation are the initial numbers of A groups and B groups 

are denoted by Na0 and Nb0 respectively. The initial concentration of A and B is Ca0=Na0/V and 

Cb0=Nb0/V, where V is the volume of the space where the gelation takes place. The ring forming 

parameter is denoted by λa0= pab/Ca0, where pab is experimentally determined using Eq. 2.4.41.  

The reaction occurs when one A and one B group are chosen at random from the unreacted 

available units [Na0(1-pa) + Nb0(1-pb)] react. On the other hand, the probability that an 
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intramolecular reaction of A with B occurs is described by Eq. 2.4.52. Where      is the internal 

concentration of B groups on the same molecule of A cf. Eq. 2.4.53, and         is the concentration 

of B groups in other molecules cf. Eq. 2.4.54 [117].  

       
    

           
          Eq. 2.4.52 

     ∑     
   

    

 

   

 Eq. 2.4.53 

                   Eq. 2.4.54 

      : probability of an intramolecular reaction;     : internal concentration of B groups on the molecule; 

      : external concentration of B in other molecules;   : degree of polymerization of the molecule;     : 

number of B groups on the molecule available for forming ring structures of size  ;    : intermolecular 
parameter cf. Eq. 2.4.41;    : initial concentration of A groups;   : extent of reaction of B groups. 

The reaction of the pair of A and B groups is recorded using the index numbers given for the units 

involved. The respective changes in the mentioned variables are registered. Later other pair of A 

and B groups are chosen and the procedure is repeated. The output data are the values for pa, pb, 

numbers of ring structures of different sizes, the number average  ̅  and weight average  ̅  

degree of polymerizations. The criterion for the gel point can be selected in two ways, first when 

the weight average degree of polymerization of all species except by the largest molecules 

achieves a maximum or second when pinter- pintra= (f-1)-1/2[117].  

The Monte Carlo algorithm has been applied to the polymerization of polyurethane with tri- and 

tetra-functional units, polyesters and PDMS [111], [114], [117]. The gel points obtained were in 

good agreement with the experimental results but differ considerably in comparison to the ARS 

theory described above which predicts the gel point more accurately. The limitations of the 

simulation are the lack of counting network defects which occur in reality and that affect the final 

properties of the networks. Generally, broad size distributions are obtained with the simulations. 

Long times are required to run the simulations, typically 20 hours. An improvement of Gaussian 

statistics used for the ring formation is necessary to improve the model [114].    

 
d) Other Theories 

The statistical theories fail especially for kinetically branched systems and crosslinked systems 

because they neglect the diffusion control of the reaction by the biggest clusters in the proximity to 

the gel point and the excluded volume effect on group reactivity, in other words, steric hindrance 

[112]. Thus, the gel point has also been predicted by other methods involving the kinetics of the 

crosslinking reactions that consider steric effects [101], [112].  

 

To summarize this section, at the present no analytical theory exists that predicts the gel points, 

and network structures with high accuracy, and computer simulations are not much more precise 

due to the inherent flaws of the models necessarily being used. Only atomistic molecular modelling 

could solve this problem, but at present, no computer is able to simulate realistic models of useful 

sizes. 

  



Chapter 2                                                                                                                   Literature Review 

64 

2.5. Control of the Crosslinking Process of Polysiloxanes 

In this section, the literature review and the theory concerning the methods applied in this thesis to 

study and control the crosslinking process of polysiloxanes by hydrosilylation reaction are 

presented. The used methods were calorimetry, infrared spectroscopy, measurement of the 

mechanical properties and fluorescence spectroscopy. The latest is presented in Section 2.6.  

2.5.1.  Calorimetry 

Calorimetry is a technique used to determine the quantity of heat released or absorbed by a 

substance undergoing chemical or physical changes. Those changes alter the internal energy of 

the substances (U). The change in the internal energy (ΔU) at constant pressure and without the 

performance of mechanical work (W), is quantified by the heat of reaction ΔHrx (KJ/mol) (ΔU=Q-W; 

if W=0 then ΔU=Q=ΔHrx; Q: heat) [118]. Differential scanning calorimetry (DSC) and differential 

thermal analysis (DTA) are dynamic measuring methods that enable the user to observe and 

quantify transitions of the substances under analysis. Moreover, in DSC and DTA the energy 

changes observed by heating or cooling down the material, facilitate the characterization of the 

material by reading out the temperature at which the transition happens, when melting processes, 

glass transition, undergoing reactions, or other thermal changes take place. 

In DSC measurements, the sample and a reference are placed on two sample holders located 

inside a well-insulated furnace. Each holder is equipped with an electrically driven heating coil. The 

oven is heated to a constant rate β=dT/dt from an initial temperature T0, β is sufficiently slow that 

let the reference sample adapt the furnace temperature. When a phase transition occurs in the 

sample either endothermic or exothermic, the temperature of the sample will deviate from the 

reference. The difference in the temperature is monitored with high precision and the DSC 

controller sends electrical power in the heating coil of the holder with lower temperature until the 

difference in the temperature approximates cero (ΔT=0). Simultaneously the controller monitors 

the electrical powers of the sample and the reference that flow through the heating coils and 

calculates the heat flow (dH/dT). On the other hand, DTA instead of measuring heat flow and 

keeping the temperature difference near zero as in DSC, it measures the difference in the 

temperature and plots ΔT vs T to generate the DSC-thermogram. For that purpose, a calibration 

measurement with the DTA instrument is necessary by using standard compounds with well-known 

properties such as the melting temperatures and the melting enthalpies. Every heating rate 

requires a calibration measurement [119]. The immediate result from a DSC or DTA measurement 

is a DSC-thermogram, a plot of heat flow versus temperature (dH/dT vs. T), which is depicted in 

Figure 2.5.1. Chemical or physical processes occurring in the sample are depicted in the 

thermogram by a sudden increase or decrease of the transferred heat. When the process is 

finished, the signal comes back to the initial amount of heat transferred to the sample (except by 

the glass transition process) to continue increasing or decreasing the temperature. Thus, the 

chemical or physical processes are observed as a peak with an onset temperature (Tonset) read 

when a straight line is fitted to the start side of the peak running through the inflexion point of the 

respective peak side and extrapolating it to the baseline as shown in Figure 2.5.1. The Tonset of the 

transition is read at the baseline intercept. In case of infinite slow heating (β=dT/dt → 0), the onset 

temperature is equal to the thermodynamically defined transition temperature which can be 
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determined by measuring the Tonset for several heating rates and plotting √      vs Tonset and 

extrapolating to β → 0 [120].     

When the DSC signal is exothermic with a very broad peak, it corresponds to a reaction of either 

decomposition, crystallization or chemical interaction like crosslinking reactions [121].  

 

Figure 2.5.1 Typical DSC-thermogram depicting the glass transition temperature (Tg), an 
endothermic and an exothermic transition. Tp: peak temperature.    

The fundamental equation of DSC describes the DSC signal as proportional to the product of the 

heat capacity (Cp) and the heating rate (β) (cf. Eq. 2.5.1) [121]. Since the definition of heat capacity 

is the heat required to increase the temperature of the analyzed sample in one degree, the heat 

capacity can be viewed as Cp = dH/dT. Eq. 2.5.1 results in Eq. 2.5.2 from which, it directly can be 

seen that the integration of the DSC-thermogram signal (dH/dT) is equivalent to the heat of 

reaction (ΔHrx) once the baseline is subtracted from the dH/dT values (cf. Eq. 2.5.3).   

                                                                 Eq. 2.5.1 

                      Eq. 2.5.2 

      ∫ (
  

  
)
 
  

  

  

 Eq. 2.5.3 

  : Heat capacity (J/gK);  : Heating rate (K/s); H: Enthalpy (J); t: time (s); T: temperature (K);     : Heat of 

reaction (J);   : Initial temperature (K);   : End temperature (K).     

The curing reaction of polysiloxanes by hydrosilylation is an exothermic transition. The area under 

the peak between the peak and its baseline describing the crosslinking reaction is related to the 

heat of reaction (ΔHrx) when the heating rate remains constant [122]. As shown schematically in 

Figure 2.5.2, if one assumes that the reaction proceeds from zero conversion (p=0) to completion 

(p=1), a partial integration of the DSC signal (dH/dT)β, which baseline has been previously 

subtracted, divided by the total heat of reaction (ΔHrx) allows the calculation of the conversion 

profile in function of the temperature (p=f(T)) (cf. Eq. 2.5.4), and the conversion-temperature 

derivative (dp/dT vs T) (cf. Eq. 2.5.5) [123].  
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Eq. 2.5.5 

 : extent of reaction  

 

a) 

 
b) 

 
Figure 2.5.2 Schematic representation of the variables used for the conversion estimation from 
DSC thermograms as a function of the temperature (cf. Eq. 2.5.4). a) Graphical description of the 
total heat of reaction. b) Graphical description of the heat of reaction until the temperature T1.  

 

2.5.2.  Infrared Spectroscopy 

For the description of the method see Section 2.2.2. The method has been applied for monitoring 

the extent of reaction during crosslinking reactions of PDMS by a correlation of it to the intensity of 

the signals of the functional groups that take part in the reaction [124], [125]. Even though the 

method only provides information about the extent of reaction, no further information about the 

gelation process is obtained by IR-spectroscopy.      
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2.5.3. Mechanical Behaviour of Polymers 

2.5.3.1. Elastic and Viscoelastic Behaviour of Polymers 

There are two limiting types of mechanic behaviours of matter, viscous and elastic [126].  Elastic or 

rubbers materials do not flow and deformations are fully recoverable [23], the stress is proportional 

to the deformation but not to the deformation rate [126]. For Newtonian viscous liquids, the stress 

is proportional to the rate of deformation but not to the deformation itself [126]. Polymers are 

viscoelastic materials that behave partially elastic and partially viscous. 
 
There are mainly two types of deformations frequently used for the study of mechanical properties 

or viscoelastic behaviour of polymeric materials, namely elongation or tension and shear. For both 

types, the stress (σ) associated to a unit strain (γ) is called modulus (E= σ/γ), and the inverse of 

the modulus is known as the compliance (J=1/E) [23]. In elongational experiments, the stress is 

applied in the normal direction to a plane of a body. In shear deformation, only one plane of the 

body is deformed in one of the directions parallel to the plane [126] (cf. Figure 2.5.3).  

 

Figure 2.5.3 Shear deformation of a body. 

Eq. 2.5.6 states the relationship between the shear stress (  ), the magnitude of the force applied 

for the deformation ( ), the length of the body (L0) and the width (  ) before deformation. The 

shear strain (  ) depends on the change of the length of the body due to deformation (  ) and the 

height of it (  ) as shown in Eq. 2.5.7. The ratio of the shear stress to shear strain is known as the 

shear modulus ( ) cf. Eq. 2.5.8. The change of the shear strain with the time t is called shear rate 

     ̇ and it is described by Eq. 2.5.9. The shear viscosity (η) is the ratio of the shear stress to the 

shear rate (cf. Eq. 2.5.10). The viscosity is a measure of the energy per volume that is dispersed 

by the liquid during the time t, it has units of J/m3 s or Pa.s  [126]. 

 
          Eq. 2.5.6 

                Eq. 2.5.7 

         Eq. 2.5.8 

 
  ̇  

   
  

      Eq. 2.5.9 

   
  

  ̇
  

  
  ̇

 Eq. 2.5.10 
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The experiments associated with the elastic behaviour can be time-independent i.e. under 

equilibrium conditions, or time-dependent i.e. of transient (last for a while), or periodic (oscillatory) 

type. On the other hand, viscoelastic experiments can be of transient or periodic character [23]. 

Under equilibrium, the ratio of stress and strain is constant. For tensional deformation, the ratio is 

called Young’s modulus (E), while for shear deformation it is named shear modulus (G). The 

modulus varies for different materials. The compliance (D) for tensile, and (J) for shear, can be 

calculated directly from the reciprocal of the modulus (cf. Table 2.5.1). For time-dependent 

experiments, the moduli are called E(t) and G(t). They are evaluated by examining the time-

dependent value of stress needed to maintain a constant strain γ0. The compliances D(t) and J(t) 

are determined by measuring the time-dependent strain associated with a constant stress σ0  (cf. 

Table 2.5.1) [23]. 

Table 2.5.1 Summary of notation for elastic and viscoelastic moduli (a) and compliances 
(b) under different experimental conditions [23]. 

Experimental 
condition 

Tension Shear Comments 

Equilibrium a.   
 𝑡

𝛾𝑡
 

b.   
 

 
  

𝛾𝑡

 𝑡
  

a.   
  

𝛾 
 

b.   
 

𝐺
  

𝛾 

  
 

Time-independent. 
E: Young’s modulus 

Transient a.      
 𝑡   

𝛾 
 

b.       
𝛾𝑡   

  
  

a.      
     

𝛾 
 

b.       
𝛾    

  
 

Time-dependent. The 
subscript 0 indicates a 
constant value in the 
experiment. 

Oscillatory a.      
 𝑡 𝜔 

𝛾 
 

b.       
𝛾𝑡 𝜔 

  
  

a.      
   𝜔 

𝛾 
 

b.       
𝛾  𝜔 

  
 

Frequency ( ω) 
dependent. The subscript 
0 indicates the maximum 
amplitude. All moduli and 
compliances have prime 
(storage) and double 
prime (loss) components.  

E: Young’s modulus; D: tensile compliance; G: shear modulus; J: shear compliance; σ: stress; γ: 
strain; t: time; ω: angular frequency. 

In oscillatory measurements, the oscillations can be forced or free. In the later, the body is twisted 

by an angle θ and then released to get back to the initial position with decreasing amplitude. In 

forced oscillations, the sample is subjected to torque to keep the amplitude. The deformation is a 

shear deformation and the modulus is the shear modulus G [126] (cf. Table 2.5.1).  

The oscillatory experiments involve periodically cycled stress σ(ω) and strain γ(ω) applied to a 

sample (cf. Eq. 2.5.11 and Eq. 2.5.12). The oscillations are sinusoidal of frequency   (in Hz) or 

angular frequency ω (in rad/s). The reciprocal of the frequency is the period time    of the 

experiment, which has to be of the order of magnitude of the relaxation time to do not lose 

information from the experiment. The relaxation time (τ) is the time required to drop the stress σ to 

37% of its initial value [23].     

                                                              )      Eq. 2.5.11 

                Eq. 2.5.12 

σ: stress (Pa); γ: strain (m/m); ω: angular frequency (rad/s); σ0: stress amplitude (Pa); γ0: strain amplitude 

(m/m); t: time (s);  : phase angle between the stress and the strain (rad) .  
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If the sample exhibit only elastic behaviour, the stress and strain are in phase. It is said that the 

material behaves like a solid. Viscoelastic behaviour occurs when the strain and the stress are out 

of phase by some angle δ (cf. Eq. 2.5.11 and Eq. 2.5.12). When the δ=90°, the material exhibits 

pure viscous liquid behaviour [23], [126]-[127]. The stress and strain are related by the complex 

modulus    of magnitude |  | [126],[127]. Thus, 

             Eq. 2.5.13 

                                  Eq. 2.5.14 

        [                        ] Eq. 2.5.15 

σ: stress (Pa); γ: strain (m/m); ω: angular frequency (rad/s); |  |: magnitude of the complex modulus (Pa); 

σ0: stress amplitude (Pa); γ0: strain amplitude (m/m); t: time (s);  : phase angle between the stress and the 

strain (rad);    : shear storage modulus (Pa),     : shear loss modulus (Pa). 

Therefore, the stress can be interpreted as the sum of two components, a component in phase 

with the deformation,           , and a component out of phase with the deformation     

       , each component is characterized by a modulus cf. Eq. 2.5.15 [128]. The real modulus G’, 

elastic modulus or shear storage modulus measures the stiffness and shape stability of the body. 

It is related to the energy stored during deformation. It can be determined by the Eq. 2.5.16.  

          
  

  
      |  |       Eq. 2.5.16 

The imaginary modulus G’’, shear loss modulus or viscous modulus describes the energy that is 

lost by heat dissipation [126], [127]. It is described by Eq. 2.5.17. The ratio of loss to storage 

modulus is known as the loss tangent (cf. Eq. 2.5.18) [126]. 

           
  

  
      |  |       Eq. 2.5.17 

      
   

  
 Eq. 2.5.18 

The complex modulus can be also seen as a vector of a real and imaginary part as described in 

Figure 2.5.4 and Eq. 2.5.19, where the vector is composed of the sum of the elastic modulus G’ 

and viscous modulus contributions [128]. 

 

  

           Eq. 2.5.19 

  

Figure 2.5.4 Complex modulus vector description. 

The dynamic viscosity ( ) defined as the quotient G” over ω can be calculated according to Eq. 

2.5.20.  

  
   

 
 Eq. 2.5.20 

Alternative to the addition of stress to the body and measuring the deformation, it is also possible 

to deform the body and measure the stress [126]. 

δ 
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The value of polymeric materials moduli are dependent on the angular frequency for oscillatory 

rheometry cf. Figure 2.5.5 [127]. At low frequencies, the loss modulus G” is greater than the loss 

storage modulus G’. This is behaviour typical of liquids, on increasing the angular frequency a 

slope is observed. At intermediate frequencies, G’ increases very slowly with time showing a quasi-

elastic behaviour or a plateau. The value of G’ at this point is equal to G0
N cf. Figure 2.5.5 and it is 

independent of the molecular weight of the material but dependent on its nature. Upon increasing 

the frequency, the value of G’ and G” increase together with the flexibility of the chains G’>G”. 

Finally, at high frequencies,  small scale molecular motions e.g. monomers are characterized [127]. 

 
Figure 2.5.5 Complex shear modulus in function of the angular frequency of two high molecular 

weight polymers (Mi) of the same species with M2>M1. Collyer [127]. 
 

2.5.3.2. Methods in Oscillatory Rheology 

There are three types of rheometers, those which operate at controlled angular displacement, 

called strain rheometers, those with controlled harmonic torque or forces applied to the surface, 

called stress rheometers, and those which perform both types of measurements [127]. Controlled 

stress measurements are suitable for studying stress yielding or high non-linear materials such as 

gels or filled materials. Moreover, oscillation controlled measurements are more sensitive at low 

frequencies. For controlled strain measurements, the torque is measured, while for stress-

controlled, the angular deformation is measured [127].   

There are different geometries used to measure the torque or angular displacement. Those are 

cone-plate, parallel-plates, coaxial cylinders, annular pumping, and parallel-plane geometry [127]. 

In the parallel-plate geometry, the sample is adopting a cylindrical shape of radius R and thickness 

h as depicted in Figure 2.5.6. 
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Figure 2.5.6  Parallel-plate geometry for oscillation rheometry. 
 

The shear deformation or strain (cf. Eq. 2.5.21) is maximum at the plate edge where r=R (cf. Eq. 

2.5.22), θ is the angular amplitude of the oscillations. The minimum shear deformation is found in 

the centre where r=0. This kind of geometry is used for crosslinking experiments due to the 

possibility of easily clean the instrument [127]. The instrument measures the torque (T) of the 

amplitude (θ), and the phase angle (δ cf. Eq. 2.5.18) at a given frequency (ω) allowing the 

determination of G’ and G’’. The shear stress is determined by the instrument from the torque ( ) 

and the geometry constants cf. Eq. 2.5.23 and the shear rate ( ̇) by Eq. 2.5.24 [129]. 

  
  

 
 Eq. 2.5.21 

   
  

 
 Eq. 2.5.22 

    
 

   
   Eq. 2.5.23 

 ̇  
 

 
  Eq. 2.5.24 

 : strain; θ: angular amplitude; r: radius (mm); h: gap size (mm); R: radius of the plate (mm);   : strain at the 

edge of the plate;  : stress (Pa);  : torque (N.m);  ̇: shear rate (1/s);  : angular frequency (rad/s).    

The magnitude of the complex modulus |  | can be also determined for parallel-plate geometry by 

Eq. 2.5.25 using the geometric constants of the experimental array, the torque and amplitude 

measured by the instrument [128]. 

|  |  
  

  
  

   

    
 Eq. 2.5.25 

|  |: complex modulus magnitude (Pa);   : stress at the edge of the plate (Pa).  
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2.5.3.3. Curing of Polymer Gels: Gel Point Determination 

Oscillatory measurements have been used to follow the curing of gelling systems [101], [131]-

[133]. In the experiments, a fluid mixture of compounds to be gelled is loaded on to a rheometer 

e.g. with parallel-plate geometry. One of the plates oscillates at a constant frequency and a 

maximum strain or stress depending on the case. The responses i.e. phase and amplitude are 

monitored [130]. Upon crosslinking, the real and imaginary parts of the complex shear modulus or 

the storage and loss modulus G’ and G’’ respectively are monitored along the time. The point at 

which a reactive polymer or a mixture of reacting polymers forming network clusters, reaches a 

spanning cluster that is interconnected in the whole sample volume is called the gel point. It is 

usually observable when a liquid polymer sample stops flowing and turns into a gel [95], [98]. 

There are several methods for determining the gel point with rheometry [127]. One is measuring 

the loss tangent (tan δ= G’’/G’) as a function of the reaction time on a crosslinking polymer at 

different oscillation frequencies. The crossover point at which tan δ is constant is the gel point 

[127], [101]. The determination of the kinetics of a chemical reaction is also possible by the same 

experimental method.  

Another method to determine the gel point approximately was described by Winter, Chambon 

[131], and Tung et al. [132] in which the evolution of the storage G’ and loss G’’ modulus of 

crosslinking PDMS was measured by means of an oscillatory shear experiment at constant angular 

frequency ω (cf. Figure 2.5.7). They observed the viscous regime at the beginning of the 

experiment as G’’>>G’. Upon crosslinking the loss modulus increased but the storage modulus did 

more strong until both moduli intersected. Afterwards, G’ was higher than G’’ until both moduli 

settled to a constant value as the reaction went to completion [130]. The intersection (G’= G’’) was 

said to be very close to the gel point. However, the authors found out that the intersection point 

was dependent on the frequency of the oscillatory experiment.   

0  
Figure 2.5.7 Time-dependent storage G’ and loss G’’ moduli of a 
crosslinking PDMS at a constant frequency (ω).Chambon et al. [131] 

The gel point has been also determined for PDMS networks by parallel experiments of Rheometry 

and FT-IR [133]. The critical extent of reaction was found to be at the intersection of G’ and G’’ 
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(“crossover point”), which was in good agreement with the one calculated by the branching theory 

of Miller et al. [134], at temperatures below 60°C to avoid side reactions, and for a 

stoichiometrically balanced system. 

The crossover rheometry technique of G’ and G’’ at a constant frequency, allows the determination 

of the gel point at different stoichiometric ratios and for variations in the functionality of the 

precursors. Winter et al. obtained results that were in good agreement with the branching theory of 

Flory and Stockmayer in studies of the gelation of polybutadiene by hydrosilylation when the 

crosslinker was a bifunctional silane and the precursor a multifunctional vinyl functionalized 

polymer [101]. The gel point was calculated using Eq. 2.5.26, where    is the critical extent of 

reaction or gel point,   the stoichiometric ratio of the functional groups, and   the functionality of 

the precursor.    

   
 

√      
 Eq. 2.5.26 
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2.6. Fluorescence Spectroscopy 

Fluorescence is the emission of light by a molecule that had previously adsorbed energy in the 

form of electromagnetic radiation. Fluorescence differs from phosphorescence, another light 

emission phenomenon, in that the emission of light after the excitation has ceased last few 

nanoseconds, while phosphorescence extinguishes within seconds [135]. Fluorescence 

spectroscopy is a method used for the analysis of the fluorescence properties of molecules [135]. 

In this thesis, fluorescence spectroscopy was used to monitor the crosslinking process of PDMS 

and also the behaviour of the silicones after the crosslinking process within long periods. This 

Section presents the theory and literature review referent to the mechanism of fluorescence, the 

fluorescence spectrometer, the fluorescent molecules characteristics and the synthesis methods of 

3-vinylpyrene, a functional fluorophore used in this thesis, the types of fluorescence 

measurements, the variables affecting the fluorescence emission, a review of the application of the 

method to monitor polymers reactions, and a review of the behaviour of fluorophores in PDMS-

networks. 

2.6.1.  The Mechanism of Fluorescence 

A photon coming from the excitation light is absorbed by an electron of the molecule capable of 

emitting fluorescence, thereafter the energy level of the electron increases to an excited state. The 

time in which the electron is in the excited state is short, but during that time some energy is 

dissipated either by molecular collisions or it is transferred to a contiguous molecule. The 

remaining energy is emitted as a photon that has a longer wavelength than the excitation light, 

relaxing the electron to the initial steady-state. Therefore, the emitted fluorescence is distinguished 

from the excitation light [135]. Fluorescent molecules are usually aromatic, they respond differently 

to light when compared to other molecules.  

The process of absorption-emission of light is usually depicted by a Jablonski diagram. The 

diagram is used in a variety of forms to illustrate processes occurring in the excited state [136]. A 

general example Jablonski diagram is illustrated in Figure 2.6.1 a, more complex diagrams can be 

drawn to describe processes as internal or external conversion, intersystem crossing, and 

phosphorescence [137]. The absorption and emission spectra of the process represented in the 

Jablonski diagram is depicted in Figure 2.6.1 b, where the excitation and emission wavelengths are 

shifted. This difference in the wavelengths between the excitation and emission is called Stokes 

shift which is the result of the loss of energy in the excited state either by heating the fluorophore 

solution due to vibrational effects, solvent effects, complex formation, excited-state reactions or 

energy transfer [135], [138]. Usually the bigger the Stokes shift, the better, because the 

identification of the fluorescence emission spectrum is easier since it does not overlap the 

excitation spectrum. Another important feature of the fluorescence emission spectrum is its 

independence of the excitation spectrum, only the fluorescence intensity is dependent on the 

excitation wavelength as depicted in Figure 2.6.1 b [135]. The fluorescence emission spectrum 

also depends on the structure of the fluorophore and the solvent in which it is dissolved [135].   
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Figure 2.6.1 a) Jablonski energy diagram of fluorescence emission. b) simple excitation and 
fluorescence emission spectra with Stokes shift. 

Besides fluorescence emission, the excess of energy upon excitation of the electron from S0 to S1 

can be also dissipated in a radiationless process like internal conversion or intersystem crossing to 

a triplet excited state T1 producing phosphorescence when the electron returns to the ground state. 

The lifetime of S1 returning to S0 and T2 to S0 is of the order of 1 to 10 ns and 10-6  to 10-3 s 

respectively [139].    

2.6.2.  Fluorescence Spectrometer 

Scheme 2.6.1 is a graphic representation of a general-purpose fluorescence spectrometer using a 

Xe-lamp as the exciting source taken from ref. [135]. The spectrometer has monochromators to 

select the desired excitation or emission wavelength, these are equipped with gratings that 

decrease light of different wavelengths than the selected one. The fluorescence is detected and 

quantified with photomultipliers PMT and electronic devices. The output is a graph of excitation or 

emission intensities vs. wavelength. In the sample-chamber shutters are provided to stop the 

excitation light incidence, and to close the emission chamber. At the entrance and exit of the 

sample-chamber are located polarizers usually removable to perform polarized fluorescence 

measurements. The angular position of the polarizers is tunable.    

2.6.2.1. Xenon Lamps 

The Xe-lamps are the most used as sources in fluorescence spectrometers because they 

continuously emit light as a result of recombination of electrons with ionized Xe atoms [135]. The 

xenon source provides light in a wavelength range from 250 nm to 800 nm with some peaks 

occurring at 450nm due to the exciting ionized Xe atoms. Xe lamps are always contained in 

housings due to the high pressure and risk of explosion. Also, the housing directs air on the lamp 

and removes the excess of heat and ozone.           

a) b) 
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Scheme 2.6.1 Representation of a fluorescence spectrometer [135]. 

 

2.6.2.2. Instrumental Artifacts 

Stray light: Defined as any wavelength light that passes through the monochromators at different 

wavelengths than the desired one [135]. That non-desired light passing through an imperfect 

emission monochromator can influence in the fluorescence spectrum. The consequence of stray 

light is an increase in the fluorescence intensity of    10 . Moreover, the stray light is 100% 

polarized, hence, the polarization of light measurements would be invalid [135].     

Rayleigh scattering: One of the possibilities of light scattering is Rayleigh scattering that in 

fluorescence spectroscopy is caused by the light source [140]. In this so-called “elastic scattering”, 

the incident photons and scattered photons have the same energy what generates diagonals in the 

3D spectrum. Rayleigh scattering can be of first-order λEx=λEm or second-order λEx=2λEm or even 

third-order λEx=3λEm [140], [141]. The scattering feature provides an estimation of the fluorophore 

sample itself. The intensity of Rayleigh scattering is high when the fluorophore has weak 

fluorescence emission while for high fluorescence intensity emissions of the fluorophore, Rayleigh 

scattering can be almost neglectable [140]. 
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Raman scattering: Inelastic scattering, this type of scattering occurs when the scattered photon 

has less energy than the incident photon [142]. In fluorescence, Raman scattering comes from the 

solvent, it also produces a diagonal on the 3D spectrum in which the energy of the scattered 

photon is shifted in a constant amount [140]. Raman scattering differs from fluorescence in the fact 

that Raman takes place for any frequency of incident light keeping a constant separation from the 

emission light frequency, while for fluorescence no matter the frequency of the excitation light, the 

fluorescence emission will have a specific fixed frequency [135]. 

 

2.6.3.  Fluorophores 

Fluorophores are long conjugated alkenes or aromatic compounds. They are divided into two 

classes, intrinsic and extrinsic. The intrinsic type occurs naturally, some examples are aromatic 

amino acids, chlorophyll, and NADH. Extrinsic fluorophores are introduced to the sample to make it 

fluorescent or change the spectral properties e.g. pyrene, fluorescein, and rhodamine among 

others [135]. A special focus is made on extrinsic fluorophores since usually the molecules of 

interest are not fluorescent. The extrinsic fluorophores are divided into three groups: organic dyes, 

biological fluorophores and quantum dots [143]. The small size of those dye molecules is an 

advantage because when functionalized, they can be easily attached to macromolecules. 

Biological fluorophores are clones from the natural fluorophores that can be introduced to bacteria, 

cells or organs to study biological processes. Thus, molecules like proteins are labelled with 

extrinsic fluorophores to provide longer excitations and emission wavelengths than the aromatic 

amino acids [135]. Fluorescent quantum dots are small semiconductor particles of the order of 2-

50 nm that when excited, they emit fluorescence at a wavelength depending on their size, being 

smaller quantum dots more efficient to emit energy and therefore, shifted to the blue side of the 

electromagnetic spectrum [143]. 

The focus of this work was made on pyrene and double-bond functionalized pyrene. Therefore, 

their properties and the synthesis process of pyrene bearing double bonds are described below. 

          

2.6.3.1. Pyrene 

Pyrene is one of the most used dyes in fluorescence studies of labelled polymers. Since it has a 

monomer long lifetime (100-300 ns) [144], high fluorescence quantum yield (0.32-0.72) depending 

on the solvent [145], [167], a sensitivity of its excitation and emission spectra to 

microenvironmental changes, and excimer formation [148], pyrene has become the most studied 

molecule to observe different phenomena in terms of its photophysical properties and its 

interaction with the environment [146], [147]. 

The schematic definition of the pyrene excimer is depicted in Figure 2.6.2 a. The emission spectra 

of the pyrene monomer and excimer are depicted in Figure 2.6.2 b [154]. Pyrene is a rigid 

polycyclic aromatic hydrocarbon and its emission spectrum depends on the polarity of the medium 

in which it is present. In non-polar environments, pyrene exhibits five vibronic bands at λ1= 373 nm, 

λ2=378 nm, λ3=384 nm, λ4=389 nm and λ5=394 nm. In a polar environment, it has three vibronic 

bands at λ1= 373 nm, λ 3=384 nm and λ 5=394 nm. The ratio of the fluorescence intensities at λ3 

and λ1 (I3/I1) allows quantifying the polarity of the pyrene environment, being (I3/I1) larger for more 

hydrophobic environments [149], [150]. A pyrene excimer is formed by the effective collision of an 
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excited pyrene molecule with a ground state one [151] c.f Figure 2.6.2 a. The two molecules 

mutually arrange parallel to each other, and a distance of 3,53  ̇  separates the two pyrene 

molecules [147]. The excimer formation depends on the concentration of pyrene moieties [152], 

[153]. When the excimer is formed, the emission spectrum shows a shift of the bands at    λM=390 

nm from the monomer to a broad band centred at    λE= 475 nm starting from λ= 425 nm to λ= 600 

nm, An example of the effect of the concentration of pyrene on the monomer/excimer fluorescence 

emission spectrum for solutions in cyclohexane is found in Figure 2.6.2 b [154]. 

The ratio of excimer/ monomer is proportional to the concentration of pyrene [155] a half value of 

Iexcimer/Imonomer is found to be at a pyrene concentration of 5x10-4M in cyclohexane [151]. The ratio 

Iexcimer/Imonomer has been used as an indicator of change in the microenvironment [146]. Pyrene 

monomers and excimers are sensible to oxygen [156], free radicals [157], temperature [155], 

pressure [158], [159], pH [160] and polymer dynamics; the last one is reviewed in Section 2.6.7. 

Pyrene crystals do not show monomer emission at any temperature within 4 K to 423 K, only 

excimer emission is observed in the spectrum [147]. Formation of the excimer in a polymer matrix 

has found to be a diffusive process dependent on the viscosity of the media where the fluorophore 

is found [161]. 

 

 
Figure 2.6.2 Fluorescence emission spectrum of pyrene. a) Monomer and excimer formation.  b) 
In cyclohexane when the concentration of pyrene is changed from (1) 1x10-3M to (2) 10-4M, taken 
from ref. [154]. 

  

b) 

a) 

Excimer 

Monomer 
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2.6.3.2. Vinyl Functionalized Pyrene 

It was mentioned in the previous Section that pyrene has been frequently used for the observance 

of its interaction with the environment where it is found. The double-bond functionalization of 

pyrene allows the covalent attachment of the fluorophore to macromolecules in order to study their 

dynamics with more precision. However, the distance between the pyrene molecule and the 

polymer chains should be short to obtain a response that mimics the behaviour of the chain. There 

are two known routes to add a double bond to pyrene with short alkyl chain. The first one involves 

electrophilic aromatic substitution via Friedel-Crafts alkylation where an allyl group is added to the 

pyrene molecule as shown in Scheme 2.6.2 [162]. The other possibility to obtain a vinyl group is 

made Wittig’s reaction of a ylide with pyrene-3-carbaldehyde as shown in Scheme 2.6.3 [163]-

[165].  

+

Cl

AlCl3

N2, 0°C

+ HCl (g)

 
Scheme 2.6.2 Synthesis of allylpyrene via Friedel-Crafts alkylation. 

 

H

O
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H

H
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Scheme 2.6.3 Synthesis of vinylpyrene via Wittig’s Reaction. 

The vinylpyrene molecule has been used in many different manners e.g. it was used in the 

synthesis of fluorescent polymers such as poly(vinylpyrene) or copolymers [166], [167]. Moreover, 

the fluorescent properties of the media where it is found can be tailored by either further 

functionalization [166], or by attaching the molecule to the macromolecules that react with the vinyl 

group creating covalent bonds e.g. attachment to PDMS via hydrosilylation reaction with 

hydrosilanes. 

The absorption and fluorescence emission spectra of vinylpyrene are similar to those of pyrene cf. 

Section 2.6.3.1. However, the wavelengths of the peaks in both spectra are blue-shifted by   10 nm 

[167]. Moreover, the quantum yield of vinylpyrene is higher than that of pyrene (0.87 vs. 0.63 in 

benzene at 298K) [167]. 
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2.6.4. Types of Fluorescence Measurements 

2.6.4.1. 3D-Spectrum 

The 3D spectrum provides a fast and simultaneous view of the fluorescence properties referent to 

the excitation and emission wavelength at which the fluorescence intensity maximizes [168]. The 

measurement to obtain the 3D-spectrum consists of several scans of the emission spectrum while 

shifting the excitation wavelength [169]. The result is a plot of the excitation-emission-fluorescence 

intensity within the analyzed wavelength range for the excitation and the emission. In the spectrum 

artifacts like Raman and Rayleigh scattering can be seen as diagonals [140]. Soltzberg et al. have 

used the contour spectrum (top view) to identify different dyes and pigments in a museum; they 

found out that each dye has its own patterns in the contour spectrum like a fingerprint [140], [141]. 

An example of the contour view is shown in Figure 2.6.3. Breeding and Luo, also used 3D-

fluorescence spectroscopy to detect structural defects in diamond since every defect causing 

variations in the colour of the diamond shows a different 3D pattern [168]. The 3D-spectrum of a 

fluorophore in different solvents is expected to show the similar patterns of excitation and emission 

but a shift of the wavelengths for these patterns might be observed. 

 

Figure 2.6.3 Contour spectrum and structure (top view of 3D- fluorescence spectrum) of Acid 
Orange 20 in methanol, Soltzberg et al [140]. 

     

2.6.4.2. Time-Dependent Fluorescence Intensity or Fluorescence Time-

Scan 

When the fluorescence intensity is recorded along the time usually it is called time-resolved 

fluorescence spectroscopy. However, this term refers to a nanoseconds scale and it is used for 

studying the behaviour of the fluorophore upon relaxation of the excited state, i.e. intensity decays 

or for anisotropy studies. In this type of measurements, the sample is exposed to a pulse of light 

shorter than the fluorescence decay time [135]. On the other hand, measurements, where the 

fluorescence intensity is studied in seconds scale with constant excitation of the fluorophore are 

used for following a process occurring in the media where the fluorophore is dissolved like 

polymers dynamics, kinetics, or to study a process occurring to the fluorophore upon external 

modification [170]. This kind of measurements is called fluorescence intensity time-scan. The 

fluorescence intensity is recorded along the time at constant excitation and emission wavelength 

for the desired time.     
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2.6.4.3. Steady-State Fluorescence Spectrum 

This type of measurement is used to obtain either emission or excitation spectra. The emission 

spectrum is measured at a constant excitation wavelength and the emission intensity is recorded 

within a wavelength interval. The resulting spectrum is a plot of the fluorescence intensity against 

the emission wavelength [135]. Figure 2.6.2, p 78 shown above represents the steady-state 

fluorescence emission spectrum of pyrene. On the other hand, the excitation spectrum can be 

measured when a constant emission wavelength has been set. The excitation wavelength varies 

withing an interval of which the emission intensity is measured. Compared to the 3D-spectrum, the 

steady-state fluorescence spectrum either being of excitation or emission type can be seen as a 

transversal cut parallel to one of the axes of the 3D-spectrum i.e. excitation or emission 

wavelength. 

Independently of the kind of fluorescence spectrum measured, the units of fluorescence intensity 

are reported in counts. Those are arbitrary units that depend on the software and the instrument 

setup for detection. If the fluorescence intensity has to be compared with the intensity recorded 

with another instrument, a calibration is required or relative values should be used.    

2.6.4.4. Polarized Fluorescence 

When the fluorophore is excited with polarized light, the emission can be also polarized. Anisotropy 

describes the extent of polarization. In a homogeneous solution, the fluorophore molecules are 

oriented randomly. If they are excited by polarized light, those molecules with dipole moments 

oriented along the electric vector are preferentially excited [135]. The emission can be depolarized 

by many processes, e.g. rotational diffusion, which changes the direction of the dipole moments. 

The depolarization of the molecules describes the extent of angular displacement of the 

fluorophore between the excitation and the emission states. The angular displacement at the same 

time is related to the rotational diffusion rate, the latter being dependent on the local viscosity of the 

media where the fluorophore is found and the shape of the molecules. For low viscosities and 

small fluorophores, the rate of rotational diffusion is high, thus the anisotropy is close to zero [135]. 

A change in the solvent viscosity results in a change of the anisotropy. On the other hand, if a 

fluorophore binds to another molecule, its rotational rate decreases, therefore the anisotropy 

increases [135]. 

In most of the experiments of anisotropy, the sample is excited with vertically polarized light 

(parallel to the z-axis), and the measurement of the emission is performed by placing the polarizer 

parallel (III) to the direction of the polarizer of the excitation and perpendicular (I┴) to it. The parallel 

and perpendicular fluorescence intensities are used in Eq. 2.6.1 to calculate the anisotropy extent 

 . If the emission is completely depolarized, I┴ =III and r = 0 [135]. The anisotropy r and the 

polarization P are related by Eq. 2.6.2 [135]. 

   
      
       

 Eq. 2.6.1 

   
  

   
 Eq. 2.6.2 
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Scheme 2.6.4 depicts the experimental set up necessary for anisotropy determination. In order to 

calculate the anisotropy experimentally, IVV and IVH are used instead of I┴ and III but they have to be 

corrected by a G factor which is a measure of the ratio between the vertical and the horizontal 

sensitivities of the emission channel. G can be determined using horizontally polarized excitation 

and it is equal to the ratio between IHV and IHH. Using directly the IVV and IVH values to calculate r 

would be incorrect, therefore the anisotropy is determined according to the experimental set up 

shown in Scheme 2.6.4 by the Eq. 2.6.3 [135]. 

   
        

         
        

   

   
 Eq. 2.6.3 

 

 

Scheme 2.6.4 Experimental setup for the measurement of fluorescence anisotropy. 

If r= 0.4, the angular displacement (θ, cf. Scheme 2.6.4) of the fluorophores with respect to the z-

axis is 0°, thus there is no depolarization. If r=0.1, then θ=45°; if r=0, θ=54.7° which is known as 

the magic angle and describes complete depolarization. Finally if  r= -0.2, then θ= 0° [135]. 

The measurements of polarized fluorescence can be of steady type, where a plot of the anisotropy 

values are obtained as a function of the wavelength, or dynamic where usually a plot of the 

anisotropy decay is measured in a time scale of nanoseconds i.e. r(t) vs t because the sample is 

excited with a single pulse [135]. However, if the sample is continuously excited for several 

seconds, a plot of single r values along the time may provide information about long taking 

processes occurring in the media where the fluorophore is found.  
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2.6.5.  Variables Affecting the Fluorescence Intensity 

Structure of the fluorophore: Aromatic molecules with low energy      transitions exhibit 

intense fluorescence.  Aromatic rings with alkyl substitutions cause a change in the maximum of 

the absorption and fluorescence spectrum. Conjugated π bonds are also showing fluorescence 

[171]. Oligophenylenes and linear molecules exhibit higher absorption and fluorescence emission 

of light as the molecules get longer [145]. Some substituents may change the symmetry of the 

fluorophores; this is affecting the intensity, energy for fluorescence transition and polarization. If the 

aromatic rings are isolated by the introduction of an alkyl chain, the fluorescence behaviour 

becomes as if two different fluorophores were mixed [145] e.g. diphenylmethane vs. biphenyl, the 

fluorescence spectrum of diphenyl is similar to toluene.    

Structural rigidity: The fluorescence signal is dependent on the flexibility or the rigidity of the 

media where they are contained. Flexible molecules will tend to decrease the fluorescence 

intensity due to higher intramolecular and intermolecular collision probability but fluorophores must 

be also flat. Planar molecules also contribute to higher fluorescence intensities than non-planar 

since they are more symmetric, the more planar the molecule, the sharper the absorption and 

fluorescence spectra [145].   

Solvent: The spectrum of fluorophores is strongly dependent on the solvent. Solvents of low 

viscosity allow for more rapid collisional deactivation of the fluorescence intensity, which is avoided 

at high viscosities. A polar solvent would cause shifts to longer wavelengths of the absorption and 

fluorescence spectra, when a heteroatom is present in the molecule and interact with the polar 

solvent, besides that the spectra are losing their sharpness [145]. Berlman reports that the solvent 

polarity also may change the fluorescence decay time [145]. For example, phenol dissolved in 

ethanol has twice the fluorescence decay time compared to the dissolution of the molecule in non-

polar solvents. The fluorescence intensity decreases when the solvent contains heavy atoms [172].        

Temperature: Excitation and emission spectra are enhanced by lower temperatures and broaden 

at higher temperatures, hiding different vibrational levels due to superposition since more and more 

transitions of the electrons to different levels from the HOMO to the LUMO orbitals occur [171]. On 

the other hand, higher temperature enhances the collisional deactivation since the movement and 

velocity of the molecules increases, this increases the probability of deactivation by external 

conversion [172].  

Concentration: At higher concentrations of the fluorophore the absorption spectrum remains 

equal but the fluorescence emission spectrum generates a signal at longer wavelengths due to the 

excimer formation. At higher temperatures, the fluorescence intensity of the excimer decreases 

while at lower increases [145]. Förster and Kasper were the first to demonstrate the excimer 

formation of pyrene [173]. Hirayama demonstrated intramolecular excimer formation in polymer 

chains containing alternate fluorophores [174]. 

Oxygen: The presence of oxygen generally decreases the fluorescence intensity i.e. quenches the 

fluorescence [154].  For pyrene at    10-5 M, the fluorescence lifetime decreases    22 times the in 

presence of oxygen in comparison to the lifetime in absence of it at room temperature [151]. Other 

common quenchers are presented in Section 2.6.6.        
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Polarization: The fluorophores absorb light in a particular direction when the light is polarized. The 

emission is also polarized and can be depolarized by rotational diffusion. The fluorescence 

intensity is proportional to the number of molecules with dipole momentum parallel to the polarized 

light electric vector [135]. 

Quenching: see Section 2.6.6. 

Photobleaching: When the fluorescence emission of the fluorophore decreases during 

observation due to photochemical modification which results in irreversible loss of the ability to 

fluoresce. Generally, it occurs when the molecules achieve a triplet excited state since the 

molecules interact much longer with their environment,  as the electrons in the triplet state are 

highly reactive, the molecules may undergo irreversible reactions. Absorption of a second photon 

by a molecule in the excited state also contributes to photobleaching since it may react with other 

molecules in the environment [139]. 

2.6.6. Quenching of Fluorescence 

The term “quenching” stands for a decrease of the fluorescence intensity due to loss of energy 

when the fluorophores are interacting with other fluorescent molecules or non-fluorescent 

molecules. Molecular interactions such as molecular rearrangements, excited-state reactions, 

energy transfer, ground-state complex formation and collisional quenching decrease the 

fluorescence intensity [135]. The factors that influence quenching are the nature of the quencher, 

either it is fluorescent or not, the type of interaction, and the emission wavelength of the 

fluorophore. The types of quenching can be FRET (Föster resonance energy transfer), contact 

quenching and collisional quenching.  

FRET is happening when the space between two different molecules is small. It occurs when the 

fluorophore-1 in an excited state emits the photon, then the other molecule will absorb the emitted 

energy of the fluorophore due to the proximity between the molecules. The result is that the 

fluorescence intensity of the fluorophore is affected especially when the other molecule does not 

emit fluorescence. If the second molecule is a fluorophore-2 and its absorption wavelength is of the 

same magnitude as the emission wavelength from the fluorophore-1, then the second fluorophore-

2 is brought to an excited state with subsequent emission of the photon at the wavelength of the 

second fluorophore [135].        

In collisional quenching, an excited fluorophore reacts with the quencher molecule, the energy of 

the fluorophore in the excited state is transferred to the quencher and thus it relaxes without any 

fluorescence emission [143]. Molecules that act as collisional quenchers are oxygen, amines, 

halogens and electron-deficient molecules  [135]. In PDMS, oxygen diffuses well independently of 

the oxygen and fluorophore concentrations. The use of fillers reduces gradually the diffusion 

coefficient of oxygen, thus, the quenching by oxygen is reduced [175]. The higher the 

concentration of oxygen, the shorter is the lifetime of fluorescence [151].   

On the other hand, if the fluorophore is complexed with another molecule before the excitation, as 

soon as the excitation occurs, the energy is transferred to the other molecule, then the energy is 

lost by heat transfer, this is known as contact quenching [143].  
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Quenching could also occur by attenuation of the incident light by the fluorophore itself or other 

absorbing species [135].   

The viscosity of the media plays an important role in the quenching efficiency. If the quencher and 

the fluorophore are remaining long-time close due to high viscosity, the quenching efficiency 

increases. At low viscosities of the media, both fluorophore and quencher diffuse apart decreasing 

the quencher efficiency [135]. For example, in the in-situ monitoring of the free-radical 

polymerization of PMMA, the fluorescence intensity of the fluorophore was decreasing once the gel 

point was achieved because of the hindered oxygen mobility due to the sudden high viscosity of 

the polymer matrix [176].   

Quenching techniques have been used to study reaction kinetics. The measurement of the 

fluorescence lifetime of pyrene during the free-radical copolymerization of MMA and EGDM  

allowed Kala et al. to determine the gel point due to an increase in the fluorescence lifetime since 

below the gel point the fluorophore was quenched. Above the gel point, the fluorescence lifetime 

increased drastically until a constant value known as the unquenched value. The kinetics were 

quantified by applying the Stern-Volmer equation (cf. Eq. 2.6.4) resulting in the Eq. 2.6.5 when 

applied to the system. At higher temperatures, the onset of gelation decreased. Adding more 

EDGM to the reaction increased the crosslinking rate constant at a determined temperature [177].  

      
      [ ] 

Eq. 2.6.4 

      
      [   ] Eq. 2.6.5 

   : lifetime of the excited molecule;    
  : lifetime of the excited molecule without quenching;   : 

quenching rate constant (Eq. 2.6.4), composite rate constant (Eq. 2.6.5); [ ] : quencher concentration, 
[   ]: MMA concentration. 
        

However, the equation of Stern-Volmer does not always describe the mechanism of quenching. 

Miller et al. studied the sol-gel process of TEOS, ethanol and water by quenching of pyrene during 

the gelation process with oxygen, acrylamide and potassium iodide [178]. The results showed that 

below the threshold between the sol and the gel the quenching mechanism belonged to Stern-

Volmer. Above the threshold the mechanism was different and had to be adapted to a bimolecular 

quenching due to different microenvironments after gelation where water and ethanol are trapped 

in vessels within the gel, thus the quenching of pyrene was different in each environment  [178]. 

   

2.6.7. Fluorescence Spectroscopy to Monitor Polymerization Reactions 

Absorption spectroscopy is known to provide only information about the ground state of the 

molecules absorbing light [135]. On the other hand, fluorescence emission occurs over a period 

from tens to hundreds of nanoseconds enough for  the excited molecules to interact with other 

molecules in solution and hence, provide information about those interactions [135], [171]. 

Examples of molecule interactions are the quenching of fluorescence by oxygen collision, dynamic 

processes involving fluorophore-solvent interactions, rotational diffusion, binding interactions and 

conformational changes [135]. 

Fluorescence techniques have already been used for the study of PDMS dynamics. Diachum et al. 

stated that due to the sensibility of the chromophore to the polymer motion, and the small size of 
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the fluorescent molecule compared to the size of the polymer, the probe dynamics reflect local 

motions of the polymer segments [179].    

On the other hand, fluorophores have been used to monitor polymerization reactions. One 

example is fluorene, which was incorporated in methyl acrylate and used for free-radical 

polymerization. The fluorescence intensity increased due to the breaking of the quenching double 

bond upon incorporation into the polymer backbone, even the gel point was identified close to the 

sudden increase of the sample temperature and fluorescence intensity [176].    

Pyrene has been frequently used as fluorophore due to its capability of revealing the chemical 

nature of its environment in the fluorescence spectrum. It allowed the determination of the gel point 

in sol-gel processes by doping the systems with pyrene and measuring the changes in the 

excitation and fluorescence emission spectra. For example, pyrene was used as the probe to 

monitor the cyclohexyl methacrylate polymerization reaction below and above the Tg. In this case, 

the fluorescence spectrometer was coupled to a DSC device and both fluorescence intensity and 

heat were measured simultaneously. The results showed a coincidence of the conversion vs. time 

profile obtained by DSC and the profile of the fluorescence intensity vs. time above the vitrification 

temperature [180].    

Another example of pyrene used to monitor polymerization reactions was the study made by Fujii 

et al. who observed the disappearance of the excimer peak of pyrene at the gel point in the xerogel 

formation of SiO2 systems as well as band shifts in Si-Ti binary systems after the gel point [181]. 

Okay et al. used steady-state fluorescence spectroscopy to monitor the fluorescence intensity of 

pyrene methyl pivalate (PMP) during the sol-gel transition in the free-radical crosslinking 

copolymerization of methyl methacrylate and ethylene glycol dimethacrylate [182]. The 

fluorescence intensity curves showed an almost completely quenched behaviour at low 

conversions before the gel point, thus they stated that the fluorescent moieties interacted strongly 

with the MMA monomers, linear and branched PMMA, which acted as energy sinkers. At the gel 

point, a sudden increase in the fluorescence intensity was attributed to the frozen fluorophore 

molecules in the formed network. The fluorescence intensity continued to increase until it levelled 

off. The authors attributed the maximum of the first derivative of the fluorescence intensity against 

time to the gel point [182].         

Moreover, Okay et al. also used pyrene to monitor the free-radical crosslinking copolymerization of 

styrene and divinylbenzene (DVB). A series of experiments changing the DVB concentration 

keeping the temperature constant, and the other set of experiments at different temperatures but 

using constant DVB content. Parallel experiments of dilatometry and fluorescence spectroscopy 

were made to better identify the gel point. The results showed that the fluorescence intensity 

increased suddenly upon gelation and the maximum increase or first derivative (tr) was not 

coincident with the time for the gel point (tc) obtained by dilatometry. The time tr was found to be 

the maximum speed of reaction and tc happened to occur before tr. It was also observed that the 

higher the DVB content, the shorter the time for tr and tc, the same tendency was observed at 

higher temperatures of reaction with constant DVB content [183].       

Fluorescence decay measurements were used by Kaya et al. to monitor the gelation process by 

radical copolymerization of MMA with EGDM and the copolymerization of styrene with 

divinylbenzene [184]. The pyrene lifetime was measured at different gelation times based on the 
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hypothesis that the crosslinking media denoted as “solvent”, acts as energy sinker before gelation. 

When the gel is formed, a drastic increase in the pyrene lifetimes should be observed. The results 

allowed the determination of the kinetic parameters for the copolymerizations [177], [184].  

The covalent incorporation of fluorophores to the polymer matrix also has been used to monitor 

polymerization reactions. For example, di(1-pyrenylmethyl)ether DiPyM was used for monitoring 

the polymerization of BZMA-co-S by measuring the absorbance and the emission spectra of the 

fluorophore along the time of gelation. The emission of intramolecular excimer allowed the study of 

the gelation reaction. As the gel was formed, the molecules appear to be in a frozen state and the 

formation of the excimer is no longer possible when the polymer matrix is highly viscous or solid 

[185]. Monitoring the fluorescence intensity of the excimers has been correlated to conversion in 

the MMA polymerization by introducing bi-pyrene propane (BPP) as the fluorophore. The ratio 

Imonomer/Iexcimer increased upon reaction from 0.30 to 12.6 reaching a plateau value as the 

polymerization reached its maximum. Other fluorophores of less volume as dimethyl  

aminobenzylidene malononitrile (DMABMN) showed a delayed sensitivity to the polymerization 

since the available free volume of the system did not affect DMABMN motion upon polymerization. 

However, in the case of BPP, the reduced free volume caused a rotational hindrance thus is 

sensed with more precision changes in the microenvironment [186].     

In the coating processes of photocurable materials, the use of fluorophores has contributed to the 

characterization of the coatings by monitoring the degree of cure and the coating thickness [187]. 

Allowing the curing materials to swell at different extents of gelation and monitoring the 

fluorescence intensity upon swelling has been a tool to monitor the curing by the real-time [185]. 

  

2.6.8. Fluorophores Behaviour in PDMS-Networks  

The behaviour of fluorophores such as pyrene, carbazolyl, and anthracenyl contained in PDMS 

networks has been studied by many researching groups, especially for pressure-sensitive 

materials applications [188]-[196]. The PDMS materials contained fluorophores either embedded in 

the polymer networks or covalently attached to them.   

Pyrene molecules have been trapped in silicone polymer coatings for sensing applications due to 

its properties as the ability to be quenched by oxygen, high quantum yield and long excited lifetime 

[189]. The sensitivity of pyrene to solvent polarity has been used as a tool for examining the local 

environment, especially of polymers [189].  

It was observed that during ageing of the PDMS rubbers with pyrene embedded in the matrix, the 

pyrene intensity decreased which was attributed to pyrene degradation. One of the possible 

causes of degradation was said to be UV radiation. However, the decrease of the fluorescence 

intensity due to UV exposure was found to be insignificant to be the cause of pyrene degradation 

[188]. Thermal ageing experiments at 60°C showed a dependence of the fluorescence intensity 

behaviour on the pyrene concentration. Below 20mM pyrene concentration, the intensity 

decreased with time. With higher concentrations, it remained constant for some time, then began 

to increase to a maximum with a subsequent steady decrease. The time to reach the maximum 

was pyrene concentration-dependent, which was attributed to concentration quenching [190]. 

Moreover, the observed steady decrease corresponded to the pyrene diffusion out of the polymer 

once concentration quenching is overcome. The pyrene diffusion process after the maximum was 
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concentration independent i.e. the diffusion coefficient was the same regardless of the initial 

pyrene concentration [190]. At normal conditions of PDMS ageing, the fluorescence intensity 

stability of coatings of PDMS with pyrene increased on time with higher pyrene concentrations, 

passing from two days at 20 mM to hundred days at 40mM [188]. The mechanism of fluorescence 

intensity decrease was attributed to pyrene evaporation assisted by diffusion out of the polymer 

matrix. At room temperature and pressure, the diffusion and evaporation take places at slow rates 

[188]. At high temperatures and lower pressure, the diffusion of pyrene is accelerated [189], [190].       

Methylantracene and 9-carbazole-9-ethanol have also been added to the PDMS rubbers as 

fluorescent guests to study by fluorescence techniques the properties of the materials. Dominguez 

et al. [194], [195], measured the steady-state spectrum of PDMS containing the previously 

mentioned fluorophores at different temperatures oscillating from 20 K to 410 K in steps of 10 K. 

The fluorescence intensity behaviour allowed the identification of the thermal properties of the 

PDMS rubbers such as the glass transition temperature (Tg), and melting temperature (Tm), both in 

good agreement with the temperatures detected when using the DSC technique. Such 

experiments, as well as swelling measurements, showed that adding fluorophores in small 

concentrations to the PDMS of the order of  1x10-3M did not affect the properties of the materials.   

The elastic deformation of PDMS rubbers has been studied by means of fluorescence 

spectroscopy [196]. The method involved pyrene as fluorophore covalently and non-covalently 

attached to the polymer network. An increase in the fluorescence intensity of the monomer and 

excimer upon strain was observed during the application of linear stress. A decrease in the 

intensities was also observed while relaxing. However, the ratio of excimer to monomer intensity 

(IE/IM) decreased with elongation and increased with relaxation being lower for materials with non-

covalent pyrene in the polymer matrix. Two possible explanations for the results were discussed, 

one consisted to pyrene molecules better oriented while elongation, thus the opacity is reduced 

and more incident light is captured by the pyrene molecules oriented along the transversal axis to 

the incident light. Therefore, anisotropy and polarization experiments were performed (for more 

information about anisotropy see Section 2.6.4.4). The monomer was found to be slightly 

depolarized by stretching suggesting a loss of orientation and the excimer was completely 

depolarized. Thus, the mobility of pyrene seemed to increase upon stretching. The other 

hypothesis was a decrease of oxygen quenching during stretching due to a decrease in the oxygen 

permeability leading to an increase in the fluorescence intensity and the fluorescence lifetime. 

Moreover, the sensitivity of the monomer to oxygen is different from the sensitivity of the excimer, 

which would lead to the change in the IE/IM ratio.  



Chapter 2                                                                                                                   Literature Review 

89 

2.7. References 

[1] Moretto, H., Schulze, M., Wagner, G. “Silicones”, in Ullmann's Encyclopedia of Industrial 

Chemistry, p. 675-708, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2000. 

[2] Hurd, B. C. J. Am. Chem. Soc., 68, 364, 1946. 

[3] Rochow, E. G., “Silicon and silicones”, Springer-Verlag, Berlin, 1987.   

[4] Colas, A., “Silicones: Preparation, properties and performance”,  Dow Corning, Life 

Sciences. 2005.   

[5] Gray, D. W., O’Connors, R. J., Industrial and Engineering Chemistry, 50 (2), 132-136, 1958.  

[6] Kittel, H., “Lehrbuch der Lacke und Beschichtungen, Band 2”. 2. Auflage, S. Hirzel Verlag, 

Stuttgart-Leipzig, 1998. 

[7] Brook, M. A, “Silicon in Organic, Organometallic, and Polymer Chemistry”, John Wiley & 

Sons, Inc. Ontario, 2000.  

[8] Belorgey, G., Sauvet, G., Chojnowski, J., “Silicon-containing polymers”, Kluwer Academic 

Publishers, Dordrecht, 2000. 

[9] Young, R.J., Lovell, P.A., “Introduction to Polymers”. 3rd Ed. Chap. 3, CRC Press, USA. 

2011.   

[10] Elias, H.G., “Makromolekuele Band 2: Physikalische Strukturen und Eigenschaften”. Chap 

12. Wiley-VCH, Weinheim, 2001. 

[11] Pouget, E., Tonnar, J., Lucas, P., Lacroix, P., Ganachaud, F., Boutevin, B., Chem. Rev., 

110, 1233-1277, 2010.  

[12] Braun, D., Cherdron, H., Rehahn, M., Ritter, H., Voit, B., “Polymer Synthesis: Theory and 

Practice”, 4th Ed., Springer, Berlin-Heidelberg. 2005. 

[13] Wacker Chemie A.G., “Fest- und Flüssigsilikonkautschuk, der Leitfaden für die Praxis”. 

Retrieved on August 2017, from http://wacker.com. 

[14] Ravve, A., “Principles of Polymer Chemistry”, Plenum Press, New York, 1995. 

[15] Lorenz, G., Kandelbauer, A., “Handbook of Thermoset Plastics”, chap 14, 3rd Ed, William 

Andrew Publishing, Boston, 2014. 

[16] Orlych, G. M., “Silicone–Adhesive Interactions in Release Liner Applications”, Akrosil, 

Menasha, Wisconsin. Article based on a paper presented at PSTC Tech XXVI, Orlando. 

2004.   

[17] Thomas, D.R., “Siloxane Polymers”, Chap 12, Carson, S.J., Semlyen, J.A. eds. Prentice-

Hall, New York, 1993.   

[18] Podoba, A. M., Goldovskii, E. A., Donstov, A. A., Intern. Polym. Sci. Tech., 14, 42-45, 1992.   

[19] Buyl, F., International Journal of Adhesion and Adhesives, 21, 411-422, 2001. 

[20] Brandrup, J., Immergut E.H., Grulke E.A., “Polymer Handbook” 4th Ed. Vol.2. Wiley-

Interscience. New Jersey, USA. 1999.  

[21] Migler, K. B., Hervet, H., Leger, L., Phys. Rev. Lett. 70, 287-290, 1993. 

[22] Newby, B. Z., Chaudhury, M. K., Langmuir.  13, 1805-1809, 1997. 

[23] Hiemenz, P. C. “Polymer Chemistry: The basic concepts”, Chap. 1, p 48-65; chap 3, p 133-

197; Chap.10, p 660, Marcel Dekker, Inc. New York, USA. 1984. 

[24] Mirau, P., “A practical guide to understanding the NMR of polymers” John Wiley & Sons, 

Inc. New Jersey, USA. 2005. 

http://wacker.com/


Chapter 2                                                                                                                   Literature Review 

90 

[25] Ulig, F., Marsmann, H., “Silicone Compounds: Silanes Silicones Handbook. 29Si NMR: 

Some Practical Aspects” 3rd Ed. Gelest, Inc., Morrisville, USA. 2013. 

[26] Stevens, P.M., “Polymer Chemistry An Introduction”. 2nd Ed. Chap 2. p 43-47, Chap 5. p. 

146-155. Oxford University Press, Inc., New York. USA. 1990. 

[27] Agarwal, N., Nair, M. S., Mazumder, A., Poluri, K. M., “Characterization of Nanomaterials 

Using Nuclear Magnetic Resonance Spectroscopy” in “Characterization of Nanomaterials 

Advances and Key Technologies”, Chater 3, p 61-102, Elsevier Ltd., Cambridge, UK, 2018. 

[28] Pretsch, E., Buehlmann, P., Affolter, C., Badertscher, M., “Spektroscopische Daten zur 

Strukturaufklärung organischer Verbindungen”, 4. Auflage, Chap. 6, Springer. Heidelberg, 

Germany. 2001. 

[29] Du, Y., Xue, Y., Frisch, H. L., “Physical Properties of Polymers Handbook”. AIP Press:  

Woodbury, New York, 1996.  

[30] Flory, P.J. “Principles of polymer chemistry”, Chap IX, p. 347-398, Chap XII, p. 507-510, 

Chap. XIII p. 576-593, Cornell University, Ithaca, NY, 1953.  

[31] Su, W. F., “Lecture Notes in Chemistry- Principles of Polymer Design and Synthesis”, vol 

82, Chap. 2 p 9-25, Springer, Heidelberg, 2013.  

[32] Huglin, M.B., Pass, D.J., J. Appl. Polym. Sci. 12, 473. 1968.    

[33] Errede, L.A., Macromolecules, 19, 1522. 1986. 

[34] Whitesides, G.M., Lee, J.N., Park, C. Anal. Chem. 75, 6544-6554. 2003.  

[35] Kuo. M. C. A., “Silicone Release Coatings for Pressure Sensitive Industry- Overview and 

Trends- Part 1 An introduction to Silicone”, Dow. Corning Corporation. 

www.dowcorning.com. 

[36] Teraoka, I., “Polymer solutions: an introduction to physical properties”, Chap 1. John Wiley 

and Sons, Inc. New York. 2002.  

[37] Fakirov, S., “Fundamentals of Polymer Science for Engineers”, Chap 6, p 162-164, Wiley-

VCH Verlag GmbH & CO. KGaA, Weinheim, Germany, 2017.  

[38] Huggins M. L., J. Am. Chem. Soc. 64, 2716. 1942. 

[39] Wolf, B.A., Macromol. Rapid Commun. 28, 164-170. 2007. 

[40] Bercea, M., Brunchi, C., Morariu, S., Cazacu, M., Ind. Eng. Chem. Res. 49, 12740-12746. 

2010.  

[41] Harris, R. K., Kimber, B. J., J. Oganomet. Chem., 70:1, 43, 1974. 

[42] Gray, G.W.; Hawthorne, W.D., Lacey, D., White, M. S., Semlyen, J. A. Liquid Crystals, 6:5, 

503, 1989. 

[43] Malvern Instruments, “Zetasizer nano series user manual”, Malvern Instruments Ltd., 

England 2003. 

[44] Mie, G. Ann. Phys. 25, 377–455, 1908. 

[45] Cho, H., Park, S., Ree, M., Chang, T., Jung, J. C., Zin, W. C. Macromolecular Research, 14 

(3), 383–386, 2006. 

[46] Microanalytic Laboratory of  the University of Vienna “C/H/N Method description” retrieved 

on September 2019 from https://www.univie.ac.at/Mikrolabor/. 

[47] Schakley, M. S., “X-Ray Fluorescence Spectroscopy in Geoarchaeology” Chap 2, Springer, 

New York, USA, 2011. 

http://www.dowcorning.com/
https://www.univie.ac.at/Mikrolabor/


Chapter 2                                                                                                                   Literature Review 

91 

[48] Tang, C. Y., Yang, Z. “Transmission Electron Spectroscopy” in “Membrane 

Characterization” Edited by Hilal, N., Ismail, A. F., Matsuura, T., Oatley-Radcliffe, D. 

Chapter 8, p 146-148, El Sevier, 2017.  

[49] Suryanarayana, C., Grant-Norton, M., “X-Ray Diffraction A Practical Approach” Springer 

Science+Business Media, LLC, New York, USA, 1998. 

[50] Misture, S. T., Snyder, R. L., “X-Ray Diffraction” in “Encyclopedia of Materials: Science and  

Technology” Edited by Buschow, J., Cahn, R. W., Flemings, M. C., Ilschner, B., Kramer, E. 

J., Mahajan, S., Veyssière, P. p. 9788-9808, Elsevier, 2001. 

[51] Dusek, K., Duskova-Smrckova, M., “Polymer networks” in “Macromolecular Engineering”, 

Vol. 3, Chap. 8, p. 1687-1730, Wiley-VCH Weinheim, 2007.  

[52] Odian, G., “Principles of Polymerization”, 3th Ed., Chap 2, p. 10-12. John Wiley & Sons, 

New York, 1991. 

[53] Hoffmann, H., Krömer, H., Kuhn, R., “Polymeranalytik II”, G. Thieme Verlag, Stuttgart, 1977. 

[54] Harrison, D.P.J. , Yates, W.R., Johnson , J.F., J. Macromol. Sc., part C, 25:4, 481, 1985. 

[55] Flory, P. J., Rehner, J., J. Chem. Phys. 11, 521, 1943.   

[56] Valentín, J. L., Carretero-González, J., Mora-Barrantes, I. Chassé, W., Saalwächter, K., 

Macromol. 41, 4717-4729, 2008.  

[57] Welz, M. S. B. “Atomic Absorption Spectrometry”,  Wiley-VCH, Weinheim, Germany, 1999. 

[58] PelkinElmer brochure “Atomic Spectroscopy- A Guide to Selecting the Appropriate 

Technique and System”, retrieved on September 2019 from www.pelkinelmer.com    

[59] Fernández, B., Lobo, L., Pereiro, R., “Atomic Absorption Spectrometry: Fundamentals, 

Instrumentation and Capabilities” in “Encyclopedia of Analytical Science” 3rd Ed., p 137-

143, Academic Press, 2019. 

[60] Butt, H.J., Graf, K., Kappl, M., “Physics and Chemistry of Interfaces”, Chap 7, p 125-152,  

2nd Ed., Wiley-VCH Verlag GmbH, Weinheim, 2006. 

[61] Martínez García, M. A. “Characterization of the Adsorption of Biomolecules in Open 

Electrowetting On Dielectrics Microfluidics-Tool Platform for Bio-analytical Applications” 

Ph.D. thesis. Albert-Ludwig University. p. 23, 2011.  

[62] Bracco g., Holst, B., “Surface science techniques”, 58 Chap. 1, Springer,  2013. 

[63] Young, T.,  Phil. Trans. Roy. Soc. London, 95, 65, 1805. 

[64] Israelachvili, J. N., “Intermolecular and Surface Forces”, Chap. 17, p. 415-469, Elsevier, 

Amsterdam, 2011. 

[65] Krüss GmbH, “User manual for DSA1” Hamburg, 2004-2012. 

[66] Fowkes, F. M., Industrial and Engineering Chemistry, vol 56, 12, p 40-52, 1964.  

[67] Fowkes, F. M., J. Phys. Chem., 66, 382, 1962. 

[68] Ekeland, R., Tonge, J. S., Gordon, G. V., “Release Force Understanding- Recent Finds” 

Dow Corning Corporation. www.dowcorning.com 

[69] Ruuska, H. Practical Adhesion of Siliconized Release Liners (master thesis). retrieved from 

Master’s thesis collection, Tampere University of Technology, 2016. 

[70] Gordon, G.V., Perz, S.V., Tabler, R.L., Stasser, J.L., Owen, M.J., Tonge, J.S., “Silicone 

Release Coatings: A Closer Look at Release Mechanisms” Dow Corning Corporation, 

www.dowcorning.com, 1998 

[71] Abbott, S. “Adhesion Science: Principles and Practice”, DEStech Publications, Lancaster, 

USA, 2015. 

http://www.pelkinelmer.com/
http://www.dowcorning.com/
http://www.dowcorning.com/


Chapter 2                                                                                                                   Literature Review 

92 

[72] Mangipudi, V.S., Falsafi, A., “Direct Estimation of the Adhesion of Solid Polymers”, in 

“Adhesion Science and Engineering”, edited by Pocius, M.C.V., p 75–138, Elsevier Science 

B.V., Amsterdam, 2002. 

[73] Lee, H. L., Flynn, N. T., “Handbook of Applied Solid State Spectroscopy”, Chap 11, p 485-

507, Springer, USA, 2006. 

[74] Ewald, P.P., “Fifty years of X-ray diffraction”, Chap 16. Springer, 1962. 

[75] Wang, T. H., Gole, J. L., White, M. G., Watkins, C., Street, S. C., Fang, Z., Dixon, D. A., 

Chem. Phys. Lett. 501, 159–165, 2011. 

[76] Chusuei, C. C., Goodman, D.W., “Encyclopedia of Physical Science and Technology” 3rd 

Ed, Vol 17, p 921, Academic Press, 2002.   

[77] Bogdan, M., Gulinski, J., Urbaniak, W., Kornetka, Z. W., “Comprehensive Handbook on 

Hydrosilylation”, Chap 2, p 8-94, Pergamon Press, Oxford, 1990. 

[78] Speier,J. L., Webster, J. A., Barnes, G. H. J. Am. Chem. Soc., 79, 974, 1957. 

[79] Chalk, A. J., Harrod, J. F.,  J. Am. Chem. Soc., 87(1), 16–21, 1965. 

[80] Karstedt, B. D., U.S. Patent 3775452, 1973. 

[81] Lewis, L. N., Lewis, N., J. Am. Chem. Soc., 9, 7228–7231, 1986. 

[82] Lewis, L. N., Stein, J., Gao, Y., Colborn, R. E., Hutchins G., Platinum Metals. Rev. 41(2), 

66-75, 1997. 

[83] Miao, Q. J., Fang, Z.P., Cai, G. P. Cat. Comm. 4, 637-639, 2003. 

[84] Galenandro-Diamant, T., Zanota, M. L., Sayah, R., Veyre, L., Nikitine, C., de Bellefon, C., 

Marrot, S., Meille, V., Thieuleux, C. Chem. Comm. 51, 16194 – 16196, 2015. 

[85] Bai, H., Indus. Eng. Chem. Res. 53(4), 1588-1597, 2014. 

[86] Meister, T. K., Riener, K., Gigler, P., Stohrer, J., Hermann, W. A., Kühn, F. E. ACS Catalysis, 

6(2), 1274-1284, 2016. 

[87] Sakaki, S., Mizoe, N., Sugimoto, M., Organometallics, 17, 2510-2523, 1998. 

[88] Lewis, L. N., Lewis, N., Uriarte, R. J., “Advances in Chemistry, In Homogeneous Transition 

Metal Catalyzed Reactions”, Chap 37, p 541-549, American Chemical Society, Washington 

D.C, 1992.  

[89] Lewis, L. N., J. Am. Chem. Soc., 112, 5998-6004, 1990.  

[90] Stein, J., Lewis, L. N., Gao, Y., Scott, R. A., J. Am. Chem. Soc. 121, 3693-3703, 1999. 

[91] Faglioni, F., Blanco, M., Goddard, W. A., Saunders, D., J. Phys. Chem. B. 106, 1714-1721, 

2002. 

[92] Trautz, M., Zeitschrift Anorg. Algem. Chem. 96(1), 1-28, 1916. 

[93] Lewis, C., J. Chem. Soc. 113, 471, 1918. 

[94] Flory P.J., J. Am. Chem. Soc. 63(11), 3083-3090, 1941. 

[95] Brinker, C. J., Scherer, G.W., “Sol-Gel Science The Physics and Chemistry of Sol-Gel 

Processing”, Chap 1 and 5. Academic Press, Inc. San Diego, 1990. 

[96] De Gennes, P. G. “Scaling concepts in polymer physics” Chap V, p 128-162, Cornell 

University Press, London, 1979. 

[97] Hauser, E. A., J. Chem. Educ. 25(8), 461, 1948. 

[98] Odian, G., “Principles of Polymerization”. Chapter 2, p 3 -197, 4th Ed. John Wiley & Sons 

Inc., New Jersey, 2004. 

[99] Stockmayer, W. H., J. Chem. Phys. 11(2), 45, 1943. 

[100] Hench, L.L., West, J.K., Chem Rev. 90, 33-72, 1990. 



Chapter 2                                                                                                                   Literature Review 

93 

[101] De Rosa, M. E., Mours, M., Winter, H. H., Polymer Gels and Networks, 5(1), 69–94, 1997. 

[102] Yang, W.T., Deng, Y.T., Jin, G.T. Polym. Bull. 33, 733-740, 1994.  

[103] Brazel, C. S., Rosen S.L., “Fundamental Principles of Polymeric Materials”, Chapter 8, 3rd 

Ed., John Wiley & Sons Inc., New Jersey, 2012. 

[104] Flory, J. P., J. Am. Chem. Soc., 63(11), 3091-3096, 1941. 

[105] Flory, J. P., J. Am. Chem. Soc., 63(11), 3096-3100, 1941. 

[106] Flory, J. P., J. Phys. Chem., 46(1), 132-140, 1942. 

[107] Stockmayer, W. H., J. Chem. Phys. 12(4), 125-131, 1944. 

[108] Flory, J. P., J. Am. Chem. Soc., 69, 30-35, 1947. 

[109] Stockmayer, W. H., Weil, L. L., “Advancing Fronts in Chemistry”, ed. By Twiss, S. B., Chap. 

6, Reinhold Publishing Corp. New York, 1945. 

[110] Stepto, R.F.T., Taylor, D.J.R, Partchuk, T., Gottlieb, M. “Silicone and Silicone-Modified 

Materials- Poly(dimethylsiloxane) Gelation Studies” Chap 12, p 194-203, ACS Symposium, 

Washington D.C, 2000.  

[111] Stepto, R.F.T, Cail, J.I., Taylor, D.J.R. Macromol. Symp. 159, 163-178, 2000. 

[112] Cail, J.I., Stepto, R.F.T, Polym. Bullet. 58, 15-25, 2007. 

[113] Rolfes, H., Stepto, R.F.T., Makromol. Chem., Macromol. Symp. 76, 1-12, 1993. 

[114] Cail, J.I., Stepto, R.F.T, Taylor, D.J.R. Macromol. Symp. 171, 19-36, 2001. 

[115] Dutton, S., Stepto, R.F.T., Taylor, D.J.R. Macromol. Symp. 118, 199-205, 1997. 

[116] Tokita, M. Food Hydrocolloids, 3(4), 263-274, 1989. 

[117] Dutton, S., Stepto, R.F.T, Taylor, D.J.R., Angew. Makromol. Chem. 240, 39-57, 1996. 

[118] Smith J. M., Van Ness, H. C., Abbott, M. M., “Introduction to Chemical Engineering 

Thermodynamics” 7th Ed, Chap 2-4, Mc. Graw-Hill Inc, 2005.  

[119] Netzsch GmbH., “Worin unterscheiden sich DSC und DTA?” Retrieved on 13th, November 

2017, from http:netzsch-thermal-analysis.com.  

[120] Hemminger, W. F., Cammenga, H. K., “Methoden der Thermischen Analyse”, Springer, 

Berlin, 1989.  

[121] Gabbott, P.  “Principles and applications of thermal analysis”, 1st Ed, Chap. 1, p.2, 34-36, 

46. Blackwell pub, 2008. 

[122] Borchardt, J., Daniels, F., J. Am. Chem. Soc. 79, 41-46, 1957. 

[123] ASTM E2041 “Estimating Kinetic Parameters by Differential Scanning Calorimeter Using 

the Borchardt and Daniels Method”, 2013. 

[124] Butts, M., Cella, J., Wood, C. D., Gilette, G., Kerboua, R., Leman, J., Lewis, L., Rubinsztajn, 

S., Schattenmann, F., Stein, J., Wicht, D., Rajamaran, S., Wengrovius, J., “Silicones” in 

“Encyclopedia of Polymer Science and Technology”, H. F. Mark, Ed., 4th Ed, Vol 11, 765-

841, John Wiley & Sons, Hoboken, USA, 2014. 

[125] Nyczyk, A., Paluszkiewicz, C., Hasik, M., Cypryk, M., Psspiech, P. Vibrational 

Spectroscopy, 59, 1–8, 2012. 

[126] Elias, H. G., “Macromolecules Vol. 3, Physical Structures and Properties”, Chap. 15-17, p 

491-611, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2008. 

[127] Collyer, A. A., Clegg, D.W., “Rheological Measurement” chap 1, 2nd Ed. Springer Science 

and Business Media B.V. Chapman & Hall, London, 1998. 

[128] Velankar, S. S., Giles, D., Rheology Bulletin, 76(2), 8–20, 2007. 

[129] AR 2000 Operating Manual. TA instruments. New Castle, Delaware, USA, 2007. 



Chapter 2                                                                                                                   Literature Review 

94 

[130] Ross-murphy, S. B., Polymer gels and networks, 2, 229–237, 1994. 

[131] Winter, H.H, Chambon, F., J. Rheology, 30(2), 367–382, 1986. 

[132] Tung, Y. M., Dynes, P, J., J. Appl. Pol. Sci., 27, 569, 1982. 

[133] Venkataraman, S. K., Coyne, L., Chambon, F., Gottlieb, M., Winter, H. H. Polymer, 30(12), 

2222–2226, 1989. 

[134] Macosko, C. W., Miller, D. R. Macromolecules, 9, 199, 1976. 

[135] Lakowicz, J. R. “Principles of Fluorescence Spectroscopy”. 3rd Ed. Chap 1, 2 and 3, p 1-94. 

Chap 8,9, p 277-351, Chap 10, 11, p 353-412, Springer, Baltimore. USA. 2006. 

[136] Jablonski, A., Z. Phys., 94, 38-46, 1935. 

[137] Lichtman, J. W., Conchello, J. A., Nature Methods, 2 (12), 910-919, 2005. 

[138] Stokes, G.G. Phil. Tras. R. Soc. (London), 142, 463-562, 1852. 

[139] Pawley, J. B. Editor, Diaspro, A., Chirico, G., Usai, C., Ramoino, P., & Dobrucki, J., 

“Handbook of Biological Confocal Microscopy”, Springer, New York, USA, 690–702, 2006. 

[140] Soltzberg, L. J., Lor, S., Okey-Igwe, N., Newman, R. Am. J. of Anal. Chem. 3 (9), 622-631, 

2012. 

[141] Soltzberg, L. J., Flynn, S., Kirch, V., Newman, R. Am. J. of Anal. Chem. 4, 531-576, 2013.  

[142] Harris, D. C., Bertulocci, M. D., “Symmetry and Spectroscopy: an Introduction to Vibrational 

and Electronic Spectroscopy” Dover Publications, New York, 1989. 

[143] Thermo Fisher Scientific, Fluorescent probes. Protein-biology-resource, pierce-protein-

methods, fluorescent probes. Retrieved on 5, March 2017, from 

https://www.thermofisher.com/de.  

[144] Kim, J. J., Beardslee, R. A., Phillips, D. T., Offen, H.W. J. Chem. Phys. 51, 2761, 1969.  

[145] Berlman, I. B., “Handbook of Fluorescence Spectra of Aromatic Molecules”, 2nd Ed,  Chap 6, 

p 383, Academic Press, Newyork,  1971. 

[146] Figueira-Duarte, T. M., Müllen, K., Chem. Rev. 111, 7260-7314, 2011. 

[147] Winnik, F. M., Chem. Rev. 93, 587-614, 1993. 

[148] Uddin, G., Azam, Z., Am. J. Biochem. Mol. Biol., 3(1), 175-181, 2013. 

[149] Geddes, C. D., “Reviews in Fluorescence 2015”, Springer, 2015. 

[150] Glushko, V., Thaler, M. S. R., Karp, C. D. Arch. Biochem. Biophys. 210(1), 33, 1981. 

[151] Birks, J., B., Dyson, D., J., Munro, I., H. Proc. R. Soc. Lon., 275, 575, 1963. 

[152] Berezin, M. Y., Achilefu, S., Chem. Rev. 110, 2641-2684, 2010. 

[153] Bains, G., Patel, A. B., Narayanaswamy, V., Molecules, 16, 7909-7935, 2011. 

[154] Conte, J. C., Rev. Port. Quím. 9, 13, 1967. 

[155] Birks, J. B., Munro, L. H., Lumb, M. D., Proc. R. Soc. London A: Math. Phys. Sci. 280-289, 

1964. 

[156] Vaughan, W. M., Weber, G., Biochemistry, 9, 464-473, 1970. 

[157] Oter, O., Ribou, A. C., J. of Fluo. 19, 389-397, 2009. 

[158] Templer, R. H., Castle, S. J., Curran, A. R., Rumbles, G.; Klug, D. R., Faraday Discuss. 

111, 41-53 1998. 

[159] Johnson, P. C., Offen, H. W., J. Chem. Phys. 59(2), 801, 1973. 

[160] Pokherel, M. R., Bossmann, S. H., J. Phys. Chem. B, 104, 2215, 2000. 

[161] Salom, C., Semlyen, J. A., Clarson, S., Hernández Fuentes, I., Maçanita, A. L., Horta, A., 

Piérola, I. F. Macromolecules, 24(26), 6827–6831, 1991.  

https://www.thermofisher.com/de


Chapter 2                                                                                                                   Literature Review 

95 

[162] Clayde, J., Greeves., Warren, S. G., “Organic Chemistry”, 1st Ed. Chap 22, p 553-555, 

Oxford University Press, 2001. 

[163] Wittig, G., Angew. Chem. 53, 242, 1940. 

[164] Wittig, G., Geissler, G., Ann. 580, 44, 1953.  

[165] Tanikawa, K., Ishizuka, T., Suzuki, K., Kusabayashi, S., Mikawa, H., Bulletin of the 

Chemical Society of Japan, 41(11), 2719–2722, 1968. 

[166] Katritzky, A. R., Zhu, D.-W., Schanze, K. S. J. Pol. Sci. Part A: Pol. Chem. 31(9), 2187–

2195, 1993. 

[167] McDonald, J. R., Echols, W. E., Price, T. R., Fox, R. B. J. Chem. Phys. 57(4), 1746–1752, 

1972. 

[168] Luo, Y., Breeding, C. M., Gems & Geology, 49, 2, 82-97, 2013. 

[169] Hitachi Technologies Corporation, “Instruction Manual Hitachi Fluorescence Spectrometer 

FL Solutions Program, Operation Manual”, 3rd Ed. 2001.  

[170] Wang, X., Wu, P., Lv, L., Hou, X., Microchemical Journal 99, 327-331, 2011. 

[171] Sauer, M., Hofkens, J., Enderlein, J., “Handbook of Fluorescence Spectroscopy and 

Imaging: From Single Molecules to Ensembles”, Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim, Germany, 2011.    

[172] Wong, D., “Electronic Spectroscopy Theory” Physical and Theoretical Chemistry. Retrieved 

on 10, March 2017, from http://chem.libretexts.org. 

[173] Föster, T., Kasper, K., Z. Elektrochem. 59, 976, 1955.  

[174] Hirayama, F., J. Chem. Phys. 42, 3163, 1965.   

[175] Cox, M. E., J. Pol. Sci. Part A: Pol. Chem. 24, 621–636, 1986. 

[176] Miller, K. E., Burch, E. L., Lewis, F. D., Torkelson, J. M., J. Pol. Sci. Part B: Pol. Phys. 

32(16), 2625–2635, 1994. 

[177] Kaya, D., Pekcan, O., J. Phys. Chem. B, 106, 6961–6965, 2002. 

[178] Miller, E., Jóźwik-Styczyńska, D., Colloid Polym. Sci., 285(14), 1561–1571, 2007. 

[179] Diachun, N., Marcus, A. H., Hussey, D., Fayer, M. D., J. Am. Chem. Soc. 116(3), 1027–

1032, 1994. 

[180] Serrano, B., Cabanelas, J. C., Baselga, J., Bravo, J.,  J. Fluo., 7(4), 341–345, 1997. 

[181] Negishi, N., Fujii, T., Anpo, M., Langmuir, 9, 3320–3323, 1993. 

[182] Peckan, O., Yilmaz, Y., Okay, O., J. Appl. Pol. Sci. 61(13), 2279–2284, 1996. 

[183] Okay, O., Kaya, D., & Pekcan, O. Polymer, 40(22), 6179–6187, 1999. 

[184] Pekcan, Ö., Kaya, D. Internat. J. Photoen., 4(4), 153–160, 2003. 

[185] Corrales, T., Peinado, C., Garcia-Casas, M. J., Lukáč, I., Kósa, C. J. Photochem. Photobio. 

A: Chem., 200, 201–208, 2008. 

[186] Miller, K. E., Burch, E. L., Lewis, F. D., Torkelson, J. M., J. Pol. Sci. Part B: Pol. Phys. 

32(16), 2625–2635, 1994. 

[187] Song, J. C., Neckers, D. C., Pol. Eng. Sci. 36(3), 394–402, 1996. 

[188] Basu, B. J., Anandan, C., Rajam, K. S., Sens.  Actuators, B, 94, 257–266, 2003. 

[189] Anandan, C., Basu, B. J., Rajam, K. S., Euro. Pol. J. 40(2), 335–342, 2004.  

[190] Anandan, C., Basu, B. J., Rajam, K. S., Euro. Polymer Journal, 40(8), 1833–1840, 2004. 

[191] Basu, B. J., Rajam, K. S. Sensors and Actuators, B: Chemical, 99, 459–467, 2004. 

[192] Sant, Y. Le, & Mérienne, M., Aeros. Sci. Technol.  9, 285–299, 2005. 

http://chem.libretexts.org/


Chapter 2                                                                                                                   Literature Review 

96 

[193] Rossi, N. A. A., Duplock, E. J., Meegan, J., Roberts, D. R. T., Murphy, J. J., Patel, M., 

Holder, S. J., J. Mat. Chem. 19(41), 7674, 2009. 

[194] Domingues, R. A., Yoshida, I. V. P., Atvars, T. D. Z., J. Polym. Sci., Part B: Polym. Phys. 

48(1), 74–81, 2010.   

[195] Domingues, R. A., Yoshida, I. V. P., Atvars, T. D. Z., J. Photochem. Photobio.  A: Chem., 

217, 347–355, 2011.     

[196] Roberts, D. R. T., Patel, M., Murphy, J. J., Holder, S. J., Sensors and Actuators, B: 

Chemical, 162(1), 43–56, 2012.  

 



Chapter 3                                                                                             Xihomara Lizzet Casallas Cruz 

97 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3- Characterization of the Prepolymers 

and Catalysts Involved in Hydrosilylation 

Reactions  



Chapter 3                                                                                             Xihomara Lizzet Casallas Cruz 

98 

  



Chapter 3 Characterization of the Prepolymers and Catalysts Involved in Hydrosilylation Reactions 

99 

3.1. Introduction 
 
Polysiloxane coatings specifically for release applications can be prepared by solvent-free addition 

cure on a substrate like calendered paper, glassine or polymeric films [1], such as polyethylene or 

polyethylene terephthalate (PETP). The curing system is formed by two complementary 

compounds: one is the base polymer containing vinyl groups and the other a crosslinking polymer 

with hydrosilane groups Si-H. Those compounds are cross-linked upon hydrosilylation reaction by 

the action of a platinum catalyst that remains in the formed gel once the reaction is finished [2]. 

The onset temperature of the reaction might be affected by the presence of inhibitors that 

evaporate upon reaction and also additives, added to improve the anchorage of the coating on the 

substrate and/or to modify the release forces necessary to separate the adhesive surface from the 

release liner [2].   

The present chapter is dedicated to the characterization of the compounds that integrate a curing 

system since the aim of the present thesis is to study the hydrosilylation reaction and the 

properties of the formed silicone networks. Unfortunately, the initial information provided by the 

suppliers about the compounds was not sufficient to determine the real amount of functional 

groups participating in the reaction. The compounds characterized in this chapter are (i) the base 

polymers i.e. vinyl functionalized polydimethylsiloxanes, (ii) crosslinkers bearing Si-H bonds, (iii) a 

filler release modifier and (iv) platinum catalysts. Those components are used in the subsequent 

chapters of this work when the hydrosilylation reaction is studied.  
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3.2.  Experimental Section 

3.2.1.  Materials 

Toluene from Sigma-Aldrich, anhydrous 99,8% purity, was used as received as the solvent for light 

scattering and viscosity of polymer solutions measurements. 

Trichloro(deuterio)methane (CDCl3) from Sigma Aldrich, 99,8% atom D isotopic purity, was used 

as received as the solvent for NMR measurements.  
1H-NMR (500MHz, CDCl3) δ (ppm): 7,26 (s, 1 H, CH). 
13C-NMR (125.6MHz, CDCl3) δ (ppm):  77,16 (CH). 

Chromium III acetylacetonate (Cr(acac)3) from Sigma-Aldrich,  99,99% purity, was used as 

received for 29Si NMR measurements with the aim of reducing the spin-lattice relaxation times in 

the measurement and to obtain less noisy and sharper spectra [4]. 

AB 146378 (P[DMS-co-HMS] hydride terminated 25-30% DH units) from abcr, 99.99% purity,  was 

used as received as the reference to compare its terminal hydride groups signals in the 29Si-NMR 

spectrum with one of the cross-linkers listed below. 

AB 134321 (Karsted’s catalyst: Pt(0) in vinyl terminated PDMS) from abcr, 99,99% purity, was 

used as received as a reference to compare its 1H-NMR spectrum with the spectra of the Pt- 

catalysts listed below. 

AB 127710 (Monocarbinol terminated polydimethylsiloxane) from abcr, viscosity 15-20 cs, was 

used as received to prove the integration of 1H-DOSY spectrum to characterize mixtures whose 

proton signals overlap in the 1H-NMR spectrum. 
1H-NMR (500MHz, CDCl3) δ (ppm): 3.74 (t, J= 1 Hz, 1Hz, 2H); 3.56 (t, J=1 Hz, 1Hz, 2H); 3.46 (t, 

J= 1 Hz, 1Hz, 2H); 1.78 (s, 3H); 1.64 (m, 2H); 1.33 (m, 6H); 0.91 (m, 5H); 0.56 (m, 5H); 0.30 to -

0.15 (broad m, 108H).       

Decamethyltetrasiloxane (DMTS) from Sigma Aldrich GmbH, 97% purity was used as received to 

prove the integration of 1H-DOSY spectrum to characterize mixtures whose proton signals overlap 

in the 1H-NMR spectrum.  
1H-NMR (500MHz, CDCl3) δ (ppm): 1.54 (s, H2O, 0.24 mol: 1 mol DMTS); 1.28 (s, 8H, Hexane, 

0.018 mol: 1 mol DMTS); 0.90 to 0.85 (m, 6H, Hexane, 0.018 mol: 1 mol DMTS); 0.24 to 0.09 

(broad s, 18H); 0.09 to -0.06 (broad s, 12H).       

Different polysiloxanes were used as received to study the synthesis and properties of PDMS-

networks formed by hydrosilylation reaction with application in release silicone coatings. Table 

3.2.1 contains the polymers used in the present work which functionalities and degree of 

polymerization were not completely known. Some of the information listed in Table 3.2.1 is found in 

their technical data sheets provided by the supplier also available online (see table). The first 

column of the table contains the commercial names of the polymers used in the present studies 

and, in the second column; the names were changed by the author and are found that way along 

the present work. 
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Table 3.2.1 List of materials used in the synthesis of PDMS-Networks. 

Name 
(comm.) 

Name 
(author) 

Active ingredient Supplier Viscosity 
at 25°C 

[cS] 

Active 
ingredient 

(%) 

Dehesive 
920 

Polymer 164 Polydivinylsiloxane 
 

Wacker 
Chemie AG. 

500 100 
  

Silcolease 
resin 
11364 

 Polymer 116 Poly(methylvinylsiloxane-co-
dimethylsiloxane) 

Bluestar 
Silicones 

430 99,8 

Crosslinker 
24 

Crosslinker 
45 

Polyhydromethylsiloxane Wacker 
Chemie AG. 

22 100 

Crosslinker 
90 

Crosslinker 
101 

Poly(hydromethylsiloxane-
co-dimethylsiloxane) 

Wacker 
Chemie AG. 

40 100 

Silcolease 
XL 327 

Crosslinker 
40 

Poly(hydromethylsiloxane-
co-dimethylsiloxane) 

Bluestar 
Silicones 

18 100 

Catalyst OL Catalyst 2.2 Platinum Karsted’s 
Catalyst 

Wacker 
Chemie AG. 

800 
 

 
2,2 Pt[0] 

Catalyst 
11091M 

Catalyst 0.6 Platinum Karsted’s 
Catalyst 

Bluestar 
Silicones 

291 0,3 Pt[0]        
97 PMVS 

CRA 42-11 
CRA 42-2 
CRA 42-W.I.  

CRA-1 
CRA-2 

CRA- W.I. 

MQ resin vinyl 
functionalized 

Wacker 
Chemie AG. 

750 - 

1 
CRA 42-1 and CRA 42-2 are the same material but produced in different batches. CRA 42-W.I. is the 

compound CRA 42 without inhibitor.   

 

The following NMR spectra are written from left to right in decreasing order marking off the atoms 

in italics and underlined. The 29Si- NMR is shown in General Electric notation for siloxanes [3]. 

Polymer 164: 
1H-NMR (500MHz, CDCl3) δ (ppm): 6.14 (dd, J=20.0,15.0 Hz, 2x 1 H, CH2=CH- ); 5.95 (dd, 

J=15.0 , 5.0 Hz, 2x 1 H, CH2=CH-); 5.75 (dd, J= 15.0, 5.0 Hz, 2x 1 H, CH2=CH-); 4.01 (dd, J=12.0, 

3.5 Hz); 3.73 (dd, J=12.0, 11.0 Hz); 3.40 (dd, J=11.0, 4.0 Hz); 2.49-0.89 (inhibitor 

ethinylcyclohexanol in hexane 1:1, 0.18 W%); 0.30-0.00 (broad m, 223x 6 H, -(CH3)2SiO-, 

CH2=CH-Si(CH3)2-). 
13C-NMR (125.6MHz, CDCl3) δ (ppm):  139.63 (-CH=CH2); 131.81 (-CH=CH2); 88.00-20.93 

(inhibitor ethinylcyclohexanol in hexane 1:1, 0.18 W%); 1.25 (-OSi(CH3)2-); 0.48 (CH3 end groups).   
29Si-NMR (99.3MHz, CDCl3) δ (ppm): -4.21 (s, 2x 1 Si, -Si(CH3)2-CH=CH2, M

Vi); -21.03 (s, 2x 1 Si, 

-Si(CH3)2º-, -DDMVi ); -22.08 (broad s, 221x 1 Si, -Si(CH3)2º-, D). 

IR (cm-1): 2962.5, 2909.0 (al, C-H); 1411.0 (δ as, Si-(CH3)); 1257.5 (δ sy, Si(CH3)2); 1078.5, 1009.5 

(st, Si-O-Si); 864.0, 786.0 (γ, Si-(CH3)); 700.5 (st, Si-C), 661.0 (st, Si-O-Si). 

Polymer 116: 
1H-NMR (500MHz, CDCl3) δ (ppm): 6.04 (dd, J= 15.00, 15.00 Hz,  2.68 x 1 H, CH2=CH- pendant); 

5.95 (dd, J= 15.0, 5.0 Hz, 2.68 x 1 H, CH2=CH- pendant); 5.82 (dd, J= 20.0, 5.0 Hz, 2.68 x 1 H, 

CH2=CH- pendant); 4.05 (dd, J=10.0, 5.0 Hz); 3.74 (dd, J=10.0, 5.0 Hz); 3.35 (dd, J=10.0, 5.0 Hz); 

2.49-0.89 (inhibitor in hexane 1:1, 0.2 W%); 0.23-0.00 (broad m, 688.88 x H, at 0.17 CH3 attached 
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to Si atom with pendant vinyl groups overlapped  with -Si(CH3)3 and -OSi(CH3)2-).    
13C-NMR (125.6MHz, CDCl3) δ (ppm): 137.40 (CH); 132.92 (CH2); 88.00-20.93 (inhibitor 

ethynylcyclohexanol in hexane 1:1, 0.2 wt%); 2.00 (CH3 end groups); 1.26 (CH3); -0.43 (CH3 from 

silicon atoms containing vinyl pendant groups). 
29Si-NMR (99.3MHz, CDCl3) δ (ppm): 7.13 (s, 2x 1 Si, -Si(CH3)3, M); -21.52 to -21.60 (broad m, 

7.62  x Si, -Si(CH3)2º-, D in proximity to Dvi and M); -21.65 to -22.45 (broad m, 142.64 x Si, -

Si(CH3)2º-, D); -36.00 (s, 2.68x 1Si, -OCH3Si(CH=CH2)-, D
vi). 

IR (cm-1): 2962.5, 2900.4 (al, C-H); 1409.5 (δ as, Si-(CH3)); 1257.9 (δ sy, Si(CH3)2); 1077.5, 1009.5 

(st, Si-O-Si); 863.5, 786.5 (γ, Si-(CH3)); 694.0 (st, Si-C); 661.0 (st, Si-O-Si). 

Crosslinker 45: 
1H-NMR (500MHz, CDCl3) δ (ppm): 4.74 (broad s, 70x 1H, -SiHCH3-O-Si(CH3)3); 4.69 (s, 2x 1H, -

SiHCH3-O-); 1.55 (H2O from CDCl3);  1.28 to 0.87 (hexane traces); 0.22 (broad s, 72x 3H, -

SiHCH3- and -SiHCH3-O-SiHCH3-O-Si(CH3)3); 0.17 (s, 2x 3H, -SiHCH3-O-Si(CH3)3)); 0.14 (s, 2x 

9H,-Si(CH3)3). 1.55 water from the chloroform in the mixture and hexane at  δ 1.28 and 0.87 ppm. 
13C-NMR (125.6MHz, CDCl3) δ (ppm): 1.81 (-Si(CH3)3); 1.41 (-SiHCH3-, -D

HM); 1.09 (-SiHCH3-). 

31.01, 22.70, 14.10 (Hexane). 
29Si-NMR (99.3MHz, CDCl3) δ (ppm): 10.01 (s, 2x Si, -OSi(CH3)3, -M); -34.76 (broad m, 68x Si, -

OSiHCH3-, -D
H-);  -35.20 (t, J= 1.0 Hz, 2x Si, -OSiHCH3-OSiHCH3-O-Si(CH3)3, -D

HDHM); -35.67 (d, 

J=4.9 Hz, 2x Si, -OSiHCH3-OSiH(CH3)2, -D
HM). 

IR (cm-1): 2965.5, 2905.8 (al, C-H); 2161.0(st, (Si-O)SiH);  1408.5 (δ as, Si-(CH3)); 1259.5 (δ sy, 

Si(-CH3)); 1036.5 (st, Si-O-Si); 923.0, 880.0 (γ, Si-(CH3));  828.5, 755.5 (δ, SiH). 

Crosslinker 101: 
1H-NMR (500MHz, CDCl3) δ (ppm): 4.75, 4.73, 4.71, 4.70, 4.68  (overlapped broad singlets, 141x 

1H, SiH); 0.35-0.04 (broad m, 195x 3H, CH3: -OSi(CH3)3, -OSi(CH3)2-, -OSiH(CH3)-). Hexane 

traces at  δ 1.28 and 0.87 ppm. 
13C-NMR (125.6MHz, CDCl3) δ (ppm): 2.00-1.85 (-OSi(CH3)3); 1.61-0.85 (CH3: -OSi(CH3)2-, -

OSiH(CH3)-). 31.01, 22.70, 14.10 (Hexane). 
29Si-NMR (99.3MHz, CDCl3) δ (ppm): 9.98, 9.87, 9.57, 7.75, 7.63 (s, 2x Si, -OSi(CH3)3, -M); -18.70 

(dd, J= 26.8, 6.0 Hz, 17.17x Si, -OSi(CH3)2, -D-); -19.11 (d, J=7.9 Hz,  0.66x Si, -OSi(CH3)2, -D-); -

19.80 (s, 0.22x Si, -OSi(CH3)2, -D-); -20.09 (dd, J=27.8,  7.0 Hz,  5.71x Si, -OSi(CH3)2, -D-); -20.47 

(s, 0.04x Si, -OSi(CH3)2, -D-); -21.32 (d, J=7.0Hz,  0.18x Si, -OSi(CH3)2, -D-); -34.64 to -35.39 

(broad m, 83.90x Si, -OSiHCH3-, -D
H-); -35.62 to -36.49 (broad m, 50.37x Si, -OSiHCH3-, -D

H-); -

36.76 to -37.41 (broad m, 6.68x Si, -OSiHCH3-, -D
H-). 

IR (cm-1): 2965.5, 2905.6 (al, C-H); 2160.0 (st, (Si-O)SiH);  1408.0 (δ as, Si-(CH3)); 1259.0 (δ sy, 

Si(-CH3)); 1029.5 (st, Si-O-Si); 908.5, 877.5 (γ, Si-(CH3));  818.0, 756.0 (δ, SiH), 797.0 (γ, Si(CH3)2). 

Crosslinker 40: 
1H-NMR (500MHz, CDCl3) δ (ppm): 4.75, 4.73, 4.71, 4.70  (overlapped broad singlets, 48.72x 1H, 

SiH, -OSiH(CH3)2); 3.71-0.61 (epoxypropoxypropyl methylsiloxane monomer:  1 monomer in 6.4 

mol of MxDaDb
HMy

H crosslinker); 1.55 (H2O traces)  ; Hexane traces at  δ 1.28 and 0.87 ppm; 0.36 

to -0.03 (broad m, 74 x 3H, CH3: -OSi(CH3)3, -OSi(CH3)2-, -OSiH(CH3)-, -OSiH(CH3)2). 

Epoxypropoxypropyl methylsiloxane monomer: 3.70 (d, J=10 Hz, 1x 1H, -CH2-O-CH2-); 3.52-3.40 

(m,  1x 1H -CH2-O-CH2-, 1x 2H  -O-CH2-CHCH2O);  3.15 (s, 1x 1H, -CH2-CHCH2O ); 2.80 (s, 1x 1H, 
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-CHCH2O); 2.61 (s, 1x 1H, -CHCH2O); 1.66 (m,  1x 2H, -CH2-CH2-O-); 0.61 (m,  1x 2H, -OSiCH3O-

CH2-CH2-). 
13C-NMR (125.6MHz, CDCl3) δ (ppm): 74.17 to 9.61 (epoxypropoxypropyl methylsiloxane 

monomer); 29.94, 23.09, 13.36 (Hexane); 2.09-1.68 (-OSi(CH3)3); 1.67-0.45 (CH3: -OSi(CH3)2-, -

OSiH(CH3)-, -OSiH(CH3)2). 

Epoxypropoxypropyl methylsiloxane monomer: 74.17 (-O-CH2-CHCH2O); 71.65 -CH2-O-CH2-); 

51.06 (-CH2-CHCH2O); 44.50 (-CHCH2O);  23.22 ( -CH2-CH2-O-); 9.61 (-OsiCH3O-CH2-CH2-). 
29Si-NMR (99.3MHz, CDCl3) δ (ppm): 9.98 (s, 1.28x Si, -OSi(CH3)3, -M); -4.56, -4.69, -4.96, -5.10, 

-6.50, -6.61, -6.89, -7.00 (singlets, 0.72x Si, -OSiH(CH3)2, -M
H); -18.56 to -19.30 (m,  1.85x Si, -

OSi(CH3)2, -D-); -19.91 to -20.73 (m, 6.95x Si, -OSi(CH3)2, -D-); -21.27 to -22.08 (m, 3.20x Si, -

OSi(CH3)2, -D-); -34.61 to -34.97 (broad m, 24.34x Si, -OSiHCH3-, -D
H-);  -34.97 to -35.49 (broad m, 

5.15x Si, -OSiHCH3-, -D
H-); -35.57 to -36.60 (broad m, 12.53x Si, -OSiHCH3-, -D

H-); -37.01 to -

37.70 (broad m, 5.98x Si, -OSiHCH3-, -D
H-). 

IR (cm-1): 2964.5, 2905.8 (al, C-H); 2161.0 (st, (Si-O)SiH);  1408.0 (δ as, Si-(CH3)); 1258.9 (δ sy, 

Si(-CH3)); 1024.5 (st, Si-O-Si); 908.0, 889.5, 878.0 (γ, Si-(CH3));  830.5, 757.0 (δ, SiH), 795.5 (γ, 

Si(CH3)2). 

CRA: 
1H-NMR (500MHz, CDCl3) δ (ppm): 6.24 to 6.07 (broad m, 89 x 1H, CH2=CH-); 6.04 to 5.89 

(broad m, 89 x 1H, CH2=CH-); 5.86 to 5.70 (broad m, 89 x 1H, CH2=CH-); 4.01 to  (broad s, 59.2 x 

2H, -O-CH2-CH3); 1.35 to 1.14 (broad s overlapped with s from hexane, 59.2 x 3H, -O-CH2-CH3); 

2.49-0.89 (inhibitor ethinylcyclohexanol in hexane 1 mol inhibitor : 0.4 mol hexane,  ~0.05 wt%); 

0.30-0.11 (broad m, 4560.56x H, -OSi(CH3)3); 0.11 to 0.00 (broad m, 3729.1x H, -(CH3)2SiO-, 

CH2=CHSi(CH3)2-). 14.66 mol PDMS: 1 mol Silica. 
13C-NMR (125.6MHz, CDCl3) δ (ppm): 139.65 (CH=CH2); 131.83 (-CH=CH2); 58.94 (-Si-O-CH2-

CH3); 18.38 (-Si-O-CH2-CH3); 88.00-20.93 (inhibitor ethinylcyclohexanol in hexane 1:1);  2.19 to 

1.37 (CH3 end groups, M); 1.37 to 1.12 (-OSi(CH3)2-); 0.48 (CH3 end groups, Mvi).   
29Si-NMR (99.3MHz, CDCl3) δ (ppm): 14.29 to 8.30 (broad m, 463.39 x Si, -OSi(CH3)3, -M); -1.59 

(broad s, 52.10 x Si, -Osi(CH3)2-CH=CH2, M
viQ ); -4.20 (s, 37,17 x Si, -OSi(CH3)2-CH=CH2, M

Vi);  -

21.01 (s, 37,19 x Si, -OSi(CH3)2-, -DDMVi); -22.04 (broad s, 601,37 x Si, -OSi(CH3)2-, D); -101.95, -

108.39 (overlapped broad m, 60.96 Si, -O3Si-O-CH2-CH3, Q
Et, 9835.0 x Si,  -SiO4-, Q ). 

IR (cm-1): 3051.1 (st, =CH2); 2961.0, 2902.0 (al, C-H); 1646.7 (st, CH=CH2) 1444.8, 1408.0 (δ as, 

Si-(CH3)); 1253.5 (δ sy, Si(-CH3)); 1053.0, 1016.5 (st, Si-O-Si); 863.0, 7 1.0 (γ, Si(CH3)2); 840.0, 

755.0 (γ, Si(CH3)3); 690.0(st, Si-C). 

Catalyst 2.2: 
1H-NMR (500MHz, CDCl3) δ (ppm): 6.22 to 6.08 (broad m, 1H, CH2=CH-); 6.03 to 5.90 (broad m, 

1H, CH2=CH-);  5.83 to 5.69 (broad m, 1H, CH2=CH-); 4.14 (m, J= 5Hz, 1H, 0.6 mol per mol of 2-

propanol*); 4.05(q, J= 5.0 Hz, 1H, 2-propanol*); 3.88 to 3.51 (m, Pt complex); 3.35 to 2.78 (m, Pt 

complex); 1.58(s, H2O, 0.09 mol per mol 2-propanol*); 1.24 (d, J=5.0 Hz, 6H, 2-propanol*); 1.20(d,  

J= 5Hz, 6H, 0.6 mol per mol of 2-propanol*), 0.40 (d, J=5.0Hz, 3H, CH3, Pt-complex); 0.36 to -0.20 

(broad overlapped  m, 3H, -OSi(CH3)2-, -OSi(CH3)2CH=CH2, CH3 Pt-complex); -0.26 (s, 3H, CH3 Pt-

complex); -0.37 (s, 3H, CH3, Pt-complex). 

*1 mol 2-propanol per 10 vinyl bonds in the mixture. 
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13C-NMR (125.6MHz, CDCl3) δ (ppm): 139.49, 139.33, 139.24, 139.13 (CH=CH2);  131.86, 131.74, 

131.63, 131.51 (-CH=CH2); 64.47, 64.34 (CH3-CH(OH)-CH3);  57.91 to 53.94 (CH3, Pt-complex);  

25.60, 25.31 (CH3-CH(OH)-CH3); 2.00 to -1.11 (CH3, end groups Mvi, -OSi(CH3)2- D). 
29Si-NMR (99.3MHz, CDCl3) δ (ppm): -3.21, -3.22, -4.21 (singlets, -Si(CH3)2-CH=CH2, M

vi); -9.76 (s, 

(-(CH3)2SiO-)3, D3); -21.03 (s, -OSi(CH3)2-, -DDMVi ); -22.05, -22.06 (broad overlapped singlets,  -

OSi(CH3)2-, D); . 

IR (cm-1): 2962.5, 2902.0 (al, C-H); 1409.0 (δ as, Si-(CH3)); 1257.5 (δ sy, Si(CH3)2); 1078.5, 1009.5 

(st, Si-O-Si); 864.0, 786.0 (γ, Si-(CH3)); 695.0 (st, Si-C), 661.0 (st, Si-O-Si). 

Catalyst 0.6: 
1H-NMR (500MHz, CDCl3) δ (ppm): 6.15 (dd, J=20.0, 15.0 Hz, 1H, CH2=CH- ); 5.96 (dd, J=14.8, 

4.1 Hz, 1H, CH2=CH-); 5.75 (dd, J= 20.0, 5.0 Hz, 1H, CH2=CH-);  4.05(q, J= 5.0Hz, 1H, 2-

propanol**); 3.80(d, 15.0 Hz, Pt-complex); 3.74 to 3.68 (m, Pt-complex); 3.61 (d, 10.0Hz, Pt-

complex); 3.35 to 3.29 (m, Pt-complex); 3.25 (d, J=15.0 Hz, Pt-complex); 3.11 (d, J= 10 Hz, Pt-

complex); 3.00 to 2.93 (m, Pt-complex); 2.86 to 2.78 (m, Pt complex); 1.58 (s, H2O, 6.9 mol per 

mol 2-propanol**); 1.30 (Hexane 0.8 mol per 1 mol 2-propanol**) 1.24 (d, J=5.0 Hz, 6H, 2-

propanol**); 1.20(d,  J= 5Hz, 6H, 0.36 mol per mol of 2-propanol**), 0.40 (d, J=5.0Hz, 3H, CH3, Pt-

complex); 0.36 to -0.20 (broad overlapped  m, 3H, -OSi(CH3)2-, -OSi(CH3)2CH=CH2); -0.26 (s, 3H, 

CH3 Pt-complex); -0.37 (s, 3H, CH3, Pt-complex).  

**1 mol 2-propanol per 20 vinyl bonds in the mixture. 
13C-NMR (125.6MHz, CDCl3) δ (ppm): 139.64 (CH=CH2);  131.82 (-CH=CH2); 64.63 (CH3-

CH(OH)-CH3);  57.14 to 54.24 (CH3, Pt-complex); 31.65 (CH2, Hexane); 25.91, 25.63 (CH3-

CH(OH)-CH3); 23.02 (CH2, Hexane); 14.73 (CH3, Hexane); 2.30 to -0.24 (CH3, end groups Mvi, -

OSi(CH3)2- D). 
29Si-NMR (99.3MHz, CDCl3) δ (ppm): 3.95 (s, Si, Pt-complex); -4.22 (s, -OSi(CH3)2-CH=CH2, M

vi); 

-21.03 (s, -OSi(CH3)2-, -DDMVi ); -22.06, -22.11 (broad overlapped singlets, -OSi(CH3)2-, D), -22.32 

(s, -OSi(CH3)2-, D). 

IR (cm-1): 2962.5, 2905.8 (al, C-H); 1407.5 (δ as, Si-(CH3)); 1257.5 (δ sy, Si(CH3)2); 1078.0, 1009.0 

(st, Si-O-Si); 864.0, 786.0 (γ, Si-(CH3)); 701.0 (st, Si-C), 661.5 (st, Si-O-Si). 

3.2.2.  Methods 

Nuclear magnetic resonance spectroscopy (NMR-spectroscopy): 1H-NMR (500MHz), 13C-

NMR (125,6 MHz),29Si-NMR (99,3 MHz), DOSY NMR, 13C-dept NMR, 1H-1H COSY NMR, 1H-13C 

HSQC NMR, and 1H-29Si HMBC NMR spectra were measured using a Brucker Advance III 

Spectrometer at 30°C. The software used to analyze NMR spectra were ACD/NMR Processor 

Academic Edition from the company Acdlabs Advance Chemistry development, Inc,1997-2010, 

and Topspin version 2.1 from the company Brucker, 2008. The concentration for 1H-NMR 

measurements was 10 mg/mL, for 13C-NMR 50 mg/mL and for 29Si-NMR a solution containing 

150mg/mL and 0,1M of Cr(acac)3 was prepared and placed in a PTFE NMR tube to avoid quartz 

interferences. Cr(acac)3 from Sigma-Aldrich which was used as received. CDCl3 was used as the 

solvent and the resulting chemical shifts are reported in parts per million (ppm). 

X-ray fluorescence (XRF): The content of platinum in the catalysts was measured with a PAN 

analytical Axios 1 KW XRF spectrometer using flow detector from PAN Analytical Company.  2g of 
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the liquid samples were placed in a Teflon sample holder of ϕ=4.4 cm and h=2.5 cm. The 

measurements were made at 35°C under helium stream and analyzed using Super Q software and 

Omnian helium data-bank. 

Fourier transform infrared spectroscopy (FTIR-Spectroscopy): The IR spectra were obtained 

from a PerkinElmer Spectrum Two spectrometer equipped with a PerkinElmer Spectrum Two 

universal diamond/ZnSe-ATR system which allowed the direct measurement of the solid or liquid 

sample in reflection without further preparation. The spectra are plotted in terms of transmittance 

percentage vs. wave number in reciprocal cm. The spectrum resolution was 4cm-1.      

Refractometry: The refraction index of polymer 164, polymer 116, crosslinker 45, crosslinker 101, 

crosslinker 40, CRA and toluene was measured with an AR2 ABBE refractometer from A. Krüss 

Optic GmbH using a LED light source of λ= 589 nm connected to a PT31 mode Peltier thermostat 

which was set at 25°C. Additionally, the refraction indexes at 25°C of solutions of the polymers and 

toluene at concentrations of 0.005, 0.01, 0.02, 0.05, 0.08 and 0.1 g/mL were measured to calculate 

the refraction index increment while increasing the concentration of polymer.  A list of the measured 

data is found in Table 3.2.2. Each measurement was repeated three times and the result was 

always the same. 

Table 3.2.2 Refraction indexes measured at 25°C for determination of refraction index increments 
of polymers solutions in toluene involved in the hydrosilylation reaction. 

Polymer 164 Polymer 116 Crosslinker 45 

Concentration 
(g/mL) 

nD25 
Concentration 

(g/mL) 
nD25 

Concentration 
(g/mL) 

nD25 

0,005 1,4935 0,004 1,4935 0,005 1,4934 
0,010 1,4930 0,010 1,4931 0,010 1,4927 
0,020 1,4921 0,020 1,4920 0,020 1,4919 
0,050 1,4895 0,050 1,4894 0,050 1,4888 
0,079 1,4865 0,080 1,4865 0,080 1,4860 
0,102 1,4849 0,099 1,4848 0,100 1,4843 

Crosslinker 40 Crosslinker 101 CRA-1 

Concentration 
(g/mL) 

nD25 
Concentration 

(g/mL) 
nD25 

Concentration 
(g/mL) 

nD25 

0,005 1,4934 0,005 1,4932 0,005 1,4933 
0,010 1,4929 0,010 1,4928 0,010 1,4930 
0,020 1,4918 0,020 1,4920 0,020 1,4922 
0,050 1,4890 0,050 1,4895 0,050 1,4900 
0,080 1,4864 0,080 1,4865 0,080 1,4878 
0,100 1,4845 0,100 1,4845 0,100 1,4863 

        

Light scattering measurements: 

The molecular weight determination of the raw material by static light scattering and dynamic light 

scattering was made using a Nano S zetasizer from Malvern instruments with an optical 

arrangement of 173° detector to the laser source 633 nm He-Ne laser with “backscatter” detection. 

The output data was provided by Malvern instruments software.  Solutions of different 

concentrations were prepared in toluene. The range of the concentration depended on the kind of 

polymer analyzed and the method (static or dynamic light scattering). The specifically used 

concentrations are found in Table 3.2.4 for static light scattering and in Table 3.2.5 for dynamic light 
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scattering measurements. 1,0 to 1,5 cm3 of the solutions were placed in 1cm side squared quartz 

cuvettes with round aperture. The list of the input for each method, static or dynamic light 

scattering is found in Table 3.2.3 differences in the methods are described below. 

 

Table 3.2.3 Input of sample parameters for light scattering measurements [28]. 

Parameter 
Static light scattering Dynamic light scattering 

Required Value (s) Required Value (s) 

Solvent viscosity η 
(mPa.s) 

No - Yes 0,5564 

Solvent refractive index 
n0 

Yes Toluene 
1,4935 at 25°C 

Yes Toluene 
1,4935 at 
25°C 

Material refractive index 
n 

No - Yes cf. Table 
3.3.15 

Sample concentration 
(g/mL) 

Yes 0,005 
0,01 
0,02 
0,05     Base polymers, 
0,08     crosslinker 40 and 
0,10     CRA-1 
 
0,001 
0,002 
0,005  Crosslinker 45 and  
0,008  crosslinker 101 
0,010 

No 
 

- 

Sample temperature Yes 25°C Yes 25°C 

Refractive index 
increment dn/dC (mL/g) 

Yes cf. Table 3.3.16 No - 

 

Static light scattering (SLS): Before performing the measurements it was necessary to estimate 

the refraction index increment upon concentration increase (dnD/dC), this was experimentally 

determined by controlling the refraction index with the ABBE refractometer for the solutions of table 

Table 3.2.2 at 25°C and this magnitude was given as input parameter for the measurement. The 

measurements of static light scattering were made at 25°C, one measurement set was starting with 

pure solvent and then increasing the concentration, it was required by the software to indicate the 

concentration of each solution. The software output was a plot of  
𝐾 

 
     vs. concentration of 

which the intercept with the y-axis was related to the inverse of the number average molecular 

weight by the Rayleigh equation (c.f. Eq. 2.2.38). The measurements were repeated three times. 

The measured data for the Debye plots are found in Table 3.2.4.  
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Table 3.2.4 Measured data points for Debye plot from static light scattering 
measurements of polymers involved in hydrosilylation reaction at 25°C. 

Concentration 
(g/mL) 

  

 
  𝜽  x108 (mol/g) 

Measurement 1 Measurement 2 Measurement 3 

Polymer 164 

0,005 4,92 5,27 5,30 
0,010 5,93 5,84 6,25 
0,020 7,46 7,22 7,60 
0,050 12,70 12,70 12,50 
0,079 18,40 18,00 18,30 
0,102 23,40 23,55 24,00 

Polymer 116 

0,004 6,18 6,40 6,59 
0,010 7,43 7,37 7,45 
0,020 9,17 8,76 8,57 
0,050 14,60 14,80 14,50 
0,080 21,20 20,80 21,50 
0,099 25,80 26,90 25,90 

Crosslinker 45 

0,001 12,20 11,20  
0,002 13,80 13,10  
0,005 16,70 16,70  
0,010 20,10 18,50  

Crosslinker 40 

0,005 4,97 5,01 4,98 
0,010 5,45 5,45 5,26 
0,020 6,27 6,24 6,09 
0,050 9,10 9,28 9,11 

Crosslinker 101 

0,001 10,10 10,30 8,44 
0,002 11,50 13,00 9,07 
0,005 12,80 15,10 14,10 
0,008 14,30 14,90 16,30 
0,010 14,30 15,20 15,10 

CRA-1 

0,005 24,00 23,50 25,40 
0,010 24,70 24,70 23,90 
0,020 25,40 27,40 23,80 
0,050 29,60 31,40 29,00 
0,080 35,10 34,70 34,70 
0,100 40,60 37,90 37,80 

          

Dynamic light scattering (DLS): The molecular weight determination of the raw materials Mn and 

Mw was determined in this experiment. The measurements were made at 25°C starting with pure 

solvent and then increasing the concentration. One measurement of dynamic light scattering 

recorded the intensity of scattered light when it passes through a solution of specific concentration 

10 times for 10s arranged in Figure 2.2.8. Three measurements were made per sample. The 

output of one measurement was the maximum of the size distribution by a number of molecules 

and by volume which was reported as the diameter in nanometers of the polymer coil. The 

diameter was used for the analysis.   
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Table 3.2.5 Measured data points of the maximum of size distribution from dynamic light 
scattering measurements of polymers involved in hydrosilylation reaction at 25°C. 

Concentration (g/mL) 
Average hydrodynamic diameter (nm) 

Distribution by number Distribution by volume 

Polymer 164 
0,005 3,713 ± 0,354 4,880 ± 0,237 
0,010 3,897 ± 0,204 5,187 ± 0,184 
0,020 3,865 ± 0,037 5,071 ± 0,054 
0,050 3,409 ± 0,267  4,494 ± 0,240 
0,079 3,324 ± 0,469   3,960 ± 0,104 
0,102 2,734 ± 0,099 3,651 ± 0,055 

Polymer 116 
0,004 2,985 ± 0,067  4,310 ± 0,092 
0,010 3,436 ± 0,407 4,664 ± 0,081 
0,020 3,936 ± 0,266 5,029 ± 0,221 
0,050 3,339 ± 4,364 4,364 ± 0,043 
0,080 2,969 ± 0,066 3,903 ± 0,071 
0,099 2,664 ± 0,204 3,556 ± 0,184 

Crosslinker 45 
0,001 2,625 ± 0,064 4,013 ± 0,045 
0,002 2,673 ± 0,123 3,799 ± 0,256 
0,005 3,006 ± 0,037 4,114 ± 0,062 
0,010 3,231 ± 0,040 4,260 ± 0,084 

Crosslinker 40 
0,001 2,078 ± 0,000 2,548 ± 0,000 
0,002 1,867 ± 0,085 2,911 ± 0,581 
0,005 2,560 ± 0,204 3,313 ± 0,040 
0,008 2,395 ± 0,531 2,994 ± 0,878 
0,010 1,916 ± 0,000 2,306 ± 0,000 

Crosslinker 101 
0,002 3,048 ± 1,382 3,348 ± 0,000 
0,005 3,177 ± 0,226 4,076 ± 0,374 
0,008 0,985 ± 0,507 3,217 ± 0,841 
0,010 1,732 ± 0,040 2,536 ± 0,009 
0,020 3,244 ± 0,027 4,528 ± 0,098 

 

Viscosity measurement of polymer solutions: An Ubbelohde glass viscometer with capillary 0c 

from the company Schott was used. The dimensions and the viscometer constant are shown Table 

3.2.6. The viscometer was placed with the help of a grid in a glass box equipped with a thermostat. 

The viscosity of a series of solutions containing the reagents was measured to determine the 

viscosity average molecular weight of the polymers Mv. The solutions were prepared using toluene 

as solvent with concentrations (0.05, 0.10, 0.20, 0.30 and 0.40 g/dL). The dynamic viscosity η was 

calculated by measuring the flowing time of the solution at 25°C through the Ubbelohde glass 

viscometer and using Poiseuille‘s equation Eq. 2.2.34. The “flow-through” time tg was recorded 

three times per sample starting from the pure solvent and increasing the concentration. Previously 

to every measurement, the viscometer was purged by using the next concentration solution. The 

measured time was corrected due to the loose of pressure at the capillary ends, which affects the 

accuracy of the measurement increasing the measured flow time resulting in a greater time than 

the theoretical time used in Poiseuille’s law [22]. Therefore, Hagenbach corrections tH were made 

to correct the time difference between the time measured tg and the theoretical time by means of 
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Eq. 3.2.1. The Hagenbach corrections for the capillary used in these experiments are tabulated as 

a function of the flow time in Table 3.2.7. A linear interpolation of the correction in the segment as 

made for the measured flow time. The measured data are shown together with the Hagenbach 

corrections and the density of the solutions in Table 3.2.8.                                                

      Eq. 2.2.34 

        Eq. 3.2.1       

 

Table 3.2.6  Dimensions of the Ubbelohde capillary viscometer 0c. 

 Parameter Value  

 l (mm) 90,000  

 h (mm) 130,000  

 V (cm3) 5,700  

 r (mm) 0,235  

   
𝜋 4  

8  
(mm²/s2) 0,003  

     

 

Table 3.2.7 Hagenbach corrections for the Schott Ubbelohde capillary viscometer 0c.[33] 

 Flow time 
tg (s) 

Hagenbach 
correction tH(s) 

 

 160 2,76  

 170 2,45  

 180 2,18  

 190 1,96  

 200 1,77  

 225 1,40  

 250 1,13  

 275 0,93  

 300 0,79  
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Table 3.2.8 Experimental data for dynamic viscosity determination of different polysiloxanes by 
capillary viscometry at 25°C. 

 tg1 (s) tg2 (s) tg3 (s) tg (s) tH (s) t= tg-tH (s) ρ (g/mL) 

Toluene 205,90 205,90 205,90 205,90 1,68 204,22 0,8633 

 

C (g/dL) tg1 (s) tg2 (s) tg3 (s) tg (s) tH (s) t= tg-tH (s) ρ (g/mL) 

Polymer 164 
0,050 207,45 207,30 207,30 207,35 1,66 205,69 0,8634 
0,100 208,60 208,60 209,10 208,77 1,64 207,13 0,8634 
0,200 211,00 211,95 211,60 211,52 1,60 209,92 0,8635 
0,400 216,45 216,50 216,35 216,43 1,53 214,91 0,8637 

Polymer 116 
0,051 207,50 207,50 207,20 207,40 1,66 205,74 0,8634 
0,099 208,55 208,55 209,10 208,73 1,64 207,09 0,8634 
0,200 211,05 211,05 211,20 211,10 1,61 209,49 0,8635 
0,300 213,70 213,75 213,55 213,67 1,57 212,10 0,8636 
0,400 216,40 216,00 216,05 216,15 1,53 214,62 0,8637 

Crosslinker 45 
0,052 206,10 206,10 206,10 206,10 1,68 204,42 0,8634 
0,095 206,90 206,80 206,70 206,80 1,67 205,13 0,8634 
0,197 207,90 208,00 207,90 207,93 1,65 206,28 0,8636 
0,297 208,80 209,00 209,10 208,97 1,64 207,33 0,8637 
0,397 210,20 210,20 210,20 210,20 1,62 208,58 0,8638 

Crosslinker 40 
0,050 206,80 206,65 206,00 206,48 1,67 204,81 0,8634 
0,098 206,90 207,15 207,30 207,12 1,66 205,45 0,8634 
0,199 209,20 209,50 210,50 209,73 1,63 208,11 0,8635 
0,300 213,20 213,50 211,90 212,87 1,58 211,29 0,8637 
0,404 217,15 215,80 215,60 216,18 1,53 214,65 0,8638 

Crosslinker 101 
C (g/dL) tg1 (s) tg2 (s) tg3 (s) tg (s) tH (s) t= tg-tH (s) ρ (g/mL) 

0,055 205,90 205,90 206,20 206,00 1,68 204,32 0,8634 
0,096 207,20 207,40 207,20 207,27 1,66 205,60 0,8634 
0,198 208,70 208,80 208,30 208,60 1,64 206,96 0,8636 
0,305 210,70 210,70 210,20 210,53 1,61 208,92 0,8637 
0,402 211,60 211,25 211,25 211,37 1,60 209,76 0,8638 

 

High-temperature size exclusion Chromatography (High-temperature SEC): The SEC 

experiments were carried out at the Leibniz-Institute of Polymer Research Dresden, using a high-

temperature system PL-GPC 220 of the company Agilent Technologies, USA, at 150°C coupled 

with multi-angle laser light scattering detector MALLS of the company Helleos II, Wyatt Technology 

Corp., USA, and a differential refractive index detector (RI). The column set consists of two 

columns PL Gel Olexis (Agilent Technologies, US). The eluent was 1,2,4-trichlorobenzene (TCB, 

Merk) stabilized with 0.02 wt% 2,6-Di-tert-butyl-pcresol (BHT) was used with flow rate of 1 mL/min. 

The software Astra 5 (Wyatt Technology Corp., USA) was used for data processing and for 

calculation of the absolute molar mass and a molar mass distribution.   

C/H/N Elemental analysis: carbon, hydrogen and nitrogen determination was carried out on an 

Elementary vario MICRO cube instrument. Three samples of 2.5 mg in tin weighing boats were 

given separately into the autosampler and the measurements proceeded automatically. Acetanilide 



Chapter 3 Characterization of the Prepolymers and Catalysts Involved in Hydrosilylation Reactions 

111 

(Merck) was used as a calibration standard. 

Transmission electron microscopy (TEM): A Zeiss EM 902 A transmission electron microscope 

was used to visualize the silica particles contained in the compound CRA when it was pure and 

concentrated with the ultracentrifuge. The samples were prepared as follows: a 0.1 wt% solution of 

the sample in hexane was prepared and allowed to stand longer than 24h before a carbon-film 

coated Cu-grid was laid shortly on the top of a drop of the solution to let the particles adsorb. Later 

the grid was dried in vacuum and finally placed under the microscope. The measurement of the 

distances in the pictures was made by the electron microscope provided software Paint.NET v3.36 

Copyright © 2008 dotPDN LLC, Rick Brewster, Tom Jackson, and contributors. Microsoft 

Corporation was used, it is freely available online.    

Ultracentrifugation: An Optima MAX-XP ultracentrifuge of the company Beckman Coulter was 

used to concentrate silica nanoparticles contained in compound CRA when 0.5 g of the compound 

were dissolved in 12 ml of methanol. The solution was distributed in 6 tubes of the ultracentrifuge 

and centrifuged for 1h at 4°C and 250.000g. Precipitate and supernatant were analyzed by NMR 

and the phase rich in nanoparticles (supernatant) was analyzed by TEM.       

X-ray diffraction (XRD): The measurements of CRA-1 and CRA-2  were performed with a 

Panalytical X’Pert Pro diffractometer using a copper anode and a Bragg-Bretano geometry. The 

current and the voltage of the measurement were 40 KV and 40 mA. Around 100 mg of the sample 

were placed in steel platelets and measured between 2θ= 5-120° with a step width of 0.033423°/s. 

The device usually works with powders but the CRA measurement was possible due to the high 

viscosity of the compound which stayed between the platelets. 

3.2.3.  Liquid-Liquid Extraction 

Five liquid-liquid extractions were made with the aim of separating silica nanoparticles from PDMS 

in compound CRA. Table 3.2.9 contains the list of extractions performed and the extraction method 

used and whether inhibitor was contained in the CRA or not. 

Table 3.2.9 List of liquid-liquid extractions performed to characterize compound CRA-1. 

Name Extraction method Solvents Inhibitor 

E1 Rotation Ludwig perforator  Methanol Yes 

E2 Inverse rotation Ludwig perforator  H2O-Methanol 40%v/v 

Hexane 
Yes 

E3 Inverse rotation Ludwig perforator  H2O-Methanol 70%v/v 

Hexane 
No 

E4 Inverse rotation Ludwig perforator  Methanol 
Hexane 

No 

E5 Batch Methanol 
Hexane 

No 

 

In E1, the sample was placed in the bottom of the perforator which has an exit on the upper side 

that goes to a heated round bottom flask (see Figure 3.2.1 a). The perforator is connected to a 
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cooler on top that condenses the solvent evaporated from the round bottom flask, and sends the 

liquid through a tube to the bottom of the perforator where it extracts what is soluble in the solvent. 

The level of liquid should increase and let the extracting solvent exit to the round bottom flask from 

the upper side and recirculate. 4.96 g of CRA-1 were placed in the perforator, then it was refilled 

until the exit level to the round bottom flask which was heated at 110°C under stirring 150rpm also 

filled with methanol. The perforator also stirred at 130 rpm without heating dissolved the sample in 

the bottom. The extraction was let to run over the night. The extract in the round bottom flask and 

the residue in the perforator were analyzed by NMR. 

The inverse extraction perforator instead of having the exit on the upper part, has the exit through 

the bottom (see Figure 3.2.1 b), the sample was dissolved in the less dense solvent and filled after 

the higher density phase was fed to the perforator and a small layer of about 1,5 cm on top of the 

less dense solvent was fed. The rest of the perforator chamber was fed with the less dense solvent. 

The higher density solvent evaporates at the round-bottomed flask and condenses on top of the 

perforator and goes through the glass tube to exit on the upper phase to let the interaction for the 

extraction. The extract collected in the heated round bottom flask connected to the perforator as 

well as both phases contained in the perforator were dried and analyzed by NMR. In E2, 5 g of 

CRA-1 were dissolved in hexane and fed to the perforator already filled with a 200 ml of a solution 

of methanol 60 %v/v-water, in the round bottom flask 200 ml of the solution 60 %v/v-water were 

also placed at the start of the experiment. The extraction ran over two days with heating of the 

round bottom flask to 140°C and addition of small amounts of water. In E3, 3 g of CRA without 

inhibitor were dissolved in hexane and fed to the perforator already filled with a 150 ml of a solution 

of methanol 70 %v/v-water, round bottom flask contained 200ml of the solution water-methanol, the 

extraction ran over four days 140°C. In E4, 5 g of CRA without inhibitor were dissolved in hexane 

and fed to the perforator already filled with a 200 ml of methanol, round bottom flask contained 

200ml of methanol, the extraction ran over one day.  

In E5, method batch, the extraction was made in a separatory funnel of 500 mL dissolving first 3 g 

of CRA without inhibitor in hexane and extracting several times with methanol and also the 

methanol phase was extracted with hexane. 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) 

Figure 3.2.1 Continuous liquid-liquid extraction equipment. a) Rotation  Ludwig perforator.  b) 
Inverse rotation Ludwig perforator. 
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3.3. Results and Discussion 

In the present thesis, three systems were selected to study the behaviour of hydrosilylation 

reaction and the properties of the formed networks. Two systems containing crosslinkers bearing 

Si-H groups, the base polymer with vinyl groups, and Pt-catalyst were investigated. The third 

system included a “Control Release Additive” (CRA) to modify the release properties of the 

coatings.  

 System 1: Polymer 164, crosslinker 45, catalyst 2.2. 

 System 2: Polymer 116, crosslinker 40, catalyst 0.6. 

 System 3: Polymer 164, crosslinker 101, CRA, catalyst 2.2. 

 

This chapter is dedicated to a full characterization of the components of the silicone systems since 

each compound either base polymer, crosslinker or catalyst is commercially sold as a mixture of 

polymers and additives playing a role in the hydrosilylation reaction. E.g. the base polymer 

contains an inhibitor or the platinum catalyst is dissolved in a vinyl functionalized PDMS. The 

characterization was made by diverse methods such as nuclear magnetic resonance spectroscopy 

(NMR), Fourier transform infrared spectroscopy (FTIR), static light scattering (SLS), dynamic light 

scattering (DLS), measuring the viscosity of polymer solutions, X-ray fluorescence (XRF), 

transmission electron microscopy (TEM) and high-temperature size exclusion chromatography 

(SEC). 

The first part of this Section, 3.3.1, contains a detailed analysis of the NMR spectra for each 

compound with a table summary of all explained chemical shifts observed in the 1H-, 13C- and 29Si- 

NMR spectra and the last table summarizing the number average molecular weight of the active 

components. The second Section 3.3.2 is related to the IR signals in the spectrum of each 

compound. A third Section 3.3.3 contains the results of the viscosity measurements of polymers 

solutions followed by Section 3.3.4, presenting the results of static and dynamic light scattering 

measurements. The fifth Section 3.3.5 belongs to a detailed the characterization of the control 

release additive CRA since this additive required special analysis by other methods that were not 

performed with the other components contained in this chapter.  

In the last part of the chapter, a table is presented summarizing all methods used in this chapter to 

describe each part of the silicone system with respect to conformation and structure of the 

polymers involved in hydrosilylation reaction because the use of a single method was not sufficient 

to characterize the compounds of the silicone formulations. 

In this chapter and during all the present work the nomenclature used to describe the polymers 

was the General Electric nomenclature for polysiloxanes [3] where M denotes the trimethylsiloxane 

end group, Mvi the dimethylvinylsiloxane end group, MH the hydridodimethylsiloxane end group, D 

the dimethylsiloxane monomer, Dvi the methylvinylsiloxane monomer, DH the 

hydridomethylsiloxane monomer,  T the methylsiloxane unit, Q, the silicate unit, and QEt the 

pending monoethoxy group of a silicate. The structure of these configurations for the mentioned 

nomenclature was reported at the beginning of the literature review of this work in Chapter 2.   
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3.3.1.  Nuclear Magnetic Resonance (NMR) 

A tabular summary of all chemical shifts and structures can be found at the end of this section (cf. 

Table 3.3.7, p 144). 

Polymer 164 

To set up the structure of the polymer, 1H-NMR, 13C-NMR, 1H-13C COSY NMR, 1H-DOSY NMR, 
29Si-NMR and 1H-29Si HMBC NMR spectra were recorded. The analysis of the 1H-NMR spectrum 

(cf. Figure 3.3.1) showed the polymer to contain vinyl groups, causing peaks at δ= 6.18-5.73 ppm. 

The presence of the vinyl units to form end groups was confirmed by 13C-NMR since the spectrum 

has shown peaks at δ= 139.63 and 131.81 ppm (cf. Figure 3.3.2), reported in the literature as end 

groups in the form: Mvi ie. dimethylvinylsiloxane end groups [5]. 29Si-NMR also showed the 

presence of vinyl groups by a signal at δ=-4.21 ppm, described by Uhlig et al. in the literature as 

vinyl silicone end groups Mvi [6]. 

The broad peak in the range from 0.3-0.0 ppm in the 1H-NMR spectrum (Figure 3.3.1) belongs to 

the protons of the methyl groups attached to the silicon atoms. Other peaks observed in the 1H-

NMR spectrum in the range between 2.5 and 0.8 ppm were found to belong to other compounds of 

the mixture by measuring the 1H-DOSY spectrum (cf. Figure 3.3.3). The analysis of the 1H-DOSY 

spectrum revealed the presence of 0.18 wt.% ethynyl cyclohexanol (δ= 2.4  to 1.28 ppm) with 

respect to the polymer 164 added on purpose as hydrosilylation inhibitor, about 15 mol H2O per 1 

mol of ECH at δ=1.55 ppm from the CDCl3, and 1 mol of hexane per mol of ECH at δ= 1.28 and  

δ= 0.89 ppm. 

 

Figure 3.3.1 
1H-NMR spectrum of Polymer 164. (CDCl3, 30°C). *see Figure 3.3.4. 
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Figure 3.3.2 13C-NMR spectrum of Polymer 164. (CDCl3, 30°C). 

 

Figure 3.3.3 1H-DOSY spectrum of Polymer 164. (CDCl3, 30°C). 



Chapter 3 Characterization of the Prepolymers and Catalysts Involved in Hydrosilylation Reactions 

116 

 

Figure 3.3.4 Enlarged part of the 1H-NMR spectrum of Polymer 164 covering the chemical shift 
range from 4.01 to 3.40 ppm (CDCl3, 30°C). 

In the range between δ= 4.01 to 3.40 ppm of the 1H-NMR spectrum, 12 signals were found as it is 

depicted in Figure 3.3.4. Those signal where identified to form an AMX pattern which corresponded 

to a concentration of 117 ppm of epoxy groups in the mixture [7]. The presence of epoxy groups 

was confirmed by reacting the epoxide with aniline as nucleophiles, the result of this reaction 

should be the formation of amino alcohols ([8], p. 435). Hence, 1g of polymer 164 was reacted with 

0,235 µL of aniline. The reaction was performed at 80°C for 48h and atmospheric pressure, using 

toluene as the solvent. The solvent was removed and the 1H-NMR spectrum was recorded (cf. 

Figure 3.3.5). In the resulting spectrum, no signals identifying the presence of epoxy groups 

expected in the chemical shift range from δ= 4.01 to 3.40 ppm were observed anymore. The DOSY 

NMR experiment in Figure 3.3.3 showed that the epoxy groups belonged probably to polymeric 

chains with a similar diffusion coefficient as the vinyl terminated polydimethylsiloxane.  

The reason why the epoxy groups are present in the spectrum is still unknown, but it must be 

considered that epoxidation of vinyl groups can occur in the presence of a carboxylic acid or a 

peroxy-acid ([8], p. 1301). Another option would be direct oxidation by oxygen due to high 

temperatures in the presence of some metal catalyst ([8], p. 505). Sometimes primers such as 

methyltriacetoxysilane ( H2C

O

CHCH2O(CH2)3Si(OCH3)3 ) are added to the  silicone formulations to 

improve the adhesion of the release silicone to the substrate (paper or film) [9], unfortunately the 

amounts of the methyltriacetoxysilane added to silicone formulations were not found in the 

literature to make a comparison with the found epoxy concentration in polymer 164. 



Chapter 3 Characterization of the Prepolymers and Catalysts Involved in Hydrosilylation Reactions 

117 

 

Figure 3.3.5 1H-NMR spectrum of Polymer 164 after reaction with aniline to prove that epoxy 
groups in the chemical shift range from 4.01 to 3.40 ppm have reacted (CDCl3, 30°C). 

To determine whether the epoxidation was occurring during the aging of the polymer 164, two 

experiments were conducted. In the first experiment, the vinyl/epoxy ratio was measured upon 

aging the polymer 164 under a continuous flow of air. If the epoxidation was happening upon aging 

of the compound, the epoxy content should increase with time. The experiment was performed at 

room temperature and constant flow of air during three weeks. Aliquots of the sample were taken 

every week to measure the variation with time of the vinyl content and epoxy groups by means of 
1H-NMR. In Table 3.3.1, the integrals of the signals representing vinyl groups, epoxy groups, and 

the vinyl/epoxy ratio are shown. The experiment was carried out with a sample not older than 1 

month after its purchase. The result showed strong, non-systematic scattering between the vinyl: 

epoxy ratio ≈ 7 to 22, hence no more epoxy groups were generated after 3 weeks, instead they 

seemed to remain constant at an average vinyl/epoxy ratio of about 18 ± 4 vinyl groups per epoxy 

group found considering results from week one as an outlier. In the second experiment, samples of 

polymer 164 taken from different batches provided by the supplier were analyzed by NMR and the 

vinyl/epoxy ratio was found to be of the same order of magnitude as mentioned above. The 

previous described two experiments led to the conclusion that the epoxy ratio keeps constant upon 

aging and that the presence of epoxide groups might be due to the synthesis and purification 

process carried out by the supplier. 

The substance “polymer 164” should be seen as a mixture of different compounds with the vinyl 

terminated PDMS being present in the highest proportion of 99.29 wt.%, this is the reacting 

polymer that forms PDMS-networks upon hydrosilylation.  
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Table 3.3.1 Integral areas of the 1H-NMR signals representing vinyl groups and epoxy groups 
upon aging of polymer 164 under oxidative conditions and epoxy/vinyl ratio. Areas compared to 
1000 units set to the broad signal at δ=0 ppm methyl groups.  

Sample Area Vinyl Area Epoxy Vinyl/Epoxy Ratio 

Polymer 164 new 1,780 ± 0,089 0,090 ± 0,005 19,780 ± 0,989 

Polymer 164 new after 
1 week 

1,590 ± 0,080 0,210 ± 0,011 7,570 ± 0,379 

Polymer 164 new after 
2 weeks 

1,660 ± 0,083 0,130 ± 0,007 12,770 ± 0,639 

Polymer 164 new after 
3 weeks 

1,730 ± 0,087 0,080 ± 0,004 21,630 ± 1,082 

To calculate the degree of polymerization and the number average molecular weight Mn of the 

vinyl-terminated PDMS, the integrals of the 1H-NMR and 29Si-NMR spectra were compared. The 

number of repeating units was calculated with 1H-NMR using the following procedure: 

a) The integrals of the protons at the vinyl groups (δ= 6.14 ppm, J=20.0, 15.0 Hz; δ= 5. 5 ppm, 

J=15.0, 5.0 Hz; δ= 5.75 ppm, J=15.0, 5.0 Hz) were taken as reference and made equal to 6 

protons. Then the integral of the broad methyl protons peak (δ=0.30 to 0.00 ppm) was 

estimated to yield 1362 protons. 

b) 1362 is the equivalent area of the protons of all methyl groups contained in the polymer, 

including the methyl groups of the end of the molecule. The number of the later is known to be 

12 protons. Hence, 1350 protons belong to the methyl groups of the repeating units, and the 

degree of polymerization was calculated by Eq. 3.3.1 to be n=225 ± 22. 

                    
       𝑚 𝑡 𝑦𝑙 𝑟    𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡

   𝑟𝑜𝑡𝑜𝑛  𝑜𝑛  𝑟    𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡
  

  5 

 
   5  Eq. 3.3.1 

 

 

Figure 3.3.6   
29Si-NMR spectrum of Polymer 164 ( MviDnM

vi) and assignment of the signals to 
structure elements. (CDCl3, 30°C). 
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The 29Si-NMR spectrum (c.f. Figure 3.3.6) showed that the number of repeating units was n = 220 

since the reference integral is describing the end groups equivalent to 2 silicon atoms. The peak 

neighboring the broad peak at δ -21.03 ppm contains 2 silicon atoms that are next to the end 

groups and the integral of the broad peak at -22.05 ppm contains 218 silicon atoms. 

To conclude, the degree of polymerization was taken as the average of the 1H- and 29Si-NMR 

spectra and was found to be n= 223 ± 20. Written in the General Electric notation [3] as  MviD223M
vi 

and number average molecular weight Mn= 16650 ± 1500 g/mol.   

Si Si
O

Si

O

223
 

Figure 3.3.7  Structure of polymer 164.  MviD223M
vi  Mn= 16650 ± 1500 g/mol. 

 

Polymer 116 

To obtain a first idea of the structure of the polymer, the 13C-NMR spectrum was measured.  The 

vinyl groups showed a resonance frequency at δ= 137.40 ppm and δ=132.92 ppm (cf. Figure 

3.3.8). Stein, J et al. have measured the resonance frequencies of vinyl groups attached to silanes 

with different functionality (cf. Table 3.3.2). From these data, the polymer 116 could be identified as 

a copolymer of dimethylsiloxane (D) and vinylmethylsiloxane (DVi) with pendant vinyl groups [9]. 

(See structure formula in Figure 3.3.8). 

 

Figure 3.3.8 13C-NMR of polymer 116 and assignment of the signals to the structural elements. 
(CDCl3, 30°C). 
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Table 3.3.2 13C-NMR Shifts of vinyl siloxanes.[9] 

Compound δ (CH=CH2) ppm δ (CH=CH2) ppm 

MMvi
 139.69 131.46 

MDviM 137.73 132.41 

M3T
vi
 133.98 133.44 

To analyze the degree of polymerization, 29Si-NMR was used. Figure 3.3.9 depicts the 29Si-NMR 

spectrum of polymer 116. The two end groups of the polymer at δ= 7.13 ppm are of the type -

SiMe3 (M) followed along the polymer chain by D monomers [11]. The peaks of monomers with the 

pendant vinyl groups DVi were observed at δ= -36.00 ppm and the area was equivalent to 2.68 

units. The area of D groups in a range of δ= -21.50 to -22.50 ppm was equivalent to 150.2 units. 

The molecular weight was found to be Mn=11.530 ± 1160 g/mol with a degree of polymerization n= 

153 ± 15 and the fraction of monomers Dvi and D, x=0,02 and y= 0,98 respectively.  Although the 

number of dimethylsiloxane D monomers obtained from 29Si-NMR (δ= -21.52 to -22.45 ppm) (D= 

150 units) was different from the results of the proton NMR (D= 111 units), using the methyl groups 

(1H-NMR: δ= 0.00 to 0.23 ppm. cf. Figure 3.3.10) making n= 114 ± 11, the number of repeating 

units was confirmed by means of dynamic light scattering with a resulting molecular weight of the 

same magnitude order as the derived from 29Si-NMR. This will be explained in detail in Section 

3.3.4. 

 

Figure 3.3.9  29Si-NMR spectrum of Polymer 116 (MD150D3
viM, Mn= 11530 ± 1160 g/mol) and 

assignment of signals to structure elements (CDCl3, 30°C). 
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Figure 3.3.10 
1H-NMR spectrum of Polymer 116 (MD150D3

viM, Mn= 11530 ± 1160 g/mol) and 
assignment of signals to structure elements (CDCl3, 30°C). 

Similar to the 1H-NMR spectrum of polymer 164, it was observed that polymer 116 contains 0.2 wt.% 

of the inhibitor ethynylcyclohexanol, this percentage was calculated from the 1H-NMR spectrum of 

polymer 116. In the spectrum signals arising from water from the CDCl3, and hexane (1 mol per mol 

of inhibitor) were present. The presence of epoxide groups was also seen in the spectrum, but in 

lower concentrations compared to polymer 164, since for every 80th vinyl group one epoxy group 

was found.   

Crosslinker 45 

A 1H-NMR spectrum was recorded to determine the structure of the polymer (cf. Figure 3.3.11). 

Since in hydrosilylation reactions, the crosslinker contains hydrosilane groups, the signal of Si-H in 

the spectrum is expected to appear at about δ= 4.00-5.00 ppm as a broad singlet [11].  

Nevertheless, the broad Si-H signal was found at δ= 4.74 ppm with a small singlet at δ= 4.69 ppm. 

Moreover, the methyl groups of the repeating monomer at δ= 0.22 ppm were clearly distinguished 

from those at the end groups of the polymer, because at δ= 0.17 and 0.14 ppm two singlets were 

found. To allocate the found singlets, a 1H-DOSY NMR (Figure 3.3.12) and a 1H-29Si HMBC 

spectrum (Figure 3.3.13) correlation were recorded. The results from DOSY showed that all the 

mentioned peaks belong to the same molecule. It is also important to mention that the peaks 

observed at δ= 1.55 ppm corresponding to water from the chloroform in the mixture, and hexane at 

δ= 1.28 and 0.87 ppm were found well separated at higher –logD- values (H2O: -LogD = 9.037 

(m2/s), hexane: -LogD = -8.196 (m2/s)). 
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Figure 3.3.11 1H-NMR spectrum of Crosslinker 45 and assignments of signals to structure 
elements (CDCl3, 30°C). 

 

 
Figure 3.3.12 1H-DOSY NMR spectrum of Crosslinker 45 (CDCl3,  30°C). 

 

The methyl groups signals of end groups M were found in the 1H-NMR spectrum at δ= 0.14 ppm 

Figure 3.3.13 a). The peak at δ= 0.17 ppm corresponds to the methyl groups attached to 

hydrosilane units next to the end groups which was also distinguished at δ= -35.67 ppm in the 29Si-

NMR spectrum (structure symbol:-DHM). For that configuration no SiH separated peak in the 1H-
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NMR spectrum was observed, it was overlapped with the broad peak oh repeating DH units at δ= 

4.74 ppm but the methyl group can be distinguished as shown in Figure 3.3.13 b). Harris et al. had 

already shown that the silicon nucleus is sensitive to changes in the configuration up to six bonds 

away and this can be distinguished in the spectrum [4].  

Another peak of the 29Si-NMR spectrum was observed at -35.20 ppm and was found to be 

equivalent to the third silicon atom starting from the end groups (-DHDHM). In the proton spectrum, 

this was the hydrosilane peak observed as a small singlet at δ= 4.6  ppm, cf. Figure 3.3.13 c). The 

protons of the methyl group of that silicone atom are overlapped with the broad singlet at δ= 0.22 

ppm. 

The number average molecular weight Mn was calculated from the integrals of the 29Si-NMR 

spectrum shown in Figure 3.3.14. The resulting molecule has hence the structure MDH
72M with 

Mn= 4486 ± 450 g/mol. 

 

 

 

Figure 3.3.13 1H-29Si HMBC NMR spectrum of Crosslinker 45. Horizontal 1H spectrum, vertical 29Si 
spectrum.  a) Whole spectrum.  b) Enlargement of the methyl area. c) Enlargement of the 
hydrosilane area. (CDCl3, 30°C) 

CH3 

D
H
M 

SiH 

D
H
D

H
M 

c) 

b) 
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Figure 3.3.14  29Si-NMR spectrum of crosslinker 45 (MDH
72M, Mn= 4486 ± 450 g/mol) and 

assignment of signals to structure elements. (CDCl3, 30°C). 

 

Crosslinker 101 

The 1H-NMR spectrum of crosslinker 101 (not shown) depicted multiple overlapped broad singlets 

at δ= 4.68-4.75 ppm corresponding to the protons of the hydrosilane bond as described in section 

3.2.1 where all chemical shifts are reported. Moreover, a broad multiplet was found for the methyl 

groups attached to silicon with a different pattern than the observed for crosslinker 45. The 29Si-

NMR spectrum in Figure 3.3.16 shows that crosslinker 101 is a random copolymer P[HMS-co-DMS] 

composed from M (trimethylsiloxane), D (dimethylsiloxane), and DH (hydridomethylsiloxane) 

groups, each of them observed at different chemical shifts (M: δ= 9.98 to 7.63 ppm; D: δ= -18.70 to 

-21.32 ppm; DH: δ= -34.64 to -37.41 ppm). A correlation 1H-29Si HMBC NMR experiment (Figure 

3.3.15 a) was performed to better understand the proton spectrum. Figure 3.3.15 b depicts the 

enlarged part of the methyl area where DH methyl groups can be distinguished at δ= 0.22, 0.20 and 

0.18 ppm from those of D or M units. The methyl groups of the end units were found to be 

overlapped with those from dimethylsiloxane D units. 
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Figure 3.3.15 1H-29Si HMBC NMR spectrum of Crosslinker 101. Horizontal 1H spectrum,                      
vertical 29Si spectrum.  a) Whole spectrum. b) Enlargement of the signals in the methyl area. 
(CDCl3, 30°C). 

 

The 29Si-NMR spectrum (Figure 3.3.16) was more difficult to understand than the proton NMR 

spectrum. Several peaks were observed in the range where DH, D or M are usually found. Harris et 

al. reported different resonances due to microstructures of random co-polymers around M, DH and 

D units [4].  Gray et al. presented a compilation of chemical shifts for sequences of five monomers 

with central monomers DH or D units and sequences of three monomers after the end groups M 

[12].  A reproduction of the data is shown in Table 3.3.3 but before going into detail, the monomer 

ratio DH/D was determined out of the NMR spectrum as well as the molecular weight of the linear 

copolymer. 

To calculate the average number molecular weight Mn and the co-monomer ratio, the areas of the 

signals in the 29Si-NMR spectrum in Figure 3.3.16 were taken as explained next. The sum of the 

area of the peaks of the end groups M in the chemical shift range δ= 9.98 to 7.63 ppm was taken 

as reference and made equal to two, since the linear chain only contains two end groups of the 

form M. To find the average amount of monomers D the sum of the area between δ= -18.53 and -

21.35 ppm was measured and the same procedure was done for DH monomers between δ= -34.74 

and -37.32 ppm. A total of 24.10 units of monomer D was calculated and 141.65 for monomer DH. 

a) b) CH3 
CH3 

SiH 

D
H
 

M 

D 

D
H
 

D 
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The results confirmed that the methylhydrosiloxane monomer was added in excess of ~5.9 ± 0.5 

monomers DH to 1 monomer D. The structure of crosslinker 101 is displayed in Figure 3.3.17.    

 

Figure 3.3.16 29Si-NMR spectrum of crosslinker 101 and assignments of signals to sequences of 
monomers (MD24D

H
142M, Mn= 10460 ± 1050 g/mol) (CDCl3, 30°C). 

 

Si

O

Si
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Figure 3.3.17 General structure of crosslinker 101. P(HMS-co-DMS). 
 Mn= 10460 ± 1050 g/mol. 

When comparing the chemical shifts of the possible comonomer sequences summarized in Table 

3.3.3 with the experimental chemical shifts of the 29Si NMR spectrum in Figure 3.3.16, it was 

observed that at the chain-ends no MDHDD,  MDDDH and MDDD sequences were present in the 

macromolecules. From the dimethylsiloxane units was seen that no more than three D monomers 

in the sequence were found and very few DDD sequences are present in the copolymer. No 

sequences such as DDHDDD, DHDDDD, and DDDDD were observed. As a consequence of the 

previous statement, no DDDHDD sequences were observed either. In order to prove the previous 

considerations, the probability of obtaining the different sequences arranged in sequences of five 

monomers when the co-monomer ratio is DH/D= 141.65/24.10 or the monomers distribution is DH= 

85.5% and D=14.5% with   ̅̅ ̅ =166 units, found by NMR, was calculated by using Harwood’s and 
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Ritchey’s method for a random copolymer [40]. Harwood et al. have used NMR to measure the 

sequence distribution in Styrene-MMA copolymers and proposed mathematical relationships that 

allow the calculation of the sequence distribution which involves only the co-monomer ratio when 

no kinetic data are known [41]. The equations used to calculate the probability of the different 

sequences are listed below. 

The method does not consider the end groups and assumes the polymers to be cyclic, the linkages 

occur in one direction, from left to right (or right to left) for a monomer unit. It uses a parameter R or 

run number which refers to the average number of sequences that occur per 100 monomer units in 

the polymer chain. For a random copolymer, R can be calculated by Eq. 3.3.2 where %DH is the 

percentage of DH monomers along the polymer chain and D the percentage of monomers D in the 

chain.  

                          
(% 𝐻)× %  

5 
  

 85 5 ×    5 

5 
  4   Eq. 3.3.2 

To calculate the probability that a DH-D linkage occurs in a random copolymer is: 

                   𝑫 𝑫   
 𝑟 𝑛𝑑𝑜𝑚

  % 𝐻   
   8

  85 5
    45 Eq. 3.3.3 

In a similar way the probability of a linkage D-DH is: 

                   𝑫𝑫   
 𝑟 𝑛𝑑𝑜𝑚

  % 
 

   8

     5
    55 Eq. 3.3.4 

A D-D linkage probability is: 

                                  𝑫𝑫   
%    𝑟 𝑛𝑑𝑜𝑚   

 % 
 

   5     8   

    5
    45 Eq. 3.3.5 

Similarly, DH-DH linkage probability is:  

                                  𝑫 𝑫   
% 𝐻   𝑟 𝑛𝑑𝑜𝑚   

 % 𝐻   
85 5     8   

 85 5
    55 Eq. 3.3.6 

 

The Harwood method can be extended to sequences by calculating the product of the probabilities 

as depicted in Scheme 3.3.1, starting from the central monomer to the outer monomers. Table 

3.3.4 describes all possible sequences as well as their probability of occurrence. The sequences 

are organized in a similar way to Table 3.3.3 for a better comparison since three different regions 

for each monomer of the NMR spectrum are observed containing sequences grouped by two 

monomers of the same species as the central monomer next to it are printed in blue, one monomer 

next to the central monomer of the same species in red, and no monomers of the same kind as the 

central monomer next to it in green colour.   

 

Scheme 3.3.1 Example of probability calculation of a sequence of five monomers. 

 

The results of the calculated probabilities in Table 3.3.4 suggest that sequences containing three or 

more D monomers are not easy to be found since the probability of occurring is less than 0.01. 
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However, when the probability of each sequence was multiplied by the integral 29Si-NMR value of 

each monomer, an assignment of the contribution of each sequence to the integral value was 

possible as depicted in the fourth column of Table 3.3.4. When comparing the sum of those values 

per coloured region with the expected integral values, those were higher than the measured ones 

by NMR as observed in the columns 5 and 6 of the same table. If the kinetics would be known an 

“R” value could be determined as explained by Harwood’s et al. [40]. However, the “R” value can 

be compared to Rrandom [41]. When R<Rrandom the monomer units tend to cluster in blocks. When 

R=Rrandom the sequence distribution is random. When R>Rrandom the monomer units tend to 

alternate along the polymer. If the “R” value used to calculate the probabilities, was modified and 

equal to a higher value than Rrandom (R>Rrandom), then the values expected for the integrals were 

more similar to the values measured by 29Si-NMR. That means, the monomers are tending to 

alternate, and that is why the sequence DHDHDHDHDH experimentally shows a value of 52.53 lower 

compared to 75.70 from the random distribution probability. However, the missing units of the 

integral value are redistributed in the sequences DHDHDHDD, DDHDHDD, DDHDHDDH in red and 

DHDDHDDH, DHDDHDD in green. According to the observation, sequences of three D monomers 

are observed since R>Rrandom and thus the monomer tend to alternate, confirming that the 

sequences of four or more D monomers as DDDHDD, DDHDDD, DHDDDD, and DDDDD are not 

found in the 29Si spectrum and also having a good agreement when comparing the chemical shifts 

to the values reported by Gray et al. [12] in Table 3.3.3. 

 In Figure 3.3.16, the sequences found in the random copolymer are described on the 29Si-NMR 

spectrum.    

 

Table 3.3.3 Chemical shifts of microstructures in random MDHDM copolymers. Gray et 
al.[12] 

M D DH
 

δ Si (ppm) Sequence δ Si (ppm) Sequence δ Si (ppm) Sequence 

9.7 
9.6 
9.3 
9.2 
 
7.6 
7.5 
7.2 
7.1 

MDHDHDH
 

MDHDHD 

MDHDDH
 

MDHDD 

 
MDDHDH

 

MDDHD 

MDDDH
 

MDDD 

-18.7 
-19.0 
-19.3 
-20.1 
-20.4 
-20.7 
-21.4 
-21.7 
-22.0 

DHDHDDHDH
 

DHDHDDHD 

DDHDDHD 

DHDHDDDH
 

DHDHDDD 

DDHDDD 

DHDDDDH
 

DHDDDD 

DDDDD 

-34.8 
-35.0 
-35.3 
-35.9 
-36.1 
-36.2 
-37.1 
-37.3 
-37.6 

DHDHDHDHDH
 

DHDHDHDHD 

DDHDHDHD 

DHDHDHDDH
 

DHDHDHDD 

DDHDHDD 

DHDDHDDH
 

DHDDHDD 

DDDHDD 

Colored regions divided by the number of monomers next to the central monomer of the same 
species: two monomers; one monomer; none monomer
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Table 3.3.4 All possible sequences of five monomers and their probability of occurring for a 
random copolymer of poly[hydromethylsiloxane-co-dimethylsiloxane].  Probabilities calculated 

using Harwood et al. method [40]. DH=85.5%; %D=14.5%;   ̅̅̅̅ = 165. Comparison of probability 
values with the integral values from 29Si-NMR of Crosslinker 101 

DH  
 

Sequence 

 
Probability by 
Harwood et al. 

method 

 
Sequence 
Probability 

Calculated 
NMR 

intensities 
probability 

Sum of  
expected MNR 
integrals  per 

region  

Experiment
al NMR 
values 

DHDHDHDHDH 

DHDHDHDHD 

DDHDHDHDH 

DDHDHDHD 
DHDHDHDDH 

DHDDHDHDH 

DHDHDHDD 

DDDHDHDH 

DDHDHDDH 

DHDDHDHD 
DDHDHDD 

DDDHDHD 
DHDDHDDH 

DHDDHDD 

DDDHDDH 

DDDHDD 

Total 

PD
H
D

H ^4 
PD

H
D

H ^3 *PD
H
D  

PD
H
D

H ^3 *PD
H
D  

PD
H
D

H ^2 *PD
H
D ^2  

PD
H
D

H ^2 *PD
H
D *PDD

H  
PD

H
D

H ^2 *PD
H
D *PDD

H  
PD

H
D

H ^2 *PD
H
D *PDD  

PD
H
D

H ^2 *PD
H
D *PDD  

PD
H
D

H *PD
H
D^2 *PDD

H  
PD

H
D

H *PD
H
D^2 *PDD

H  
PD

H
D

H *PD
H
D^2 *PDD  

PD
H
D

H *PD
H
D^2 *PDD  

PD
H
D^2 *PDD

H^2   
PD

H
D^2 *PDD

H
 *PDD  

PD
H
D^2 *PDD

H
 *PDD 

PD
H
D^2 *PDD^2 

- 

0,5344 
0,0906 
0,0906 
0,0154 

0,0906 

0,0906 

0,0154 

0,0154 

0,0154 

0,0154 

0,0026 

0,0026 

0,0154 

0,0026 

0,0026 

0,0004 

1,0000 

75,70 
12,84 

12,84 

2,18 

12,84 

12,84 

2,18 

2,18 

2,18 

2,18 

0,37 

0,37 

2,18 

0,37 

0,37 

0,06 

141,65 

 
103,55 

 
 
 
 
 

35,12 
 
 

 

 
2,98 

 
 

141,65 

 
84,32 

 
 
 
 
 

50,62 
 
 
 
 
 

6,71 
 
 

141,65 

D 
 

Sequence 

 
Probability by 
Harwood et al. 

method 

 
Probability 
Sequence 

Integral 
NMR values 
(calculated 
probability.) 

Sum of integral 
NMR expected 

values per 
region  

Integral 
NMR 

values 
(measured) 

DHDHDDHDH 

DHDHDDHD 

DDHDDHDH 

DDHDDHD 
DHDHDDDH 

DHDDDHDH 

DHDHDDD 

DDDDHDH 

DDHDDDH 

DHDDDHD 
DDHDDD 

DDDDHD 
DHDDDDH 

DHDDDD 

DDDDDH 

DDDDD 

Total 

PDD
H ^2 *PD

H
D

H ^2 
PDD

H ^2 *PD
H
D

H *PD
H
D 

PDD
H ^2 *PD

H
D

H *PD
H
D 

PDD
H ^2 *PD

H
D ^2  

PDD *PDD
H ^2 *PD

H
D

H  
PDD *PDD

H ^2 *PD
H
D

H  
PDD

 ^2 *PDD
H
 *PD

H
D

H  
PDD

 ^2 *PDD
H
 *PD

H
D

H  
PDD *PDD

H ^2 *PD
H
D  

PDD *PDD
H ^2 *PD

H
D  

PDD
 ^2 *PDD

H
 *PD

H
D 

PDD
 ^2 *PDD

H
 *PD

H
D 

PDD
 ^2 *PDD

H
 ^2 

PDD^3 *PDD
H
   

PDD^3 *PDD
H
   

PDD^4  

- 

0,5344 

0,0906 

0,0906 

0,0154 

0,0906 

0,0906 

0,0154 

0,0154 

0,0154 

0,0154 

0,0026 

0,0026 

0,0154 

0,0026 

0,0026 

0,0004 

1,0000 

12,88 
2,18 
2,18 
0,37 
2,18 
2,18 
0,37 
0,37 
0,37 
0,37 
0,06 
0,06 
0,37 
0,06 
0,06 
0,01 

24,10 

 
17,62 

 
 
 
 
 

5,98 
 
 
 
 
 

0,51 
 
 

24,10 

 
17,92 

 
 
 
 
 

6,00 
 
 
 
 
 

0,18 
 
 

24,10 
 

N° of monomers next to the central monomer of the same species: 2 monomers; 1 monomer; 0 monomers. 
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Crosslinker 40 

The 1H-NMR spectrum of crosslinker 40 depicts two broad signals at δ= 4.73 ppm and δ= 0.14 

ppm that is typical for crosslinkers containing SiH bonds and methyl groups attached to silicon 

atoms, respectively. However, a determination of the molecular weight cannot be done since the 

signals are overlapping and no discrete information can be taken from of the spectrum.  Other 

small signals were observed in the proton spectrum in the range from δ= 3.8 to 0.6 ppm. To 

characterize those signals, the sample was analyzed further by means of 13C-, 13C-DEPT, 1H-

DOSY 1H-1H COSY and 1H-13C HSQC NMR, and the structure identified in that chemical shift 

range was epoxypropoxypropyl-methylsiloxane. Figure 3.3.18 contains the 1H-NMR spectrum with 

the assigned signals to the mentioned compound which is not part of the copolymer. The ratio of 

one mole of epoxypropoxypropyl-methylsiloxane per 6.4 mol of the crosslinker macromolecule was 

found by comparing the integral values of the signals from δ= 0.61 ppm from two protons of the 

epoxy compound with the signal from δ= 4.99 to 4.47 ppm of 306 protons of the SiH configuration. 

The number of protons in the SiH configuration per crosslinker macromolecule was found based on 

the integral values of the signals from δ= -34.61 to -34.97 ppm of the 29Si-NMR spectrum depicted 

in Figure 3.3.19. This means that means every 408 monomers DH and D, one of the 

epoxypropoxypropyl-methylsiloxane units can be found. It can be assumed that this compound 

was added to improve the anchorage of the coating on the substrate [9]. Nevertheless, the 

concentration is very small, and therefore not further observed in the 29Si-NMR spectrum. The 

epoxy functionalized monomer is not considered in the molecular weight calculations since it is not 

incorporated in the copolymer chain.    

 

Figure 3.3.18  1H-NMR spectrum of crosslinker 40. Detailed structure of epoxypropoxypropyl-
methylsiloxane additive (CDCl3, 30°C). 
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The 29Si-NMR spectrum of crosslinker 40 is depicted in Figure 3.3.19. The observed signals were 

common to a random copolymer P[HMS-co-DMS] as in the case of Crosslinker 101. However, new 

signals are observed in the range of -4.56 to -7.00 ppm. The comparison of those signals with the 

literature was not possible due to the lack of published data. Nevertheless, the correlation 1H-29Si 

HMBC NMR allowed suspecting that the signals belonged to end groups containing hydrosilane 

bonds since the protons of methyl groups attached to a silicon atom that was also bonded to one 

hydrogen alone were clearly differentiated from those silicon atoms that did not contain SiH bonds 

cf. Figure 3.3.20. To prove the presence of hydrosilane end groups a hydride terminated polymer 

P[HMS-co-DMS] was acquired from abcr. Compound AB 146378 with 25-30% DH content was 

analyzed by 29Si-NMR (Figure 3.3.21) to observe whether those signals in the range δ= -4.56 to -

7.00 ppm appeared. The hydrosilane bonds at the end of the polymer chain signals were found at 

the mentioned range of chemical shifts. Some differences in the number of signals were attributed 

to the relatively low content of DH units in the abcr polymer. The higher the content of DH, there are 

more possibilities to form different sequences of the monomers next to the end groups and 

therefore, more signals in the spectrum of crosslinker 40 are observed.   

 

Figure 3.3.19  29Si-NMR  spectrum of crosslinker 40 and assignments of the signals to monomer 
sequences. (CDCl3, 30°C). 
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Figure 3.3.20 1H-29Si HMBC NMR correlation of crosslinker 40. Horizontal 1H spectrum in methyl 
area, vertical 29Si spectrum. (CDCl3, 30°C). 

 

 

Figure 3.3.21  29Si-NMR spectrum of AB 146378: P[DMS-co-HMS] hydride terminated. 25-30% 
DH units. (CDCl3, 30°C). 
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An analysis of the 29Si spectrum of crosslinker 40 with respect to monomer sequences is also 

shown in Figure 3.3.19 where around 64% of the end groups are trimethylsiloxane M and 36% are 

hydrogendimethyl siloxane MH. A detailed description of the sequences next to MH is proposed in 

Table 3.3.5. In any case, the signals of sequences MHD- and MHDH- were clearly distinguished in 

the spectrum as MD- and MDH- sequences do, this is also observed in Figure 3.3.21 for the 

reference compound from abcr. 

A ratio of DH: D = 1: 4 was found for the crosslinker 40 as compared to Crosslinker 101 which 

exhibited DH: D ~1: 6. It means that new sequences appeared in the spectrum due to more D units. 

The peaks of the spectrum in Figure 3.3.19 were assigned on basis of the data in Table 3.3.3. 

However, for this copolymer also the probability of forming different sequences at random was 

assessed by using the same procedure as for Crosslinker 101. 

When identifying the area under the peaks of the end groups M+MH with two units in the 29Si-NMR 

in Figure 3.3.19, the amount of D and DH monomers in the polymer chain can be calculated by the 

estimating the area under D and DH peaks. The result was that in one average molecule 48 

monomers DH and 12 monomers of D are found. The molecular weight Mn= 3930 ± 370 g/mol was 

calculated for an average molecule M1.28D
H

48D12M
H

0.72. The structure of crosslinker 40 is depicted 

Figure 3.3.22. 

Table 3.3.5 Chemical shifts of microstructures in random PHMS-
co-PDMS hydride terminated. 

MHDH
 MHD 

29Si δ (ppm) Sequence 29Si δ (ppm) Sequence 

-4.56 
-4.69 
-4.96 
-5.10 

MHDHDHDH
 

MHDHDHD 

MHDHDDH
 

MHDHDD 

-6.50 
-6.61 
-6.89 
-7.00 

MHDDHDH
 

MHDDHD 

MHDDDH
 

MHDDD 

 

Si
O

Si
O

Si
O

Si
H

Ha b0.8 0.2 60  

Figure 3.3.22 Molecular structure of crosslinker 40.  Mn= 3930 ± 370 g/mol. End groups 
distribution: a=1.28; b=0.72.  M1.28D

H
48D12M

H
0.72. 

Table 3.3.6 contains the probability values for a random distribution of a copolymer of %D=20% 

and %DH=80% where a value of Rrandom= 32.0 is calculated by means of Eq. 3.3.2 [40], in the same 

table the expected integral contribution of each sequence is to be found. Similar results of 

probability as in Crosslinker 101 were found but the integral values obtained experimentally were 

significantly different for D monomers as central atoms. While for a random copolymer three or 

more D monomers are not expected in the spectrum, all signals from Table 3.3.3 were found. 

When recalculating the probability for a R<Rrandom the probability of the sequences containing three 

or more D units increases and becomes more similar to the experimental values suggesting that 

the D monomer units tend to arrange in clusters [41]. The “blockiness” of the monomers 

conforming the copolymer is known to happen when the synthesis process involved equilibria co-
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condensation of D4 with D4
H cyclosiloxanes but the equilibration time for a redistribution of 

monomers was insufficient [5], p 268. Thus, the synthesis of crosslinker 40 most probably was 

made under the mentioned conditions. 

Table 3.3.6 All possible sequences of five monomers and their probability of occurring for a 
random copolymer of poly[hydromethylsiloxane-co-dimethylsiloxane].  Probabilities calculated 

using Harwood et al. method [40]. DH=80%; %D=20%;   ̅̅̅̅ = 60. Comparison of probability values 
with the integral values from 29Si-NMR for Crosslinker 40. 

DH 
 

Sequence 
 

Probability by 
Harwood et al. 

method 

 
Sequence 
Probability 

Calculated 
NMR 

intensities 
probability 

Sum of  
expected MNR 
integrals  per 

region  

Experimen-
tal NMR 
values 

DHDHDHDHDH 

DHDHDHDHD 

DDHDHDHDH 

DDHDHDHD 
DHDHDHDDH 

DHDDHDHDH 

DHDHDHDD 

DDDHDHDH 

DDHDHDDH 

DHDDHDHD 
DDHDHDD 

DDDHDHD 
DHDDHDDH 

DHDDHDD 

DDDHDDH 

DDDHDD 

Total 

PD
H
D

H ^4 
PD

H
D

H ^3 *PD
H
D  

PD
H
D

H ^3 *PD
H
D  

PD
H
D

H ^2 *PD
H
D ^2  

PD
H
D

H ^2 *PD
H
D *PDD

H  
PD

H
D

H ^2 *PD
H
D *PDD

H  
PD

H
D

H ^2 *PD
H
D *PDD  

PD
H
D

H ^2 *PD
H
D *PDD  

PD
H
D

H *PD
H
D^2 *PDD

H  
PD

H
D

H *PD
H
D^2 *PDD

H  
PD

H
D

H *PD
H
D^2 *PDD  

PD
H
D

H *PD
H
D^2 *PDD  

PD
H
D^2 *PDD

H^2   
PD

H
D^2 *PDD

H
 *PDD  

PD
H
D^2 *PDD

H
 *PDD 

PD
H
D^2 *PDD^2 

- 

0,4096 
0,1024 
0,1024 
0,0256 
0,1024 

0,1024 

0,0256 

0,0256 

0,0256 

0,0256 

0,0064 

0,0064 

0,0256 
0,0064 
0,0064 
0,0016 

1,0000 

19,76 
4,94 
4,94 
1,24 

4,94 
4,94 
1,24 
1,24 
1,24 
1,24 
0,31 
0,31 

1,24 
0,31 
0,31 
0,08 

48,25 

 
30,88 

 
 
 
 
 

15,44 
 
 

 

 
1,93 

 
 

48,25 

 
29,65 

 
 
 
 
 

12,59 
 
 
 
 
 

6,01 
 
 

48,25 

D 
 

Sequence 

 
Probability by 
Harwood et al. 

method 

 
Probability 
Sequence 

Integral 
NMR values 
(calculated 
probability.) 

Sum of integral 
NMR expected 

values per 
region  

Integral 
NMR 

values 
(measured) 

DHDHDDHDH 

DHDHDDHD 

DDHDDHDH 

DDHDDHD 
DHDHDDDH 

DHDDDHDH 

DHDHDDD 

DDDDHDH 

DDHDDDH 

DHDDDHD 
DDHDDD 

DDDDHD 
DHDDDDH 

DHDDDD 

DDDDDH 

DDDDD 

Total 

PDD
H ^2 *PD

H
D

H ^2 
PDD

H ^2 *PD
H
D

H *PD
H
D 

PDD
H ^2 *PD

H
D

H *PD
H
D 

PDD
H ^2 *PD

H
D ^2  

PDD *PDD
H ^2 *PD

H
D

H  
PDD *PDD

H ^2 *PD
H
D

H  
PDD

 ^2 *PDD
H
 *PD

H
D

H  
PDD

 ^2 *PDD
H
 *PD

H
D

H  
PDD *PDD

H ^2 *PD
H
D  

PDD *PDD
H ^2 *PD

H
D  

PDD
 ^2 *PDD

H
 *PD

H
D 

PDD
 ^2 *PDD

H
 *PD

H
D 

PDD
 ^2 *PDD

H
 ^2 

PDD^3 *PDD
H
   

PDD^3 *PDD
H
   

PDD^4  

- 

0,4096 
0,1024 
0,1024 
0,0256 
0,1024 

0,1024 

0,0256 

0,0256 

0,0256 

0,0256 

0,0064 

0,0064 

0,0256 
0,0064 
0,0064 
0,0016 

1,0000 

4,77 
1,19 
1,19 
0,30 
1,19 
1,19 
0,30 
0,30 
0,30 
0,30 
0,07 
0,07 
0,30 
0,07 
0,07 
0,02 

11,65 

 
7,46 

 
 
 
 
 

3,73 
 
 
 
 
 

0,47 
 
 

11,65 

 
1,80 

 
 
 
 
 

6,75 
 
 
 
 
 

3,10 
 
 

11,65 

N° of monomers next to the central monomer of the same specie: 2 monomers; 1 monomer; 0 monomer. 
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Control Release Additive – CRA 

The modification of release forces of coatings from crosslinked siloxanes is carried out with the 

introduction of a release additive of MQ-resin type [13]. The structure of CRA was first analyzed by 
1H-NMR to identify possible functionalities. Figure 3.3.23 shows the presence of vinyl bonds 

signals in the range from δ= 6.17 to 5.72 ppm. The later were identified to be end groups Mvi by 

means of 13C-NMR, based on Table 3.3.2 with chemical shifts at δ=13 .65 and 131.83 ppm. In the 

proton NMR, other two peaks at δ= 3.84 and 1.22 ppm were distinguished. Those peaks were 

caused by ethoxysilane moieties, their identification was based on the “spectral database for 

organic compounds” (SDBS) when the respective shifts for 13C: δ= 58.94 and 18.28 ppm were 

known after measuring a correlation 1H-13C HSQC spectrum [14]. The 1H-NMR also contains a 

broad peak around δ= 0.09 ppm which suggests that dimethylsiloxane, D units, are also found in 

the additive and also describes the methyl groups of the Mvi units. The other signals of low intensity 

present in the spectrum correspond to the inhibitor ethynylcyclohexanol (from δ= 2.47 to 1.58 ppm) 

present in about ~0.05 wt% as calculated from the 1H-NMR spectrum (0.26 mol inhibitor: 1mol 

PDMS). Hexane was identified from its signal at δ= 1.28 and 0.86 ppm (0.4 mol hexane: 1 mol 

inhibitor), as explained in detail for Polymer 164 in this section above.   

 

Figure 3.3.23 
1H-NMR spectrum of Control Release Additive CRA-1 and assignments of signals 

to structure elements (CDCl3, 30°C). 

A 1H-DOSY NMR measurement shown in Figure 3.3.24 was performed to prove that all signals 

belonged to the same molecule. As expected, the molecule contains Mvi, ethoxysilane and 

dimethylsiloxane D units. However, the protons of the methyl groups in the D units seemed to 

belong to more than one molecule suggesting the presence of PDMS, this argument was 

confirmed by other experiments attempting to separate the PDMS from the mixture as it is 

extensively described in Appendix B of the present work. 
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Figure 3.3.24 1H DOSY-NMR  spectrum of CRA-1. (CDCl3, 30°C). 

Figure 3.3.25 is a 29Si-NMR spectrum of CRA-1 that was recorded with the aim of revealing in 

detail the structure of the molecule. For the measurement, a PTFE NMR tube was used to avoid 

interference with signals of usual glass tubes at around δ= -110 ppm caused by tetrafunctional 

silicon atoms or Q units.  In the spectrum not only Mvi units at δ= -4.20 ppm are present as end 

groups, but also M units at δ=  .75 to 11.83 ppm belong to the molecule. The D units next to the 

Mvi groups at δ= -21.01 ppm are to be distinguished from those further from the chain end at δ= -

22.04 ppm. At δ= -101.95 ppm a signal coming from ethoxysilane units was observed, which 

allowed concluding that the molecule contains also ethyl orthosilicate units QEt as distinguished by 

using 1H-29Si HMBC NMR correlation (Figure 3.3.26 a). Overlapping the later signal at δ= -108.39 

ppm a very broad signal that corresponds to Q units was found to cover the range from δ= -60 to -

140 ppm. The correlation 1H-29Si HMBC NMR also allowed separating the methyl signals of the 

end groups M and Mvi units of the methyl groups from D units in the 1H NMR spectrum as depicted 

in Figure 3.3.26 b. The signal at δ= 0.30-0.11 ppm belongs to the methyl groups of M and MVi units, 

and at δ=0.11-0.00 ppm the methyl group of the D units signals appear. In Figure 3.3.26 c it was 

possible to visualize Mvi units in a broad peak of the 29Si NMR spectrum at δ= -1.59 ppm which 

suggest that vinyl groups are present in two forms: they are either directly attached to D units (δ= -
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4.20 ppm), or the vinyl groups are probably attached directly to the Q units (δ= -1.59 ppm). In the 
1H NMR spectrum, a broad signal at δ~5.8 ppm allowed to distinguish Mvi groups attached to the Q 

units from the Mvi units that were attached to D units (sharp peaks). However, a quantitative 

analysis of the respective fraction of vinyl groups was not possible due to the overlapping of the 

peaks. The determination of these vinyl units fractions is done by means of an indirect procedure in 

Section 3.3.5 where a system of equations is proposed, combining data from the 1H-, 29Si-, and 

DOSY NMR- spectra.  

The values of the integrals of the 29Si spectrum in Figure 3.3.25 represent the total amount of each 

monomer present in the CRA mixture. Nevertheless, as it is explained in Section 3.3.5, the 

spectrum not only depicts the active compound that was found to consist of colloidal silica 

nanoparticles with vinyl functionalization, but also revealed the presence of PDMS, used as 

dispersant, and also acts as lubricant to allow for easy release of the silicone liner from the 

adhesive surface, which is the final application of the hydrosilylation reaction exposed in the 

present work. To find undisturbed NMR-integral values, and to understand the whole NMR spectra 

of CRA, different experiments were performed to separate the CRA-silica fraction from PDMS. 

Hence, the molecular weight estimations will be described in Section 3.3.5. 

 

Figure 3.3.25  29Si-NMR spectrum of Control Release Additive CRA-1 and assignment of the 
signals to the structure elements (CDCl3, 30°C). 
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c) 
 
 

 
 
 
 
 

 
 

 

 
 
 
 
 
 
 

Figure 3.3.26  
1H-29Si HMBC NMR spectrum of CRA-1. Horizontal 1H spectrum, vertical  29Si- 

spectrum. a) Whole spectrum. b) Enlargement of the methyl groups area. c) Enlargement of the 
vinyl groups area. 
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Catalyst 2.2 and Catalyst 0.6 

The qualitative analysis of the catalysts was made by means of the NMR method and quantitative 

analysis by XRF.  

In this section, platinum catalysts are classified according to their oxidation state as Pt(0), Pt (II) 

and Pt(IV) type compounds. “Catalyst 2.2” and “Catalyst 0.6” were described by the suppliers as 

Pt(0) type. The catalysts were suspected to be Karsted’s catalyst a complex of Pt(0) formed upon 

reaction of divinyltetramethyldisiloxane MviMvi and hexachloroplatinic acid H2PtCl6. The formed 

complex, usually Pt2(M
viMvi)3, is soluble in vinyl-polysiloxane and is often commercialized in 

solution. It is important to take into account that the described reaction produces vinyl terminated- 

polysiloxane as well [15]. To prove that the catalysts were of Karsted’s catalyst type, 
1
H-NMR 

spectra were recorded and compared to a known catalyst from abcr AB 134321 reported as 

Karsted’s catalyst: Platinum-divinyltetramethyldisiloxane complex in vinyl terminated 

poly(dimethylsiloxane) (3-3.5%Pt). 

Figure 3.3.28 depicts the comparison of the 1H-NMR spectra where it can be seen that all catalysts 

have the same signals but the ratio of the area between the peaks was different.  A detailed 

explanation of the 1H-NMR spectrum is very complex since the compounds are mixtures of several 

molecules. However, some of the peaks could be identified, e.g. vinyl groups Mvi  in the range of δ= 

6.22 to 5.69 ppm that  can belong to vinyl-polysiloxane synthesized as by-product of the reaction to 

produce the Pt(0) complex or the vinyl-polysiloxane added on purpose to dilute the Pt(0) complex 

since Pt is commercially found in low concentrations. 

The small peaks found within the range of 4.20 and 4.00 ppm were two multiplets, one at δ= 4.14 

ppm and the other at δ= 4.05 ppm that after a 1H-1H COSY correlation corresponded to one proton 

of 2-propanol with the other 6 protons at δ= 1.24 ppm and  δ=1.20 ppm. A 1H-DOSY NMR (cf. 

Figure 3.3.27) allowed to know that the previously described peaks concerning to 2-propanol are 

two compounds. It is known that isopropanol can form complexes with metals as aluminium or 

potassium to form isopropoxides [16]. Also known is the formation of platinum isopropoxide 

complex by reaction of Pt salt with isopropanol [17], but no data of NMR of platinum complexes 

with 2-propanol were found in the literature. In spite of that, the spectrum of the titanium complex 

tetraisopropyl orthotitanate was found in the spectral database for organic compounds SDBS, 

available online [14], which confirmed that the spectral peaks at δ= 4.14 ppm and δ= 1.20 ppm 

belong to a Pt- isopropoxide complex due to the similarities of the spectra. The isopropoxide 

complex is present in a small concentration of 0.6 mol per mol of 2-propanol for Catalyst 2.2 and 

0.36 mol per mol of 2-propanol for Catalyst 0.6. The peak at δ= 4.14 ppm of the last catalyst was 

not observed due to a very small concentration of the complex but the peak at δ= 1.20 ppm 

confirm its presence. The 2-propanol was also present in small concentration compared to the vinyl 

bonds as explained above, as demonstrated by the signals at δ= 6.22 to 5.69 ppm. One mol of 2-

propanol was found in the mixture every 10 vinyl bonds with Catalyst 2.2 and one every 20 vinyl 

bonds with Catalyst 0.6. 
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Figure 3.3.27 1H-DOSY-NMR spectrum of Catalyst 2.2. (CDCl3, 30°C). 

In the proton spectra (cf. Figure 3.3.28), several multiplets in the range between δ= 3.82 and 2.78 

ppm were observed. Those peaks most probably belonged to the double bonds of the Pt-complex 

called Karsted’s catalyst, its structural formula being depicted in Figure 3.3.29, since the 1H-DOSY 

NMR spectrum showed the peaks to belong to the same molecule. On the other hand, the 1H-29Si 

HMBC correlation spectrum (Figure 3.3.30) displayed the presence of two different kinds of silicon 

atom configurations regarding the signals in the range between δ= 3.82 and 2.78 ppm. Those 

signals were not well observable in the 29Si-NMR spectrum but appeared in the 2D spectrum at δ= 

3.95 and δ= 0.36 ppm. Furthermore, the two-dimensional spectrum clearly allowed a separation of 

signals representing protons of the platinum complex. The signals of protons in the range from δ= 

3.75 to 3.65 ppm and from δ= 3.33 to 3.29 ppm of the 1H-NMR spectrum are correlated to the 

signal at δ= -0.36 ppm of the 29Si spectrum, proving that those protons which cause signals in the 

mentioned range are attached to the same silicon atom. The other signal in the 29Si NMR spectrum 

at δ= 3.95 ppm showed that the rest of the protons represented by the signals in the described 

range (δ= 3.82 to 2.78 ppm) of the proton spectrum are attached to the same silicon atom. The 

methyl groups of such silicone atoms were distinguished from other methyl groups in the proton 

NMR spectrum at δ= 0.40, -0.26 and -0.37 ppm. When integrating the area under the peaks of the 

proton spectrum and comparing the ratio between those signals representing the protons of the 

Pt-isopropoxide 
complex 

2-propanol 

CDCl3 
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silicon atoms at δ= 3.95 and δ=-0.36 ppm, a ratio of 2 : 1 was found. The result suggests that 

silicon atoms causing a signal at δ= -0.36 ppm belong to the bridging divinyl ligand, while Si-atoms 

giving rise to the peak at δ= 3.95 ppm are part of the “outer” chelating divinyl ligands. 

 

Figure 3.3.28 Comparison of  1H-NMR spectra of  Catalyst 0.6, Catalyst 2.2 and Catalyst AB 
134321. Karsted’s Catalysts: Pt(0) complex in vinyl terminated polysiloxane. (CDCl3, 30°C). 

 

O
SiSi

Pt Pt

Si

Si

Si

Si

OO

 

Figure 3.3.29 Catalyst 2.2  and Catalyst 0.6  Pt-complex structure: Karsted’s catalyst with one 
bridging ligand and two chelating ligands. 

The broad peak at δ= 0.10 ppm of the 1H-NMR spectrum included the methyl groups of 

dimethylsiloxane units “D” -OSi(CH3)2-, and vinyldimethylsiloxane units “Mvi” -OSi(CH3)2CH=CH2. 

The catalyst molecules were found to be dissolved in siloxane polymers since the NMR spectra of 

these solutions allowed to reveal the molecular structure of the macromolecular solvent. The 

molecular weight of the linear vinyl terminated polymers was calculated from the 1H-NMR spectra 

when the integral value of the signals of protons belonging to the vinyl groups at δ= 6.22 to 5.69 

ppm was equalled to 6 since this is the number of vinyl-unit protons contained in a vinyl terminated 

polysiloxane molecule. Then the area ratio value of the broad peak at δ= 0.10 ppm corresponding 
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to the protons of the methyl groups when the vinyl peak area was equalled to 6 was measured and 

divided by 3 (the number of protons in a methyl group) to calculate the total number of methyl 

groups. From the number, the four methyl groups of the end groups contained in two Mvi units was 

subtracted, and the result was divided by 2 (number of methyl groups in a monomer unit) to 

calculate the number of repeating units of the linear polymer as explained in Eq. 3.3.7. The result 

showed that with catalyst 2.2 a degree of polymerization of n=106 ± 11 (D units), and for catalyst 

0.6, n= 126 ± 13 D units were found. The number average molecular weight of the polymers was 

Mn= 8030 ± 810 g/mol with structure MviD106M
vi and Mn= 9510 ± 900 g/mol MviD126M

vi respectively. 

In the spectrum were also found traces of water and hexane.  

              

                            𝛿        

                  
 4                   

                  
 

Eq. 3.3.7 

 

 

Figure 3.3.30 Correlation 1H-29Si HMBC NMR of Catalyst 2.2. Horizontal 1H, Vertical 29Si spectra. 
(CDCl3, 30°C).     

 

Chelating ligands 

Bridging ligand 

3.95 ppm 

-0.36 ppm 
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A closer view of the 29Si-NMR spectrum of catalyst 2.2 and catalyst 0.6 is displayed in Figure 

3.3.31. Catalyst 2.2 exhibited signals at different frequencies for the terminal vinyl groups of the 

PDMS macromolecule, probably due to different lengths of the polymer chains. At δ= -9.76 ppm a 

peak is observed caused by the presence of D3 cycles according to the reference [6]. The 

monomers next to the end vinyl groups are distinguished at δ= -21.03 ppm, and two overlapped 

broad singlets located at δ= -22.05 and δ= -22.06 ppm belonged to dimethylsiloxane D monomers 

probably present due to vinyl terminated polysiloxanes of two polymer lengths. The spectrum of 

Catalyst 0.6 shows a small peak at 3.95 confirming the presence of the vinyl groups of the 

chelating ligands. The vinyl bonds of the bridging ligand should be observed at δ= -0.36 ppm but 

the concentration is very small compared to the vinyl terminated polymers and therefore in both 

spectra, they were not observed. In spite of that, the 1H-29Si HMBC spectrum, confirmed their 

presence as explained above (cf. Figure 3.3.30). At δ= -22.32 ppm of the Catalyst 0.6 spectrum a 

small singlet appears beside the two overlapped broad singlets at δ=-22.06 ppm and δ= -22.11 

ppm, this singlet was identified as a polydimethylsiloxane of structure MD2M 

(Decamethyltetrasiloxane) [42].   

 

Figure 3.3.31  29Si NMR spectra of Catalyst 2.2 and Catalyst 0.6 and assignment of the signals to 
structure elements. (CDCl3, 30°C). 

A characterization of molecular weight of the complexes would be possible by GPC using toluene 

as the solvent but was not made in these studies due to the lack of equipment. Nevertheless, an X-

ray fluorescence elemental analysis was made to find the concentration of Pt in the mixtures. 

The results were [Pt]= 2.22 wt.% for Catalyst 2.2 and [Pt]= 0.64 wt.% for Catalyst 0.6.  
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Summary of chemical shifts: 

Table 3.3.7 Chemical shifts of polysiloxanes used in hydrosilylation reaction.
 

Compound System Group 1H δ(ppm) 13C δ(ppm) 29Si δ(ppm) 

Polymer 164 1 & 3 Mvi
 

 

 

 
 
D 

5.75 

5.95           vinyl 
6.14 
0.30-0.00 methyl 
 
0.30-0.00 

131.81 vinyl 
139.63 
 
0.48   methyl    
 
1.25     

-4.21 
 
 
 
 
-21.03  MviDD 

-22.08 

Polymer 116 2 M 
 
Dvi

 

 
 
 
 
D 
 
 

0.23-0.00 
 
5.82 

5.95           vinyl 
6.04 
0.23-0.00  methyl 
 
0.23-0.00 

2.00 
 
132.92 vinyl 
137.40 
 
-0.43 methyl 
 
1.26 

7.13 
 
-36.00 
 
 
 
 
-21.52 to -21.60 
-21.65 to -22.45 

Crosslinker 45 1 M 
 
DH

 
 

 

0.14 
 
4.69 SiH -DHDHM 

4.74 SiH -DH-and 

        -DHM 

0.17 methyl -DHM 

0.22 methyl -DH- 
             and -DHDHM 

 

1.81 
 
1.09 -DH- 
1.41 -DHM 

10.01 
 
-34.76 -DH- 
-35.20 -DHDHM 

-35.67 -DHM 

Crosslinker 
101 

3 M 
 
 
 
 
 
D 
 
 
 
 
 
 
DH

 

0.35-0.04 
 
 
 
 
 
0.35-0.04 
 
 
 
 
 
 
4.75, 4.73, 4.71, 
4.70, 4.68 SiH 

0.35-0.04 methyl 

2.00-1.85 
 
 
 
 
 
1.61-0.85 
 
 
 
 
 
 
1.61-0.85 

9.98 MDHDHDH
 

9.87 MDHDHD 

9.57 MDHDDH
 

7.75 MDDHDH
 

7.63 MDDHD 

 
-18.70 DHDHDDHDH

 

-19.11 DHDHDDHD 

-19.80 DDHDDHD 

-20.09 DHDHDDDH
 

-20.47 DHDHDDD   
-21.32 DHDDDDH

 

 
-34.64 to -35.39 
DHDHDHDHDH

 

DHDHDHDHD 

DDHDHDHD 

-35.62 to -36.49 
DHDHDHDDH

 

DHDHDHDD 

DDHDHDD 

-36.76 to -37.41 
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DHDDHDDH
 

DHDDHDD 

Crosslinker 40 2 M 
 
MH

 

 
 
 
 
 
 
 
 
D 
 
 
 
 
 
 
 
 
 
 
 
DH

 

0.36 to -0.03 

 
4.75, 4.73, 4.71, 
4.70 SiH 

0.36 to -0.03 

 
 
 
 
 
 
0.36 to -0.03 

 
 
 
 
 
 
 
 
 
 
 
4.75, 4.73, 4.71, 
4.70 SiH 

0.36 to -0.03 

2.09-1.68 
 
1.65-0.45 
 
 
 
 
 
 
 
 
1.65-0.45 
 
 
 
 
 
 
 
 
 
 
 
1.65-0.45 

9.98 MDHDHDH
 

 
-4.56 MHDHDHDH

 

-4.69 MHDHDHD 

-4.96 MHDHDDH
 

-5.10 MHDHDD 

-6.50 MHDDHDH
 

-6.61 MHDDHD 

-6.89 MHDDDH
 

-7.00 MHDDD 

 
-18.56 to -19.30 
DHDHDDHDH

 

DHDHDDHD 

DDHDDHD 

-19.91 to -20.73 
DHDHDDDH

 

DHDHDDD 

DDHDDD 

-21.27 to -22.08 
DHDDDDH

 

DHDDDD 

 
-34.61 to -34.97 
DHDHDHDHDH

 

-34.97 to -35.49 
DHDHDHDHD 

DDHDHDHD 

-35.57 to -36.60 
DHDHDHDDH

 

DHDHDHDD 

DDHDHDD 

-37.01 to -37.70 
DHDDHDDH

 

DHDDHDD 

CRA 3 M 
 
Mvi

 

 
 
 
 
D 
 
 
Qet

 
 

 
 
Q 

0.30-0.11 
 
6.24-6.07 

6.04-5.89   vinyl 
5.86-5.70 
0.30-0.11  methyl 
 
0.11 to 0.00 
 
 
4.01 -O-CH2-CH3 

1.35 to 1.14 

-O-CH2-CH3 

 

Non- observable 

2.19-1.37 
 
139.65 vinyl 
131.83 
 
0.48 methyl 
 
1.37-1.12 
 
 
58.94 -CH2- 
18.38 -CH3 

 

 

Non-
observable 

8.30-14.29 
 
-1.46 MviQ- 
-4.20 MviD- 
 
 
 
-21.01 -DDMvi

 

-22.04 -D- 
 
-101.01 
 
 
 
-108.39 
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Catalyst 2.2 

 
& 
 

Catalyst 0.6 

1 & 3 
 
 
 
2 
 

Mvi
 

 

 
 
 
 
 
D 
 
 
Pt-complex 
(bridging) 
 
 
 
 
 
Pt-complex 
(chelating) 
 

6.22-6-08 

6.03-5.90   vinyl 
5.83-5.69 
 
0.36 to -0.20 
methyl 
 
0.36 to -0.20 

 
 
3.75-3.65   vinyl  
3.33-3.29 

0.36 to -0.20 
methyl 
 
 
 
3.81-3.75 

3.65-3.51   vinyl 
3.29-2.78 

0.40, -0.26, -0.37 
Methyl 

139.49-
139.13 vinyl 
131.86-
131.51 
2.00 to -1.11 
methyl 
 
2.00 to -1.11 

 
 
139.49-
139.13 vinyl 
131.86-
131.51 
2.00 to -1.11 

methyl 
 
139.49-
139.13 vinyl 
131.86-
131.51 
2.00 to -1.11 
Methyl 

-4.22 
 
 
 
 
 
 
-21.03 -DDMvi

 

-22.05, -22.06 -D- 
 
-0.31 
 
 
 
 
 
 
3.95 

 

To summarize this section, the combined NMR methods allowed to determine the molecular 

structures of the active compounds taking part in a hydrosilylation reaction as well as the structure 

of additives or traces of compounds mixed with them like inhibitor or solvents. Table 3.3.8 contains 

a short summary of the compounds characterized in the Section.  
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Table 3.3.8 Summary of characterization of compounds used for the synthesis of silicone 
networks by NMR method. 

Compound 

Description 

Structure active 
compound 

Mn (g/mol) Observation 

Polymer 164 MviD223M
vi
 16650 ± 1500 Purity 99.3 wt% 

Inhibitor ECH 0,18 wt% 
Traces of hexane, water and epoxy 

groups 

Polymer 116  MD150D3
viM 11530 ± 1160 Purity 99.7 wt% 

Inhibitor ECH 0,20 wt% 
Traces of hexane, water and epoxy 

groups 

Crosslinker 45 MDH
72M 4486 ± 450 Purity 99.9 wt% 

Contains traces of hexane and 
water 

Crosslinker101 MD24D
H

142M 10460 ± 1050 Purity 99.9 wt% 
Contains traces of hexane 

Crosslinker 40 M1.28D
H

48D12M
H

0.72 3930 ± 370 Purity 99.1 wt% 
Epoxypropoxypropyl 

methylsiloxane 0.92 wt% 
Contains hexane traces 

CRA Silica particles 
PDMS 
M 
Mvi 

 

D 
QEt 

Q 

Not determined at 
this point 

cf. Section 3.3.5 

Contains inhibitor ECH 1 mol: 47 
vinyl group and hexane traces (1 

mol hexane: 1 mol inhibitor) 
Full characterization see section 
3.3.5  

Catalyst 2.2 Karsted’s Catalyst Pt(0) 
[Pt]= 2.22 wt. % diluted in vinyl-terminated PDMS. 
PDMS: Linear vinyl terminated polysiloxane Mn= 8030 ± 810 g/mol. 

Catalyst 0.6 Karsted’s Catalyst Pt(0) 
[Pt]= 0.64 wt. % diluted in vinyl-terminated PDMS. 
PDMS: Linear vinyl terminated polysiloxane Mn= 9510 ± 900 g/mol. 

 

  

3.3.2.  FTIR- Spectroscopy 

The IR-spectrua of the polysiloxanes analyzed in the present work was measured with the aim of 

identifying different functionalities of the polymers as the case of vinyl or silane groups. Figure 

3.3.32 depicts the FTIR-spectra of polymer 164, CRA, crosslinkers 45, 101 and 40. Spectra of 

polymer 116 and catalysts 2.2 and 0.6 were also measured but are not shown because they are 

identical to the spectrum of polymer 164.   
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Figure 3.3.32 FTIR-spectra of polymer 164, CRA, crosslinker 45, crosslinker 101 and crosslinker 
40. 

The spectrum of polymer 164 in Figure 3.3.32 did not allow to identify vinyl groups because of their 

very small concentration as shown by the NMR analysis. The vibration bands of the double bonds 

must appear in the interval of 3095-3075 cm-1, and 1690-1635 cm-1 [18], but were not found in the 

spectrum. The same was observed for polymer 116 and the catalysts which were mostly showing 

vibrations from C-H at 2962 cm-1(st), Si-(CH3) at 1411 cm-1(δas), 1257 cm-1 (δsy), 863 cm-1 and  

785 cm-1 (γ), Si-O-Si at 1079 cm-1 (st), 1008 cm-1 (st), and 661 cm-1 (st), and Si-C at 701 cm-1 (st).  

The FTIR-spectra of the crosslinkers 45, 40 and 101 are depicted as well as the spectrum of CRA. 

The silane functionalization of the crosslinkers 45, 101 and 40 were easily identified in the spectra 

and was also possible to differentiate copolymers from homopolymers. Figure 3.3.32 shows the Si-

H st at 2161 cm-1 and Si-H δ as a double band at ~855 and 756 cm-1. For the spectra of crosslinker 

104 and 40, the interaction Si(CH3)2 appeared as a peak between the two SiH (γ) bands at 

~796cm-1 expected for the copolymer P[HMS-co-DMS]. 

The IR spectrum of CRA meanwhile displayed bands of vinyl groups with a transmittance of 98% at 

3051.1 and 1646.7 cm-1 almost not seen, and a big peak with transmittance 17% not observed with 

other compounds to appear at 1053 cm-1 showing the presence of a new kind of Si-O-Si units, 

attributed to tetrafunctional siloxanes Q [19].       

FTIR spectroscopy is a method that allows the fast identification of hydrosilane functional groups of 

the crosslinkers and whether those compounds were homopolymers or copolymers. For the CRA 

SiH (st) 

SiH (δ) 

Si(CH3)2 

Si-O-Si Qunits 
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additive, the presence of Si-O-Si units was identified which were different than those Si-O-Si units 

of linear polysiloxanes. For the base polymers and the catalysts, no functional groups were 

identified and the spectra were the same as the spectra of any inert silicone oil [46].     

3.3.3.  Viscosity of Polymer Solutions 

The viscosity average molecular weight (Mv) of linear polymers which can be close to the weight 

average molecular weight (Mw), is determined by measuring the viscosity of polymer solutions [20]. 

In Section 3.3.1 the number average molecular weight (Mn) of the polymers used in this work was 

calculated, in this section the viscosity average molecular weight was calculated attempting to 

determine an approximate value for the polydispersity of the linear macromolecules polymer 164, 

polymer 116, crosslinker 45, crosslinker 101 and crosslinker 40.  

The selection of a suitable solvent for the PDMS polymers was made by taking into account the 

data published by Whitesides et al [21]. Toluene was selected as the solvent since it is a part of the 

groups of solvents with a high solubility for PDMS. This can be seen from the solubility parameter 

of toluene δToluene= 8.9 (cal/cm3)1/2, which is close to the solubility parameter of PDMS δPDMS= 7.3 

(cal/cm3)1/2. Certainly, crosslinked PDMS polymers swell well in this solvent [21]. In the literature 

Chapter 2, Figure 2.2.4 and Table 2.2.2, the solubility parameter and the swelling ratio of other 

solvents besides toluene can be found. Toluene was selected among other solvents because the 

prepared solutions were also used for light scattering measurements, of which the solvent must 

have a refractive index as different as possible from the refractive index of the studied 

polydimethylsiloxanes as reported below in Section 3.3.4. 

To determine the dynamic viscosity η at 25°C of the solutions and the pure solvent, an Ubbelohde 

viscometer was used. The viscosity was calculated by means of Eq. 3.3.8, which relates the 

density of the solution with the flowing time which was corrected applying Hagenbach corrections 

and the constant A that depends on the kind of used viscometer described by Eq. 3.3.9. The 

Hagenbach corrections and the viscometer dimensions are found in the experimental part of this 

chapter. The calculated dynamic viscosities are shown in Table 3.3.10. 

            Eq. 3.3.8 

   
     

   
 Eq. 3.3.9 

 : dynamic viscosity (mPa.s); A: viscometer constant (mm
2
/s

2
); r: capillary radius (mm); g: gravity 

acceleration (mm/s
2
); h: pressure head (mm); V: solution volume flowing through the capillary (cm

3
); l: 

capillary length (mm); ρ: densty (g/cm
3
); tg: measured flowing time (s); tH: Hagenbach correction fspecific for 

the viscometer (s). 

Once the dynamic viscosity was calculated, the intrinsic viscosity [η] was determined by 

extrapolation to vanishing concentrations according to Huggins method that requires a plot of the 

reduced viscosity ηred vs. the polymer concentration, and by means of Wolf’s method using a plot 

of the inverse of the natural logarithm of the relative viscosity ηr vs. the inverse of the polymer 

concentration. The Table 3.3.9 contains a summary of the equations necessary to determine the 

intrinsic viscosity where η0 is the dynamic viscosity of the pure solvent.  
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Table 3.3.9 Quantities used in polymer solutions viscometry necessary for intrinsic 
viscosity [η] determination by Huggins [23] and Wolf methods [24]. 

Name Definition Method for [η] 

Relative viscosity    
 

  
 - 

Inverse of natural 
logarithm relative 
viscosity 

 

 n  
 Bernhard Wolf: Inverse of the Slope of 

 

ln 𝑟
vs 

 

 
 

Specific viscosity          - 

Reduced viscosity      
   

 
 

Huggins: Intercept of     vs  as [ ]     
   

     

 

The plot for both methods, the linear equations and the corresponding intrinsic viscosity of each 

polymer are found in Figure 3.3.33 and Table 3.3.11. 

In Figure 3.3.33 can be observed that with both methods the solutions of all crosslinkers with a 

concentration of 0,05 g/dL exhibited an atypical value that deviated from the linear trend. For this 

reason, the linear regression was made without taking into account those values. Another aspect to 

be considered was the slope obtained from Huggins method. The value “A” from Table 3.3.11 is 

equal to [η]2kH [23]. Huggins constant kH, is usually positive and independent of the molar mass of 

the polymer, it supplies information about the polymer-solvent interactions and it is specific for each 

polymer-solvent system with low values for good interactions and 0,5 as the upper limit at θ 

condition [20]. In the experiment, however, negative values of the slopes were obtained for 

polymers 164, 116 and crosslinkers 45 and 101, thus the value of kH is, therefore, negative. 

However, the mentioned polymers are of low molecular weight and it is known that the 

determination of kH  is less accurate with small molecules than for the same polymers of higher 

molecular weight. The behaviour of ηred vs. c is closer to the pseudo-ideal solution (θ conditions) 

[25] under the conditions A=0, and the reduced viscosity turns into the intrinsic viscosity. For 

polymers of high molecular weight, the value of A increases with the intrinsic viscosity value [25] 

and with this a better determination of Huggins constant can be done. 

Table 3.3.10 Dynamic viscosity of polymer solutions in toluene with variable concentration at 25°C. 
Toluene η= 0,5289 mPa.s. 

Polymer 164 Polymer 116 Crosslinker 45 Crosslinker 40 Crosslinker 101 

C 
(g/dL) 

η 
(mPa.s) 

C  
(g/dL) 

η 
(mPa.s) 

C  
(g/dL) 

η 
(mPa.s) 

C 
(g/dL) 

η 
(mPa.s) 

C 
(g/dL) 

η 
(mPa.s) 

0,050 0,5327 0,051 0,5329 0,052 0,5295 0,050 0,5305 0,055 0,5292 
0,100 0,5365 0,099 0,5364 0,095 0,5313 0,098 0,5322 0,096 0,5326 
0,200 0,5438 0,200 0,5427 0,197 0,5344 0,199 0,5391 0,198 0,5362 
0,400 0,5569 0,300 0,5495 0,297 0,5372 0,300 0,5474 0,305 0,5413 

  0,400 0,5561 0,397 0,5405 0,404 0,5562 0,402 0,5436 
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a) 

 

b) 

 

Figure 3.3.33 Plots for intrinsic viscosity determination of all polymers and crosslinkers. 
a) Huggins method. b) Wolf’s method.  

♦ Polymer 164; ▼ Polymer 116; ▲Crosslinker 45; ◄ Crosslinker 101; ■Crosslinker 40. 

 

Table 3.3.11 Linear regression of Huggins and Wolf’s methods for intrinsic viscosity determinations 
of lineal polysiloxanes. 

 

On the other hand, the intrinsic viscosity difference between Huggins method and Wolf’s method 

was less than 1% for polymer 164, polymer 116 and crosslinker 45 and less that 5% for the 

crosslinkers 40 and 101. These small differences are an indication of the accuracy of both methods 

to determine the intrinsic viscosity of the polymers at the used concentrations revealing that they 

are in the same dilute regime. Other concentrations lower than the used in the experiments could 

lead to mistakes in the determination of the intrinsic viscosity by Huggins method as reported by 

Bercea et al. [26] since the regime could change from diluted to extremely diluted and the 

behaviour of ηred vs c would not be linear. With reference to those complications, the use of Wolf’s 

method avoids those mistakes induced by two different regimes as stated by Bercea et al.           

An approximate molecular weight estimation of the polymers was made by Mark-Houwink-

Sakurada equation which correlates the intrinsic viscosity with the molecular weight by: 

[ ]     
  Eq. 2.2.24 

                                                         

Compound
Wolf

A R^2 B R^2

Polymer 164 -0,03780 0,14763 0,99169 6,82209 0,14658 1,74668 0,99992

Polymer 116 -0,07533 0,15008 0,88512 6,61727 0,15112 4,24340 0,99965

Crosslinker 45 -0,05141 0,07439 0,96952 13,37022 0,07479 10,84345 0,99829

Crosslinker 101 -0,05032 0,09572 0,70783 10,00334 0,09997 9,48455 0,99366

Crosslinker 40 0,16000 0,07195 0,96101 13,53233 0,07390 -17,18398 0,99664

Huginns

[η] (dL/g) 1/[η] (g/dL) [η] (dL/g)
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Values of K and a were obtained from the Polymer Handbook [27] for solutions of PDMS in toluene 

at 25°C. The different values reported in the handbook, are compiled in Table 3.3.12, they depend 

on the molar mass interval and the polydispersity of the polymers. It must be clear that the 

molecular weight estimation by using these methods is inaccurate since the constants were made 

for a specific system polymer-solvent-temperature with polysiloxanes of known molecular weight 

without functionalizations. Besides the molecular weight determination by this method is known to 

yield high errors of the order of 20 to 30%.  The polymers analyzed in this work by the viscosity of 

solutions were vinyl and hydrido functionalized, short polymers and contained in low 

concentrations other compounds as inhibitor ethynylcyclohexanol in the case of polymer 164 and 

116. Thus, it is expected that the viscosity average molecular weights Mη calculated below by using 

the Mark-Houwink-Sakurada equation are higher due to the increase of viscosity by the 

functionalization of the polymers and the presence if other molecules. However, the results from 

this method were used as an indication of the range where the molecular weight of the polymers is 

found.    

Table 3.3.12 Mark-Houwink-Sakurada constants for PDMS in toluene at 25°C. [27] 

 

The method to calculate the molecular weight Mη was selected with the help of the Mn values 

obtained from NMR (c.f. Section 3.3.1) and the results of the dynamic light scattering to be shown 

in Section 3.3.4. With the later, the values of polydispersity were determined and thus, the 

selection of the method was possible. Table 3.3.13 reports the calculated molecular weight from 

viscosity measurement of polymer solutions for all base polymers, and crosslinkers with the 

methods most suitable for the calculations due to the molecular weight range. The viscosity 

average molecular weight Mη in the last column was calculated as the average between Huggins 

and Wolf’s methods of the methods used for each polymer. In the last column of Table 3.3.13, the 

probable error considering 30% of inaccuracy is shown.   

The difference in the viscosity average molecular weight between using one method or the other is 

less than 2% the for polymers 164, 116 and less than 6% for crosslinkers 45, 40 and 101 as 

indicated by the standard deviations shown in the average column. The higher the molecular 

weight the lower the standard deviation of Mη when using different methods. However, since the 

polymers analyzed in this work are different from the polymers used in the experimental acquisition 

of K and a constants for Mark-Houwink-Sakurada equation, the expected error in the molecular 

weight determination is large. Nevertheless, the found values are similar to the values found by 

static light scattering measurements, shown in next section and in the range of the molecular 

Method a Molar mass interval Remarks

1 2,43 0,84 19.000-130.000

2 8,28 0,72 100.000-920.000

3 21,50 0,65 20.000-130.000 -

4 75,00 0,50 2.000-10.000 -

5 13,60 0,69 2.600-630.000

6 18,70 0,66 2.000-300.000

K (x10-3) (mL/mg)

High poly-disperse polymers     
 1,8 ≤ Mw/Mn < 2,4

Narrow polymers    Mw/Mn ≤ 1,25

Ordinary fractionated polymers
1,30 ≤ Mw/Mn < 1,75

Ordinary fractionated polymers
1,30 ≤ Mw/Mn < 1,75
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weight calculated by NMR giving a qualitative idea of the range where the molecular weight of the 

polymers is found. c.f. Sections 3.3.1 and 3.3.4. 

Table 3.3.13 Viscosity average molecular weight Mη of PDMS polymers calculated from methods 
3, 5 and 6 in Table 3.3.12. Mη average calculated from all values. 

Compound Method 
Mη (g/mol) Mη average 

(g/mol) 
Probable error 
(± 30%) (g/mol) Huggins Wolf 

Polymer 164 
5 25089 24831  

24700 ± 350 ± 7400 
6 24542 24278 

Polymer 116 
5 25695 25952 

25550 ± 350 ± 7650 
6 25162 25426 

Crosslinker 45 

4 9838 9945 

9300 ± 530 ± 2800 5 9291 9364 

6 8687 8759 

Crosslinker 40 

4 9204 9708 

8970 ± 510  ± 2700 5 8854 9202 

6 8260 8601 

Crosslinker 101 
5 13389 14259 

13500 ± 630 ± 4050 
6 12728 13594 

 

3.3.4.  Static and Dynamic Light Scattering (SLS & DLS) 

To perform light scattering experiments with the aim of determining the weight average molecular 

weight Mw of the polymers used during the synthesis of PDMS networks, the first step was the 

selection of a good solvent which has a refractive index very different from the analyte, and 

exhibiting low-scattering to improve the sensitivity and the accuracy of the measurement.  In Table 

3.3.14 the refractive index of some solvents suitable for PDMS are reported and Table 3.3.15 

contains the measured refractive indexes of the polymers to be characterized by means of light 

scattering experiments, obtained by using a ABBE refractometer. As a result toluene, 

chlorobenzene, dichlorobenzene, and o-fluorotoluene are suitable solvents for the measurements. 

However, toluene was chosen as the solvent due to its common use as a low-scattering standard 

solvent and also has a refractive index sufficiently separated from the silicone polymers. 

Table 3.3.14 Polydimethylsiloxane solvents and refraction indexes n0 at 20°C Na=D1, λ= 589 nm. 

[27], VII/516 and [43]. 

 Solvent n0  

 Toluene 1,4967  
 Amyl acetate 1,4071  
 Chlorobenzene 1,5248  
 Chloroform 1,4440  
 Cyclohexyl acetate 1,4390  
 Dichlorobenzene 1,5514  
 Dichloromethane 1,4241  
 Ethyl bromide 1,4239  
 Ethyl acetate 1,3758  
 o-fluorotoluene 1,4730  
 Isopropyl acetate 1,3770  
 MEK (above 20°C) 1,3788  

 



Chapter 3 Characterization of the Prepolymers and Catalysts Involved in Hydrosilylation Reactions 

154 

Table 3.3.15 Silicone polymers refraction indexes nD at 25°C λ=589 nm. 

 Compound nD  

 Polymer 164 1,4061  

 Polymer 116 1,4067  

 Crosslinker 45 1,3981  

 Crosslinker 101 1,3998  

 Crosslinker 40 1,4011  

 CRA 1,4128  

 
For static light scattering measurements, the refractive index increment dn/dc of the analyzed 

material is an input parameter for the measurement. To determine the refractive index increments, 

a linear regression of refractive index vs. concentration was made. The measured data can be 

found in the experimental section of this chapter. The slope value of the linear regression 

represents dn/dc according to the Eq. 3.3.10. The linear regression had a coefficient of 

determination R2 >0.9978. Table 3.3.16 summarizes the results of the linear regressions for all 

polymers involved in hydrosilylation reaction analyzed in this chapter. 

                    
  

  
     Eq. 3.3.10 

 
Table 3.3.16 Result of linear regressions for the determination of the refractive index increment 

dn/dC of PDMS polymers in Toluene at 25°C (λ=589 nm). 

 Compound dn/dc (mL/g) B R^2  

 Polymer 164 -0,08953 1,4939 0,9982  
 Polymer 116 -0,09218 1,4939 0,9996  
 Crosslinker 45 -0,09615 1,4937 0,9989  
 Crosslinker 101 -0,09159 1,4938 0,9978  
 Crosslinker 40 -0,09319 1,4938 0,9994  
 CRA -0,07459 1,4937 0,9998  

 

The result of a static light scattering experiment provides the intensity of scattered light by a 

particle y= KC/R P(θ) vs. the concentration of particles [20] where K is an optical constant, C is the 

concentration, R is the Rayleigh ratio and P(θ) is the “form factor”, i.e. correction of the scattered 

angle by optical interference (c.f. Section 2.2.3.7.1). For the experiments performed in this section, 

the angle of scattering was constant at θ= 173° since the used instrument only had a single 

detector fixed at this angle. A Debye plot was obtained with this experiment where a linear function 

was observable (Eq. 2.2.38) [29], where the slope represents the 2nd virial coefficient (A2) and the 

inverse of the intercept with the y-axis is the weight average molecular weight Mw. Other attempts 

to calculate the weight average molecular weight Mw of the polymers by varying the scattering 

angle in order to create Zimm plots were not performed due to the limitation of the device. 

𝐾 

 𝜃
     

 

 
                                            Eq. 2.2.38 

For each studied polymer, the measurement began from the pure solvent and then the 

concentration was increased. With each concentration, the measurements were repeated for three 

times and the average was taken as the weight average molecular weight. Figure 3.3.34 depicts an 

example of the Debye plot for Polymer 164. It contains the results of the linear regressions of the 
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three measurement runs as well as the average of the 2nd virial coefficient 9,309x10-4 (ml mol/g2) 

and the weight average molecular weight Mw= 25460 ± 640 g/mol. 

 
Measurement 2A2   x10

-4 A2   x10
-4 

(ml mol/g²) 1/Mw x 10
-5

(mol/g) Mw (g/mol) 
Run 1 18,670 9,335 3,8591 25913 
Run 2 18,507 9,253 3,8845 25743 
Run 3 18,680 9,340 4,0443 24726 

Average 18,619 9,309 ± 0,049 3,9276 25460 ± 640 
 

Figure 3.3.34 Debye plot of Polymer 164 and results from linear regression. ■Run 1, ♦ Run 2, 
▼Run 3. 

The results of the measurements of the base polymers, the crosslinkers, and the CRA are found in 

Table 3.3.17, the data of the measurements to build up the Debye plots is found in the 

experimental part of this chapter. The molecular weight of the polymer 164 and polymer 116 are of 

the order of the molecular weight found by NMR spectra analysis method using solutions with 

concentrations: 0.005, 0.01, 0.02, 0.05, 0.08 and 0.10 g/ml. On the other hand, for the crosslinker 

45, crosslinker 101, it was necessary to decrease the concentration of the solutions to 0.001, 0.002, 

0.005, 0.008 and 0.01 g/mL since the coils tended to shrink considerably under higher 

concentration. The weight average molecular weights were in good agreement with the other 

methods except from crosslinker 40 which molecular weight under this method was very high, 

probably due to the presence of impurities in the samples, and even when decreasing the 

concentration range the results yielded higher molecular weights than expected. 

Table 3.3.17 Results of SLS measurements for 2nd virial coefficient A2 and weight average 
molecular weight Mw of silicone polymers in toluene at 25°C. 

 Compound A2 x10-4 (ml mol/g²) Mw (g/mol)  

 Polymer 164 9,31 ±   0,05 25460 ±   640  
 Polymer 116 10,31 ±   0,17 19857 ±   335  
 Crosslinker 45 54,64 ± 17,98   9100 ± 1040  
 Crosslinker 101 32,06 ± 10,88 10423 ± 1690  
 Crosslinker 40 4,68 ±   0,09 22492 ±   344  
 CRA-1 7,40 ±   0,08  4376 ±   107  

0 0,02 0,04 0,06 0,08 0,1 0,12

0,0E+00

5,0E-08

1,0E-07

1,5E-07

2,0E-07
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(K
C
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The measurements of the CRA-1 compound showed a very small molecular weight of 4,4 KDa for 

a very viscous material. However, the results are in the range of the molecular weight found for this 

compound by high-temperature size exclusion chromatography as will be shown in the Section 

3.3.5 where the substance was characterized by a combination of methods. The results indicate 

that only the molecular weight of the PDMS additive was measured, but not that of the silica 

nanoparticles in this compound (c.f Section 3.3.5). On the other hand, very different results were 

observed by dynamic light scattering where the instrument showed different diameter of the 

molecules with every measurement, suggesting a considerable amount of at least two compounds 

present. Therefore, no conclusive result was obtained by light scattering methods for CRA. 

The results of dynamic light scattering are found in Table 3.3.18. The concentrations used for the 

solutions are found in the experimental Section 3.2.2. The result of the measurements was 

displayed by the software as a size distribution function of the coils by intensity, volume and by 

number. The software also reported the diameter at the maximum value of the distribution 

functions from which only the maximum of the distributions by volume and by number was used for 

further calculations. The hydrodynamic radius of the volume distribution rH,vol was suitable for 

calculations of the weight average molecular weight Mw, since it depends on the average size of 

the coils. Meanwhile, the radius from the number distribution rH,numb, was used to calculate the 

number average molecular weight Mn as it describes the size of most of the coils. The radii 

resulting from other concentrations were averaged and the result is reported in Table 3.3.18 

together with the standard deviation. The average value was used to calculate the volume of the 

coils using a sphere as a model. The volume was introduced into Eq. 2.2.39 and Eq. 2.2.40 to 

calculate the average weight molecular weight Mw and the number average molecular weight Mn 

respectively. The polydispersity index of the polymers is also found in Table 3.3.18. It is important 

to remark that at the selected interval of concentrations the hydrodynamic radius was constant 

proving that the solutions were sufficiently diluted for the polymer coils to be separated from each 

other and avoiding shrinkage. Sometimes, the results from very low concentrations as in the case 

of crosslinker 101 with concentration 0.001 g/mL were not considered into the calculations 

because they were too low for a good detection of the instrument. This was demonstrated by a bad 

correlation function which was a very noisy curve away from an exponential decay behaviour as 

expected from good measurements [29] (c.f. Figure 2.2.10 a).  Even the software of the instrument 

suggested, in that case, to use higher concentrations for accurate results. For the calculations also 

some atypical data reported in dark red in the Table 3.2.5 were not considered. 

                                                                      Eq. 2.2.39 

                                                                    Eq. 2.2.40 

Mw: weight average molecular weight (g/mol); Mn: number average molecular weight (g/mol);  VH, vol: volume 
of the coils using a sphere model calculated from the size distribution by volume (cm

3
); VH, numb: volume of 

the coils using a sphere model calculated from the size distribution by number (cm
3
); NA: Avogadro’s 

constant; ρ: polymer density (g/cm
3
). 
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Table 3.3.18 Results of DLS measurements of base polymers and crosslinkers. 
 Compound Polymer 164  Polymer 116  

 ρ (g/cm3) 0,9696 0,9704  

Distribution rH,vol (nm) 2,23 ± 0,28 2,11 ± 0,22  

By VH,av x10-20 (cm3) 4,64 ± 1,94  3,92 ± 1,36  

volume Mw (g/mol) 27080 ± 11320 22896 ± 7920  

Distribution rH,numb (nm) 1,86 ± 0,11 1,67 ± 0,20  

By VH,av x10-20 (cm3) 2,70 ± 0,50 1,94 ± 0,79     
number Mn (g/mol) 15750 ± 2950 11330 ± 4630   

 Mw/Mn 1,72 2,02  

     

 Compound Crosslinker 45 Crosslinker 101 Crosslinker 40 
 ρ (g/cm3) 0,9985 0,9901 0,9828 

Distribution rH,vol (nm) 2,02 ± 0,10 1,65 ± 0,32 1,47 ± 0,16 
By VH,av x10-20 (cm3) 3,47 ± 0,05  1,87 ± 1,31 1,33 ± 0,47 

volume Mw (g/mol) 20858 ± 3040 11160 ± 7800 7885 ± 2800 

Distribution rH,numb (nm) 1,38 ± 0,10 1,58 ± 0,05 1,17 ± 0,12 
By VH,av x10-20 (cm3) 1,11 ± 0,26  1,65 ± 0,17  0,68 ± 0,23  

number Mn (g/mol) 6676 ± 1547   9815 ± 1000 3992 ± 1360 

 Mw/Mn 3,12 1,14 1,98 

 
The obtained results were in good agreement with the previous methods presented above.  

Nonetheless, crosslinker 45 presented controversial values compared to the other methods as 

shown in Table 3.3.19. It is most probable that the polymer chains were entangled under the used 

experimental conditions. A decrease of the concentrations was not an option due to the detection 

limitation of the device. For lower concentrations than the used ones, the correlation functions did 

not exhibit the required exponential decay behaviour. Measurements at higher concentrations 

(0.005-0.010 g/mL) as the used ones showed a considerable shrinkage of the polymer coils with 

Mn ~900 g/mol and Mw ~ 2500 g/mol.     

Table 3.3.19 Crosslinker 45 characterization results by diverse methods. 
Method Mn (g/mol)  Mw (g/mol) 

29Si-NMR 4486 ± 450  - 
Viscosity of polymer solutions - Mη= 9300 ± 2800 

Static light scattering - 9100 ± 1040 
Dynamic light scattering 6676 ± 1547   20858 ± 3040 

 

Spite the results with the size distributions by number and by volume were similar to the values 

obtained by NMR and viscosity measurements for the polymers, dynamic light scattering methods 

presented big variability of the results. Dynamic light scattering is a method intended to measure 

diffusion coefficients of ideal spheres by correlating the z-average radius with the diffusion 

coefficient of the sphere using Einstein equation (c.f. Eq. 2.2.25). The diffusion coefficient at the 

same time is correlated to the molecular weight by the Mark-Houwink-Sakurada expression for 

diffusion shown in Eq. 2.2.26. The coefficients KD and aD can be found in a polymer handbook as in 

reference [27] VII, at least two different references should be used to assess the reliability of the 

results. Unfortunately, no specific data for the molecular weight range and the polydispersity of the 

polymers analyzed in this section was found, only a correlation D   M-0.436 ± 0.002 for a molecular 

weight range from 300 to 23600 g/mol and Mn/Mw≈1,08 was found [44]. Even if the mentioned 

correlation was used, the calculated molecular weight was not in agreement with other methods 
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used in the present work. The results of calculations are shown in Table 3.3.20 where the 

crosslinkers 45 and 40 have at least three times higher molecular weight than with the other 

methods. With this method, large variations in the z-average did not modify in large values the 

molecular weight. Moreover, the z-average was an output value of the measurement that had high 

variations when changing from one concentration to another, therefore, the results of the diffusion 

approach were from the beginning not consider as trustable results. Instead, the size distribution 

measurements were offering a possibility to determine the molecular weights of the polymers. 

However, the results should be taken with caution and be compared with other characterization 

methods before making conclusions about the molecular weight.  

Table 3.3.20 Molecular weight of the polymers calculated based in the diffussion coefficient using 
Edwards correlation et al. [44].  D  ̴Mn

-0.436 ± 0.002. 

Compound Dx107 (cm2/s) Z-average (nm) <rh> Mn (g/mol) 

Polymer 164 6,3776 ± 0,8210 6,4212 ± 0,9487 14210 ± 137 
Polymer 116 7,1047 ± 0,8718 5,7641 ± 0,8062 14102 ± 130 
Crosslinker 45 11,0033 ± 1,4778 3,7218 ± 0,5774 13666 ± 144 
Crosslinker 40 2,1344 ± 0,2281 19,1867 ± 2,2962 15300 ± 112 
Crosslinker 101 11,2680 ± 0,8819 3,6345 ± 0,3086 13643 ±   80 

   

3.3.5.  CRA Characterization by Diverse Methods 

A complete characterization of the compound CRA was not possible by NMR methods alone 

because the number of end groups per molecule was unknown. The measurements of the 

viscosity of polymer solutions was not an adequate method since it is working well for linear 

polymers, but CRA was found to be a mixture of PDMS and vinyl functionalized silica particles by 

means of NMR. Light scattering methods were not suitable because the measurement did not 

generate a good correlation function which should have an exponential decay behaviour for diluted 

solutions in the concentration range 0,005 to 0,1 g/mL. Instead, the correlation function was a very 

noisy curve with no exponential decay, in consequence, the method showed large errors in 

determining the size of the particles and the PDMS coils. Other methods as MALDI-TOF and 

normal size exclusion chromatography (SEC) did not work. 

NMR allowed to identify functional groups and possible structural arrangements as well as the 

complexity of the compound but since CRA appeared to be a mixture of vinyl functionalized silica 

particles, PDMS, inhibitor and hexane traces (c.f. NMR analysis Section 3.3.1 for CRA). An 

estimation of the molecular weight of the PDMS and particles was not feasible due to the 

overlapping of peaks and lack of information about the end groups, whether the PDMS end groups 

were vinyl functionalized or not. With the aim of determining the molecular weight of the PDMS and 

the size of the silica particles contained in the substance CRA, several experiments were 

performed by other methods described below.  

First, a sample of CRA-1 was analyzed by high-temperature size exclusion chromatography 

where 1,2,4-trichlorobenzol at 150°C was used as eluent. The results depicted in Figure 3.3.35  

revealed a polymer of Mn= 3.100 ± 173 g/mol and Mn/Mw= 2,04 ± 0,09 describing the molecular 

weight of PDMS since silica particles of even few nanometers are expected to have larger 

molecular weight. A C/H/N elemental analysis of CRA-1 supplied the results for only PDMS and not 

for the whole mixture as the experimental results were not far from calculated values for PDMS 

even when the polymer molecule is functionalized or not (cf. Table 3.3.21). If the particles would be 
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also considered in the results, then the content of Si and O would be very high making the 

percentage of carbon much smaller and deviated from the experimental results as the particles 

contain a high content of SiO2. Thus, the elemental analysis was determined by the instrument only 

for the PDMS and not for the particles. 

Table 3.3.21 Results of C/H/N elemental analysis of CRA-1 compared to calculated values of a 
vinyl functionalized and non-functionalized PDMS molecule of Mn= 3.100 g/mol. 

Name 
CRA results 

elemental analysis 
Functionalized PDMS 

MviD39M
vi

 

PDMS: 
MD40M 

C% 29,32 ± 0,70 33,59 33,06 

H% 6,82 ± 0,08 8,20 8,26 

N% 0,14 ± 0,17 - - 

 

 

 

Figure 3.3.35 High-temperature size exclusion chromatography results of CRA-1. a) Light 
scattering chromatogram with a calibration curve for molecular weight. b) Molecular weight 
distribution diagram. (Eluent: 1,2,4-trichlorobenzol, 150°C).    
 

a) 

b) 
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Second, the 2D DOSY NMR spectrum of the compound CRA-1 was analyzed with the aim of 

identifying different compounds present in the mixture. If the diffusion coefficients of PDMS and 

particles were of sufficiently different values, then the peaks from the DOSY-NMR along the y-axis 

representing different molecules can well be separated and an integration of the 2D spectra could 

be done to reveal the composition of the mixture in the measured sample. The validity and 

accuracy of the 1H-DOSY-NMR 2D-integration method to determine sample compositions was 

demonstrated in Appendix A of the present work. 

The 2D DOSY spectrum of CRA-1 can be found in Figure 3.3.36 a where clearly the particles can 

be distinguished from the PDMS chains. In the range of logD between -9.15 to -9.30 (log m2/s). 

The particles showed signals of the vinyl groups in the 1H-NMR spectrum, their chemical shift 

ranging from δ= 5.70 to 6.24 ppm. Therefore, it can be concluded that the vinyl groups belong only 

to the particles and that the PDMS mixed to CRA has trimethylsiloxane end groups “M”. PDMS is 

the other compound found in the spectrum with two peaks at logD= -9.35 to -9.40 (log m2/s) along 

the y-axis. Despite two PDMS peaks are observed, appearing to be two polymers of different 

lengths, the calculations of molar ratios between particles and PDMS were made assuming one 

polymer of Mn= 3100 ± 173 g/mol found by high-temperature SEC and justifying the second peak 

as generated due to the high polydispersity Mn/Mw= 2.04 of the polymer. In Figure 3.3.36 b an 

enlarged area of the 2D DOSY NMR of the PDMS peak and methyl groups of the particles peak at 

δ= 0.4 to -0.2ppm is shown. The peaks were 2D-integrated to yield 91.83% of the D units 

(dimethylsiloxane) belonging to PDMS and only 8.17% corresponds to the silica particles, from 

those percentages Eq. 3.3.11 was generated.    

 

Figure 3.3.36 DOSY NMR spectrum of CRA-1.  a) Full DOSY NMR spectrum of CRA-1.  
                       b) Enlarged DOSY spectrum of CRA-1 in the range of 1H δ= 0.4 to -0.2ppm  
                       with integral values for D units. (CDCl3, 30°C). 
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  9   

     7
      99 Eq. 3.3.11 

DPDMS:  number of monomer D in a molecule of PDMS; DParticle: number of monomer D in a particle; xPDMS: 
moles of PDMS in CRA (mol); yParticles: moles of particles in CRA (mol) 
 

Third, a system of equations was developed from the 29Si NMR spectrum of CRA (Figure 3.3.37), 

when the integrals of the peaks were evaluated taking as the reference one vinyldimethylsiloxane 

unit (Mvi
D) from the particles attached to D units. The following procedure was repeated for a total 

of three samples of CRA compound coming from different batches, two samples (CRA-1 and CRA-

2) containing an inhibitor which was found to be present in ~0.05 wt% (c.f. Figure 3.3.23 1H-NMR 

spectrum of CRA) and a sample without inhibitor (CRA-without inhibitor). The detailed procedure is 

shown next for CRA-1 but in Table 3.3.22 a summary of the three samples is found.    

 

Figure 3.3.37  29Si NMR spectrum of CRA-1 (CDCl3, 30°C). 
Integral signal intensities scaled to signal Mvi

D to become A=1.00. 
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                       75  
   Eq. 3.3.12 

                   𝑄
      5  

   Eq. 3.3.13 

                       7   
   Eq. 3.3.14 

                       9  7  
   Eq. 3.3.15 

                           Eq. 3.3.16 

M
vi

D: vinyldimethylsiloxane end groups attached to dimethylsiloxane units in the particles;  M: 
trimethylsiloxane end group form particles and PDMS; M

vi
Q: vinyldimethylsiloxane end group attached 

directly to the silica particles matrix; D: divinylsiloxane units from the silica particles and PDMS; Q
T
: total 

amount of tetrafunctional silicon atoms, with Q
Et

: the silicon atoms attached to one ethoxy group and Q: the 
number of tetrafunctional silicon atoms without a specific functionalization of the silica particles, the broad 
peak representing.    

From the 1H-NMR spectrum of CRA (Figure 3.3.23) a number of ethoxy groups can be calculated 

based on the total amount of vinyl groups by the equation: 

                         55   
    𝑄

    Eq. 3.3.17 

This is simplified using Eq. 3.3.13: 

                         9   
   Eq. 3.3.18 

On the other hand, the total amount of D units is: 

                             ⋅            4 ⋅       Eq. 3.3.19 

Replacing Eq. 3.3.14 in Eq. 3.3.19 and solving for          ⋅           : 

                           ⋅               7   
   4 ⋅       Eq. 3.3.20 

Replacing Eq. 3.3.20 in Eq. 3.3.11 and solving for moles of particles      , an equation for moles 

of PDMS in terms of vinyldimethylsiloxane units attached to D units can be deduced: 

                            4    
   Eq. 3.3.21 

Additionally, the average number molecular weight of one mole of particles              if the 

amount of Mvi
D units for one mol is known can be calculated by: 

              9 ⋅               ⋅  𝑄
      ⋅   

   74 ⋅              9 ⋅       ⋅         

                   Eq. 3.3.22 

with            as the number of M units belonging to the particles: 

                                75  
    ⋅       Eq. 3.3.23 

When solving the equations system for one mol of particles by replacing equations Eq. 3.3.12 to 

Eq. 3.3.20, and Eq. 3.3.23 in the Eq. 3.3.22, the molecular weight of the particles in terms of vinyl 

groups attached to dimethylsiloxane units   
   per particle can be determined by the equation: 

                                5      
     4   55  

   Eq. 3.3.24 

The first term of Eq. 3.3.24  is related to part of the molecular weight of the particles from M, Mvi
Q, 

Mvi
D, QEt and D units which are at the surface level of the particles, while the second term 
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represents the main body of the particles, only the Q units. Important to be considered is that 

overlapped with the Q units, trifunctional silicon atoms (T) without any functionalization are to be 

found, this is confirmed by the width of the peak in the range of the silicone spectrum between δ= -

60 ppm and δ= -150 ppm. At δ= -60 to  -100 ppm such (T) units are also found [6].  If a comparison 

between the earlier units conforming the particles and later units from the main body is made, 

approximately 9% of the molecular weight belongs to M, Mvi
Q, Mvi

D, QEt and D units while 91% 

belong to the Q units. Such behaviour was also found in other samples of the same compound but 

from different batches provided by the supplier (c.f.Table 3.3.22). 

To resolve   
   and the number average molecular weight of the particles            , the size of the 

particles was determined by means of transmission electron microscopy (TEM). The results 

indicated that the diameter of silica nanoparticles was of narrow distribution between “9 to 10 nm” 

as depicted in Figure 3.3.38. The average diameter used for the calculations was “9,5 nm”. The 

volume            of one mol of particles was calculated by Eq. 3.3.25, with    Avogadro’s number 

and    the particles average diameter in converted from “nm” to “cm”. 

                             
 

 
⋅   

  

 
  ⋅   ⋅            Eq. 3.3.25 

 

  

Figure 3.3.38 Transmission electron microscope pictures of silica particles in sample CRA-1. 

The obtained molar volume of particles was             7   9           , by means of the 

density of silica particles (ρ= 2,4 g/cm3), it was possible to determine the molecular weight of the 

particles. However, the density of the silica particles was not measured directly since the attempts 

to isolate them without their modification from the PDMS were not successful. After all, a literature 

value of ρ= 2,4 g/cm3 [30] was used, a value found for particles of similar size since previous 

studies have demonstrated that the density is particle size dependent [31]. An approximated 

average number molecular weight of the particles Mn particles value was calculated and replaced in 

Eq. 3.3.24 to determine Mvi
D, also the ratio of PDMS moles to particles moles                ⁄  was 
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calculated by means of Eq. 3.3.21 as the calculations were done when assuming one mole of 

particles. The results for each CRA sample are shown in Table 3.3.22. 

Table 3.3.22 Characterization values of CRA calculated for three samples coming from different 
batches provided by the supplier. 

Name CRA-1 CRA-2 CRA without inhibitor 

29Si NMR1 

M 13,75 M 12,47 M 11,63 

Mvi
Q 2,35 Mvi

Q 1,40 Mvi
Q 1,57 

Mvi
D 1,00 Mvi

D 1,00 Mvi
D 1,00 

D 16,76 D 17,18 D 15,92 

QEt
 2,19 QEt

 1,64 QEt
 1,72 

Q 306,98 Q 264,60 Q 255,65 

D Integral 
values using 
DOSY results 

Dparticles 15,39 Dparticles 15,78 Dparticles 14,61 

DPDMS 1,37 DPDMS 1,40 DPDMS 1,30 

Mn particles 
2 

(g/mol) 
Equation 

Surface    + Main body   Surface   + Main body   Surface    + Main body 

1856 Mvi
D  + 18419 Mvi

D 1582Mvi
D + 15876Mvi

D   1531Mvi
D  + 15339Mvi

D 

Mn particles 
3
 

(g/mol) 
648816 648816 648816 

MviD       
(units/mol) 

32,00 37,17 38,46 

Mvi total  
(units/mol) 

107,20 89,20 98,84 

xPDMS/yparticles 12,31 14,66 14,06 
1 
Reported values calibrated to one M

vi
D unit. The values include PDMS and particles. Q

Et 
values calculated    

  from 
1
H NMR. Q= Qtotal -Q

Et
. 

2
 Mn particles= Surface + Main body (g/mol). c.f. Eq. 3.3.24. Surface: silicon atoms of configuration M, M

vi
Q, M

vi
D,  

   D, Q
Et

. Main body: Q units belonging to the main body of silica particles. 
3
 Number average molecular weight calculated from the volume of a mol of particles of 9,5 nm diameter and  

  density 2,4 g/cm
3
. 

As mentioned above, other two samples of CRA were analyzed in the same manner. The 

measured integrals of the peaks of their 29Si NMR spectra, the developed relation to obtaining Mn 

from Mvi
D, and the respective values calculated for   

   and                 ⁄  are found in Table 

3.3.22. Table 3.3.23 contains the average values over all the three CRA samples, those average 

values are the result of the characterization of CRA and were used in further chapters for 

experiments made with this compound.  

Table 3.3.23 Average values of the characterization of CRA compound. 

 
Name 

Average ± Standard 
deviation 

 

 Mn particles
1
  (g/mol) 648816 ± 100000  

 Mn PDMS    (g/mol) 3100 ±  173  
 MviD       (units/mol) 35,88 ± 3,42  
 Mvi total  (units/mol) 98,42 ± 9,01  
 xPDMS/yparticles 13,68 ± 1,22  

1
Standard deviation calculated for variations in the diameter between 9 and 10 nm. 

From the Table 3.3.23, a molar distribution of particles and PDMS can be calculated. A fraction of 

6.8 mol% belongs to functionalized silica particles and 93.2 mol% to PDMS. On the other hand, the 

weight distributions from particles and PDMS were respectively 93.9 wt% and 6.1wt%. Another 
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important aspect to mention is that the molecular weight is extremely dependent on the diameter of 

the particles. If the latter is between 9 to 10 nm, then the average molecular weight can have a 

large standard deviation   100.000 g/mol as reported in the Table 3.3.23.  

Based on the results obtained up to this point of the CRA characterization, in Scheme 3.3.2 a 

model representing the chemical structure of a CRA-silica particle and its functionalization is 

depicted. The presence of OH was not mentioned previously. However, hydroxyl groups are known 

to be produced due to the hydrolysis of alkoxysilanes and the depolymerization and esterification 

reactions that occur when the particles are dissolving and re-precipitating during the synthesis 

process [35]. Despite no determination of the OH content in the particles was done due to the 

failed attempts to separate particles from PDMS for separate analysis, as explained in Appendix B, 

Kim et al. made a control of hydroxyl group content in silica particles of different sizes and 

variations on the reaction conditions by means of thermogravimetric analysis (TGA) [45]. They 

found that the OH content lies between 0.74 and 1.50 wt% of the particles. For the molecular 

weight of the particles found in Table 3.3.23 Mn= 648816 ± 100000 g/mol, the contribution of OH to 

the molecular weight would be ±4800 to ±9800 g/mol which is within the error limits ± 100000 

g/mol. 

 

Scheme 3.3.2 Model of the structure at the surface of CRA-silica particles. Q: Tetrafunctional 
siloxane unit; QOH: Hydroxy tetrafunctional siloxane unit; QEt: Ethoxy tetrafunctional siloxane unit; 
M: Trimethylsiloxane unit; Mvi: Dimethylvinylsilxane unit; MviD: Dimethylvinylsiloxane unit attached 
to divinylsiloxane units “D”, n= 1.3.  

With the aim of pulling away the particles from PDMS improve the characterization of the silica 

particles, five liquid-liquid extractions were made as described in detail in the experimental part of 

this chapter. However, these attempts failed due to the conditions of the experiments as shown in 

Appendix B. The conditions used were suitable for modifying the particles as they were similar to 

conditions for the synthesis of the particles. The synthesis process involving hydrolysis (Eq. 3.3.26) 

and condensation (Eq. 3.3.27 and Eq. 3.3.28) [35] can happen at any pH [34]. Higher temperatures 

yield bigger particles due to the increased solubility of the silica that re-precipitates in larger 

particles [36]. The extractions were carried out under neutral pH conditions since no acid or basic 
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catalyst was added. Iller observed that at neutral and basic conditions the growing of particles was 

favored since the condensation reaction is faster than the hydrolysis and thus, more dense 

colloidal silica and colloidal gels are formed [34] (cf. Scheme 3.3.3 path B). However, the content of 

water used in some of the extraction fluids could have facilitated the hydrolysis of some ethoxy 

groups contained in the particles or the hydrolysis of siloxane bonds [37] causing condensation 

with other particles when they were close enough to react. The excess of methanol could also 

have caused alcoholysis or depolymerization, the reverse reaction of Eq. 3.3.28 which give raise to 

a restructuration process [36]. It was also found that heating the extract rich in particles at 

temperatures over 100°C  in extraction E1 with the aim of recirculating the solvent to the extractor 

let grow the concentrated particles due to Ostwald ripening as the solubility of the particles 

increased. Ultracentrifugation experiments at 4°C showed that at this temperature the particles 

with a diameter of   9.5 nm were stable in colloidal dispersion, but after modifying their 

concentration in the media, Ostwald ripening also took place and thus, the shape of the particles 

was modified and the size increased [36] (cf. Appendix B, Figure B.3).  

                  Si OR + H2O Si OH + R OH Eq. 3.3.26 

                  Si OH + Si Si O + H2OHO Si   Eq. 3.3.27 

                       Si OR + Si Si O +HO Si R OH Eq. 3.3.28 

 

 

Scheme 3.3.3 Polymerization behaviour of aqueous silica. Iler theory [34]. 
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The TEM measurements of Appendix B, Figure B.3 a, b provided information about a partial 

crystallinity of the silica particles. Not all particles exhibited crystallinity and some of the particles 

were “semi-crystalline”, i.e. consisted of crystalline and amorphous fractions. However, the content 

of the crystalline phase was low as detected by XRD measurements which did not present any 

crystal patterns. The XRD of CRA virtually appeared to agree with amorphous colloidal silica XRD 

patterns with a single, broad reflection at 2θ   20° (cf. Figure 3.3.39). [38], [39].    

 

Figure 3.3.39 X-Ray diffraction spectrum of CRA. 

A mass balance of the PDMS and particles as obtained by the extractions shown in Appendix B 

proved the composition of CRA particles and PDMS to be xPDMS/yParticles= 13.68 ± 1.22. Absolute 

errors of less than one order of magnitude.   

A final result of this section provides the molecular weight of the PDMS polymer contained in the 

CRA mixture of Mn, PDMS= 3100±173 g/mol found by high temperature size exclusion 

chromatography, the number average molecular weight of the particles Mn Particles= 648816 ± 

100000 g/mol found after solving a complicated system of equations resulting from 1H-, 29Si- and 

DOSY-NMR with help of TEM experiments to determine the diameter of the particles to be Dp=9.5 

± 0.5 nm,  using the density of particles ρparticles=2.4 g/cm3 taken from the literature [30], [31]. The 

solution of that complex system also allowed the determination of the vinyl groups amount in the 

particles Mvi
total= 98.42 ±9.01 units/mol and the mol ratio of PDMS to particles xPDMS/yparticles= 

13.68 ± 1.22 confirmed by a mass balance after liquid-liquid extractions. Hence, the extractions 

revealed that the particles contained in CRA are in a colloidal stable suspension in PDMS. If the 

concentration of particles in the media is changed or if the dispersion media itself that is modified 

by adding some solvent or removing PDMS, the stability of the particles changes. The particles 

stability was found to be sensitive to changes in the temperature since they were dissolving and 

reprecipitating, moisture and solvent as dissolution, hydrolysis and condensation were taking place 

as well as Ostwald ripening mechanism which was evident as demonstrated by TEM pictures of 

some fractions (cf. Appendix B, Figure B.3).  
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3.4. Summary 

Table 3.4.1 contains the molecular weights of the investigated educts as found by means of NMR, 

viscosity of polymer solutions, dynamic and static light scattering. The molar mass of crosslinker 45 

found by DLS is marked in dark red colour in the table because the method failed for the polymer 

as well as the molar mass of crosslinker 40 found by SLS. A discussion about the failure of the 

method is found above in the respective Sections 3.3.3 and 3.3.4. 

Table 3.4.1 Molecular weight determination of polysiloxanes used in the synthesis of PDMS-
networks by NMR, DLS, SLS, Viscosity of polymer solutions methods. 

Compound 

Method 

Mn (g/mol) Mw (g/mol) Mη (g/mol) 

NMR DLS DLS SLS Intrinsic 
Viscosity 

Polymer 164 16650 ± 1500 15750 ± 2950 27080 ± 11320 25460 ± 640 24700 ± 7400 

Polymer 116 11530 ± 1160 11330 ± 4630 22896 ± 7920  19857 ± 335 25550 ± 7650  

Crosslinker 45 4486 ± 450 6676 ± 1547 20858 ± 3040 9100 ± 1040 9300 ± 2800 

Crosslinker101 10460 ± 1050 9815 ± 1000 11160 ± 7800 10423 ± 1690 13500 ± 4050  

Crosslinker 40 3930 ± 370 3992 ± 1360 7885 ± 2800 22492 ± 334 8970 ± 2700 

 

The values of Mn and Mw marked in black colour in the Table 3.4.1 were averaged and used to 

calculate the polydispersity of the compounds. The values Mη were not considered in the average, 

they were used as a reference to validate the values found by dynamic and static light scattering. 

The viscosity average molecular weight Mη is a value smaller but close to Mw. In the results, the 

magnitude of Mη values were of the same order as Mw or even greater than Mw, this may be due to 

the presence of impurities in the sample like inhibitor in the case of the polymers 164 and 116, due 

to the present functionalities since the used parameters of the Mark-Houwink-Sakurada equation 

were valid for pure PDMS with no functionalization.  

To conclude this chapter, in Table 3.4.2 the final results of all characterization of the compounds 

involved in the hydrosilylation reactions of the present thesis are shown. A polysiloxane network is 

the product of the hydrosilylation reaction between the vinyl groups of a polysiloxane (e.g. Polymer 

164, polymer 116 or CRA) and the hydrosilane groups in a crosslinker (e.g. Crosslinker 45, 

crosslinker 101 or crosslinker 40), that reaction is Pt catalyzed (e.g. Catalyst 2.2 or catalyst 0.6).  
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Table 3.4.2 Summary of characterization of compounds used for the synthesis of silicone 
networks for release coatings application. 

Compound 
Description 

Structure Mn (g/mol) Mw/Mn 

Polymer 164 MviD217M
vi
 16200 ± 2225 1,62 

Polymer 116  MD150D3
viM 11500 ± 2895 1,87 

Crosslinker 45 MDH
72M 4486 ±   450 2,03 

Crosslinker101 MD23D
H

138M 10140 ± 1025 1,06 

Crosslinker 40 M1.28D
H

48D12M
H

0.72 3960 ±   865  1,99 

CRA Silica nanoparticles D= 9.5 ± 
0.5 nm 
~M423M

vi 
98D49Q

Et
66Q9830 

PDMS: MD40M   
xPDMS (mol)/ yparticles(mol)= 
13.68 ± 1.22 

649000 ± 100000 
 
 

3100 ± 175 

not-measured 
 
 

2,04 

Catalyst 2.2 Karsted’s Catalyst Pt(0) 
Pt content 2.2 wt% diluted in vinyl-terminated PDMS. 
Linear vinyl-polysiloxane Mn= 8030 ± 810 g/mol. 

Catalyst 0.6 Karsted’s Catalyst Pt(0) 
Pt content 0.6 wt% diluted in vinyl-terminated PDMS. 
Linear vinyl-polysiloxane Mn= 9510 ± 900 g/mol. 

Structural formula written in General Electric notation for polysiloxanes (cf. Figure 2.1.1). 
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3.5. Conclusions 

Since one method was insufficient to make a characterization of the commercially available 

prepolymers that are used in the synthesis of crosslinked silicones by hydrosilylation reaction, a 

combination of methods as nuclear magnetic resonance, viscosity measurement of polymer 

solutions, infrared spectroscopy, dynamic and static light scattering, transmission electron 

microscopy, high temperature size exclusion chromatography, liquid-liquid extractions and 

ultracentrifugation was necessary to reveal the composition and structure of the complex mixture of 

polymers, inhibitors and additives. With the results obtained by the mentioned methods, the 

necessary procedures and equations were developed to determine the molecular weight of the 

materials, their polydispersity, functionalities, whether they are a homopolymer or a copolymer, and 

their composition.   

Within the nuclear magnetic resonance methods, a combination of 1H-, 13C, 29Si-NMR spectra of 

the materials as well as 1H-DOSY, 1H-1H COSY, 1H-13C HSQC and 1H-29Si HMBC NMR were 

applied to determine the number average molecular weight of the polymers, their functionalities 

and the presence of additives. In particular, 1H-DOSY NMR was successful in identifying 

compounds such as the inhibitor ethynylcyclohexanol or traces of solvents. The 29Si-NMR spectra 

of the crosslinkers allowed the identification of different sequences of the monomers in the 

copolymers. The number average molecular weight of the materials was calculated from the 

integration of 1H- and 29Si-NMR spectra, both methods were in good agreement. The Mn of the 

polymers was confirmed by dynamic light scattering measurements and the polydispersity Mw/Mn 

was as well determined by this method. Static light scattering confirmed for all polymers the 

weight-average molecular weight Mw and was in good agreement with DLS results, except by 

crosslinker 40. In addition to light scattering methods, the measurement of the viscosity of polymer 

solutions allowed the confirmation of Mη values. The last method supplies the viscosity average 

molecular weight Mη which frequently is close to Mw but smaller than this value (Mn<Mv<Mw). 

However, the Mη values were slightly higher than Mw since the Mark-Houwink-Sakurada 

parameters taken from the literature were valid for PDMS without functionalization. The 

introduction of the functionalities into the polymers and the presence of other compounds mixed 

with the polymer might influence the viscosity values. This method should be used only with linear 

polymers as the crosslinkers and the base polymers. 

The results of number average molecular weight, polydispersity, and structures formula written in 

General Electric notation  for the base polymers were respectively, for polymer 164, Mn=16200 ± 

2225 g/mol; Mn/Mw= 1,62; MviD217M
vi; for polymer 116, Mn= 11430 ± 2895 g/mol; Mn/Mw= 1,87; 

MD150D3
viM. The crosslinker 45 was a homopolymer of structure formula MDH

72M; Mn= 4486 ± 450 

g/mol; Mn/Mw= 2,03. The crosslinkers 101 and 40 were copolymers of structures MD23D
H

138M and 

M1.28D
H

48D12M
H

0.72, and molecular weights and polydispersities, Mn= 10140 ± 1025 g/mol, 

Mn/Mw=1,16 and  Mn= 3960 ± 865 g/mol,  Mn/Mw=1,99 respectively.  

The analysis of the catalysts was made qualitatively by NMR and quantitatively by X-ray 

fluorescence determining a platinum content 2.2 wt% for Catalyst 2.2 and 0.6 wt% for catalyst 0.6. 

The producer dissolved platinum (0) complex in a linear vinyl terminated PDMS with a molecular 

weight determined by NMR to be Mn= 8030± 810 g/mol for catalyst 2.2, and Mn= 9510 ± 900 g/mol 



Chapter 3 Characterization of the Prepolymers and Catalysts Involved in Hydrosilylation Reactions 

171 

for catalyst 0.6. 

CRA was found to be a mixture of 6.8 mol% functionalized silica nanoparticles and 93.2 mol% of 

PDMS. The particles had an average diameter of 9.5 ±0.5 nm, corresponding to a molecular 

weight of   650 KDa. Their average structure is best approximated by the formula ~M423M
vi 

98D49Q
Et

66Q9830. Hence, the average particle bears 98 vinyl groups and 66 ethoxy groups. It was 

found that    1,3 dimethylsiloxane units are attached to 36% of the vinyl groups. The PDMS had a 

number average molecular weight of Mn=3100 ± 173 g/mol and a polydispersity of Mn/Mw=2.04. 

The isolation of the particles was not possible due to the poor stability of the colloidal particles, 

affected by the temperature, suspension media (solvent) and moisture. During the investigated 

separation procedure, condensation, hydrolysis, dissolution and reprecipitation of new particles of 

different size, as well as Ostwald ripening took place, which was demonstrated due to the change 

of the 29Si-NMR spectra and the morphology of the particles as seen TEM pictures (cf. Appendix B).     

In the next chapters the analyzed prepolymers, catalysts, and CRA additive will be mixed and the 

reaction and the properties of the formed polymer networks will be studied.  
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4.1. Introduction 

In the present Chapter, three silicone systems (polymer/ crosslinker/ catalyst) were selected to 

study the reaction kinetics of their hydrosilylation reaction and the properties of the formed 

networks. All systems contained the crosslinker bearing Si-H groups, the base polymer, which is 

vinyl functionalized, and the Pt-catalyst. The third system additionally contained a control release 

additive (CRA) used to modify the release properties of coatings made with it. All of those 

compounds were previously characterized in Chapter 3. 

In the first part of this chapter, the components of the silicone system were mixed in different 

proportions leading to a large number of silicone formulations i.e. 29 for system 1, 36 for system 2 

and 71 for system 3 that were allowed to react at similar conditions. The obtained silicones were 

characterized by means of solid-state-NMR where the consumption of reacting groups was 

measured, swelling to determine the crosslinking density, and the contact angles with three 

solvents were measured to determine the surface energy of the PDMS-networks. The contact 

angle measurement also was used as a tool to identify possible failures in the coating technique, 

since those silicones are intended to be applied in the release paper coating industry where the 

source of failures causing variation in the final properties of the silicones is unknown.  

The second part of the chapter involves the kinetics of the hydrosilylation reaction, studied by 

means of differential scanning calorimetry (DSC) for the above-mentioned silicone formulations. 

Those studies allowed observing the behaviour of the conversion curve with the temperature and 

variations in the heat of reaction when the reagents ratio and catalyst concentration were changed. 

Afterwards, the formation of the silicone network out of the polymer melts is described, a stochastic 

model is proposed to predict the gel formation and the gel point for different reagent ratios. The 

simulation results were compared to experimental data. 

Furthermore, a mechanism for the hydrosilylation reaction is proposed based on determined 

observations when the environmental conditions of the reaction were changed together with the 

reaction kinetics equations, which predict in good agreement with the experimentally collected 

data, the kinetics of the reaction.  

Finally, the reaction was also monitored by FT-IR with the aim of finding a potential non-invasive 

method to follow the reaction along the time which could be easily implemented in the production 

of these silicones at large scale and thus, avoiding many losses due to bad manufacturing.  
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4.2.  Experimental Section 

4.2.1.  Materials 

Butan-2-one (Methyl ethyl Ketone, MEK) from VWR International, for HPLC 99,7% purity, was 

used as received.  

Phenylmethanamine (Aniline) for synthesis, from MERCK, > 99% purity, was used as received. 

Test-Ink 48 mN/m from Hill GmbH was used as received. 

Water obtained from a laboratory water purifier arium 611UV from Sartorius AG, which uses 

electrodeionization, UV and reverse osmosis methods for purification. 

1,3,5-tris-(1-methylethyl)benzene (1,3,5-Triisopropylbenzene, TIPB) from Alfa Aesar, 97% purity 

was used as received. 
1H-NMR (500MHz, CDCl3) δ (ppm): 6.93 (s, 3 x 1H, =CH-); 2.86 (m, 3x 1H, =CH-CH-(CH3)2); 1.25 

(brod m, 6x 3H, =CH-CH-(CH3)2). 

Cyclohexane (CH) from Alfa Aesar, 99.9% purity was used as received. 
1H-NMR (500MHz, CDCl3) δ (ppm): 1.43 (s, 6 x 2H, -CH2-). 

1-Ethinyl-1-cyclohexanol (ETC) from Wacker Silicones A. G. (Comercial name SLM 40033), 99.9% 

purity was used as received.  
1H-NMR (500MHz, CDCl3) δ (ppm): 2.48 (s, 1 x 1H, -C≡CH); 2.23 (s, 1 x 1H, -C-OH); 2.12 to 1.05 

(broad m, 10 x 2H, -CH2-). 

Trichloro(deuterio)methane (CDCl3) from Sigma Aldrich, 99,8% atom D isotopic purity, was used 

as received as the solvent for NMR measurements.  
1H-NMR (500MHz, CDCl3) δ (ppm): 7,26 (s, 1 H, CH). 
13C-NMR (125.6MHz, CDCl3) δ (ppm): 77,16 (CH). 

Polydimethylsiloxane (Silicone oil) from Sigma Aldrich for oil baths, 100 mPa.s (20°C) was used as 

received. 

The materials used in this chapter were fully characterized in Chapter 3. A brief summary is 

presented below, for more details see Chapter 3.  
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Table 3.4.2 Summary of characterization of compounds used for the synthesis of silicone 
networks for release coatings application. 

Compound 
Description 

Structure Mn (g/mol) Mw/Mn 

Polymer 164 MviD217M
vi
 16200 ± 2225 1,62 

Polymer 116  MD150D3
viM 11500 ± 2895 1,87 

Crosslinker 45 MDH
72M 4486 ±   450 2,03 

Crosslinker101 MD23D
H

138M 10140 ± 1025 1,06 

Crosslinker 40 M1.28D
H

48D12M
H

0.72 3960 ±   865  1,99 

CRA Silica nanoparticles D=9.5 ± 

0.5 nm 

~M423M
vi 

98D49Q
Et

66Q9830 

PDMS: MD40M   

xPDMS (mol)/ yparticles(mol)= 

13.68 ± 1.22 

649000 ± 100000 

 

 

3100 ± 175 

 

 

Not measured 

 

 

2,04 

Catalyst 2.2 Karsted’s Catalyst Pt(0) 

Pt content 2.2 wt% diluted in vinyl-terminated PDMS. 

Linear vinyl-polysiloxane Mn= 8030 ± 810 g/mol. 

Catalyst 0.6 Karsted’s Catalyst Pt(0) 

Pt content 0.6 wt% diluted in vinyl-terminated PDMS. 

Linear vinyl-polysiloxane Mn= 9510 ± 900 g/mol. 

Structural formula written in General Electric notation for polysiloxanes (cf. Figure 2.1.1). 

Polymer 164 without inhibitor from Wacker Silicones A. G. (Comercial name Dehesive 920 without 

inhibitor), 99.9% purity was used as received.  

  

4.2.2. Synthesis of PDMS-Networks 

4.2.2.1. Systems 1 and 2  

(System 1: Polymer 164, Crosslinker 45 and catalyst 2.2; System 2: Polymer 116, Crosslinker 40 

and Catalyst 0.6) 

The silicone polymer containing the vinyl groups (polymer 164 or polymer 116) was first weighed in 

an aluminium pan of size according to the size of the batch (~5 g or ~10 g), then an amount of the 

crosslinker containing the hydrosilane groups (Crosslinker 45 or Crosslinker 40) was added to the 

aluminium pan depending on the SiH/vinyl ratio, and the mixture was stirred at 100rpm for 2 

minutes. Subsequently under stirring the catalyst was added drop-by-drop taking care to do not 

touch the pan surface directly or the magnetic stirrer. The final mixture was allowed to stir for 5 

minutes at room conditions before proceeding with the different experiments described below. 

Table 4.2.1 and Table 4.2.2 contain the formulation list of silicone networks synthesized of system 

1 and system 2 respectively.  



Chapter 4        Properties of PDMS-Networks Synthesized by Hydrosilylation and Reaction Kinetics 

180 

Table 4.2.1 Formulations of silicone networks synthesized using the materials of system 1: 
Polymer 164, Crosslinker 45 and catalyst 2.2. 

Sample 
mPoly164 

(g) 
mCrosslinker45 

(g) 
mCat 2.2 

(g) 
 

Sample 
mPoly164 

(g) 
mCrosslinker45 

(g) 
mCat 2.2 

(g) 

S1.1.1 10,0381 0,0505 0,1014  S1.16.1 10,2869 0,2289 0,1039 

S1.1.2 11,7143 0,0594 0,1180  S1.17.1 11,5653 0,2763 0,2763 

S1.2.1 10,9212 0,1079 0,0549  S1.17.2 13,5754 0,3315 0,034 

S1.2.2 10,8473 0,1095 0,0545  S1.18.1 9,9495 0,2401 0,0501 

S1.2.3 5,8951 0,0592 0,0296  S1.18.2 10,0685 0,2438 0,0505 

S1.3.1 11,0041 0,1111 0,1127  S1.18.3 10,7960 0,2614 0,0542 

S1.3.2 10,9647 0,1112 0,1093  S1.18.4 9,9728 0,2456 0,0510 

S1.3.3 10,3204 0,1054 0,1043  S1.19.1 10,7540 0,2601 0,0810 

S1.3.4 10,0487 0,1011 0,1015  S1.19.2 10,3906 0,2415 0,0785 

S1.4.1 9,9998 0,1019 0,1529  S1.19.3 10,4316 0,2501 0,0788 

S1.4.2 10,6875 0,1089 0,1599  S1.19.4 10,7160 0,2613 0,081 

S1.5.1 10,2076 0,1030 0,2083  S1.19.5 10,2536 0,2490 0,0775 

S1.5.2 9,8198 0,0999 0,2006  S1.20.1 9,6673 0,2347 0,0980 

S1.6.1 12,1790 0,1841 0,0609  S1.20.2 9,9001 0,2432 0,0997 

S1.6.2 10,5851 0,1614 0,0532  S1.20.3 10,4767 0,2524 0,1060 

S1.7.1 9,9376 0,1516 0,1001  S1.20.4 10,6518 0,2607 0,1076 

S1.7.2 9,9032 0,1508 0,1001  S1.20.5 10,7727 0,2640 0,1088 

S1.7.3 10,6576 0,1622 0,1076  S1.20.6 9,9234 0,2420 0,1003 

S1.8.1 11,2065 0,1675 0,1706  S1.20.7 10,0005 0,2466 0,1010 

S1.8.2 5,1994 0,0792 0,0792  S1.21.1 10,8080 0,2630 0,1348 

S1.9.1 10,0735 0,1541 0,2055  S1.21.2 9,9004 0,2411 0,1038 

S1.9.2 10,0238 0,1525 0,2047  S1.21.3 10,2344 0,249 0,1295 

S1.9.3 9,9862 0,1543 0,2038  S1.22.1 9,8501 0,2420 0,1495 

S1.9.4 9,7997 0,1494 0,2001  S1.22.2 5,1273 0,1254 0,0781 

S1.9.5 9,9495 0,1518 0,2031  S1.22.3 9,9945 0,2453 0,1521 

S1.10.1 11,7477 0,2080 0,0590  S1.23.1 9,8919 0,2435 0,2020 

S1.10.2 11,7844 0,2114 0,0592  S1.23.2 10,4638 0,2596 0,2136 

S1.11.1 10,3743 0,1813 0,1048  S1.24.1 11,9636 0,3149 0,1208 

S1.11.2 10,1307 0,1808 0,1023  S1.24.2 9,9793 0,2651 0,1008 

S1.11.3 10,2263 0,1883 0,1067  S1.25.1 10,0473 0,3035 0,0505 

S1.12.1 12,6126 0,2546 0,0634  S1.26.1 9,8997 0,3011 0,0998 

S1.13.1 9,7055 0,1991 0,1000  S1.26.2 10,5435 0,3208 0,1065 

S1.13.2 11,7271 0,2386 0,1185  S1.26.3 10,2718 0,3118 0,1038 

S1.13.3 9,9011 0,2005 0,1001  S1.26.4 10,2197 0,3097 0,1032 

S1.13.4 10,2263 0,2116 0,1033  S1.26.5 9,9951 0,3041 0,1009 

S1.13.5 9,7566 0,2146 0,0988  S1.27.1 10,8307 0,3306 0,1649 

S1.13.6 9,876 0,2093 0,1000  S1.28.1 10,1702 0,3122 0,2076 

S1.14.1 10,2334 0,2088 0,1558  S1.29.1 9,9009 0,3581 0,1000 

S1.15.1 10,3111 0,2112 0,2104  S1.30.1
a 

9,9084 0,2417 0,0601 

     S1.31.1
b 10,2148 0,2110 0,1032 

a
 Sample prepared using polymer 164 without inhibitor 

b
 Sample with additional 0,1972 g of inhibitor ECH. 
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Table 4.2.2 Formulations of silicone-networks synthesized using the materials of system 2: 
Polymer 116, Crosslinker 40 and catalyst 0.6. 

Sample 
mPoly116 

(g) 
mCrosslinker40 

(g) 
mCat 0.6 (g) 

 
Sample 

mPoly116 

(g) 
mCrosslinker40 

(g) 
mCat 0.6 

(g) 

S2.1.1 9,7311 0,4847 0,1031  S2.19.1 9,3265 0,6745 0,2385 

S2.1.2 9,5422 0,4753 0,1011  S2.19.2 9,2235 0,6685 0,2359 

S2.2.1 9,5318 0,4792 0,2042  S2.20.1 9,0249 0,6653 0,3337 

S2.3.1 9,3652 0,4726 0,2180  S2.20.2 4,5662 0,3384 0,1688 

S2.3.2 9,3124 0,4713 0,2170  S2.20.3 9,9030 0,6663 0,3361 

S2.4.1 9,4239 0,4748 0,2363  S2.21.1 10,1448 0,7430 0,2435 

S2.4.2 9,4269 0,4756 0,2316  S2.21.2 10,0613 0,7345 0,2415 

S2.5.1 9,3105 0,4779 0,3372  S2.22.1 9,6651 0,7560 0,1052 

S2.5.2 9,2081 0,4735 0,3335  S2.23.1 9,2570 0,7344 0,2040 

S2.6.1 9,9655 0,5738 0,1063  S2.24.1 9,0623 0,7210 0,2167 

S2.7.1 9,7423 0,5602 0,2101  S2.24.2 10,0446 0,7983 0,2405 

S2.7.2 10,54 0,6102 0,2273  S2.25.1 9,3527 0,7439 0,2408 

S2.8.1 9,5945 0,5524 0,2250  S2.26.1 9,2316 0,7439 0,3438 

S2.9.1 9,3350 0,5393 0,2356  S2.26.2 4,5273 0,3647 0,1685 

S2.10.1 9,1611 0,5356 0,3339  S2.27.1 9,4420 0,8078 0,1035 

S2.11.1 9,6911 0,6186 0,1041  S2.27.2 9,1218 0,7804 0,1000 

S2.12.1 9,2318 0,5982 0,2004  S2.28.1 9,2028 0,7951 0,2040 

S2.12.2 9,3137 0,6045 0,2024  S2.29.1 9,0005 0,7832 0,2172 

S2.13.1 9,3497 0,6074 0,2208  S2.30.1 9,0345 0,7850 0,2342 

S2.13.2 10,3105 0,6722 0,2437  S2.31.1 9,9305 0,7872 0,3347 

S2.14.1 9,2235 0,6024 0,2342  S2.31.2 9,0070 0,7947 0,3375 

S2.15.1 9,2004 0,6042 0,3375  S2.32.1 9,4170 0,8796 0,1046 

S2.15.2 4,5346 0,2999 0,1669  S2.33.1 8,9900 0,8438 0,2007 

S2.16.1 9,2446 0,6588 0,1001  S2.33.2 9,0477 0,8484 0,2020 

S2.16.2 9,5263 0,6787 0,1031  S2.34.1 9,0635 0,8504 0,2200 

S2.17.1 9,6049 0,6936 0,2100  S2.34.2 9,1205 0,8567 0,2212 

S2.17.2 9,2469 0,6678 0,2023  S2.34.3 9,0160 0,8463 0,2187 

S2.18.1 9,1226 0,6605 0,2170  S2.35.1 8,9924 0,8456 0,2346 

S2.18.2 9,5848 0,6927 0,2279  S2.36.1 8,8467 0,8458 0,3336 

S2.18.3 9,1570 0,6631 0,2179      

 

4.2.2.2. System 3  

(System 3: Polymer 164, CRA, Crosslinker 101, and catalyst 2.2) 

The silicone polymer 164 containing the vinyl groups was first weighed in an aluminium pan of size 

according to the size of the batch (~5 g or ~10 g), then the adequate CRA amount, containing also 

vinyl groups was added to the aluminium pan and was let to stir for 2 min at 100 rpm, next the 

crosslinker 101 with hydrosilane groups was added to the aluminium pan depending on the 

SiH/vinyl ratio under stirring at 100rpm for 2 minutes, afterwards also under stirring, the catalyst 2.2 

was added drop by drop taking care to do not touch the pan surface directly or the magnetic stirrer. 

The final mixture was allowed to stir for 5 minutes at room conditions. The formulations of the 

silicone networks synthesized of system 3 are enlisted in Table 4.2.3.  
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Table 4.2.3 Formulations of silicone-networks synthesized using the materials of system 3: 
Polymer 164, CRA, crosslinker 101 and catalyst 2.2. 

Sample 
mPolymer 

164 (g) 
mCRA 

(g) 
mCrosslinker 

101 (g) 
mCatalyst 

2.2 (g) 
Sample 

mPolymer 

164 (g) mCRA (g) 
mCrosslinker 

101 (g) 
mCatalyst 

2.2 (g) 

S3.1.1 13,0472 0,0000 0,2398 0,0327 S3.38.2 5,0852 5,1844 0,9034 0,1038 

S3.1.2 11,0125 0,0000 0,2026 0,0276 S3.39.1 4,9438 5,0842 0,8801 0,1527 

S3.2.1 12,0448 0,0000 0,2255 0,0605 S3.40.1 3,1701 9,5990 0,9662 0,0320 

S3.3.1 10,5664 0,0000 0,1929 0,0798 S3.41.1 2,9190 8,8831 0,8957 0,0592 

S3.4.1 10,2900 0,0000 0,1879 0,1039 S3.42.1 2,5137 7,8048 0,7835 0,0780 

S3.5.1 10,4072 0,0000 0,2179 0,0216 S3.43.1 2,6072 8,1325 0,8178 0,1084 

S3.6.1 9,9539 0,0000 0,2114 0,0496 S3.44.1 2,6663 8,0718 0,9401 0,0269 

S3.6.2 10,1488 0,0000 0,2147 0,0510 S3.45.1 2,5212 7,7425 0,9010 0,0516 

S3.7.1 11,1743 0,0000 0,2418 0,0844 S3.46.1 2,4784 7,6512 0,8901 0,0765 

S3.7.2 10,2423 0,0000 0,2177 0,0774 S3.47.1 2,5906 8,0885 0,9374 0,1078 

S3.8.1 11,4762 0,0000 0,2464 0,1159 S3.48.1 2,6957 8,1619 1,2716 0,0272 

S3.8.2 10,4475 0,0000 0,2227 0,1055 S3.49.1 2,5093 7,6984 1,1921 0,0513 

S3.9.1 9,9756 0,0000 0,2828 0,0249 S3.49.2 2,5137 7,8048 0,7835 0,0780 

S3.10.1 10,8739 0,0000 0,3073 0,0546 S3.49.3 2,5737 7,8909 1,2239 0,0526 

S3.10.2 11,9336 0,0000 0,3374 0,0600 S3.50.1 2,5954 8,0054 1,2403 0,0801 

S3.10.3 25,0000 0,0000 0,7000 0,1250 S3.50.2 2,4407 7,5448 1,1707 0,0755 

S3.11.1 10,3733 0,0000 0,2918 0,0784 S3.51.1 2,5653 7,9535 1,2397 0,1061 

S3.12.1 10,2431 0,0000 0,2907 0,1026 S3.52.1 2,3658 7,5700 1,1728 0,1514 

S3.13.1 10,4422 0,0000 0,2969 0,1589 S3.52.2 2,4316 7,7369 1,1995 0,1548 

S3.14.1 7,5463 2,5150 0,3747 0,0252 S3.53.1 0,0000 10,2903 0,9755 0,0258 

S3.15.1 8,2299 2,7695 0,4122 0,0552 S3.53.2 0,0000 10,7818 1,0202 0,0270 

S3.16.1 7,8863 2,6523 0,3984 0,0797 S3.54.1 0,0000 10,6482 1,0070 0,0535 

S3.17.1 7,4663 2,5215 0,3775 0,1009 S3.55.1 0,0000 10,9563 1,0375 0,0828 

S3.18.1 8,8447 3,0021 0,5079 0,0296 S3.56.1 0,0000 10,3014 0,9751 0,1041 

S3.18.2 9,5045 3,1817 0,5474 0,0318 S3.57.1 0,0000 11,9663 1,3080 0,0300 

S3.19.1 8,0500 2,7037 0,4652 0,054 S3.58.1 0,0000 9,9480 1,0791 0,0498 

S3.20.1 7,4966 2,5250 0,4315 0,0757 S3.59.1 0,0000 10,5951 1,1588 0,0801 

S3.21.1 7,5585 2,5583 0,4401 0,1021 S3.59.2 0,0000 10,3746 1,1343 0,0778 

S3.22.1 8,9744 3,0098 1,6898 0,0300 S3.60.1 0,0000 10,2971 1,1265 0,1040 

S3.22.2 7,5669 2,5273 0,5824 0,0253 S3.61.1 0,0000 12,7738 1,8622 0,0320 

S3.22.3 7,9234 2,6485 0,6098 0,0265 S3.61.2 0,0000 10,3209 1,5033 0,0258 

S3.23.1 7,5670 2,5343 0,5828 0,0508 S3.62.1 0,0000 10,4486 1,5231 0,0525 

S3.23.2 7,5622 2,5329 0,5797 0,0507 S3.63.1 0,0000 10,3971 1,5041 0,0781 

S3.24.1 7,7540 2,6104 0,6007 0,0783 S3.64.1 0,0000 10,2141 1,4900 0,1032 

S3.25.1 7,5048 2,5404 0,5827 0,1014 S3.64.2 0,0000 9,9005 1,4432 0,0984 

S3.26.1 7,6528 2,5977 0,6021 0,1561 S3.64.3 0,0000 10,0630 1,4687 0,1017 

S3.27.1 5,1087 5,1361 0,5789 0,0257 S3.65.1 0,0000 9,8513 1,4392 0,1501 

S3.28.1 4,9667 5,0194 0,5674 0,0502 S3.66.1 7,4416 2,5048 0,4435 0,0600 

S3.29.1 5,6021 5,6820 0,6431 0,0853 S3.66.2 7,7086 2,5910 0,4580 0,0674 

S3.30.1 5,2361 5,3482 0,6018 0,1069 S3.66.3 18,7500 6,2500 1,1063 0,1625 

S3.31.1 5,3516 5,3844 0,6995 0,0269 S3.67.1 5,0336 5,0996 0,6199 0,0714 

S3.32.1 5,2268 5,2566 0,6831 0,0525 S3.67.2 5,0148 5,0919 0,6191 0,0713 

S3.33.1 5,2649 5,3462 0,6949 0,0801 S3.67.3 12,5000 12,5000 1,5125 0,1750 

S3.34.1 5,5753 5,6978 0,7418 0,1138 S3.68.1 2,5859 8,0283 0,8173 0,0799 

S3.34.2 4,9746 5,0783 0,6611 0,1015 S3.68.2 2,9898 9,2256 0,9459 0,0923 

S3.35.1 5,2271 5,2362 0,9093 0,0262 S3.68.3 6,2500 18,7500 1,9188 0,1875 

S3.36.1 5,5176 5,5440 0,9668 0,0555 S3.69.1 0,0000 10,1209 0,9525 0,0816 

S3.36.2 5,5290 5,5674 0,9690 0,0557 S3.69.2 0,0000 10,0471 0,9363 0,0804 

S3.37.1 5,2158 5,2947 0,9176 0,0794 S3.69.3 0,0000 25,0000 2,3250 0,2000 

S3.37.2 5,0155 5,0879 0,8832 0,0763 S3.70.1 7,6987 0,601 2,5639 0,1122 

S3.37.3 5,1118 5,1919 0,9022 0,0779 S3.71.1 4,7351 0,6198 4,7346 0,1049 

S3.38.1 5,1179 5,2193 0,9277 0,1043      
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4.2.3.  Methods 

Solid-state magic-angle spinning nuclear magnetic resonance (MAS-NMR): 1H-NMR 

(500MHz) spectra were recorded with a Brucker Advance III spectrometer at 30°C of a rotor 

frequency of 8000Hz. The spinning sample was oriented at the magic angle of θ=54,70° to the 

applied magnetic field. 60 mg of sol sample were introduced in a teflon rotor of 50 or 80µL and was 

allowed to gel at 60°C overnight in an FD 240-drying oven with forced convection from Binder 

Company. Prior to the NMR measurement 3 or 4 drops of CDCl3 were added to the sample. The 

chemical shifts were reported in parts per million (ppm). The software used to analyze the NMR 

spectra was Topspin version 2.1 from the company Brucker, 2008. The samples used for the solid 

NMR measurements are enlisted in Table 4.2.4, for details of samples synthesis see Section 4.2.2 

and Section 4.3.1. 

Table 4.2.4 List of samples analyzed by 1H- HR-MAS NMR measurements. 
Systems 1, 2, and 3. 

System 1  System 2 
S1.1.1 S1.9.1 S1.14.1 S1.23.1  S2.1.1 S2.10.1 S2.19.1 S2.28.1 

S1.2.1 S1.9.2 S1.15.1 S1.24.1  S2.2.1 S2.11.1 S2.20.2 S2.29.1 

S1.3.1 S1.9.4 S1.18.2 S1.25.1  S2.3.1 S2.12.1 S2.21.1 S2.30.1 

S1.3.2 S1.9.5 S1.19.3 S1.26.1  S2.4.1 S2.13.1 S2.22.1 S2.31.1 

S1.4.1 S1.10.1 S1.20.3 S1.26.2  S2.5.1 S2.14.1 S2.23.1 S2.32.1 

S1.5.1 S1.11.1 S1.20.4 S1.26.3  S2.6.1 S2.15.2 S2.24.1 S2.33.1 

S1.6.1 S1.12.1 S1.21.2 S1.27.1  S2.7.1 S2.16.1 S2.25.1 S2.34.1 

S1.8.1 S1.13.2 S1.22.2 S1.28.1  S2.8.1 S2.17.1 S2.26.2 S2.35.1 

     S2.9.1 S2.18.1 S2.27.1 S2.36.1 

System  3 
S3.1.1 S3.10.1 S3.19.1 S3.28.1 S3.37.1 S3.45.1 S3.54.1 S3.62.1 
S3.2.1 S3.11.1 S3.20.1 S3.29.1 S3.38.1 S3.46.1 S3.55.1 S3.63.1 
S3.3.1 S3.12.1 S3.21.1 S3.30.1 S3.39.1 S3.47.1 S3.56.1 S3.64.1 
S3.4.1 S3.13.1 S3.22.1 S3.31.1 S3.40.1 S3.48.1 S3.57.1 S3.65.1 
S3.5.1 S3.14.1 S3.24.1 S3.32.1 S3.41.1 S3.49.1 S3.58.1 S3.66.2 
S3.6.1 S3.15.1 S3.25.1 S3.33.1 S3.42.1 S3.50.1 S3.59.1 S3.67.1 
S3.7.1 S3.16.1 S3.26.1 S3.34.1 S3.43.1 S3.51.1 S3.60.1 S3.68.1 
S3.8.1 S3.18.1 S3.27.1 S3.35.1 S3.44.1 S3.52.1 S3.61.1 S3.69.1 
S3.9.1        
System 1: Polymer 164, crosslinker 45, catalyst 2.2. 
System 2: Polymer 116, crosslinker 40, catalyst 0.6. 
System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2. 

Swelling: Samples of PDMS-Networks (~5 x 5 x 3 mm) were weighed and prepared in 10 mL 

glass flasks with sealing lid and 2 ml of MEK (methyl ethyl ketone) were added. Then, the flasks 

were stored in a thermostatted bath at a constant temperature of 20°C and the sample weight was 

controlled over 48h until no further change of the sample weight was observed. After a constant 

weight was reached, the sample was extracted from the flask, rinsed with more solvent, and 

allowed to dry at 50°C in vacuum for other 48h. In the end, the weight of the dry sample was 

measured. All weights were registered at least two times per sample. The density of each silicone-

network was also determined by cutting small cubes of the rubber   5 mm side, placing them into a 

pycnometer. The weight of PDMS (mPDMS) was registered, then the pycnometer with the PDMS 
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was filled with water and the weight of PDMS + water registered (mPDMS+H2O). The volume of the 

pycnometer was 10.225 cm3.  

In Table 4.2.5 and Table 4.2.6 the experimental data of silicone samples from systems 1, 2 and 3 

necessary for the determination of the density of the silicone samples and for crosslinking density 

is found.  For details of the samples synthesis see Section 4.2.2 and Section 4.3.1. 

Table 4.2.5 Silicone samples used in swelling measurements q: SiH/Vinyl ratio; [Pt]: catalyst 
concentration in ppm; CRA: control release additive parts. 

System 1 

Sample q 
[Pt] 
ppm 

Density Swelling 

mPDMS (g) 
mPDMS+H20 

(g) 
m0 (mg) m1 (mg) m2 (mg) md (mg) 

S1.3.4 1,2 218 3,1718 9,9596 69,760 152,122 146,192 54,107 
S1.7.3 1,9 217 3,5588 9,9394 76,816 136,304 135,680 74,009 
S1.11.3 2,3 223 3,8516 9,8750 53,674 93,028 89,956 52,048 
S1.13.4 2,6 216 3,7747 9,8931 51,986 87,796 88,476 50,545 
S1.20.6 3,1 215 3,8721 9,8906 64,458 111,246 111,696 62,773 
S1.24.2 3,4 214 4,4054 9,8023 67,788 118,484 118,736 65,897 
S1.26.5 3,9 214 4,1466 9,8301 68,200 122,122 120,632 66,367 

System 2 

Sample q 
[Pt] 
ppm 

Density Swelling 

mPDMS (g) 
mPDMS+H20 

(g) 
m0 (mg) m1 (mg) m2 (mg) md (mg) 

S2.1.2 2,3 60 4,4767 9,8101 81,112 109,272 105,117 75,384 
S2.3.2 2,3 120 4,4811 9,9057 95,362 133,159 132,727 89,298 
S2.13.2 3,0 130 4,2133 9,8941 90,365 126,000 124,666 84,835 
S2.18.3 3,4 130 4,2662 9,7110 67,003 94,198 93,225 63,393 
S2.24.2 3,7 130 4,8413 9,8287 80,513 111,708 110,709 75,781 
S2.27.2 4,0 60 4,5291 9,8312 60,007 83,943 83,059 56,487 
S2.31.2 4,0 200 4,4699 9,7438 64,940 88,379 85,782 61,013 
S2.34.3 4,3 130 4,5336 9,8093 67,249 97,445 94,817 63,710 

System 3 

Sample q 
[Pt] 
ppm 

CRA 
parts 

Density Swelling 

mPDMS (g) 
mPDMS+H20 

(g) 
m0 (mg) m1 (mg) m2 (mg) md (mg) 

S3.1.2 2,0 54 0 3,9796 9,9053 45,000 82,827 81,717 43,325 
S3.7.2 2,3 162 0 4,1544 9,9061 42,153 73,883 73,344 40,878 
S3.22.3 6,1 52 25 4,0672 10,0286 85,793 132,148 131,629 82,489 
S3.37.3 8,9 152 50 4,5389 10,0459 82,893 110,503 109,289 79,033 
S3.49.3 11,5 99 75 4,3505 10,0624 70,481 88,499 88,640 66,395 
S3.52.2 11,4 296 76 4,6768 10,0987 66,169 82,333 80,687 62,631 
S3.53.2 9,0 50 100 4,2547 10,3670 80,274 98,861 97,211 74,098 
S3.64.3 13,8 192 100 3,8764 10,1063 45,010 53,621 52,088 42,246 
mPDMS and mPDMS+H20: mass of silicone sample and mass of silicone + water used to calculate silicone 
density; m0: initial mass of silicone sample; m1 and m2: mass of swollen sample after 24h and 48h. md: mass 
of silicone sample after drying. 



Chapter 4        Properties of PDMS-Networks Synthesized by Hydrosilylation and Reaction Kinetics 

185 

 
Table 4.2.6 Experimental data from swelling measurements in systems 1, 2 and 3. 
mPDMS: mass of silicone sample; mPDMS+H20: mass of silicone sample and mass of silicone + water used to calculate silicone density; m0: 
initial mass of silicone sample; m1 and m2: mass of swollen sample after 24h and 48h.  

System 1 

Sample mPDMS (g) 
mPDMS+H20 

(g) 
m0 (mg) m1 (mg) m2 (mg) Sample mPDMS (g) 

mPDMS+H20 
(g) 

m0 (mg) m1 (mg) m2 (mg) 

S1.1.1 No gel formation S1.17.1 1,6049 9,8459 49,1140 87,452 86,374 
S1.2.1 2,9659 9,7552 136,252 297,176 281,986 S1.17.2 4,0482 9,6822 83,9760 147,234 - 
S1.3.1 2,8573 9,6529 239,892 558,590 542,800 S1.18.1 3,2339 9,7879 55,016 96,806 - 
S1.3.3 3,9182 9,8396 50,784 106,414 - S1.18.3 4,4513 9,8958 38,802 67,816 65,914 
S1.3.4 3,1718 9,9596 69,760 152,122 146,192 S1.19.1 1,1231 9,8946 33,578 59,726 58,824 
S1.4.1 2,3901 9,7158 106,800 246,256 221,786 S1.19.2 2,7217 9,8979 82,462 145,734 142,086 
S1.5.1 2,5312 9,8587 190,598 445,888 384,486 S1.19.4 4,4559 9,8546 42,266 74,572 71,360 
S1.6.1 3,2522 9,8791 126,156 227,004 216,886 S1.20.1 1,2190 9,8883 50,030 88,036 88,840 
S1.7.1 3,8311 9,7183 198,724 371,274 363,082 S1.20.2 4,1712 9,5651 72,208 125,556 - 
S1.7.3 3,5588 9,9394 76,816 136,304 135,680 S1.20.3 3,7750 9,7910 158,964 281,818 279,044 
S1.8.1 3,4803 9,8622 99,268 180,440 175,300 S1.20.4 4,8667 9,8469 30,972 52,930 51,462 
S1.9.1 3,6496 9,7162 105,080 194,810 187,236 S1.20.6 3,8721 9,8906 64,458 111,246 111,696 
S1.9.2 3,1468 9,9492 82,036 149,750 147,552 S1.21.1 3,5510 9,7033 98,058 170,328 169,264 
S1.9.4 3,8480 9,8304 66,266 121,656 120,596 S1.22.1 3,4095 9,7868 117,560 206,268 204,570 
S1.9.5 4,5391 9,7203 34,072 64,104 64,396 S1.23.1 4,6650 9,8786 46,886 81,156 79,688 
S1.10.1 3,9529 9,6199 76,260 136,840 135,644 S1.24.1 4,2046 9,8781 41,664 72,188 70,770 
S1.11.1 3,9409 9,7287 123,586 218,066 - S1.24.2 4,4054 9,8023 67,788 118,484 118,736 
S1.11.3 3,8516 9,875 53,674 93,028 89,956 S1.25.1 4,8423 9,7922 34,298 61,458 59,984 
S1.12.1 4,8126 9,7631 65,934 115,512 115,914 S1.26.1 3,4431 9,7434 176,214 304,826 - 
S1.13.1 1,2729 9,8120 41,948 73,276 74,484 S1.26.3 4,9340 9,7962 48,632 82,514 82,768 
S1.13.2 4,2749 9,7602 62,444 107,806 - S1.26.5 4,1466 9,8301 68,2 122,122 120,632 
S1.13.4 3,7747 9,8931 51,986 87,796 88,476 S1.27.1 4,5278 9,8344 37,666 63,274 63,574 
S1.14.1 4,6623 9,8500 33,498 57,572 56,076 S1.28.1 4,7221 9,8103 35,820 60,356 58,542 
S1.15.1 4,0781 9,8064 51,416 89,012 - S1.29.1 4,1193 9,6520 60,220 105,670 - 
S1.16.1 4,5578 9,8347 53,192 92,092 85,982       
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System 2 

Sample mPDMS (g) 
mPDMS+H20 

(g) 
m0 (mg) m1 (mg) m2 (mg) Sample mPDMS (g) 

mPDMS+H20 
(g) 

m0 (mg) m1 (mg) m2 (mg) 

S2.1.1 4,0759 9,6196 22,566 35,724 36,154 S2.19.1 4,6493 9,8796 28,344 37,724 35,772 

S2.1.2 4,4767 9,8101 81,112 109,272 105,117 S2.20.1 4,7504 9,7991 27,510 37,008 34,972 

S2.2.1 4,8502 9,7341 22,784 33,616 33,068 S2.21.1 4,7551 9,8752 26,852 37,820 37,604 

S2.3.1 4,5968 9,7128 16,148 23,194 22,744 S2.22.1 4,6594 9,9245 13,842 19,352 19,488 

S2.3.2 4,4811 9,9057 95,362 133,159 132,727 S2.23.1 4,9405 9,7981 17,474 23,808 24,328 

S2.4.1 4,8528 9,9065 22,188 31,704 32,034 S2.24.1 4,7559 9,8994 34,736 48,532 47,526 

S2.5.1 4,9309 9,8021 23,784 32,504 - S2.24.2 4,8413 9,8287 80,513 111,708 110,709 

S2.6.1 4,6296 9,8745 21,562 32,78 31,236 S2.25.1 4,8917 9,9152 22,976 31,246 31,014 

S2.7.1 4,4703 9,8425 22,544 31,702 31,560 S2.26.1 4,7655 9,8568 27,418 38,788 35,796 

S2.8.1 4,8314 9,8243 29,528 41,606 41,398 S2.27.2 4,5291 9,8312 60,007 83,943 83,059 

S2.9.1 4,9820 9,8406 25,004 34,520 34,192 S2.28.1 4,8400 9,7779 16,820 23,868 23,532 

S2.10.1 5,0905 9,8306 28,556 38,998 37,592 S2.29.1 5,0575 9,9640 20,072 27,656 27,496 

S2.11.1 4,4745 9,5987 15,854 24,036 24,088 S2.30.1 4,6678 9,9022 27,064 37,648 36,436 

S2.12.1 4,9682 9,6810 17,358 23,906 - S2.31.2 4,4699 9,7438 64,940 88,379 85,782 

S2.13.2 4,2133 9,8941 90,365 126,000 124,666 S2.32.1 4,552 9,7483 13,588 19,330 18,910 

S2.14.1 4,7691 9,8364 23,596 31,65 32,102 S2.33.1 4,9505 9,8679 14,706 20,202 20,736 

S2.15.1 4,7752 9,8940 20,886 27,864 27,330 S2.34.1 4,9233 9,9316 34,518 47,808 47,832 

S2.16.1 4,8158 9,8737 26,316 36,970 37,326 S2.34.3 4,5336 9,8093 67,249 97,445 94,817 

S2.17.1 4,9139 9,7750 16,512 22,488 22,102 S2.35.1 5,0694 9,8991 22,594 31,296 30,712 

S2.18.3 4,2662 9,7110 67,003 94,198 93,225 S2.36.1 5,1841 9,8832 22,424 31,550 30,656 

System 3 

Sample mPDMS (g) 
mPDMS+H20 

(g)) 
m0 (mg) m1 (mg) m2 (mg) Sample mPDMS (g) 

mPDMS+H20 
(g) 

m0 (mg) m1 (mg) m2 (mg) 

S3.1.2 3,9796 9,9053 45,000 82,827 81,717 S3.36.1 3,5425 10,0255 43,460 59,596 57,970 

S3.2.1 4,3267 9,8182 36,852 66,338 64,716 S3.37.3 4,5389 10,0459 82,893 110,503 109,289 

S3.3.1 4,2124 9,9066 25,788 47,036 45,958 S3.38.1 4,4927 9,8735 29,058 38,834 37,040 

S3.4.1 4,1557 9,7697 31,278 55,868 56,408 S3.39.1 4,3577 9,9731 18,360 24,056 23,848 

S3.5.1 4,3032 9,6540 42,968 75,486 75,424 S3.40.1 3,9061 9,9377 29,748 41,036 40,832 

S3.6.1 4,3606 9,9750 24,952 43,858 43,844 S3.41.1 4,7414 10,0984 28,570 39,498 37,734 

S3.7.2 4,1544 9,9061 42,153 73,883 73,344 S3.42.1 4,6495 10,0850 24,426 31,666 32,660 

S3.8.1 4,5795 9,8314 19,384 34,500 34,140 S3.43.1 4,7120 9,9828 33,452 43,666 43,512 

S3.9.1 3,6235 9,7241 30,806 53,286 53,568 S3.44.1 4,6543 9,9994 26,928 37,142 35,546 
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Sample mPDMS (g) 
mPDMS+H20 

(g) 
m0 (mg) m1 (mg) m2 (mg) Sample mPDMS (g) 

mPDMS+H20 
(g) 

m0 (mg) m1 (mg) m2 (mg) 

S3.10.1 3,4943 9,8633 38,516 67,446 66,742 S3.45.1 4,8708 10,1205 32,790 44,160 43,506 

S3.11.1 4,0349 9,7196 28,904 50,466 49,932 S3.46.1 4,5298 10,1015 39,366 51,002 50,860 

S3.12.1 3,5853 9,7776 28,428 49,382 48,056 S3.47.1 4,4313 10,0857 34,348 44,004 44,196 

S3.13.1 4,1324 9,7120 38,180 64,596 65,256 S3.48.1 4,1449 10,0434 24,472 30,984 29,586 

S3.14.1 3,7677 9,8800 27,422 45,576 43,996 S3.49.3 4,3505 10,0624 70,481 88,499 88,640 

S3.15.1 4,3668 9,7969 36,554 57,852 59,712 S3.50.1 4,4733 9,8653 40,104 49,998 49,864 

S3.16.1 4,3868 9,7515 33,490 53,388 51,870 S3.51.1 4,1442 9,9940 26,790 33,592 32,722 

S3.17.1 4,3625 9,8164 28,456 45,594 46,228 S3.52.2 4,6768 10,0987 66,169 82,333 80,687 

S3.18.1 4,4116 9,9035 21,148 33,928 33,308 S3.53.2 4,2547 10,3670 80,274 98,861 97,211 

S3.19.1 4,4761 9,8823 24,676 39,826 37,746 S3.54.1 4,1614 9,9085 35,998 45,522 45,024 

S3.20.1 4,4089 9,8902 26,458 40,906 41,512 S3.55.1 4,2309 10,1012 26,426 32,610 31,272 

S3.21.1 4,1957 9,9605 23,112 35,338 35,044 S3.56.1 4,5339 10,2330 28,240 35,264 35,272 

S3.22.3 4,0672 10,0286 85,793 132,148 131,629 S3.57.1 4,0797 10,0341 25,624 32,716 32,664 

S3.23.1 3,6459 9,8143 34,864 53,450 52,008 S3.58.1 4,3623 10,1678 48,188 62,100 61,338 

S3.24.1 4,0678 9,8994 30,840 46,940 45,380 S3.59.1 4,1506 10,0513 41,784 51,270 47,302 

S3.25.1 3,9310 9,9689 35,996 53,334 52,230 S3.60.1 4,2505 10,1724 22,612 27,950 27,730 

S3.26.1 4,1309 9,9590 26,764 37,884 39,526 S3.61.1 4,3059 10,0105 25,270 30,808 30,244 

S3.27.1 4,3392 9,9901 37,760 55,136 55,746 S3.62.1 4,2726 10,0982 25,618 30,106 29,572 

S3.28.1 4,4920 10,0288 27,872 40,622 40,112 S3.63.1 4,3060 9,9144 24,422 28,260 28,544 

S3.29.1 4,8383 9,8778 23,342 33,890 32,080 S3.64.2 3,9982 10,2129 292,812 341,088 - 

S3.30.1 4,1628 10,0554 37,728 54,684 54,599 S3.64.3 3,8764 10,1063 45,010 53,621 52,088 

S3.31.1 4,4174 10,0415 37,704 55,749 56,314 S3.65.1 4,0060 9,9970 18,248 21,444 21,216 

S3.32.1 4,8519 9,8846 33,654 48,908 49,086 S3.66.2 4,2166 9,7992 24,300 37,514 36,654 

S3.33.1 4,6339 10,0047 34,556 47,860 47,888 S3.67.1 4,7584 10,1016 20,620 29,386 25,986 

S3.34.1 4,5636 10,0769 43,064 61,696 61,608 S3.68.1 4,5418 9,9201 23,902 30,844 31,552 

S3.35.1 4,4023 9,9228 26,524 36,928 37,048 S3.69.1 4,7858 10,2717 29,426 36,654 33,612 

System 1: Polymer 164, crosslinker 45, catalyst 2.2. 
System 2: Polymer 116, crosslinker 40, catalyst 0.6. 
System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2. 
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Contact angle measurements and surface energy calculations: A Drop Shape Analyzer 

DSA100 from Krüss GmbH was used to determine the wettability of PDMS coatings of 1µm 

thickness on calendered paper KS 900 with grammage 92 g/m2, 80µm- and PETP of 50 µm-

thicknesses were used as substrates. The coatings were made on one side using a Mathis lab 

coater LTE-secured form the company Werner Mathis AG, in which the samples were heated 30s 

at 160°C. The contact angle was measured by using the sessile drop method with 1µL droplets. 

The wetting solvents used were water, aniline, and ink 48. The latter is a mixture ethanol-water 

with surface tension 48 mN/m. The contact angles were estimated for at least three drops placed in 

different parts of the coated surface which were calculated by using the five methods contained in 

the DSA100 analysis software, tangent method I, tangent method II, height-width method, circle 

fitting method, and Young-Laplace method [5]. The surface energy calculations were automatically 

performed by the DSA 100 analysis software choosing the equation of state method and Fowkes 

method [5]. 

Five silicone formulations were used in the contact angle experiments, S3.10.3, S3.66.3, S3.67.3, S3.68.3, 

S3.69.3 (cf. Table 4.2.3 and Table 4.3.4) with 0 CRA, 25 CRA, 50 CRA, 75, CRA and 100 CRA parts 

respectively. With each silicone formulation, DIN A4 size substrates sheets were coated (1 µm 

coating thickness). At least three sheets were coated. A minimum of 3 drops of each wetting liquid 

were deposited on the coated surface at different positions of the sheets. 

Additionally, a cut roll-sample of a one-side silicone-coated PETP roll presenting lack of quality, 

which was made at Laufenberg GmbH in a speed coating machine (80 m/s coating speed), was 

analyzed by means of contact angle measurements. The contact angles were measured at the 

outer, middle and inner part of the roll with water, aniline and ink 48 for the coated and non-coated 

side of the substrate. A minimum of four drops were measured with each liquid. 

Release force measurements (TW1): The measurements were performed at Laufenberg GmbH 

with the Silicone formulations S3.10.3, S3.66.3, S3.67.3, S3.68.3, S3.69.3 (cf. Table 4.2.3 and Table 4.3.4). 

The formulations were used for making coatings on DIN A4  KS900 and PETB/B substrates with a 

Mathis lab coater LTE-secured form the company Werner Mathis AG, in which the samples were 

heated for 30 s at 160°C. The coatings had 1µm thickness. A red 4154 Tesa tape of 4 cm x 27 cm 

was placed on top of the coated sheets. The samples were coated with the tape in stripes of 5 cm 

x 29 cm and stored at room temperature for 15 hours with a 10 Kg weight on top. Subsequently, 

the release forces were measured using a tensile testing machine from Zwick GmbH & Co with a 

release speed of 1000mm/min keeping an angle of 2x 90° peeling for both substrate and tape 

respect to the direction of the system tape-substrate. cf. Scheme 4.2.1. The release force is 

reported in cN/4cm width.   

TW1 release force measurements were also performed on 10 samples along a defective silicone-

coated PETP roll made at the production department of Laufenberg GmbH using the same 

procedure described above.          
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Scheme 4.2.1TW1 tensile test setup. 

X-ray photoelectron spectroscopy (XPS):  The chemical composition of the surface of a one-

side silicone-coated PETP roll was analyzed in both sides, the coated and the uncoated side, 

taking samples from the outer, middle and inner part of the roll in the radial direction, by using a 

PHI 5600 CI multi-technique spectrometer from Physical Electronics Inc. The spectrometer was 

equipped with a monochromatic Al Kα X-ray source with 0,3 eV full width at half maximum. The 

overall resolution of the spectrometer is 1,5% of the energy of the analyzer, 2,8 eV for the survey 

spectra shown in the present work.  The X-ray power used was 250 W. The take-off angle was set 

to 45°. The spectra were calibrated with a corresponding measurement of the Au 4f7/2 level (84.0 

eV) of a gold foil. The measurements were recorded with the sample at room temperature.      

Differential scanning calorimetry (DSC): The measurements were performed with a Netzsch 

204 F1 Phoenix thermal analyzer equipped with a T-sensor and a Netzsch intracooler. The 

instrument was calibrated with cyclohexane, tin and indium standards for heating rates of 5 K/min, 

10 K/min, and 15 K/min. Samples of 10-20 mg prepared as mentioned in Section 4.2.2 were 

placed in aluminium pans of 25µL volume, then the pan was put inside the DSC device chamber in 

one of the temperature sensors. An empty aluminium pan was placed on the other sensor, which 

was used as the reference. The thermogram was obtained in a temperature range between 20 and 

150°C with heating ramps of ±5 K/min, ± 10K/min, and ± 15 K/min. From the thermograms (heat 

vs. T), the exothermic resulting peak of the heating step was extracted for the analysis of reaction 

kinetics. 

Table 4.2.7 contains a list of the samples of the silicone systems 1, 2 and 3 used for the DSC 

experiments. Most of the measurements were run at dT/dt= 10K/min but few of them were also 

measured with dT/dt= 5K/min and dT/dt= 15K/min, in that case it is specified in the Table 4.2.7. For 

more information about the synthesis see Table 4.2.1, Table 4.2.2 and Table 4.2.3.   
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Table 4.2.7 Samples of systems 1, 2 and 3 used for differential scanning calorimetry experiments. 
System 1 System 2 

S1.1.2 S1.6.2 S1.12.1 S1.17.1 S1.21.1 S1.25.1 S2.1.1 S2.8.1 S2.15.1 S2.20.3
b S2.26.1 S2.33.2 

S1.2.2 S1.7.2 S1.13.2 S1.18.3 S1.21.3
b S1.26.4 S2.2.1 S2.9.1 S2.16.1 S2.21.1 S2.27.1 S2.34.2 

S1.2.3 S1.8.2 S1.13.3 S1.18.4
a S1.22.3

a S1.27.1 S2.3.1 S2.10.1 S2.16.2
a S2.21.2 S2.28.1 S2.35.1 

S1.3.3 S1.9.3 S1.14.1 S1.19.1 S1.23.1 S1.28.1 S2.4.2 S2.11.1 S2.17.2
a S2.22.1 S2.29.1 S2.36.1 

S1.4.2 S1.10.2 S1.15.1 S1.19.5
b S1.23.2

a S1.29.1 S2.5.2 S2.12.2 S2.18.2
a S2.23.1 S2.30.1 - 

S1.5.2 S1.11.2 S1.16.1 S1.20.5
a S1.24.1 S1.31.1 S2.6.1 S2.13.1 S2.19.2

a S2.24.1 S2.31.1 - 
      S2.7.1 S2.14.1 S2.20.1 S2.25.1 S2.32.1 - 

System 3 
S3.1.1 S3.8.1 S3.14.1 S3.21.1 S3.28.1 S3.35.1 S3.42.1 S3.49.1 S3.55.1 S3.62.1 S3.67.2

a 
S3.2.1 S3.8.2 S3.15.1 S3.22.2 S3.29.1 S3.36.2 S3.43.1 S3.49.2 S3.56.1 S3.63.1 S3.68.1 
S3.3.1 S3.9.1 S3.16.1 S3.23.2 S3.30.1 S3.37.2 S3.44.1 S3.50.2 S3.57.1 S3.64.1 S3.68.2

a 
S3.4.1 S3.10.2

a S3.17.1 S3.24.1 S3.31.1 S3.38.2 S3.45.1 S3.51.1 S3.58.1 S3.65.1 S3.69.1 
S3.5.1 S3.11.1 S3.18.2 S3.25.1 S3.32.1 S3.39.1 S3.46.1 S3.52.1 S3.59.2 S3.66.1

a S3.69.2
a 

S3.6.1 S3.12.1 S3.19.1 S3.26.1 S3.33.1 S3.40.1 S3.47.1 S3.53.1 S3.60.1 S3.66.2 - 

S3.6.2 S3.13.1 S3.20.1 S3.27.1 S3.34.2 S3.41.1 S3.48.1 S3.54.1 S3.61.2 S3.67.1 - 

System 1: Polymer 164, crosslinker 45, catalyst 2.2. 
System 2: Polymer 116, crosslinker 40, catalyst 0.6. 
System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2. 

All measurements were made with a heating rate dT/dt= 10 K/min except by the samples with a and b 
superscript. 
a
Measurements performed with dT/dt= 5K/min, 10K/min and 15 K/min. 

b
Measurement made with dT/dt= 5 K/min and 15 K/min.

 
 

The experiments to determine the gel fraction (FW,G) as a function of the vinyl conversion 

(pBvinyl) were made by preparing the silicone reacting mixtures enlisted in Table 4.2.8 by following 

the procedure described in Section 4.3.1. The TIPB was added before adding the catalysts to the 

mixture. A reference sample (Sref, cf. Table 4.2.8) was immediately taken out and deposited in a 

polypropylene centrifuge tube of 20 mL capability from VWR previously charged with 5 mL of 1-

ethinyl-1-cyclohexanol and cyclohexane solution (ETC-CH-solution). The ETC-CH-solutions were 

prepared as indicated in Table 4.2.8 where also the solution used for each sample is specified. On 

the other hand, the original silicone mixtures were kept into the aluminium pans at room 

temperature under stirring for about 6 to 7 hours. After this time as soon as the liquid polymer 

mixture began to increase its viscosity, the air bubbles formed in the silicone mixture while stirring 

were diffusing much slower and barely got out of the polymers. That situation was used as an 

indication to start taking samples out for the study of f(x)=FW,G(pBvinyl). 

Several 20 mL-centrifugation tubes were previously charged with 5 mL of the ETC-CH-solution and 

the samples were taken out at different extent of reactions and added to the centrifuge tubes with 

posterior stirring. The time interval between the samples was first as short as possible (seconds) 

then, the time interval between the samples was increasing (minutes), especially when the polymer 

mixture already had gelled a few minutes ago. The samples were left overnight to get swelled and 

in equilibrium. The next day they were filtered using a suction bottle (cf. Scheme 4.2.2), washing 

and swelling of the gel fraction remaining in the filter were made several times with cyclohexane 

with the aim of removing liquid polymers, TIPB and catalyst out of the gel. The filtered solution was 

concentrated by using a N2 stream and later by means of 1H-NMR measurements, the ratio 1,3,5-

triisopropylbenzene to vinyl groups (TIPB:vinyl) in the spectrum was compared to the ratio of the 

reference sample Sref to calculate the vinyl conversion. The gel fraction remaining in the syringe 
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with filter paper and syringe filter was deposited into an empty centrifuge tube which was placed 

into the oven for 48 h at 50°C using vacuum. The dried samples were weighed and compared to 

the initial sample weight to calculate the gel fraction.   

Table 4.2.8 Silicone samples formulations of systems 1, 2 and 3 used to obtain       experimental 
curves of gel fraction as a function of the vinyl conversion. 

Sample System
1
 

Base 
Polymer 

(g) 

Crosslinker 
(g) 

CRA (g) 
Catalyst 

(g) 
TIPB

2
 

(g) 
Sref

3 
(g) 

ETC-CH 
Solution

4 

S1.13.5 1 9,7566 0,2146 0,0000 0,0988 0,2761 0,7709 1 

S1.13.6 1 9,8760 0,2093 0,0000 0,1000 0,2498 0,4655 1 

S2.7.2 2 10,5400 0,6102 0,0000 0,2273 0,5222 0,5546 1 

S3.70.1 3 7,6987 0,6010 2,5639 0,1122 0,2592 0,5453 2 

S3.71.1 3 4,7351 0,6198 4,7346 0,1049 0,2768 0,5310 2 
1 
System 1: Polymer 164, crosslinker 45, catalyst 2.2. 

  System 2: Polymer 116, crosslinker 40, catalyst 0.6. 
  System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2. 
2 
TIPB: 1,3,5-Triisopropylbenzene. 

3 
Sref: Reference sample mass taken after preparing the silicone mixtures for vinyl reaction extension. 

4 
ETC-CH-solution: 1, 15.2761 g of 1-Ethinyl-1-cyclohexanol in 200 mL solution with cyclohexane (0.615 M). 

                               2, 15.1137 g of 1-Ethinyl-1-cyclohexanol in 200 mL solution with cyclohexane (0.609 M). 

The filtering process consisted of 10 mL syringes heads cut to be fitted to a suction bottle with help 

of a rubber conical gasket to be able to vacuum filtering cf. Scheme 4.2.2. In the head of the 

syringes sometimes a syringe-Teflon-filter of 0.45 µm pore was connected. Also at the bottom of 

the syringe always a filter paper N° 389 from Sartorius Stedim Biotec (8-9 nm pore size) was fitted. 

The filtered solution was collected in test glass tubes. 

 

Scheme 4.2.2 Filtration assembly to separate the gel phase from the sol phase of silicones at 
different extents of reaction. 

The list of samples for all three silicone systems used in this work is presented in Table 4.2.9. The 

data include the sample name, sample weight (initial sample without separation), the empty weight 

of the centrifuge tube used to dry the collected gel fraction, weight of the filter (syringe filter), and 

the syringe weight (syringe+ paper filter).  Sometimes a second tube and/or syringe and/or filter 

were used in the separation of the sol-gel fractions; in that case, their weight is also reported.   
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Table 4.2.9 List of samples used to experimentally asses the gel fraction vs. conversion of vinyl 
groups.  

System 1: Polymer 164, Crosslinker 45, Catalyst 2.2 

Sample N° S0 (g) 1 Tube (g) 2 Syringe (g) 3 Filter (g) 4 
Tube 2 + s + f or 
only Filter (g) 5 

Silicone mixture S1.13.5 
S1.13.5-1 0,2970 31,8120 3,4138 3,0098 - 
S1.13.5-2 0,2856 14,0060 1,9634 1,6309 - 
S1.13.5-3 0,2654 13,7336 2,0590 1,6147 - 
S1.13.5-4 0,2751 13,7315 2,0010 1,6028 - 
S1.13.5-5 0,2385 13,9141 1,9667 1,6145 - 
S1.13.5-6 0,2252 13,9049 1,9699 1,6153 - 
S1.13.5-7 0,2082 13,7864 1,9219 1,6209 - 

Silicone mixture S1.13.6 
S1.13.6-1 0,4630 13,6434 1,9673 1,6380 - 
S1.13.6-2 0,2205 13,7703 1,9588 1,6261 1,6383 
S1.13.6-3 0,6243 13,7112 2,0212 1,6400 - 
S1.13.6-4 0,7057 13,7784 1,9771 1,6348 1,6159 
S1.13.6-5 0,5712 13,7156 1,9094 1,6350 1,6126 
S1.13.6-6 0,3884 13,7258 1,9647 1,6468 1,6428 
S1.13.6-7 0,3386 13,8013 1,9394 1,6267 17,3563 
S1.13.6-8 0,3836 13,5792 1,9462 1,6132 - 
S1.13.6-9 0,2727 13,9019 1,9693 1,6226 - 

System 2: Polymer 116, Crosslinker 40, Catalyst 0.6 

Sample N° S0 (g) 1 Tube (g) 2 Syringe (g) 3 Filter (g) 4 
Tube 2 + s + f or 
only Filter (g) 5 

Silicone mixture S2.7.2 
S2.7.2-1 0,3280 13,6379 1,9808 1,6197 - 
S2.7.2-2 0,2268 13,7653 1,9840 1,6665 - 
S2.7.2-3 0,3820 13,6745 2,0435 1,6322   1,6596 
S2.7.2-4 0,4481 13,7749 2,0555 1,6608 - 
S2.7.2-5 0,3397 13,7524 2,0289 1,6113 - 
S2.7.2-6 0,4100 13,7112 1,6186 1,6086 - 
S2.7.2-7 0,6203 13,7049 2,0193 1,6324  1,6417 
S2.7.2-8 0,3841 13,6916 2,0191 1,6443 - 
S2.7.2-9 0,3400 13,7068 2,0247 1,6302 - 
S2.7.2-10 0,1651 13,7049 2,0854 1,6144 - 
S2.7.2-11 0,1854 13,7979 2,0285 1,6506 - 
S2.7.2-12 0,2717 13,7816 1,9631 1,6377 - 

System 3: Polymer 164, Crosslinker 101, CRA, Catalyst 2.2 

Sample N° S0 (g) 1 Tube (g) 2 Syringe (g) 3 Filter (g) 4 
Tube 2 + s + f or 
only Filter (g) 5 

Silicone mixture S3.70.1 
S3.70.1-1 0,3341 13,7577 1,9114 1,6241 - 
S3.70.1-2 0,1268 13,7786 2,0232 1,6408 - 
S3.70.1-3 0,4970 13,7621 1,9538 1,6382 - 
S3.70.1-4 0,4576 13,7091 1,9770 1,6273 - 
S3.70.1-5 0,3906 13,6793 1,9526 1,6451 - 
S3.70.1-6 0,5457 13,7248 1,9251 1,6303 - 
S3.70.1-7 0,4990 13,7923 1,9209 1,6454 - 
S3.70.1-8 0,4256 13,7028 1,9608 1,6290 - 
S3.70.1-9 0,4768 13,8319 2,0547 1,6010 - 
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Silicone mixture S3.71.1 
S3.71.1-1 0,6155 13,7550 1,9436 1,6397 - 
S3.71.1-2 0,2721 13,7788 1,9271 1,6424 - 
S3.71.1-3 0,4240 13,8152 1,9715 1,6236 - 
S3.71.1-4 0,4312 13,7054 1,9384 1,6444 - 
S3.71.1-5 0,7146 13,7215 1,9790 1,6040 1,6517 + 1,6519 
S3.71.1-6 0,4561 13,7719 1,9998 1,6335 1,6313 
S3.71.1-7 0,4958 13,7462 1,9608 1,6449 1,6064 
S3.71.1-8 0,3420 13,7017 1,9799 1,6263 - 
S3.71.1-9 0,3173 13,6730 1,9058 1,6262 - 
1 
S0:  Initial mass of the sample to be separated (sol + gel phases). 

2
 Mass of the centrifugation tube. 

3
 Mass of the cut syringe + paper filter. 

4 
Mass of the syringe filter. 

5 Mass of additional used artifacts: A second centrifugation tube + s (syringe + paper filter) + f    
  (syringe filter) or only a second or even a third syringe filter. 

The experiments to develop the mechanism of hydrosilylation to determine the kinetics of 

the reaction were made as described below: 

Different mixtures of reagents and catalyst taking part in the hydrosilylation reaction were prepared 

cf. Table 4.2.10. For the experiments at ambient conditions (O2 presence), the samples were 

prepared in aluminium pans under stirring. Depending on the mixture, the order of addition was 

Silicone oil/ Polymer 164 then the crosslinker and last the catalyst. For the experiments in absence 

of O2, all materials necessary for the preparation of the mixtures including the reagents, catalyst, 

aluminium pans, scale, stirrer device, etc. were placed in a gloves plastic box. At first, the O2 was 

extracted from the box, later the gloves box was purged with N2. Afterwards, the mixtures were 

prepared inside. The order of addition of the compounds to the mixture was the same as for the 

samples in the presence of oxygen as described above. 

Table 4.2.10 List of experiments performed for the analysis of the hydrosilylation mechanism and 
kinetics. Experiments made with and without oxygen presence.  

Experiments in presence of O2 at T=T∞ Experiments in absence of O2 at T=T∞ 

Compound 
mixture 

Weight (g) Experiment 
name 

Compound 
mixture 

Weight (g) Experiment 
name 

Crosslinker 45 
Catalyst 2.2 

4,9507 
0,0550 

1O2 
Crosslinker 45 
Catalyst 2.2 

4,9515 
0,0609 

1N2 

Silicone oil 
Crosslinker 45 
Catalyst 2.2 

4,9512 
0,1254 
0,0533 

2O2 
Silicone oil 
Crosslinker 45 
Catalyst 2.2 

4,9508 
0,1254 
0,0487 

2N2 

Polymer 164 
Catalyst 2.2 

4,9516 
0,0501 

3O2 
Polymer 164 
Catalyst 2.2 

4,9540 
0,0480 

3N2 

Stirring speed = 100 rpm. 

Additionally, for the inhibitor effect in the kinetics the samples S1.30.1 without inhibitor and S1.31.1 with 

1.84 wt.% ECH were used c.f. Section 4.2.2.1, Table 4.2.1. DSC measurements with the silicone 

formulation S1.31.1 were made at 10 K/min as described in p 189.   

Transmission electron microscopy (TEM): A Zeiss EM 902 A transmission electron microscope 

was used to visualize the Pt-nanoparticles in the experiment 1N2 described above. The samples 

were prepared as follows: a yellow hard drop was taken out of the mixture and cut with a 

Microtome in a 2 µm layer. The layer was deposited in a carbon-film coated Cu-grid. Later the grid 
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was dried in vacuum for 24 hours and finally placed under the microscope. The measurement of 

the distances in the pictures was made by the electron microscope provided software Paint.NET 

v3.36 Copyright © 2008 dotPDN LLC, Rick Brewster, Tom Jackson, and contributors. Microsoft 

Corporation was used, it is freely available online.    

Fourier transform infrared spectroscopy (FTIR-Spectroscopy): The IR spectra were obtained 

from a PerkinElmer Spectrum Two spectrometer equipped with a PerkinElmer Spectrum Two 

universal diamond/ZnSe-ATR system which allowed the direct measurement of the solid or liquid 

sample in reflection without further preparation. The spectra are plotted in terms of transmittance 

percentage vs. wave number in reciprocal cm. The spectrum resolution was 4cm-1. The molten 

polymers mixture S1.20.7 was prepared as described in Section 4.2.2.1, Table 4.2.1. The liquid 

silicone mixture was allowed to cure at room temperature and the FT-IR spectrum was recorded 

immediately after preparation of the mixture, after 1h, 2h, 24h, when the silicone mixture was still 

below the gel point and after 48h when the sample gelled. 
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4.2.4.  Kinetics Simulations with SUCHBRAV 

The program SUCHBRAV [42] was used to fit conversion-temperature curves p(T) to the experimental pexp(T) curves obtained from the DSC 

method by introducing the model B1G, which development and equations are presented in Section 4.3.3.3 c). For the fitting, the starting 

parameters enlisted in Table 4.2.11 were used which were introduced in the subroutines ODESYS and LINOPT (search intervals). In the 

subroutine ODESYS the start parameters Pi= reduced collision parameter of reaction i, Qi= reduced activation energy of reaction i and a3,2= 

mobility parameter in the gel, were always the same and had the values P1= 17.4685, Q1= 35.0335, P2= 19.8779, Q2= 17.5524, P3= 42.2516, 

Q3= 45.6989 and a3,2= 0.85937. C0, S0 and Q0 are the reduced initial concentration of catalyst complex, oxygen, SiH/vinyl ratio respectively. The 

results of the simulations are found in Section 4.3.3.3 d).  

Table 4.2.11 List of the fits made with the SUCHBRAV program to the p(T) experimental curves from DSC and the values of the initial 

parameters introduced in the program. For the definition of the parameters see Section 4.3.3.3 c). 

pexp (T) q 
[Pt] 

(ppm) 
C0 ODESYS  S0 ODESYS  Q0 ODESYS     LINOPT    LINOPT    LINOPT    LINOPT    LINOPT    LINOPT      LINOPT 

System 1: polymer 164, crosslinker 45, catalyst 2.2 

S1.17.1 3,1 53 0,02182 0,05029 3,10586 13,3 - 13,8 37,8 - 38,7 17,7 - 18,2 18,3 - 19,8 39,0 - 40,5 45,5 - 47,0 0,30 - 1,00 

S1.18.3 3,1 107 0,00459 0,04940 3,14776 14,0 - 14,5 36,8 - 37,0 18,0 - 18,5 17,0 - 18,0 40,0 - 41,0 44,8 - 45,0 1x10
-6

 - 0,01 

S1.20.5 3,1 215 0,00923 0,04966 3,18594 13,3 - 13,8 37,8 - 38,7 17,7 - 18,2 18,3 - 19,8 39,0 - 40,5 45,5 - 47,0 1x10
-6

 - 0,10 

S1.22.3 3,1 322 0,01390 0,04990 3,19076 13,3 - 13,8 37,8 - 38,7 17,7 - 18,2 18,3 - 19,8 39,0 - 40,5 45,5 - 47,0 1x10
-6

 - 0,10 

S1.23.2 3,1 430 0,01865 0,05016 3,22533 13,3 - 13,8 37,8 - 38,7 17,7 - 18,2 18,3 - 19,8 39,0 - 40,5 45,5 - 47,0 1x10
-6

 - 0,10 

S1.3.3 1,3 218 0,00923 0,04899 1,32771 13,3 - 13,8 37,8 - 38,7 17,7 - 18,2 18,3 - 19,8 39,0 - 40,5 45,5 - 47,0 1x10
-6

 - 1,50 

S1.11.2 2,3 216 0,00922 0,04935 2,32016 13,3 - 13,8 37,8 - 38,7 17,7 - 18,2 18,3 - 19,8 39,0 - 40,5 45,5 - 47,0 1x10
-6

 - 1,50 

S1.20.5 3,1 215 0,00923 0,04966 3,18594 13,3 - 13,8 37,8 - 38,7 17,7 - 18,2 18,3 - 19,8 39,0 - 40,5 45,5 - 47,0 1x10
-6

 – 0,1 

S1.26.4 3,9 214 0,00922 0,04993 3,93968 13,3 - 13,8 37,8 - 38,7 17,7 - 18,2 18,3 - 19,8 39,0 - 40,5 45,5 - 47,0 1x10
-6

 - 1,50 

System 2: polymer 164, crosslinker 45, catalyst 2.2 

S2.16.1 3,3 60 0,00128 0,02456 3,36089 17,3 - 17,8 34,8 - 35,3 19,7 - 20,2 17,3 - 17,8 42,0 - 42,5 45,5 - 46,0 0,75 - 1,25 

S2.17.1 3,3 120 0,00258 0,02483 3,40569 17,3 - 17,8 34,8 - 35,3 19,7 - 20,2 17,3 - 17,8 42,0 - 42,5 45,5 - 46,0 0,75 - 1,25 

S2.21.1 3,4 131 0,00283 0,02490 3,45409 17,3 - 18,5 34,8 - 35,5 19,7 - 20,2 17,3 - 17,8 41,7 - 42,5 45,5 - 46,0 0,50 - 1,25 

S2.19.1 3,3 140 0,00301 0,02492 3,41077 17,3 - 17,8 34,8 - 35,5 19,7 - 20,2 17,3 - 18,8 41,9 - 42,5 45,5 - 46,0 0,75 - 1,25 

S2.3.1 2,3 130 0,00274 0,02437 2,37994 17,3 - 18,5 34,8 - 35,6 19,5 - 20,2 17,3 - 18,0 41,0 - 42,5 45,5 - 46,2 0,75 - 1,29 

S2.21.1 3,4 131 0,00283 0,02490 3,45409 17,3 - 18,5 34,8 - 35,5 19,7 - 20,2 17,3 - 17,8 41,7 - 42,5 45,5 - 46,0 0,50 - 1,25 

S2.24.1 3,6 130 0,00282 0,02504 3,75220 17,3 - 17,8 34,8 - 35,3 19,7 - 20,2 17,3 - 17,8 42,0 - 42,5 45,5 - 46,0 0,10 - 1,25 

S2.34.2 4,3 130 0,00286 0,02537 4,42995 17,3 - 17,8 34,8 - 36,0 19,7 - 20,2 17,3 - 18,8 42,0 - 42,5 45,5 - 46,0 0,50 - 1,25 
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4.3.  Results and Discussion 

4.3.1.  Synthesis of Silicone Networks 

A number of PDMS-networks were synthesized via hydrosilylation reaction. Three systems were 

studied in this Chapter, each of them containing a backbone polymer with vinyl groups, a Si-H 

crosslinker functionalized, and a platinum catalyst. System 3 further contained a control release 

additive (CRA) which also bears vinyl groups. The systems are respectively enlisted below:  

 System 1: Polymer 164, crosslinker 45, catalyst 2.2. 

 System 2: Polymer 116, crosslinker 40, catalyst 0.6. 

 System 3: Polymer 164, crosslinker 101, CRA, catalyst 2.2.  

The formulations used for the synthesis of PDMS networks in the present work are found below in 

Table 4.3.2 for system 1, Table 4.3.3 for system 2 and Table 4.3.4 for system 3. The systems are 

described (i) by the variables q denoting the SiH/Vinyl molar ratio that refers to the molar amount 

of reacting hydrosilane groups of the crosslinker compared to the molar amount of reacting vinyl 

groups, which are contributed by the base polymer, the vinyl terminated PDMS contained in the 

catalyst and in the case of system 3 also by the silica particles present in the CRA, (ii) the platinum 

concentration in parts per million (ppm) in the formulation [Pt], and (iii) CRA parts for system 3. 

CRA parts range from zero parts (only base polymer, no CRA) to hundred parts of CRA (only CRA, 

no base polymer).  

More detail about the synthesis can be found in Section 4.2.2. The numbers presented in the 

tables may appear uncommon to the reader because all experiments shown in this Chapter were 

planned by using the values suggested by the materials suppliers. However, these formulation 

numbers neither represented the real molar values nor the true Pt content. Those values were 

suggested to facile the preparation of the formulations by simply weighing an amount of each 

compound similar to the suggested numbers, but no information about the molecular weight of the 

polymers and content of functional groups in the structure was provided. A network with a 

SiH/Vinyl ratio= 2,4 and [Pt]=100 ppm was prepared by adding 0.1 g of catalyst 2.2, 9.9 g of 

polymer 164 and 0.24 g of crosslinker 45. The similarity of the added amounts and the formulation 

numbers is clearly observed. It was only possible to know the real molar ratios and Pt 

concentration by the characterization of the polymers as described in Chapter 3. The values 

suggested by the suppliers and the calculated values after characterization are both reported 

below. Nevertheless, the plots, tables, and analysis of this and further chapters consider the real 

calculated values after characterization of the compounds. 

To calculate the SiH/vinyl molar ratio (q) (see Eq. 4.3.1), the values reported in Table 4.2.1, Table 

4.2.2 and Table 4.2.3 were used. The amount of reacting hydrosilane groups was calculated from 

the crosslinker added amount using Eq. 4.3.2, of which its variables can be found in Table 4.3.1. 

The number of reacting vinyl groups was calculated as the summation of the vinyl groups 

contained in the base polymer, the catalyst, and for system 3 also contained in the CRA (see Eq. 

4.3.3). All variables necessary for the calculations are also found in Table 4.3.1. The number of 

vinyl groups in the base polymer was calculated by using Eq. 4.3.4. The catalyst is a mixture of Pt 

(0) complex and vinyl terminated PDMS, therefore, the vinyl contribution of the catalyst was 
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calculated considering only the PDMS content (see Eq. 4.3.5).  For system 3 there was also a vinyl 

contribution from the silica particles. Eq. 4.3.6 facilitates the calculation by using an average 

molecular weight of CRA and the molar fraction of particles in CRA.  

  
   

     
      

               

                 
 Eq. 4.3.1 

                 
              

            
                                

Eq. 4.3.2 

 

                                                                     Eq. 4.3.3 

 

                 
           

             
                                   

Eq. 4.3.4 

                  
                   

               
                                    Eq. 4.3.5 

              
       

              
                                                Eq. 4.3.6 

     : Number average molecular weight of the crosslinker (g/mol);      : Number average molecular weight 

of the base polymer vinyl functionalized (g/mol);   𝑫    mass fraction of PDMS in catalyst;     𝑫  : 

Number average molecular weight of PDMS in the catalyst (g/mol);       : Number average molecular 

weight of the CRA (g/mol);             mol fraction of particles in CRA. 

To determine the number-average molecular weight of CRA (Mn,CRA), the information on Table 

3.4.2 was taken to calculate the molar fractions of PDMS and particles (  ,  =PDMS, particles), 

then Eq. 4.3.7 was used for the calculation of Mn,CRA.  

                                             

                     9  9   49                    47          
Eq. 4.3.7 

       : Number average molecular weight of the PDMS in the CRA (g/mol);      : Mol fraction of PDMS 

in the CRA;             : Number average molecular weight of one silica particle in the CRA (g/mol); 

          : Mol fraction of particles in the CRA. 

To obtain the [Pt] concentration in parts per million of the formulation, Eq. 4.3.8 was used. In this 

equation                  is the mass fraction of catalyst in the silicone formulation. The latter is 

formed by the base polymer, the crosslinker, the catalyst and for system 3, also the CRA. The 

mass fraction of catalyst in the formulation was calculated from the information reported in Table 

4.2.1, Table 4.2.2 and Table 4.2.3. On the other hand,         is the mass fraction of Pt in the 

catalyst, which was determined in the experiments of Chapter 3. Catalyst 2.2 contains 2,2 wt% of 

Pt and catalyst 0.6 contains Pt in a 0,6 wt%.   

[  ]                                       Eq. 4.3.8 

Meanwhile, in system 3, the CRA content in the silicone formulation is denoted by parts, this 

means the fraction of CRA when only the base polymer and the CRA are considered. The CRA 

parts in the formulation are calculated using Eq. 4.3.9.   
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                    4    
        Eq. 4.3.9 

 

Table 4.3.1 Necessary information for the calculation of silicone formulations of systems 1, 2 and 
3. 

System 1 System 2 System 3 
Compound Mn 

(g/mol) 
N° of 

reacting 
groups 

Compound Mn 

(g/mol) 
N° of 

reacting 
groups 

Compound Mn 

(g/mol) 
N° of 

reacting 
groups 

Crosslinker 
45 

4486 72 Crosslinker 
40 

3960 49 Crosslinker 
101 

10140 138 

Polymer 
164 

16200 2 Polymer 
116 

11500 3 Polymer 
164 

16200 2 

Catalyst 
2.2 

PDMS 
8030 
XPDMS 
0,944  

2 Catalyst 
0.6 

PDMS 
9510 
XPDMS 

0,985 

2 Catalyst 
2.2 

PDMS 
8030 
XPDMS 
0,944 

2 

      CRA 47086 
xparticles 

0,0681 

particles 
98 
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Table 4.3.2 List of formulations provided by the suppliers and the real calculated formulations after 
components characterization of system 1: polymer 164, crosslinker 45, catalyst 2.2. 

Sample 
Suppliers Real  

Sample 
Suppliers Real 

q [Pt] 
(ppm) 

q [Pt] 
(ppm) 

 q [Pt] 
(ppm) 

q [Pt] 
(ppm) 

S1.1.1 
0,5 100 

0,7 219  S1.16.1 2,2 100 2,2 215 

S1.1.2 0,7 218  S1.17.1 
2,4 25 

3,1 53 

S1.2.1 

1,0 50 

1,3 109  S1.17.2 3,2 53 

S1.2.2 1,3 109  S1.18.1 

2,4 50 

3,1 108 

S1.2.3 1,3 109  S1.18.2 3,1 107 

S1.3.1 

1,0 100 

1,3 221  S1.18.3 3,1 107 

S1.3.2 1,3 215  S1.18.4 3,2 109 

S1.3.3 1,3 218  S1.19.1 

2,4 75 

3,1 161 

S1.3.4 1,2 218  S1.19.2 3,0 161 

S1.4.1 1,0 150 
1,3 328  S1.19.3 3,1 161 

S1.4.2 1,3 321  S1.19.4 3,1 161 

S1.5.1 
1,0 200 

1,3 436  S1.19.5 3,1 161 

S1.5.2 1,3 436  S1.20.1 

2,4 100 

3,1 216 

S1.6.1 1,5 50 
2,0 108  S1.20.2 3,1 214 

S1.6.2 2,0 108  S1.20.3 3,0 215 

S1.7.1 

1,5 100 

2,0 216  S1.20.4 3,1 215 

S1.7.2 1,9 217  S1.20.5 3,1 215 

S1.7.3 1,9 217  S1.20.6 3,1 215 

S1.8.1 1,5 150 
1,9 325  S1.20.7 3,1 215 

S1.8.2 1,9 325  S1.21.1 

2,4 125 

3,1 265 

S1.9.1 

1,5 200 

1,9 433  S1.21.2 3,1 268 

S1.9.2 1,9 436  S1.21.3 3,1 268 

S1.9.3 1,9 433  S1.22.1 

2,4 150 

3,1 321 

S1.9.4 1,9 434  S1.22.2 3,1 322 

S1.9.5 1,9 434  S1.22.3 3,1 322 

S1.10.1 
1,75 50 

2,3 108  S1.23.1 
2,4 200 

3,1 430 

S1.10.2 2,3 108  S1.23.2 3,1 430 

S1.11.1 

1,75 100 

2,2 216  S1.24.1 2,7 100 
3,3 214 

S1.11.2 2,3 216  S1.24.2 3,4 214 

S1.11.3 2,3 223  S1.25.1 3,0 50 3,9 107 

S1.12.1 2,0 50 2,6 108  S1.26.1 

3,0 100 

3,9 213 

S1.13.1 

2,0 100 

2,6 220  S1.26.2 3,9 214 

S1.13.2 2,6 216  S1.26.3 3,9 214 

S1.13.3 2,6 216  S1.26.4 3,9 214 

S1.13.4 2,6 216  S1.26.5 3,9 214 

S1.13.5 2,7 216  S1.27.1 3,0 150 3,9 320 

S1.13.6 2,7 216  S1.28.1 3,0 200 3,8 427 

S1.14.1       2,0   150 2,6 323  S1.29.1 3,5 100 4,6 212 

S1.15.1 2,0 200 2,6 431  S1.30.1 2,4 100 3,1 130 

      S1.31.1 2,0 100 2,6 216 
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Table 4.3.3 List of formulations provided by the suppliers and the real calculated formulations after 
components characterization of system 2: polymer 116, crosslinker 40, catalyst 0.6. 

Sample 
Suppliers Real  

Sample 
Suppliers Real 

q [Pt] 
(ppm) 

q [Pt] 
(ppm) 

 q [Pt] 
(ppm) 

q [Pt] 
(ppm) 

S2.1.1 
1,4 30 

2,3 60  S2.19.1 
2,0 70 

3,3 140 

S2.1.2 2,3 60  S2.19.2 3,3 140 

S2.2.1 1,4 60 2,3 120  S2.20.1 

2,0 100 

3,4 200 

S2.3.1 
1,4 65 

2,3 130  S2.20.2 3,4 200 

S2.3.2 2,3 130  S2.20.3 3,4 200 

S2.4.1 
1,4 70 

2,3 140  S2.21.1 
2,02 65,63 

3,4 131 

S2.4.2 2,3 140  S2.21.2 3,4 131 

S2.5.1 
1,4 100 

2,3 200  S2.22.1 2,2 30 3,7 60 

S2.5.2 2,4 200  S2.23.1 2,2 60 3,7 120 

S2.6.1 1,6 30 2,7 60  S2.24.1 
2,2 65 

3,7 130 

S2.7.1 1,6 60 
2,7 120  S2.24.2 3,7 130 

S2.7.2 2,7 120  S2.25.1 2,2 70 3,7 140 

S2.8.1 1,6 65 2,7 130  S2.26.1 
2,2 100 

3,7 200 

S2.9.1 1,6 70 2,7 140  S2.26.2 3,7 200 

S2.10.1 1,6 100 2,7 200  S2.27.1 
2,4 30 

4,0 60 

S2.11.1 1,8 30 3,0 60  S2.27.2 4,0 60 

S2.12.1 
1,8 60 

3,0 120  S2.28.1 2,4 60 4,0 120 

S2.12.2 3,0 120  S2.29.1 2,4 65 4,0 130 

S2.13.1 
1,8 65 

3,0 130  S2.30.1 2,4 70 4,0 140 

S2.13.2 3,0 130  S2.31.1 
2,4 100 

4,0 200 

S2.14.1 1,8 70 3,0 140  S2.31.2 4,0 200 

S2.15.1 
1,8 100 

3,0 200  S2.32.1 2,6 30 4,3 60 

S2.15.2 3,0 200  S2.33.1 
2,6 60 

4,3 120 

S2.16.1 
2,0 30 

3,3 60  S2.33.2 4,3 120 

S2.16.2 3,3 60  S2.34.1 

2,6 65 

4,3 130 

S2.17.1 
2,0 60 

3,3 120  S2.34.2 4,3 130 

S2.17.2 3,3 120  S2.34.3 4,3 130 

S2.18.1 

2,0 65 

3,4 130  S2.35.1 2,6 70 4,3 140 

S2.18.2 3,3 130  S2.36.1 2,6 100 4,4 200 

S2.18.3 3,4 130       
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Table 4.3.4 List of formulations provided by the suppliers and the real calculated formulations after 
components characterization of system 3: polymer 164, crosslinker 101, CRA, catalyst 2.2. 

 
Sample 

Suppliers Real  

 q [Pt] (ppm) CRA parts q [Pt] (ppm) CRA parts  
 S3.1.1 1,3 25 0 

2,0 54 0  

 S3.1.2 2,0 54 0  

 S3.2.1 1,3 50 0 2,0 108 0  

 S3.3.1 1,3 75 0 2,0 162 0  

 S3.4.1 1,3 100 0 2,0 216 0  

 S3.5.1 1,5 25 0 2,3 54 0  

 S3.6.1 1,5 50 0 
2,3 107 0  

 S3.6.2 2,3 108 0  

 S3.7.1 1,5 75 0 
2,4 162 0  

 S3.7.2 2,3 162 0  

 S3.8.1 1,5 100 0 
2,4 215 0  

 S3.8.2 2,3 215 0  

 S3.9.1 2,0 25 0 3,1 53 0  

 S3.10.1 

2,0 50 0 

3,1 107 0  

 S3.10.2 3,1 107 0  

 S3.10.3 3,1 107 0  

 S3.11.1 2,0 75 0 3,1 161 0  

 S3.12.1 2,0 100 0 3,0 212 0  

 S3.13.1 2,0 150 0 3,0 321 0  

 S3.14.1 1,3 25 25 3,9 53 25  

 S3.15.1 1,3 50 25 3,9 106 25  

 S3.16.1 1,3 75 25 4,0 159 25  

 S3.17.1 1,3 100 25 3,9 212 25  

 S3.18.1 1,5 25 25 
4,5 53 25  

 S3.18.2 4,6 53 25  

 S3.19.1 1,5 50 25 4,7 105 25  

 S3.20.1 1,5 75 25 4,5 158 25  

 S3.21.1 1,5 100 25 4,5 211 25  

 S3.22.1 
2,0 25 25 

6,1 52 25  

 S3.22.2 6,1 52 25  

 S3.22.3 6,1 52 25  

 S3.23.1 2,0 50 25 
6,0 104 25  

 S3.23.2 6,0 104 25  

 S3.24.1 2,0 75 25 6,1 156 25  

 S3.25.1 2,0 100 25 6,1 208 25  

 S3.26.1 2,0 150 25 6,0 312 25  

 S3.27.1 1,3 25 50 5,8 52 50  

 S3.28.1 1,3 50 50 5,8 104 50  

 S3.29.1 1,3 75 50 5,8 156 50  

 S3.30.1 1,3 100 50 5,7 208 51  

 S3.31.1 1,5 25 50 6,7 52 50  

 S3.32.1 1,5 50 50 6,6 103 50  

 S3.33.1 1,5 75 50 6,6 155 50  

 S3.34.1 
1,5 100 50 

6,6 206 51  

 S3.34.2 6,6 206 50  

 S3.35.1 2,0 25 50 8,9 51 50  

 S3.36.1 2,0 50 50 
8,9 101 50  

 S3.36.2 8,9 101 50  

 S3.37.1 
2,0 75 50 

8,9 152 50  

 S3.37.2 8,9 152 50  

 S3.37.3 8,9 152 50  
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 S3.38.1 2,0 100 50 
9,0 202 50  

 S3.38.2 8,9 202 50  

 S3.39.1 2,0 150 50 8,8 304 51  

 S3.40.1 1,3 25 75 7,5 51 75  

 S3.41.1 1,3 50 75 7,5 102 75  

 S3.42.1 1,3 75 75 7,4 153 76  

 S3.43.1 1,3 100 75 7,4 204 76  

 S3.44.1 1,5 25 75 8,6 51 75  

 S3.45.1 1,5 50 75 8,6 101 75  

 S3.46.1 1,5 75 75 8,6 152 76  

 S3.47.1 1,5 100 75 8,6  202 76  

 S3.48.1 2,0 25 75 11,6 49 75  

 S3.49.1 

2,0 50 75 

11,5 99 75  

 S3.49.2 11,5 99 75  

 S3.49.3 11,5 99 75  

 S3.50.1 2,0 75 75 
11,5 148 76  

 S3.50.2 11,5 148 76  

 S3.51.1 2,0 100 75 11,5 197 76  

 S3.52.1 2,0 150 75 
11,4 296 76  

 S3.52.2 11,4 296 76  

 S3.53.1 1,3 25 100 
9,1 50 100  

 S3.53.2 9,0 50 100  

 S3.54.1 1,3 50 100 9,0 101 100  

 S3.55.1 1,3 75 100 9,0 151 100  

 S3.56.1 1,3 100 100 9,0 201 100  

 S3.57.1 1,5 25 100 10,5 50 100  

 S3.58.1 1,5 50 100 10,3 99 100  

 S3.59.1 1,5 75 100 
10,4 149 100  

 S3.59.2 10,4 148 100  

 S3.60.1 1,5 100 100 10,3 198 100  

 S3.61.1 2,0 25 100 
13,9 48 100  

 S3.61.2 13,9 48 100  

 S3.62.1 2,0 50 100 13,9 96 100  

 S3.63.1 2,0 75 100 13,7 143 100  

 S3.64.1 
2,0 100 100 

13,8 192 100  

 S3.64.2 13,8 189 100  

 S3.64.3 13,8 192 100  

 S3.65.1 2,0 150 100 13,7 289 100  

 S3.66.1 

1,54 65 25 

4,7 126 25  

 S3.66.2 4,7 137 25  

 S3.66.3 4,6 136 25  

 S3.67.1 

1,4 70 50 

6,2 145 50  

 S3.67.2 6,2 145 50  

 S3.67.3 6,1 144 50  

 S3.68.1 

1,32 75 75 

7,5 153 76  

 S3.68.2 7,6 153 76  

 S3.68.3 7,5 152 75  

 S3.69.1 

1,28 80 100 

8,9 161 100  

 S3.69.2 8,8 160 100  

 S3.69.3 8,8 160 100  

 S3.70.1 - - - 6,1 225 25  

 S3.71.1 - - - 6,6 226 50  
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The reactions of the synthesis of silicone elastomers using system 1, 2 and 3 are depicted in 

Scheme 4.3.1. A model of the synthesized Silicone-networks out of system 1, 2 and 3 considering 

the structures determined in Chapter 3 is found in Scheme 4.3.2 and Scheme 4.3.3,  this with the 

aim of giving the reader an idea of the PDMS-networks formed in each system. 
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Scheme 4.3.1 Synthesis of silicone elastomers using the silicone systems 1, 2, and 3. 

 

 

 

 

 

Scheme 4.3.2 Model of PDMS networks based in its components structure of a) system 1: ▬ 
polymer 164, ▬ crosslinker 45 and • catalyst 2.2; b) System 2:  ▬ Polymer 116, ▬ crosslinker 40 
and • catalyst 0.6.  
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Scheme 4.3.3 Model of PDMS networks based on its components structure using system 3: ▬ 

Polymer 164, ● Vinyl functionalized silica nanoparticles from CRA 42, ▬ PDMS from CRA 42, ▬ 

Crosslinker 101, ● Catalyst 2.2. 
M

Vi
D, vinyltrimethylsiloxane unit attached to a dimethylsiloxane unit. M

vi
Q, vinyltrimethylsiloxane unit attached 

to the oxygen of a tetrafunctional silicon unit at the silica surface.  

The system 1 (cf. Scheme 4.3.2 a) is composed of a linear vinyl terminated polysiloxane of Mn= 

16200 ± 2225 g/mol, the crosslinker 45 is a homopolymer containing 72 SiH bonds of Mn= 4486 ± 

450 g/mol. 

For system 2 (cf. Scheme 4.3.2 b), the polymer 116 of Mn= 11500 ± 2895 g/mol, has three vinyl 

groups along the chain that react with the SiH groups of crosslinker 40. The crosslinker 40 of 

structural formula M1.28D
H

48D12M
H

0.72 and Mn= 3960 ± 865 g/mol, has 48 SiH groups available for 

reaction along the chain, and at least one terminal SiH group every 4 terminal groups of the 

polymer chains.  

In the case of system 3 (cf. Scheme 4.3.3), the vinyl contribution comes from polymer 164 with 

terminal vinyl groups and from CRA. The later composed of inert PDMS and silica particles of 

diameter Dp= 9,5 ± 0,5 nm bearing    8 vinyl groups. The crosslinking can be made due to a 

vinyltrimethyl siloxane unit attached to dimethylsiloxane units (MVi
D) or due to a 

vinyltrimethylsiloxane unit attached directly to the oxygen of a tetra-functional silicon atom at the 

surface of the silica particles (Mvi
Q). The previous information was acquired from the CRA 

characterization in Chapter 3, for details see Section 3.3.5. The crosslinker 101 used is a 

copolymer of structure MDH
138D23M.   

In any case, the catalyst was not extracted after crosslinking and thus, remained trapped in the 

polymer networks. 

The formulations presented in this section were used to study the kinetics of the reaction by means 

of DSC method. The final properties of the formed silicone networks such as crosslinking density 
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were determined by means of swelling and solid-state NMR measurements, and the surface 

energy was determined by contact angle measurements with different solvents.            

4.3.2. Properties and Characterization of Silicone Networks 

4.3.2.1. Conversion of the Reacting Groups in Filled and Unfilled Silicones 

To achieve a complete hydrosilylation of the vinyl-functionalized base polymer, an excess of 

hydride-functionalized crosslinker is added to the reaction mixture. This guarantees that all vinyl 

groups react and that all the chains are attached to the network. Herewith, fewer defects are 

obtained e.g. pendant chains. Those defects are influencing the mechanical properties of the 

material as discussed by Delebecq et al. [1]. Moreover, adding an excess of hydride has been 

demonstrated to accelerate the reaction in comparison to stoichiometric ratios as equimolar 1:1 or 

the lack of hydride as the formation of some Pt complex intermediates is avoided [2]. 

To prove that all vinyl groups were reacting in the selected formulations from Table 4.3.2 to Table 

4.3.4, the solid-state NMR spectrum of each formulation was measured after crosslinking. Figure 

4.3.1 a depicts a 1H-HR-MAS NMR spectrum of the silicone network S2.27.1, a formulation of system 

2: polymer 116, crosslinker 40 and catalyst 0.6 with SiH/Vinyl ratio 4,0 and Pt concentration of 60 

ppm. Similar spectra were observed for other formulations of the same system and also for system 

1: polymer 164, crosslinker 45 and catalyst 2.2. In the spectrum of the silicone S2.27.1, no signals of 

the vinyl bonds are observed in the range between δ= 5.80 and 6.06 ppm, proving that all vinyl 

groups have reacted completely. At δ=4.75 ppm the signal of the hydride groups is found as a 

result of the silane-excess added to the reaction mixture. In the range from δ= 0. 0 to 1.31 ppm 

the signals of the protons of the new Si-CH2-CH2-Si bonds are to be found. At δ=1.57 ppm it is 

observed a NMR signal resulting of SiH protons that did not take part in the hydrosilylation reaction 

but underwent side reactions. This was also observed in the SiH conversion values. The 

conversion of SiH was higher than expected for a reaction 1: 1 of SiH: vinyl as explained later in 

this section. The excess of reacting SiH protons that did not undergo hydrosilylation reaction was 

found to correspond to the area of the protons represented by this NMR signal. Finally, in the 

range from δ= -0.75 to 0.75 ppm, the broad intense peak represents the protons of the methyl 

groups along the polymeric chains which did not take part in the reaction.  

The 1H-HR-MAS NMR spectrum of a silica-filled silicone system is presented in Figure 4.3.1 b. The 

spectrum is similar to the spectra of silicones without fillers to the point that the vinyl, hydride 

groups, Si-CH2-CH2-Si, and methyl protons are found at the same position of the NMR spectrum 

as described in the part a of the Figure. However, the ethoxy groups from the silica particles were 

also observed at δ= 3,86 pm (-CH2-) and  δ=1,25 ppm (-CH3). In the silicone S3.33.1 cf. Figure 4.3.1 

b all vinyl groups have reacted since no signals at δ= 5.80- 6.06 ppm are observed. Other spectra 

are not shown but they are similar to the described here. The results of the integration of the NMR 

spectra are shown below in Table 4.3.6.  

To calculate the conversion of the reacting groups in hydrosilylation, the integral value of the peak 

corresponding to the methyl protons at δ= -0.75 to 0.75 ppm in the NMR spectrum was set to the 

expected methyl peak area value when taking into account the amounts of initially added reagents 
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and catalyst to the reacting mixture. Thus first, the vinyl fraction of each vinyl-containing compound 

in the formulation was calculated (  ) by using Eq. 4.3.10, this was made with the help of the 

equations Eq. 4.3.3 to Eq. 4.3.6. 

     
     

                                                
        

                             

Eq. 4.3.10 

 

 

a)

 

b) 

 

Figure 4.3.1 1H-HR-MAS NMR spectrum of silicone networks formed by hydrosilylation reaction. 
a)Unfilled system S2.27.1. b) Silica-filled system S3.33.1. (CDCl3 at 30°C). 
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Second, the integrals of the separate spectra belonging to the pure compounds were normalized to 

one reacting group (vinyl or SiH). Table 4.3.5 contains the values of the 1H-NMR spectrum 

integrals obtained from the characterization of reagents and catalysts in Chapter 3. The 

corresponding amount of the protons of the methyl groups per reacting group of each compound is 

also shown. Then the expected methyl area of the polymers containing vinyl groups in the NMR 

spectrum (          ) was calculated by the summation of the product between the vinyl fraction of 

each compound and the number of methyl protons per vinyl (cf. Eq. 4.3.11). 

           ∑                            

                            

Eq. 4.3.11 

 
Table 4.3.5  N° reacting groups and methyl protons per molecule of reagent in systems 1, 2, and 3 
and N° of methyl protons per reacting group (RG). 
System Compound Reacting 

Group (RG) 
N° RG N° protons 

(methyl) 
N° methyl protons 

per RG 

1 
 

Polymer 164 
Crosslinker 45 

Vinyl 
SiH 

2,00 
72,00 

1362,00 
257,76 

681,00 
3,58 

Catalyst 2.21 Vinyl 2,0 648,00 324,00 

2 

Polymer 116 
Crosslinker 40 

Vinyl 
SiH 

3,00 
48,72 

763,40 
347,93 

254,47 
7,14 

Catalyst 0.62 Vinyl 2,0 768,00 384,00 

3 

Polymer 164 
CRA 
Crosslinker 101 

Vinyl 
Vinyl 
SiH 

2,00 
98,00 

142,00 

1362,00 
9242,30 
788,77 

681,00 
94,31 
5,55 

Catalyst 2.21 vinyl 2,0 648,00 324,00 
1 
Catalyst 2.2 contains 94,4 wt% of  PDMS: M

vi
D106M

vi
 

2 
Catalyst 0.6 contains 98,5 wt% of PDMS: M

vi
D126M

vi
  

Third, the number of methyl protons from the crosslinker in the mixture was calculated as the 

product of the SiH/vinyl ratio (q) and the number of methyl protons per reacting SiH group. Thus, 

the total expected area of the methyl signal peak (          
) was determined by using Eq. 4.3.12. 

This value was replaced in the NMR software and the area of the peaks representing the vinyl 

protons at δ= 5.80 and 6.06 ppm and the protons of the SiH groups at δ=4.75 ppm was readout.  

          
                                   Eq. 4.3.12 

Table 4.3.6 contains the results of the areas in the NMR spectra for all the analyzed formulations of 

the three silicone systems. Those values were used to determine the conversion ρvinyl and ρSiH of 

the reacting groups by using equations Eq. 4.3.13 and Eq. 4.3.14. 

                Eq. 4.3.13 

       
    

 
 

Eq. 4.3.14 

      : Conversion of vinyl groups;     : conversion of SiH groups;       : area of vinyl protons signal read out 

of 
1
H-HR-MAS NMR spectrum;     : area of SiH protons signal read out of 

1
H-HR-MAS NMR spectrum.   
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Table 4.3.6 Integral values of the vinyl, SiH and methyl signals in the 1H-HR-MAS NMR of crosslinked polysiloxanes and conversion of reacting 
groups in systems 1, 2 and 3.   

System 1 

Sample q 
[Pt] 
ppm 

Integral NMR Conversion  
Sample q 

[Pt] 
ppm 

Integral NMR Conversion 

Methyl Vinyl SiH pvinyl pSiH  Methyl Vinyl SiH pvinyl pSiH 

S1.1.1 0,7 219 676,767 0,877 0,000 0,1230 1,0000  S1.14.1 2,6 323 680,247 0,000 0,076 1,0000 0,9709 

S1.2.1 1,3 109 682,268 0,302 0,022 0,6981 0,9827  S1.15.1 2,6 431 676,952 0,000 0,042 1,0000 0,9838 

S1.3.1 1,3 221 678,823 0,332 0,220 0,6681 0,8304  S1.18.2 3,1 107 688,720 0,000 0,570 1,0000 0,8162 

S1.3.2 1,3 215 679,002 0,350 0,001 0,6500 0,9992  S1.19.3 3,1 161 687,034 0,000 0,658 1,0000 0,7878 

S1.4.1 1,3 328 675,551 0,379 0,005 0,6215 0,9959  S1.20.3 3,0 215 684,990 0,000 0,470 1,0000 0,8433 

S1.5.1 1,3 436 672,297 0,303 0,178 0,6972 0,8631  S1.20.4 3,1 215 685,359 0,000 0,161 1,0000 0,9481 

S1.6.1 2,0 108 684,792 0,000 0,591 1,0000 0,7045  S1.21.2 3,1 268 683,708 0,000 0,419 1,0000 0,8647 

S1.8.1 1,9 325 677,742 0,000 0,083 1,0000 0,9561  S1.22.2 3,1 322 682,032 0,000 0,484 1,0000 0,8438 

S1.9.1 1,9 433 674,449 0,000 0,086 1,0000 0,9550  S1.23.1 3,1 430 678,732 0,000 0,097 1,0000 0,9687 

S1.9.2 1,9 436 674,436 0,000 0,065 1,0000 0,9659  S1.24.1 3,3 214 686,077 0,000 0,133 1,0000 0,9597 

S1.9.4 1,9 434 674,437 0,000 0,018 1,0000 0,9904  S1.25.1 3,9 107 691,577 0,000 0,295 1,0000 0,9244 

S1.9.5 1,9 434 674,441 0,000 0,037 1,0000 0,9805  S1.26.1 3,9 213 688,236 0,000 0,641 1,0000 0,8357 

S1.10.1 2,3 108 685,851 0,000 0,412 1,0000 0,8208  S1.26.2 3,9 214 688,223 0,000 1,683 1,0000 0,5684 

S1.11.1 2,2 216 682,136 0,000 0,228 1,0000 0,8965  S1.26.3 3,9 214 688,220 0,000 0,364 1,0000 0,9068 

S1.12.1 2,6 108 686,922 0,000 0,159 1,0000 0,9388  S1.27.1 3,9 320 684,901 0,000 0,982 1,0000 0,7482 

S1.13.2 2,6 216 683,567 0,000 0,102 1,0000 0,9609  S1.28.1 3,8 427 681,601 0,000 0,619 1,0000 0,8413 

 

System 2 

Sample q 
[Pt] 
ppm 

Integral NMR Conversion  
Sample q 

[Pt] 
ppm 

Integral NMR Conversion 

Methyl Vinyl SiH pvinyl pSiH  Methyl Vinyl SiH pvinyl pSiH 

S2.1.1 2,3 60 271,972 0,000 0,148 1,0000 0,9357  S2.19.1 3,3 140 281,148 0,000 0,570 1,0000 0,4300 

S2.2.1 2,3 120 273,058 0,000 0,119 1,0000 0,9484  S2.20.2 3,4 200 280,611 0,000 0,659 1,0000 0,3412 

S2.3.1 2,3 130 273,242 0,000 0,077 1,0000 0,9665  S2.21.1 3,4 131 282,441 0,000 0,462 1,0000 0,5380 

S2.4.1 2,3 140 273,420 0,000 0,147 1,0000 0,9359  S2.22.1 3,7 60 281,170 0,000 0,707 1,0000 0,2932 

S2.5.1 2,3 200 274,512 0,000 0,111 1,0000 0,9517  S2.23.1 3,7 120 282,000 0,000 0,770 1,0000 0,7919 

S2.6.1 2,7 60 274,836 0,000 0,288 1,0000 0,8934  S2.24.1 3,7 130 283,117 0,000 0,708 1,0000 0,8086 
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Sample q 
[Pt] 
ppm 

Integral NMR Conversion  
Sample q 

[Pt] 
ppm 

Integral NMR Conversion 

Methyl Vinyl SiH pvinyl pSiH  Methyl Vinyl SiH pvinyl pSiH 

S2.7.1 2,7 120 275,929 0,000 0,356 1,0000 0,8682  S2.25.1 3,7 140 283,303 0,000 0,739 1,0000 0,8002 

S2.8.1 2,7 130 276,116 0,000 0,150 1,0000 0,9446  S2.26.2 3,7 200 283,485 0,000 0,929 1,0000 0,7488 

S2.9.1 2,7 140 276,293 0,000 0,317 1,0000 0,8824  S2.27.1 4,0 60 284,607 0,000 0,776 1,0000 0,7903 

S2.10.1 2,7 200 277,391 0,000 0,293 1,0000 0,8914  S2.28.1 4,0 120 284,150 0,000 1,088 1,0000 0,7281 

S2.11.1 3,0 60 276,986 0,000 0,432 1,0000 0,8561  S2.29.1 4,0 130 285,272 0,000 1,008 1,0000 0,7479 

S2.12.1 3,0 120 278,085 0,000 0,516 1,0000 0,8279  S2.30.1 4,0 140 285,467 0,000 0,922 1,0000 0,7694 

S2.13.1 3,0 130 278,275 0,000 0,130 1,0000 0,9568  S2.31.1 4,0 200 285,644 0,000 1,105 1,0000 0,7237 

S2.14.1 3,0 140 278,450 0,000 0,499 1,0000 0,8337  S2.32.1 4,3 60 286,775 0,000 1,027 1,0000 0,7431 

S2.15.2 3,0 200 279,568 0,000 0,329 1,0000 0,8905  S2.33.1 4,3 120 286,299 0,000 1,236 1,0000 0,7127 

S2.16.1 3,3 60 279,137 0,000 0,690 1,0000 0,7910  S2.34.1 4,3 130 287,431 0,000 1,318 1,0000 0,6934 

S2.17.1 3,3 120 280,243 0,000 0,702 1,0000 0,7872  S2.35.1 4,3 140 287,624 0,000 1,040 1,0000 0,7581 

S2.18.1 3,4 130 275,929 0,000 0,356 1,0000 0,8682  S2.36.1 4,4 200 287,803 0,000 1,329 1,0000 0,6909 

 
System 3 

Sample q 
[Pt] 
ppm 

CRA 
Integral NMR Conversion 

Sample q 
[Pt] 
ppm 

CRA 
Integral NMR Conversion 

Methyl Vinyl SiH pvinyl pSiH Methyl Vinyl SiH pvinyl pSiH 

S3.1.1 2,0 54 0 690,395 0,014 0,129 0,9865 0,9354 S3.37.1 8,9 152 50 412,610 0,000 0,714 1,0000 0,9198 

S3.2.1 2,0 108 0 688,690 0,000 0,096 1,0000 0,9520 S3.38.1 9,0 202 50 412,333 0,000 1,118 1,0000 0,8758 

S3.3.1 2,0 162 0 686,993 0,000 0,028 1,0000 0,9860 S3.39.1 8,8 304 51 409,692 0,000 0,637 1,0000 0,9276 

S3.4.1 2,0 216 0 685,302 0,000 0,026 1,0000 0,9872 S3.40.1 7,5 51 75 266,388 0,157 0,600 0,8427 0,9201 

S3.5.1 2,3 54 0 692,355 0,000 0,170 1,0000 0,9260 S3.41.1 7,5 102 75 266,310 0,114 0,559 0,8860 0,9255 

S3.6.1 2,3 107 0 690,384 0,000 0,168 1,0000 0,9271 S3.42.1 7,4 153 75 264,194 0,042 0,295 0,9582 0,9601 

S3.7.1 2,4 162 0 689,214 0,000 0,100 1,0000 0,9583 S3.43.1 7,4 204 75 264,174 0,227 0,806 0,7735 0,8911 

S3.8.1 2,4 215 0 687,522 0,000 0,090 1,0000 0,9623 S3.44.1 8,6 51 75 272,519 0,083 0,988 0,9171 0,8852 

S3.9.1 3,1 53 0 696,512 0,000 0,570 1,0000 0,8161 S3.45.1 8,6 101 75 271,516 0,051 0,758 0,9494 0,9118 

S3.10.1 3,1 107 0 694,802 0,000 0,884 1,0000 0,7150 S3.46.1 8,6 152 75 271,424 0,029 0,580 0,9710 0,9326 

S3.11.1 3,1 161 0 693,099 0,000 0,131 1,0000 0,9579 S3.47.1 8,6 202 75 270,746 0,039 0,641 0,9614 0,9255 

S3.12.1 3,0 212 0 690,910 0,000 1,045 1,0000 0,6517 S3.48.1 11,6 49 75 289,170 0,000 1,424 1,0000 0,8772 

S3.13.1 3,0 321 0 687,503 0,000 0,068 1,0000 0,9772 S3.49.1 11,5 99 75 287,722 0,000 1,347 1,0000 0,8829 

S3.14.1 3,9 53 25 538,165 0,082 0,405 0,9178 0,8961 S3.50.1 11,5 148 75 287,620 0,000 1,379 1,0000 0,8801 

S3.15.1 3,9 106 25 536,145 0,031 0,291 0,9691 0,9255 S3.51.1 11,5 197 75 287,541 0,000 1,100 1,0000 0,9043 
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Sample q 
[Pt] 
ppm 

CRA 
Integral NMR Conversion 

Sample q 
[Pt] 
ppm 

CRA 
Integral NMR Conversion 

Methyl Vinyl SiH pvinyl pSiH Methyl Vinyl SiH pvinyl pSiH 

S3.16.1 4,0 159 25 535,885 0,000 0,081 0,9995 0,9798 S3.52.1 11,4 296 75 284,806 0,000 0,828 1,0000 0,9273 

S3.18.1 4,5 53 25 539,346 0,042 0,540 0,9578 0,8799 S3.54.1 9,0 101 100 146,201 0,106 0,422 0,8945 0,9531 

S3.19.1 4,7 105 25 540,815 0,011 0,447 0,9892 0,9049 S3.55.1 9,0 151 100 147,146 0,091 0,360 0,9093 0,9600 

S3.20.1 4,5 158 25 538,491 0,004 0,174 0,9964 0,9614 S3.56.1 9,0 201 100 148,090 0,086 0,386 0,9135 0,9571 

S3.21.1 4,5 211 25 537,050 0,014 0,343 0,9859 0,9238 S3.57.1 10,5 50 100 153,585 0,067 0,708 0,9330 0,9326 

S3.22.1 6,1 52 25 549,648 0,000 1,104 1,0000 0,8190 S3.58.1 10,3 99 100 153,415 0,085 0,569 0,9155 0,9448 

S3.24.1 6,1 156 25 547,436 0,000 0,524 1,0000 0,9141 S3.59.1 10,4 149 100 154,924 0,052 0,620 0,9475 0,9404 

S3.25.1 6,1 208 25 545,924 0,000 1,178 1,0000 0,8070 S3.60.1 10,3 198 100 155,309 0,041 0,529 0,9592 0,9486 

S3.26.1 6,0 312 25 543,310 0,000 0,722 1,0000 0,8797 S3.61.1 13,9 48 100 172,471 0,020 1,179 0,9799 0,9152 

S3.27.1 5,8 52 50 397,143 0,120 0,513 0,8801 0,9116 S3.62.1 13,9 96 100 173,419 0,070 1,196 0,9297 0,9140 

S3.28.1 5,8 104 50 396,209 0,044 0,356 0,9561 0,9386 S3.63.1 13,7 143 100 173,236 0,000 1,207 1,0000 0,9119 

S3.29.1 5,8 156 50 395,513 0,020 0,205 0,9802 0,9647 S3.64.1 13,8 192 100 174,752 0,000 1,238 1,0000 0,9103 

S3.30.1 5,7 208 51 393,778 0,150 0,488 0,8502 0,9145 S3.65.1 13,7 289 100 176,073 0,000 0,730 1,0000 0,9467 

S3.31.1 6,7 52 50 402,032 0,044 0,877 0,9563 0,8691 S3.66.2 4,7 137 25 540,196 0,000 0,269 1,0000 0,9428 

S3.32.1 6,6 103 50 401,358 0,022 0,674 0,9777 0,8979 S3.67.1 6,2 145 50 397,933 0,053 0,472 0,9474 0,9239 

S3.33.1 6,6 155 50 399,790 0,067 0,364 0,9326 0,9448 S3.68.1 7,5 153 76 264,752 0,071 0,422 0,9289 0,9438 

S3.34.1 6,6 206 51 398,699 0,068 0,507 0,9324 0,9232 S3.69.1 8,9 161 100 146,778 0,087 0,451 0,9127 0,9494 

S3.35.1 8,9 51 50 414,887 0,000 0,995 1,0000 0,8882          

q: SiH/vinyl ratio; [Pt]: platinum concentration in the formulation in ppm; CRA: mass percentage of CRA compound in the mixture of base polymer and CRA. 
System 1: Polymer 164, crosslinker 45, catalyst 2.2. 
System 2: Polymer 116, crosslinker 40, catalyst 0.6. 
System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2. 
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A plot of the conversion (p) of vinyl and SiH groups vs. the SiH/vinyl ratio for systems 1 and 2 is 

found in Figure 4.3.2. The conversion of vinyl groups increases with the SiH/vinyl ratio in a range of 

0.7 to 1.9 for system 1 and then is constant pvinyl= 1 for higher q ratios. For system 2 the vinyl 

conversion is always pvinyl = 1 for the analyzed range of q ratios (q ≥ 2.3). On the other hand, the 

conversion of SiH groups was found to decrease with the increase of the SiH/vinyl ratio for both 

systems. The variation of the concentration of the catalysts used in each system (catalyst 2.2 for 

system 1; catalyst 0.6 for system 2) at a constant SiH/vinyl ratio did not appear to have an effect on 

the final conversion behaviour, since no clear tendency on the conversion values was observed (cf. 

Table 4.3.6). The error bars in Figure 4.3.2 are representing the different conversion values for the 

catalyst variations when the SiH/vinyl ratio was kept constant. The conversion of reacting groups at 

a constant SiH/vinyl ratio (q) was found to be independent of the platinum concentration in the 

formulation. The maximum variation in the conversion observed was of ± 10%. 

 
Figure 4.3.2 Conversion of functional groups p vs. q: SiH/vinyl ratio in non-silica filled silicone-
networks. System 1: --▲-- vinyl groups, --▲-- SiH groups. System 2: --♦-- vinyl groups, --♦-- SiH 
groups.  
Deviation bars: variation in the conversion for different catalyst concentrations when SiH/Vinyl is constant. 

For both systems it is clear that an excess of hydride groups is necessary to complete the 

hydrosilylation of the vinyl groups. In system 1, an excess of ~1.9 SiH: 1 vinyl unit is necessary to 

consume all the vinyl groups, below this value the conversion decreases harshly when less content 

of hydride is added to the reaction. In the case of system 2, the selected range q= 2.3 to 4.4 did 

not let to determine a minimal excess of SiH to make all vinyl groups react but it could be close to 

the intercept between the 100% conversion line and the line of SiH conversion (~ 1.8 SiH/vinyl 

ratio). However, the polymers used in system 2 have structures of the kind MDviDM and MHDDHM. 

This distribution of reacting groups along the polymer chains has fewer difficulties to react with 

each other. On the other hand, the distribution in system 1 with polymers of structure like MviDMvi 

and MDHM causes the reaction to be completed with more difficulties due to steric effects such as 

chain crossing because of the vinyl groups in system 1 are placed at the end of the chains. 

Therefore, the behaviour in the range of SiH/vinyl ratio (0.7 to 2.0) is attributed to such sterical 
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effects. For that interval, once most of the hydride groups have reacted, it is difficult that two chains 

containing reacting groups meet in a specific space to crosslink.  

It is important to remark that the selected threshold of SiH/Vinyl ratio ≥ 1.8 assures 100 % 

conversion of the vinyl groups in unfilled silicone systems. The range is also commonly used in the 

industry to produce release liners of good mechanical properties. The determination of the vinyl 

conversion for each formulation avoids the need for correcting the time/conversion curve obtained 

by calorimetric analysis while the reaction is taking place as studied in further sections of this 

chapter. 

On the other hand, from the point where the SiH/vinyl ratio is sufficient to guarantee full vinyl 

groups conversion, the conversion of the hydride groups is expected to decrease to approximately 

50  when the “q” value is doubled, if no further reaction or modification of SiH groups would take 

place. However, this was not observed, either in system 1 or in system 2. Instead, a decrease in 

the conversion is barely 8.5% for system 1 and 23.9% for system 2. This is an indication that the 

hydride groups can undergo side-reactions once hydrosilylation has been finished (cf. Scheme 

2.1.8, p 18). The extent of modification can be determined by the integral values of the peak at δ  

1.6 ppm of the 1H-HR-MAS NMR spectrum. Further investigation in this aspect was not made but 

can be done in future research.  

In Figure 4.3.3 the final conversion of vinyl and hydride groups is plotted against the SiH/vinyl ratio 

(q) for a functional silica-filled silicone system (system 3: polymer 164, CRA, crosslinker 101, 

catalyst 2.2). The figure shows the effect of adding different concentrations of CRA, which is the 

silica-containing compound, starting from no silica and incrementing with steps of 25% up to 100 % 

of CRA on the part of the formulation belonging to the base polymer. 25 CRA means that in the 

formulation the amount of base polymer to add has been replaced in a 25 wt% by the compound 

CRA.  

The error bars in the figure represent the effect of variations of the platinum concentration in the 

formulations in the conversion of vinyl and SiH groups. It was found a light trend in the conversion 

of vinyl groups to increase when more catalyst is used. For example from 88% to 98% when 

changing from 50 to 150 Pt ppm when low SiH/vinyl ratios were used, while for high ratios the 

conversion was 100% as observed in Table 4.3.6. The SiH conversion exhibited no dependence 

on the catalyst concentration. At 0 CRA a variation of the conversion of SiH groups was found to 

be of ±14%. For other CRA concentrations, the variation of the conversion of reacting groups was 

of maximum ± 6%.   

Figure 4.3.3 demonstrates how strong any increase of the CRA content in the formulation 

increases the SiH/vinyl ratio, required to achieve 100% vinyl conversion. All samples with 0 CRA 

have achieved 100% vinyl conversion which in congruence with the systems without silica filler at 

q   2.0. For 25 CRA content the required q ratio increased more than twice to q= 4.7 to achieve 

100% vinyl conversion. With 50 CRA even q= 6.6 is still not enough for 100% of vinyl conversion 

since only 94% was found but with q= 8.9 the vinyl conversion achieves 100%. At 75 CRA parts q= 

8.6 reached 94%, and q=11.5 was needed for the full vinyl conversion. When only CRA without 

base polymer (100 CRA) was used, SiH/vinyl ratios must exceed q=13.8 to achieve 100% vinyl 
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conversion, in addition Pt concentrations greater than 140 ppm are necessary as shown in Table 

4.3.6.   

It was expected that an increase in the number of hydride groups was required to yield high 

conversions of vinyl groups on adding more silica particles and less base polymer to the reaction. 

That is because CRA contains less flexible units bearing vinyl groups that can distribute over the 

matrix to meet a SiH group to react. Instead, the rigid silica particles in the matrix limit the reaction 

to the diffusion of the PDMS chains containing hydride groups throughout the matrix and thus, the 

required excess of SiH groups becomes larger. 

In Figure 4.3.3 the conversion of hydride groups showed values greater than 88% in the range 

where no 100% vinyl conversion was observed for all the CRA contents. However, a trend to 

decrease is permanently observed and becomes less sharp when the CRA content is increased.  
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Figure 4.3.3 Effect of adding vinyl functionalized silica particles (CRA) to the formulation of 
silicone-elastomers (System 3) on the conversion of functional groups in function of q: SiH/vinyl 
ratio. ● Vinyl groups, ■ SiH groups.  
Error bars: variation in the conversion for different catalyst concentrations when SiH/Vinyl is constant. 

0 CRA 25 CRA 

50 CRA 75 CRA 

100 CRA 
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4.3.2.2. Crosslinking Density 

The crosslinking density was determined by using two different methods namely by, swelling 

measurements, and by 1H-solid-state NMR spectra taking into account the conversion of reacting 

groups. 

In the swelling method (cf. Section 2.3.2), the volume polymer fraction (  ) was calculated using  

Eq. 4.3.15, then the crosslinking density (CN) was determined using Flory-Rehner theory [3] by Eq. 

2.3.8. For the experiments 2-butanone or methyl ethyl ketone (MEK) were used as the swelling 

solvent. 
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)
 Eq. 4.3.15 

   
 [                 

 ]

     
   

      
 Eq. 2.3.8 

Where 

     : Crosslinking density (mol/cm3) 

      : Volume fraction of polymer 

    : Mass of the swollen polymer 

     : Mass of the dried polymer 

      : Density of the polymer, it was determined experimentally 

      : Density of the solvent, 0.8049 g/cm3 at 20°C [4] 

      : Flory-Huggins polymer-solvent interaction parameter, 0.5 for PDMS in MEK at 20°C[4]    

      : Molar volume of the solvent, 89.68 cm3/mol at 20°C [4]   

 
The swelling experiments usually require at least 96 hours plus the preparation and curing times of 

the sample when drying is performed. Therefore, with the aim of shortening the experiments time 

the results of some samples of the unfilled silicone systems 1 and 2, and silica filled silicone 

system 3 were used to determine a correction factor   of the crosslinking density without drying the 

samples. The correction factors were found to be reproducible since the values of the factor for 

samples with the same formulation but used for the fluorescence studies in further chapters of this 

work were the same (cf. Chapter 6, p 425). Hence, the volume fraction of polymer (    ) was 

calculated by replacing the mass of the dried sample (md) by the initial mass of the polymer 

network before swelling (m0) in Eq. 4.3.15. The calculated CN0 was subsequently corrected by the 

factor σ cf. Eq. 4.3.16.  

          
Eq. 4.3.16 
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Table 4.3.7 Difference in the calculated crosslinking density determined by swelling measurements 
with the dried and non-dried samples. (non-CRA filled systems 1 and 2, and filled system 3 silicone 
elastomers) 

Sample q 
[Pt] 
ppm 

ρP (g/cm
3
) v2,0 

CN0 x 10
^4 

(mol/cm
3
) 

v2 
CN x 10

^4 

(mol/cm
3
) 

Σ 

System 1 

S 1.3.4 1,2 218 0,9294 0,4321 8,3355 0,3302 3,4046 0,4084 

S 1.7.3 1,9 217 0,9312 0,5287 17,1737 0,5079 14,7977 0,8617 

S 1.11.3 2,3 223 0,9214 0,5535 20,4153 0,5355 18,0050 0,8819 

S 1.13.4 2,6 216 0,9241 0,5561 20,7744 0,5394 18,5108 0,8910 

S 1.20.6 3,1 215 0,9252 0,5439 19,1047 0,5286 17,1576 0,8981 

S 1.24.2 3,4 214 0,9161 0,5396 18,5310 0,5234 16,5402 0,8926 

S 1.26.5 3,9 214 0,9172 0,5295 17,2696 0,5143 15,4951 0,8973 

System 2 

S 2.1.2 2,3 60 0,9181 0,7316 65,8612 0,6752 45,7065 0,6940 

S 2.3.2 2,3 120 0,9366 0,6856 48,9258 0,6376 35,8025 0,7318 

S 2.13.2 3,0 130 0,9306 0,6909 50,6266 0,6445 37,4511 0,7398 

S 2.18.3 3,4 130 0,8954 0,6928 51,2420 0,6529 39,5416 0,7717 

S 2.24.2 3,7 130 0,9269 0,6949 51,9494 0,6502 38,8600 0,7480 

S 2.27.2 4,0 60 0,9229 0,6902 50,3852 0,6460 37,8163 0,7505 

S 2.31.2 4,0 200 0,9056 0,7228 62,1790 0,6755 46,6952 0,7364 

S 2.34.3 4,3 130 0,9189 0,6710 44,5210 0,6327 33,4343 0,7787 

System 3 

Sample CRA q 
[Pt] 
ppm 

ρP (g/cm
3
) v2,0 

CN0 x 10
^4 

(mol/cm
3
) 

v2 
CN x 10

^4 

(mol/cm
3
) 

Σ 

S 3.1.2 0 2,0 54 0,9300 0,5110 15,1327 0,4905 13,0385 0,8616 

S 3.7.2 0 2,3 162 0,9328 0,5362 18,1005 0,5187 15,9875 0,8833 

S 3.22.3 25 6,1 52 0,9585 0,6098 29,8500 0,5837 25,0775 0,8401 

S 3.37.3 50 8,9 152 0,9659 0,7190 60,6690 0,6809 47,4655 0,7824 

S 3.49.3 75 11,5 99 0,9682 0,7641 81,3758 0,7134 58,5394 0,7194 

S 3.52.2 76 11,4 296 0,9775 0,7803 90,5467 0,7320 66,0258 0,7292 

S 3.53.2 100 9,0 50 1,0398 0,7777 89,0007 0,7056 55,6421 0,6252 

S 3.64.3 100 13,8 192 0,9755 0,8256 123,1298 0,7667 82,7578 0,6721 

q: SiH/vinyl ratio; [Pt]: platinum concentration in the formulation in ppm; CRA: percentage of CRA compound 
in the mixture of base polymer and CRA. ρP: density of the silicone elastomer. v2,0, CN0: volume fraction of 
polymer and crosslinking density calculated with the initial mass. v2, CN: volume fraction of polymer and 

crosslinking density calculated with the dry mass.  : Correction factor between CN/CN0.   
System 1: Polymer 164, crosslinker 45, catalyst 2.2. 
System 2: Polymer 116, crosslinker 40, catalyst 0.6. 
System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2. 

 
In Table 4.3.7 the comparison between the crosslinking densities of the elastomer obtained from 

the initial mass of the sample    and the mass of the dried polymer network    after swelling is 

presented. The samples selected from system 1 had a platinum concentration of 217 ± 3 ppm. The 

crosslinking density was found to be SiH/vinyl ratio-dependent for q values ≤ 1.9 due to the 

incomplete conversion of vinyl groups for q ratios below this value, also the correction factor (σ) of 

the crosslinking density was SiH/vinyl dependent. After 100 % conversion of vinyl groups (q >1.9), 

the crosslinking density became SiH/vinyl ratio independent with a fairly constant correction factor 

of σ1= 0.8922 ± 0.0065 when the mass of the sample prior to swelling is used for the CN calculation.  

For system 2 the catalyst concentration was changed as well as the q ratios in order to assess the 

factor σ between CN0 and CN calculated by swelling measurements. In the SiH/vinyl ratio interval 

selected for this system, the conversion of vinyl groups was 100% as shown in Table 4.3.6, and no 
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dependence of the crosslinking density on the SiH/vinyl ratio was expected. By means of Table 

4.3.7 the independence of CN of the q ratio is confirmed, furthermore, catalyst concentration 

independence of CN was observed since the variation of the values was not significant. The 

average factor for correcting the crosslinking density without drying the samples after swelling is 

σ2= 0,7510 ± 0,0178 when the sample S2.1.2 was not considered because it was assumed as 

atypical data.  

The results demonstrate that the crosslinking density of the unfilled silicone systems 1 and 2, can 

be calculated from the initial mass of the samples, without the time-intensive sample-drying step by 

means of Eq. 4.3.16.  

For system 3, the content of silica filler was changed in order to assess the effect of the fillers on 

the crosslinking density. The results showed that the correction factor σ decreases linearly with the 

increase of the CRA content. Figure 4.3.4 depicts the correction factor correlation with the CRA 

content, the function in Eq. 4.3.17 was found for correcting the crosslinking density according to Eq. 

4.3.16. Table 4.3.8 presents the results of calculating the crosslinking density (CN) by Flory-Rehner 

theory of systems 1, 2 and 3. 

 

Figure 4.3.4 Dependence of the correction factor σ (Eq. 4.3.16) on the CRA content of samples 
from system 3. 
 

          5                       
Eq. 4.3.17 

Additional to swelling measurements, the reacted vinyl concentration (CVr) and the density of 

crosslinking points (CCp) were calculated taking into account the results of the vinyl and SiH groups 

conversion from solid NMR in Section 4.3.2.1. First, the number of vinyl groups reacted was 

calculated taking into account the added amount of vinyl groups to the silicone formulation using 

Table 3.4.2 and Table 4.2.1 to Table 4.2.3 and the conversion cf. Eq. 4.3.18, then Eq. 4.3.19 was 

applied to calculate CVr. Furthermore, in the estimation of    , first the number of SiH groups that 

reacted but that did not take part in the hydrosilylation, were calculated using Eq. 4.3.20. Side 

reactions involving two SiH groups for either hydrolysis with posterior condensation or partial 

hydrolysis SiH + SiOH, Pt catalyzed are known to happen in the synthesis of silicone rubbers [18], 

[30], [40]. Hence, the total number of crosslinking points was calculated using Eq. 4.3.25 that was 

later applied to Eq. 4.3.26. The results comparing the crosslinking density either using swelling or 
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the conversion of vinyl and SiH groups are shown in Table 4.3.8.     

          ∑(
    

     
             ) 

Eq. 4.3.18 

     
       

  
 Eq. 4.3.19 

                              Eq. 4.3.20 

          
            

 
 Eq. 4.3.21 

     
       

  
 Eq. 4.3.22 

Where 

   : number of reacted vinyl groups (mol) 

pvinyl: conversion of vinyl groups cf. Section 4.3.2.1 

  : mass added of vinyl containing compound (g)  = base polymer, CRA, catalyst 

    : number average molecular weight of the vinyl containing compound (g/mol) cf. Table 
3.4.2 

            : number of vinyl groups in a molecule of each compound (mol/mol) cf. Table 3.4.2   

   : concentration of vinyl reacted groups (mol/cm3) 

  : PDMS-rubber density (g/cm3) 

  : total mass of all components added to the silicone formulation (g), i.e. base polymer 
+ CRA + crosslinker + catalyst cf. Table 4.2.1 to Table 4.2.3. 

            : number of SiH groups in excess that underwent side reactions (mol)  

    : number of initial added SiH groups (mol) 

     : SiH conversion cf. Section 4.3.2.1 

   : number of crosslinking points (mol) 

   : concentration of crosslinking points (mol/cm3) 
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Table 4.3.8 Crosslinking density determined by swelling and solid NMR methods of the unfilled silicone systems 1, 2, and 
filled system 3. 

System 1: Polymer 164, crosslinker 45, catalyst 2.2 

Sample q 
[Pt] 
ppm 

CN x10
4 

(mol/cm
3
) 

CVr x10
4
 

(mol/cm
3
) 

CCp x10
4
 

(mol/cm
3
) 

Sample Q 
[Pt] 
ppm 

CN x10
4 

(mol/cm
3
) 

CVr x10
4 

(mol/cm
3
) 

CCp x10
4
 

(mol/cm
3
) 

S1.1.1 0,7 219 N.m N.m N.m S1.18.1 3,1 108 16,1527 N.m N.m 

S1.2.1 1,3 109 3,6709 0,7753 1,0819 S1.18.2 3,1 107 N.m 1,1139 1,9744 

S1.3.1 1,3 221 2,9825 0,7195 0,9353 S1.18.3 3,1 107 17,1041 N.m N.m 

S1.3.2 1,3 215 N.m 0,7333 1,0958 S1.19.1 3,1 161 17,5523 N.m N.m 

S1.3.3 1,3 218 3,7831 N.m N.m S1.19.2 3,0 161 16,0431 N.m N.m 

S1.3.4 1,2 218 3,4046 N.m N.m S1.19.3 3,1 161 N.m 1,1252 1,9244 

S1.4.1 1,3 328 3,8683 0,6403 0,9805 S1.19.4 3,1 161 17,2307 N.m N.m 

S1.5.1 1,3 436 3,5303 0,7646 0,9800 S1.20.1 3,1 216 17,1073 N.m N.m 

S1.6.1 2,0 108 15,8148 1,1113 1,3176 S1.20.2 3,1 214 17,8944 N.m N.m 

S1.7.1 2,0 216 12,8658 N.m N.m S1.20.3 3,0 215 15,6575 1,1326 2,0338 

S1.7.3 1,9 217 14,7977 N.m N.m S1.20.4 3,1 215 18,8847 1,1324 2,2421 

S1.8.1 1,9 325 14,6623 1,1231 1,5755 S1.20.6 3,1 215 17,1576 N.m N.m 

S1.9.1 1,9 433 13,8297 1,1285 1,5958 S1.21.1 3,1 265 18,7279 N.m N.m 

S1.9.2 1,9 436 13,6230 1,1464 1,6272 S1.21.2 3,1 268 N.m 1,0686 1,9589 

S1.9.4 1,9 434 13,5322 1,1287 1,6306 S1.22.1 3,1 321 16,5102 N.m N.m 

S1.9.5 1,9 434 12,1803 1,1184 1,6060 S1.22.2 3,1 322 N.m 1,1281 2,0348 

S1.10.1 2,3 108 18,5576 1,0934 1,5699 S1.23.1 3,1 430 17,4524 1,1465 2,2840 

S1.11.1 2,2 216 15,6869 1,1264 1,6886 S1.24.1 3,3 214 17,5327 1,1266 2,3782 

S1.11.3 2,3 223 18,0050 N.m N.m S1.24.2 3,4 214 16,5402 N.m N.m 

S1.12.1 2,6 108 16,3360 1,1128 1,9142 S1.25.1 3,9 107 15,7131 1,1087 2,5477 

S1.13.1 2,6 220 18,8431 N.m N.m S1.26.1 3,9 213 17,5109 1,1044 2,3425 

S1.13.2 2,6 216 17,7878 1,1058 1,9316 S1.26.2 3,9 214 N.m 1,1092 1,7779 

S1.13.4 2,6 216 18,5108 N.m N.m S1.26.3 3,9 214 18,4984 1,1163 2,5178 

S1.14.1 2,6 323 18,3086 1,1393 1,9955 S1.26.5 3,9 214 15,4951 N.m N.m 

S1.15.1 2,6 431 17,4122 1,1223 1,9762 S1.27.1 3,9 320 19,1797 1,1225 2,1806 

S1.16.1 2,2 215 19,5007 N.m N.m S1.28.1 3,8 427 20,4347 1,1255 2,3814 

S1.17.1 3,1 53 17,0376 N.m N.m S1.29.1 4,6 212 17,0748 N.m N.m 

S1.17.2 3,2 53 16,6352 N.m N.m       

q: SiH/vinyl ratio; [Pt]: platinum concentration in the formulation in ppm. CN: corrected crosslinking density from swelling using Flory-
Rehner theory. CVr: concentration of reacted vinyl groups. CCp: concentration of crosslinking points including the SiH in excess that 
reacted. N.M: Non-measurable for S1.1.1 or not measured. 
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System 2: Polymer 116, crosslinker 40, catalyst 0.6 

Sample q 
[Pt] 
ppm 

CN x10
4 

(mol/cm
3
) 

CVr x10
4
 

(mol/cm
3
) 

CCp x10
4
 

(mol/cm
3
) 

Sample q 
[Pt] 
ppm 

CN x10
4 

(mol/cm
3
) 

CVr x10
4 

(mol/cm
3
) 

CCp x10
4
 

(mol/cm
3
) 

S2.1.1 2,3 60 22,2286 2,1674 3,4460 S2.20.1 3,4 200 52,0085 N.m N.m 

S2.1.2 2,3 60 45,7065 N.m N.m S2.20.2 3,4 200 N.m 2,2243 3,1438 

S2.2.1 2,3 120 30,6025 2,2414 3,5987 S2.21.1 3,4 131 35,5598 2,2634 2,2564 

S2.3.1 2,3 130 35,1224 2,2329 3,6378 S2.22.1 3,7 60 35,3092 2,2766 4,4350 

S2.3.2 2,3 130 35,8025 N.m N.m S2.23.1 3,7 120 40,1010 2,2118 4,3941 

S2.4.1 2,3 140 31,5787 2,3282 3,7024 S2.24.1 3,7 130 38,1460 2,2613 4,4623 

S2.5.1 2,3 200 41,3465 2,2788 3,6909 S2.24.2 3,7 130 38,8600 N.m N.m 

S2.6.1 2,7 60 27,4268 2,2964 3,9104 S2.25.1 3,7 140 41,9896 2,2714 4,2619 

S2.7.1 2,7 120 36,5872 2,2584 3,7432 S2.26.1 3,7 200 41,8939 N.m N.m 

S2.8.1 2,7 130 35,8695 2,2762 4,0038 S2.26.2 3,7 200 N.m 2,2369 4,3802 

S2.9.1 2,7 140 39,8162 2,2870 3,8389 S2.27.1 4,0 60 N.m 2,2148 4,3326 

S2.10.1 2,7 200 45,0599 2,2810 3,8646 S2.27.2 4,0 60 37,8163 N.m N.m 

S2.11.1 3,0 60 27,0889 2,1540 3,8291 S2.28.1 4,0 120 36,1597 2,1857 4,3655 

S2.12.1 3,0 120 41,2755 2,1948 3,8270 S2.29.1 4,0 130 38,5524 2,2814 4,6750 

S2.13.1 3,0 130 N.m 2,2718 4,4046 S2.30.1 4,0 140 40,1691 2,2446 4,3832 

S2.13.2 3,0 130 37,4511 N.m N.m S2.31.1 4,0 200 N.m 2,1613 4,3226 

S2.14.1 3,0 140 43,5936 2,2626 3,9789 S2.31.2 4,0 200 46,6952 N.m N.m 

S2.15.1 3,0 200 48,1763 N.m N.m S2.32.1 4,3 60 36,6658 2,1651 4,4184 

S2.15.2 3,0 200 N.m 2,2832 4,2223 S2.33.1 4,3 120 37,3947 2,2120 4,4418 

S2.16.1 3,3 60 34,6651 2,2727 4,1313 S2.34.1 4,3 130 37,3561 2,2506 4,8290 

S2.17.1 3,3 120 44,5839 2,2157 4,0274 S2.34.3 4,3 130 33,4343 N.m N.m 

S2.18.1 3,4 130 N.m 2,1712 2,6499 S2.35.1 4,3 140 39,4292 2,2394 4,4809 

S2.18.3 3,4 130 39,5416 N.m N.m S2.36.1 4,4 200 37,4567 2,2296 4,6833 

S2.19.1 3,3 140 53,6159 2,2636 2,4229       

q: SiH/vinyl ratio; [Pt]: platinum concentration in the formulation in ppm. CN: corrected crosslinking density from swelling using Flory-
Rehner theory. CVr: concentration of reacted vinyl groups. CCp: concentration of crosslinking points including the SiH in excess that 
reacted. N.M: Not measured. Atypical data in red. 
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System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2 

Sample CRA  q 
[Pt] 
ppm 

CN x10
4 

(mol/cm
3
) 

CVr x10
4
 

(mol/cm
3
) 

CCp x10
4
 

(mol/cm
3
) 

Sample CRA q 
[Pt] 
ppm 

CN x10
4 

(mol/cm
3
) 

CVr x10
4
 

(mol/cm
3
) 

CCp x10
4
 

(mol/cm
3
) 

S3.1.1 0 2,0 54 N.m 1,1148 1,6231 S3.35.1 50 8,9 51 38,0532 1,1487 5,1039 

S3.1.2 0 2,0 54 13,0385 N.m N.m S3.36.1 50 8,9 101 43,5581 N.m N.m 

S3.2.1 0 2,0 108 15,1059 1,1399 1,6458 S3.37.1 50 8,9 152 N.m 1,1860 5,4137 

S3.3.1 0 2,0 162 13,8544 1,1074 1,6848 S3.37.3 50 8,9 152 47,4655 N.m N.m 

S3.4.1 0 2,0 216 14,9127 1,0741 1,6332 S3.38.1 50 9,0 202 53,9979 1,1432 5,0987 

S3.5.1 0 2,3 54 16,8751 1,1534 1,6793 S3.39.1 51 8,8 304 52,9054 1,1731 5,3546 

S3.6.1 0 2,3 107 14,9120 1,1350 1,8167 S3.40.1 75 7,5 51 37,8303 1,0081 4,6170 

S3.7.1 0 2,4 162 N.m 1,1273 1,8465 S3.41.1 75 7,5 102 39,0645 1,1091 4,8777 

S3.7.2 0 2,3 162 15,9875 N.m N.m S3.42.1 76 7,4 153 45,0478 1,1985 5,0614 

S3.8.1 0 2,4 215 15,1788 1,1273 1,8233 S3.68.1 76 7,5 153 49,4078 1,1203 4,8492 

S3.9.1 0 3,1 53 17,8499 1,0625 1,8798 S3.43.1 76 7,4 204 48,9490 0,9494 4,5322 

S3.10.1 0 3,1 107 16,6101 1,0993 1,7623 S3.44.1 75 8,6 51 40,4866 1,1098 5,1862 

S3.11.1 0 3,1 161 17,4279 1,0792 2,1196 S3.45.1 75 8,6 101 41,1187 1,1816 5,4881 

S3.12.1 0 3,0 212 18,3508 1,0829 1,6246 S3.46.1 76 8,6 152 49,4021 1,2047 5,5781 

S3.13.1 0 3,0 321 18,9590 1,0873 2,1618 S3.47.1 76 8,6 202 51,8043 1,1909 5,4978 

S3.14.1 25 3,9 53 20,5345 1,0454 2,5338 S3.48.1 75 11,6 49 64,9257 1,1845 6,6023 

S3.15.1 25 3,9 106 22,1934 1,0984 2,6189 S3.49.1 75 11,5 99 N.m 1,1946 6,6522 

S3.16.1 25 4,0 159 24,8672 1,1247 2,7469 S3.49.3 75 11,5 99 47,3288 N.m N.m 

S3.17.1 25 3,9 212 21,7398 N.m N.m S3.50.1 76 11,5 148 65,2389 1,1487 6,3633 

S3.18.1 25 4,5 53 22,4643 1,1032 2,8496 S3.51.1 76 11,5 197 65,7383 1,1781 6,7073 

S3.19.1 25 4,7 105 23,7351 1,1371 2,9379 S3.52.1 76 11,4 296 N.m 1,2159 7,0324 

S3.66.2 25 4,7 137 27,9977 1,1246 3,0378 S3.52.2 76 11,4 296 66,0258 N.m N.m 

S3.20.1 25 4,5 158 24,6810 1,1490 3,0761 S3.69.1 100 8,9 161 68,6909 1,2059 6,1956 

S3.21.1 25 4,5 211 26,7807 1,1534 3,0291 S3.53.2 100 9,0 50 55,6421 N.m N.m 

S3.22.1 25 6,1 52 N.m 1,1631 3,4822 S3.54.1 100 9,0 101 54,8479 1,1968 5,9826 

S3.22.3 25 6,1 52 25,0775 N.m N.m S3.55.1 100 9,0 151 66,1254 1,1555 6,0553 

S3.23.1 25 6,0 104 29,5692 N.m N.m S3.56.1 100 9,0 201 52,3081 1,1989 6,2135 

S3.24.1 25 6,1 156 29,6574 1,1334 3,7135 S3.57.1 100 10,5 50 48,9312 1,1465 6,5619 

S3.25.1 25 6,1 208 31,9186 1,1523 3,3898 S3.58.1 100 10,3 99 45,9868 1,1650 6,7924 

S3.26.1 25 6,0 312 34,0556 1,1571 3,6685 S3.59.1 100 10,4 149 78,4137 1,1740 6,6295 

S3.27.1 50 5,8 52 29,1193 1,0546 3,6805 S3.60.1 100 10,3 198 57,9071 1,2254 6,8731 

S3.28.1 50 5,8 104 30,6175 1,1592 3,8673 S3.61.1 100 13,9 48 67,8217 1,1619 8,1448 
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Sample CRA  q 
[Pt] 
ppm 

CN x10
4 

(mol/cm
3
) 

CVr x10
4
 

(mol/cm
3
) 

CCp x10
4
 

(mol/cm
3
) 

Sample CRA q 
[Pt] 
ppm 

CN x10
4 

(mol/cm
3
) 

CVr x10
4
 

(mol/cm
3
) 

CCp x10
4
 

(mol/cm
3
) 

S3.29.1 50 5,8 156 35,8477 1,1588 3,8695 S3.62.1 100 13,9 96 84,4285 1,1264 8,2487 

S3.30.1 51 5,7 208 30,4625 1,0389 3,7205 S3.63.1 100 13,7 143 88,7653 1,1665 7,8804 

S3.67.1 50 6,2 145 43,6447 1,1654 4,1051 S3.64.1 100 13,8 192 N.m 1,2161 8,2329 

S3.31.1 50 6,7 52 27,0281 1,1504 4,0548 S3.64.2 100 13,8 189 82,1624 N.m N.m 

S3.32.1 50 6,6 103 31,0247 1,1461 4,0609 S3.64.3 100 13,8 192 82,7578 N.m N.m 

S3.33.1 50 6,6 155 38,2464 1,1196 4,3197 S3.65.1 100 13,7 289 84,5153 1,1897 8,2996 

S3.34.1 51 6,6 206 31,8614 1,1383 4,3054        

q: SiH/vinyl ratio; [Pt]: platinum concentration in the formulation in ppm; CRA: percentage of CRA compound in the mixture of base polymer 
and CRA. CN: corrected crosslinking density from swelling using Flory-Rehner theory. CVr: concentration of reacted vinyl groups. CCp: 
concentration of crosslinking points including the SiH in excess that reacted. N.M: not measured. Atypical data in red.    
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Crosslinking density of unfilled systems:  

The crosslinking density determined by means of swelling (CN) is plotted in Figure 4.3.5 a, the 

concentration of reacted vinyl groups (CVr) and the total concentration of crosslinking points (CCp) 

as obtained by NMR are found in Figure 4.3.5 b. CN differed by a factor of   10 when compared to 

CVr and CCp attributed to the less intake of solvent by the network which in equilibrium was already 

elongated to a maximum but long chains such as the ones of base polymer did not undergo 

complete elongation and thus they occupied    50% of the free volume between crosslinks. The 

crosslinking density determined with the Flory-Rehner theory does not account for this effect, thus 

the CN values calculated were far from reality, however, the trend observed accounts for the real 

behaviour of CN since the network was elongated to equilibrium.  

For system 1 (cf. Figure 4.3.5 ••■•• CN1, ••■•• CCp1, --●-- CVr1), the crosslinking density was 

independent of the catalyst concentration as shown by the error bars of the plot, which represent 

the crosslinking variation when the catalyst concentration was modified. The crosslinking density 

with swelling was also independent of the SiH/vinyl ratio for values of q>1.9 with average values 

CN1= (17.47 ± 1.20) x10-4 mol/cm3 cf. Figure 4.3.5 a. However, for the concentration of crosslinking 

points and of reacted vinyl groups, a difference of the behaviour was observed cf. Figure 4.3.5 b, 

the number of side reactions of SiH groups increased with q thus CCp increased at a rate of 0.43 

x10-4 mol/cm3 per q unit, while CVr1 was constant at q≥1.  CVr1 = (1.12 ± 0.02) x10-4 mol/cm3. It 

appears that the crosslinks generated by the reacted SiH in excess do not contribute to the 

crosslinking density since the CVr1 behaviour was similar to the CN1, and hence, they might be 

mostly intramolecular. On the other hand, system 2 (cf. Figure 4.3.5 ••■•• CN2, ••■•• CCp2, --●-- CVr2) 

showed a greater variation of the crosslinking density determined by the swelling method for 

catalyst variations. However, there was no trend to increase or decrease while increasing the 

concentration of the catalyst; therefore, it was also considered catalyst independent. CN2 exhibited 

up to q=3.4 similar behaviour to CCp2 which suggests that the side reactions of SiH groups in 

excess contributed to the increase of the crosslinking density i.e. SiH side reactions were 

intermolecular. Nevertheless, at q≥3.7, CN2 began to show similar behaviour to CVr2 suggesting the 

increment of intramolecular SiH side reactions. The average values obtained for system 2 were 

CN2= (38.67 ± 3.02) x10-4 mol/cm3 for q≥ 3.7, CVr2 = (2.24 ± 0.04) x10-4 mol/cm3 and the increment 

rate of CCp2 of 0.46 x10-4 mol/cm3 per q unit. 

The Flory-Rehner theory is well known to be only semi-quantitative; however, the theory is useful 

for a qualitative analysis of the crosslinking density behaviour. This was confirmed by the 

crosslinking points concentration determined by using the results of the NMR method, the ratio 

between the average values of system 1 and 2, (CVr2/CVr1), (CCp2/CCp1) was ≈ 2 as well as the ratio 

(CN2/CN1). The crosslinking density of system 2 was higher because of the added number of vinyl 

groups and SiH groups added per gram of formulation were double than in system 1. The number 

of vinyl groups along the chain in polymer 116 are three instead of two for polymer 164, and also 

more polymer chains of crosslinker 40 were added in order to get the same q ratio as in system 1, 

since the crosslinker 40 is a copolymer that has 2/3 of the hydride groups that crosslinker 45 has.  
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a) 

 

b) 

 
Figure 4.3.5 Crosslinking density of silicone elastomers estimated by different methods. 
a) Swelling method using Flory-Rehner theory (CN) 
b) Determined as the concentration of crosslinking points using either the vinyl reacted and the 
SiH groups reacted that were in excess CCp (•••,•••,•••) or only the vinyl reacted groups CVr (---, ---, 
---). 
System 1: Polymer 164, crosslinker 45, catalyst 2.2 (■,●);  
System 2: Polymer 116, crosslinker 40, catalyst 0.6 (■, ●);  
System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2. 0 CRA parts (♦,♦); 25 CRA parts (x,x); 50 CRA 
parts (●,●); 75 CRA parts (▲,▲); 100 parts (■,■). Error bars represent the variation of catalyst concentration.  

 

Crosslinking density of silica filled systems: 

In Figure 4.3.5, the crosslinking density obtained from swelling (••• CN3) and from the concentration 

of vinyl reacted and total crosslinking points (--- CVr3, ••• CCp3) is shown for system 3 containing 

silica particles as fillers, in the experiments, the catalyst concentration, the SiH/vinyl ratio and the 

CRA content were modified. For this system, there was also catalyst independence of the 

crosslinking density since there was no trend to increase or decrease but the deviations from the 

standard values were larger. For the swelling method, the crosslinking density CN3 was 

proportionally increasing with the content of CRA in the formulation, which means that the chains of 

the polymer network are immobilized by the presence of the filler and the network up takes less 

solvent in the swelling process due to the limited elongation. The filler also acts as big crosslinking 

points since it has vinyl groups at the surface that can react with the crosslinker chains contributing 

to the crosslinking density. The same was observed for the concentration of crosslinking points 

including the side reactions of SiH groups (CCp3) suggesting that the Si-O-Si bonds formed from 

two SiH groups also accounted for increasing the crosslinking density and not only the Si-C-C-Si 

bonds formed from hydrosilylation which are represented by CVr3. 

An increase of SiH/vinyl ratio was necessary when increasing the CRA content in order to get 100% 

vinyl conversion as was shown in the previous section. For conversions of vinyl under 93%, the 

crosslinking density significantly deviated from the linear behaviour (cf. Figure 4.3.5). If the values 

of crosslinking density obtained for conversion of vinyl groups of 100% are averaged, a linear 
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correlation between the crosslinking density and the CRA content can be made. Figure 4.3.6 

compares the crosslinking density of swelling and the concentration of crosslinking points including 

those generated by side reactions of the SiH groups in excess when p=1. The results of the linear 

regression for both methods are shown in Eq. 4.3.23 and Eq. 4.3.24 with an accuracy of 

RCN
2=0.9829 and RCCp

2=0.9981 respectively. The slope of CN was ten times higher than the slope 

of CCp; however, both were almost identical in the fact that the crosslinking density increased by   

30% every increment of 10 CRA parts, suggesting that almost all SiH side reactions contribute to 

increasing the crosslinking density. Moreover, the CCp calculation assumes homogeneous 

distribution of the crosslinking points, and thus the similarity of the crosslinking density behaviour 

with both methods suggests that in reality the crosslinking points are homogeneously distributed 

throughout the network.  

       
    4 5        5               Eq. 4.3.23 

       
     54         7             Eq. 4.3.24 

    

Figure 4.3.6 Crosslinking density vs. CRA parts correlation when the vinyl conversion is p=1 by 
means of ■ the swelling method (CN) and ♦ concentration of crosslinking points determined with 
pvinyl and pSiH from NMR measurements (CCp). 

 

As a conclusion of this section, the crosslinking density was found to be catalyst independent as 

well as SiH/vinyl ratio independent for unfilled systems when the conversion of vinyl groups was 

100%. A special effect of the side reactions of SiH groups in excess was observed for q<3.7. For 

systems with fillers in the CRA compound, the crosslinking density increased linearly with the 

content of CRA and also the number of side reactions that contributed effectively to the 

crosslinking density. However, the swelling method using Flory-Rehner theory was found to be only 

qualitative for describing the crosslinking density behaviour since the values obtained were ten 

times higher than those found using the conversion of reactive groups. Furthermore, the 

characterization of PDMS rubbers obtained by hydrosilylation must take into account the 

contribution of the side reactions occurring with the SiH in excess to the mechanical properties of 

the materials.           
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4.3.2.3. Contact Angles and Surface Energy   

In this section, the surface energy of silicone elastomers was investigated to determine whether 

dependence on the silicone elastomer formulation exists. Since the crosslinking density and the 

conversion of vinyl groups were independent of the silicone formulation for unfilled systems 

(systems 1 and 2 with pvinyl=1.0) as demonstrated in the previous sections, this was expected to 

hold even with surface properties. However, for system 3 which contained CRA with silica fillers 

exhibited a crosslinking density depending on the CRA content, this component is used in the 

industry to modify the release forces for liner applications. In this section, formulations of system 3 

were analyzed, and five silicone formulations containing different concentrations of CRA were 

selected. The samples were S3.10.3 with 0 CRA parts, S3.66.3 with 25 CRA parts, S3.67.3 with 50 CRA 

parts, S3.68.3 with 75 CRA parts, and S3.69.3 with 100 CRA parts. Coatings with these formulations 

were made on top of white calendered paper, type “KS 900” with a grammage of 92 g/m2, 80µm 

thickness, and on polyethylene terephthalate (PETP) foils 50-µm thickness. The coatings had a 

thickness of 1µm. 

The selection of the test liquid was based on the conditions described by Martinez [6]. The liquid 

must not evaporate under the conditions of the experiments, exhibit no migration of surfactants 

from the solid surface to the liquid surface, no substances dissolved in the drop that migrate to the 

surface or in the opposite direction, no chemical reactions between the solid and the liquid occur, 

and the solid must not be dissolved or swollen by the liquid. The conditions do not mean that the 

drop is static along the time but guarantees a suitable drop for the measurements. According to the 

mentioned conditions, alkanes and esters are not suitable as wetting liquids because they swell 

PDMS. In the “Polymer Handbook” [4], a list of non-solvents for PDMS can be found. According to 

the favourable characteristics of the wetting liquids, water (σL= 72,8 mN/m) [7], aniline (σL= 43,4 

mN/m) [7], and “Ink 48” a water-alcohol solution with a surface tension σL= 48 mN/m were chosen 

as wetting liquids. 

The contact angle of at least three sessile drops placed at different locations of a sample was 

measured for the uncoated substrates and the silicone coated substrates with all methods 

contained in the software of the KRÜSS measurement device (cf. Chapter 2, Section 2.3.4.1) [5]. 

The average of the methods is reported in Table 4.3.9. Sometimes not all methods were suitable 

for the calculations of contact angles since the values were significantly different from the values of 

other methods. Such “problematic” values were taken out of the average calculations, as it was the 

case of “Tangent method II” and “Laplace-Young method” with aniline drops. A correction of the 

contact angle for the roughness of the substrates was not made since KS 900 paper and PET are 

smooth materials [8].    

In Figure 4.3.7 the water drops on top of KS 900 (a) and PETP (b) substrates, and the silicone-

coated substrates are shown. With the bare eye, virtually no difference of the contact angles on 

increasing CRA concentration can be seen.  However, the average contact angle of water drops 

for coated KS  00 was θH2O/KS900= 110,2 ± 1,8° and θH2O/PETP= 111,7 ± 0,8° for PETP showing that 

contact angles were independent of the CRA concentration since the standard deviation was 

almost negligible. Furthermore, the precision of the contact angle measurement is about ± 5°, the 

variance of the data was below this range, thus no systematic dependence of θ was found. Table 

4.3.9 also shows very small or negligible differences in the contact angle when increasing the CRA 
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content in the silicone rubber formulation for aniline and ink 48 liquids. The contact angle of the 

liquids on the silicone was found to be independent of the type of substrate since the same contact 

angles were observed for both silicone-coated substrates. 

 

Figure 4.3.7 Water drops on top of silicone coated substrates with silicone formulations of 
different CRA concentrations (CRA 0, 25, 50, 75 and 100 parts). Substrates: (a1-a6) white KS 900 
paper, (b1-b6) PETP. Silicone formulations: S3.10.3, S3.66.3, S3.67.3, S3.68.3, S3.69.3.   
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Table 4.3.9 Measured contact angles of sessile drops of water, aniline, and ink 48 on top of 
uncoated and silicone coated with CRA variations, KS 900 paper, and PETP films. 

Uncoated substrates 
KS 900 white PETP 50µm  

Drop 
Contact Angle θ (°) 

Drop 
Contact Angle θ (°) 

Water Aniline Ink 48 Water Aniline Ink 48 

1 72,4 ± 2,4 20,9 ± 1,7 25,0 ± 1,9 1 72,1 ± 1,0 28,1 ± 1,3 39,6 ± 4,5 
2 68,0 ± 1,6  20,9 ± 1,2 22,9 ± 0,6   2 74,1 ± 1,0 33,1 ± 1,9  34,9 ± 2,0 
3 68,5 ± 0,9 19,5 ± 2,5 28,9 ± 3,2 3 73,8 ± 1,2 34,1 ± 0,9 35,9 ± 1,6 
4 71,0 ± 2,0 - 30,0 ± 4,8 4 72,6 ± 1,2 - 35,9 ± 1,3 

Silicone coatings 
KS 900 white PETP 50µm  

Drop 
Contact Angle θ (°) 

Drop 
Contact Angle θ (°) 

Water Aniline Ink 48 Water Aniline Ink 48 

Sample S3.10.3 0 CRA parts 
1 107,8 ± 1,1  61,6 ± 0,7 81,1 ± 2,3 1 110,9 ± 1,6 62,3 ± 1,7 79,4 ± 1,2 
2 111,2 ± 0,8 62,0 ± 0,5 86,5 ± 8,6 2 111,6 ± 1,1 61,3 ± 1,2 79,3 ± 2,2 
3 111,8 ± 1,8 61,1 ± 0,6 81,8 ± 2,0 3 112,8 ± 2,1 63,3 ± 0,9 79,7 ± 2,0 
4 110,0 ± 0,7 - 88,0 ± 0,9 4 111,4 ± 1,6 - 79,1 ± 2,0 

Sample S3.66.3 25 CRA parts 
1 110,3 ± 0,7  62,0 ± 0,7 87,0 ± 1,9 1 110,7 ± 1,3 60,3 ± 0,7 78,6 ± 1,9 
2 111,1 ± 0,9 61,6 ± 0,7 85,9 ± 2,5 2 110,9 ± 0,8 62,8 ± 0,8 78,3 ± 1,7 
3 109,6 ± 0,9 62,4 ± 0,6 84,6 ± 1,9 3 112,1 ± 1,6 60,8 ± 0,8 78,9 ± 2,1 
4 109,3 ± 1,1 - 85,6 ± 2,2 4 112,0 ± 1,3 - 76,6 ± 1,2 

Sample S3.67.3 50 CRA parts 
1 111,3 ± 0,9  61,2 ± 1,1 9,03 ± 1,3 1 112,5 ± 1,7 59,9 ± 0,6 77,9 ± 3,0 
2 109,3 ± 0,8 61,0 ± 0,5 90,7 ± 1,7 2 110,8 ± 1,8 60,2 ± 0,6 79,1 ± 3,5 
3 109,2 ± 1,0 60,3 ± 0,6 91,3 ± 1,1 3 114,1 ± 2,0 62,7 ± 0,8 78,5 ± 3,1 
4 108,9 ± 0,8 - 89,9 ± 1,1 4 112,6 ± 1,8 - 78,5 ± 2,9 

Sample S3.68.3 75 CRA parts 
1 108,5 ± 1,2  60,3 ± 0,4 90,2 ± 1,5 1 110,1 ± 1,1 62,4 ± 0,6 90,8 ± 1,1 
2 110,8 ± 1,3 60,2 ± 0,8 90,4 ± 1,2  2 108,7 ± 1,4 61,3 ± 0,7 90,3 ± 1,3 
3 110,5 ± 2,2 61,4 ± 0,7 92,7 ± 1,9 3 109,7 ± 1,4 63,0 ± 1,1 89,8 ± 1,6 
4 110,6 ± 0,4 - 90,4 ± 1,4 4 108,6 ± 1,2 64,0 ± 1,3 90,6 ± 1,3 

Sample S3.69.3 100 CRA parts 
1 107,1 ± 0,7 63,6 ± 0,6 91,8 ± 1,4  1 107,4 ± 1,5 63,6 ± 1,1 92,5 ± 1,1 
2 106,3 ± 1,0 61,6 ± 0,8 91,5 ± 1,9 2 107,1 ± 1,2 62,8 ± 1,0 92,6 ± 1,5 
3 106,5 ± 1,1 65,9 ± 1,0 92,1 ± 1,6 3 107,5 ± 1,1 63,0 ± 0,9 92,8 ± 1,6 
4 106,3 ± 0,9 65,8 ± 1,0 91,8 ± 2,3 4 107,4 ± 1,2 - 94,7 ± 1,6 
5 - - 90,6 ± 1,6 5 - - 93,2 ± 1,2 

The calculation of the surface energy was performed internally in the DSA1 software using the 

“equation of state” and the “Girfalco-Fowkes-Good” [9] methods, described in Section 2.3.4.1. The 

results are shown in Table 4.3.10 and Table 4.3.11, respectively. The calculations of the surface 

energy are shown considering the water-aniline-ink 48 system and also for just the water-aniline 

system since no information about the polar and disperse part of the ink 48 were known, only its 

surface tension (σL=48 mN/m) was given. The software contained information about water and 

aniline properties in its database but the information about ink 48 was supplied to the software. 

Therefore the comparison between both systems was done to determine whether introducing the 

ink 48 in the calculations induced big errors in the surface energy values or not. The difference in 

the surface energy with both liquids system was of maximum 5%, thus the three liquids water-

aniline-ink 48 could be used to calculate the surface energy of the uncoated substrates and the 

silicone rubbers.  
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Table 4.3.10 Surface energy calculated by the equation of state method of the non-coated 
substrates and of silicone coatings (  ) containing different CRA concentrations on KS 900 paper 
and PETP films as substrates. 

KS 900 PETP 50µm 

CRA 
parts 

σS (mN/m) CRA 
parts 

σS (mN/m) 

Water-Aniline-Ink 48 Water-Aniline Water-Aniline-Ink 48 Water-Aniline 
Substrate 42,01 ± 1,39 41,32 ± 1,05 Substrate 38,81 ± 1,40  38,31 ± 1,46 

0 19,69 ± 3,93 20,67 ± 4,66  0 20,16 ± 3,80 20,04 ± 4,91 
25 19,47 ± 3,83 20,63 ± 4,48 25 20,55 ± 3,94 20,32 ± 5,06 
50 18,93 ± 4,58 20,98 ± 4,63 50 20,30 ± 4,28 20,03 ± 5,50 
75 18,81 ± 4,71 20,87 ± 4,81 75 19,35 ± 4,36 21,31 ± 4,08 

100 19,13 ± 4,12 21,77 ± 2,91 100 18,37 ± 4,42  21,32 ± 3,36 

 
Table 4.3.11 Surface energy calculated by the Girfalco-Fowkes-Good method [9] of the non-

coated substrates and of silicone coatings (  ) containing different CRA concentrations on KS 900 

paper and PETP films as substrates.   
 : Disperse part of the surface energy of the silicone 

elastomer.   
 : Polar part of the surface energy of the silicone elastomer.  

KS 900 

CRA 
parts 

Water-Aniline-Ink 48 Water-Aniline 

  
 (mN/m)   

 (mN/m)   (mN/m)   
 (mN/m)   

 (mN/m)   (mN/m) 
Substrate 30,23 ± 0,47 12,06 ± 0,49 42,29 ± 0,97 30,17 ± 0,66 10,56 ± 0,64 40,74 ± 1,30 

0 34,03 ± 0,52 0,23 ± 0,05 34,26 ± 0,57 34,03 ± 0,53 0,23 ± 0,06 34,26 ± 0,59 
25 33,46 ± 0,55 0,22 ± 0,06 33,68 ± 0,61 33,47 ± 0,55 0,19 ± 0,06 33,65 ± 0,61 
50 34,29 ± 0,54 0,47 ± 0,08 34,76 ± 0,61 34,35 ± 0,54 0,20 ± 0,06 34,55 ± 0,59 
75 34,87 ± 0,47 0,58 ± 0,07 35,45 ± 0,53 34,94 ± 0,47 0,27 ± 0,06 35,20 ± 0,52 

100 29,06 ± 0,52 0,06 ± 0,01 29,12 ± 0,53 28,28 ± 0,52 0,03 ± 0,01 29,12 ± 0,53 

PETP 50µm 

CRA 
parts 

Water-Aniline-Ink 48 Water-Aniline 

  
 (mN/m)   

 (mN/m)   (mN/m)   
 (mN/m)   

 (mN/m)   (mN/m) 
Substrate 26,44 ± 0,47 11,52 ± 0,46 37,95 ± 0,93 26,39 ± 0,52 10,07 ± 0,48 36,46 ± 1,00 

0 34,57 ± 0,91 0,15 ± 0,07 34,72 ± 0,98 34,51 ± 0,93 0,39 ± 0,12 34,90 ± 1,06 
25 35,43 ± 0,65 0,15 ± 0,06 35,38 ± 0,71 35,36 ± 0,67 0,42 ± 0,10 35,78 ± 0,76 
50 36,78 ± 0,84 0,30 ± 0,14 37,08 ± 0,98 36,70 ± 0,89 0,66 ± 0,19 37,37 ± 1,08 
75 32,60 ± 0,64 0,30 ± 0,10 32,89 ± 0,73 32,08 ± 0,65 0,08 ± 0,06 32,16 ± 0,71 

100 29,92 ± 0,79 0,17 ± 0,08 30,09 ± 0,87 30,02 ± 0,78 0,00 ± 0,00 30,02 ± 0,87 

As expected from the independence of the contact angles measured on silicone coatings 

regardless the type of substrate used and the CRA concentration in the silicone formulation, the 

surface energy was also found to be independent of both the type of substrate the CRA content. 

The Girfalco-Fowkes-Good method did not lead to useful values of the surface energy since the 

polar part of the interactions of the PDMS surface was very low. Thus, the surface energy was 

made by using the equation of state method. 

Figure 4.3.8 depicts the comparison of the dependence of the surface energy, and the release 

forces of silicone coated PETP and KS 900 substrates on the CRA contents in the silicone 

formulations. An average of the crosslinked PDMS surface energy for water-aniline-ink 48 system 

on top of PETP was σS = 19,75 ± 0,89 mN/m. This value was only slightly higher than the average 

surface energy on top of KS  00 paper σS = 19,20 ± 0,37 mN/m, thus, the surface energy was 

independent of the CRA content and the kind of substrate. The values were found to be similar to 

the reported values in the literature for filled PDMS rubbers σS ≈ 20-23 mN/m [10]. Even more 

accurate was the system water-aniline with surface energy average value σS = 20,79 ± 0,57 mN/m.  
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On the other hand, the release forces as measured with the TW1-test (setup, cf. Section 4.2.3, 

Scheme 4.2.1) steadily increased on growing CRA content as well as with the crosslinking density 

(cf. Section 4.3.2.2). The release force properties, which are of main importance for the release 

liner application of silicone networks were not found to be correlated to the surface energy of the 

silicone coatings (cf. Figure 4.3.8), which clearly proves that release forces cannot be purely 

surface energy related. It must be concluded that the effect of the CRA additives on the peel or 

release forces is most probably due to their role as network builders. The CRA consists of 

polysiloxane and vinyl functionalized silica particles, which locally increase the network density. 

The use of CRA additive increases the hardness of the coating and reduces its elasticity. In 

Scheme 4.3.4 a, a hard network is represented schematically, which is scarcely deformed when a 

glued upper material is peeled, whereby the release force is distributed to a certain number of 

adhesive groups along the tear line, while a soft network Scheme 4.3.4 b, can be deformed at the 

surface layer, and thus, the tearing force concentrates on a smaller number of adhesive groups at 

the tip of the deformation-line. This effect reveals the importance of the coupling of the viscoelastic 

properties of the silicone networks and the surface properties, in particular, the adhesion group 

interaction, which is not detected by contact angle measurements.        

 

Figure 4.3.8 Surface energy dependence on CRA content in the silicone formulations for PDMS 
coatings on top of PETP ● and KS 900 paper ■ substrates. Release force dependence on CRA 
content in silicone formulations for PDMS coatings on top of PETP ▲ and KS 900 paper ♦.    
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Scheme 4.3.4 Schematic representation of the release process of a glued surface from a) a very 
hard substrate containing silica fillers and b) a soft substrate.(●Molecular adhesive groups of the 
substrate; ●Molecular adhesive groups of the gluing layer).      

Another experiment of contact angle (CA) measurements was made with a defective coated PETP 

roll from the industrial production of release liners. The rolled-up liner had along its length, i.e. the 

radial position, significantly different release force (RF) values as well as problem while decoilling 

when used by the adhesive industry cf. Figure 4.3.9. Instead of having standard release forces of 

the order of 11cN/4cm (■), the values achieved RF= 23.7 to 30.9 cN/4cm (■) at different positions 

from the outer part to the inner part of the roll, being slightly lower at the middle part of the roll 

compared to the roll ends proximity. This problem occurs often in this industry however, an exact 

percentage of how many rolls result defective are unknown to the author of this thesis.  

 
Figure 4.3.9 Release forces (RF) along a defective one-side silicone-coated PETP roll. 

(■Expected RF values; ■ Measured RF values)  
 
The samples for the CA measurements were taken from the inner part (close to the roll core), from 

the centre (half radius), and from the outer part of the roll (cf. Scheme 4.3.5). At least three 
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samples of all sample locations (inner, middle and outer parts) were cut and measured more than 

four times on the coated and uncoated side of the PETP film. The measured contact angles and 

the surface energy determined by the equation of state method of the silicone elastomers are 

presented in Table 4.3.12. 

 
Scheme 4.3.5 Representation of the PETP one-side coated roll and the 
position of the samples taken for contact angles measurements. 

 
Table 4.3.12 Contact angles (θ) and surface energy (σs) from water, aniline 
and ink 48 on samples taken from different radial positons of a defective 
PETP silicone coated roll on one side.   

Coated Side 
Position θH2O (°) θAniline (°) θink 48 (°) σs (mN/m) 

Outer 112,6 ± 0,9 62,0 ± 1,8 83,5 ± 2,1 19,81 ± 4,29 
Middle 112,8 ± 0,4  61,1 ± 0,3 81,5 ± 1,2 20,23 ± 4,40 
Inner 112,9 ± 0,6  61,6 ± 0,8 81,2 ± 1,2 20,19 ± 4,30 

Uncoated Side 
Position θH2O (°) θAniline (°) θink 48 (°) σs (mN/m) 

PET subs. 73,2 ± 1,0 31,8 ± 2,6 36,6 ± 2,1 38,81 ± 1,40 
Outer 92,9 ± 0,3 38,0 ± 2,8 61,0 ± 0,9 31,41 ± 3,65 
Middle 87,9 ± 0,3  39,0 ± 2,5  55,4 ± 1,5 32,70 ± 2,05 
Inner 88,9 ± 1,0  36,9 ± 2,4 57,4 ± 1,7 32,48 ± 2,79 

The measured contact angles varied only minimally on the coated side along the roll with the ink 

48 showing the higher standard deviations. If there is a systematic tendency of the contact angles, 

they increase minimally from the core to the outer part of the roll. Of more importance are the 

contact angles observed on the uncoated side of the roll since they differed significantly from the 

expected contact angles of the pure PETP surface. An increase in the contact angle of water by at 

least 15° and of ink 48 by 19° suggests that the uncoated side is contaminated with polysiloxanes 

especially at the outer part of the roll. The migration of the non-crosslinked polysiloxanes was 

possible to occur in this case from the coated side of a roll-layer to the next uncoated side layer.  

In order to prove the silicone migration to the uncoated side of the roll layers, x-ray photon 

spectroscopy (XPS) measurements were made. The measurements provided qualitative and 

quantitative information on the chemical composition of an approximately 10 nm thin surface layer 

[11].        

Figure 4.3.10 a and b shows XPS spectra of the coated and uncoated samples taken from the 

outside part of the roll respectively. The spectra demonstrate the presence of the elements carbon, 

oxygen, and also silicon on both roll sides. The spectra of the other parts along the roll looked 

similar. The determined element composition of the coated side (Si: 23.7 ± 0.5 at%, O: 50.4 ± 0.5 
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at%) corresponds very well to the composition of PDMS (Si: 25 at%, O: 50 at%), while the 

elemental composition of the uncoated side (Si: 7.1 ± 1.0 at%, O: 27.6 ± 0.2 at%) differs 

significantly from the composition of the pure PETP (Si: 0%, O: 28.6%). The found values are 

compatible with effective coverage of the uncoated side with approximately 3 nm PDMS. As shown 

in Table 4.3.13, the silicon portion of the uncoated side slightly varies from the inner sample (7.2 

at%) to the centre (5.8 at%) to the outer side (8.3 at%) which is consistent with the results of the 

release forces in Figure 4.3.9. The percentage of silicone that can migrate is proportional to the 

uncrosslinked silicone and the unreacted SiH, if more SiH is available for reaction with the 

adhesive of the tape used in the release forces test, the magnitude of the RF increases.  

a) 

 

b) 

 

Figure 4.3.10 XPS- spectra of the a) coated and b) uncoated side of the PET roll at the outer part.  
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Table 4.3.13 Quantitative analysis of the XPS spectra at different positions 
along the PETP roll silicone coated on one side.  

  Outer part Middle part Inner part 

Coated side 
C % 49,7  50,8 50,8 
O % 26,3 25,1 25,1 
Si% 24,0 24,1 23,1 

Uncoated 
side 

C % 64,0 66,3 65,4 
O % 27,7 27,9 27,4 
Si% 8,3 5,8 7,2 

If the observed migration of silicone depends on the radial contact pressure between two 

successive layers, then the silicone transfer could be explained by a mistake in the winding 

technology, where less tension is created indicated by buckled layers (cf. Scheme 4.3.6) causing a 

pressure distribution within the roll which is compatible with the XPS results [12]. However, a 

formation of buckled layers was not observed in the visible scale for the roll.   

 
Scheme 4.3.6 A starred roll by mistake in the wounding technology [12]. 

Another reason for these differences in the properties is the thickness of the silicone coating. A 

variation of the silicone thickness of the coating along the roll leads to different curing speeds, thus, 

areas with mobile silicone chains could remain in the outer part of the roll, which migrates 

differently to the surface of the coating. However, with a layer thickness of 1000 nm, even a 

variation in the thickness of 200% ie. 2µm does not lead to appreciable differences in the degree of 

curing according to the silicone coatings producers.  

Furthermore, a variation of the coiling speed and associated therewith a variation of the tensile 

stress along the roll could have occurred. Lateral pulling combined with lateral expansion causes a 

vertical contraction of the elastic material. This could cause syneresis of the gel and thus, the 

expulsion of non-crosslinked PDMS. This hypothesis was not verified due to the lack of equipment 

for the analysis. 

To the author of this thesis, the silicone recipe used to produce this defective roll is unknown. 

However, if a great excess of crosslinker (SiH) was used and/or the cure was not completed, the 

silane groups could have been partially hydrolyzed with the help of the Pt-catalyst. Consequently, 

condensation of silanol groups with the OH groups from the PETP could occur. It is known that the 

modification of silane to silanol groups occur post-curing, their chemical interaction with the 

substrates is responsible for the anchorage of silicone polymers to the substrate [18].    
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In summary, despite, the contact angle measurements for surface energy determination of silicone 

networks was easily performed, it was unsuccessful to identify differences in the silicone 

composition, as well as unable to be correlated with other properties of the silicone elastomers as 

the release forces. However, the contact angle measurements were useful for quick identification 

of mistakes in the production and quality of silicone coatings for release liners applications as it 

was the case of identification of silicone migration and its anchorage to uncoated layers of a 

wounded roll.               

4.3.3. Hydrosilylation Reaction Kinetics 

4.3.3.1. Extent of Reaction 

a) Data evaluation 

The extent of reaction or conversion of the hydrosilylation reaction was determined in function of 

the temperature for different silicone formulations based on calorimetric measurements. For that 

purpose, the obtained DSC-thermogram resulting from calibrated differential thermal analysis at a 

constant heating rate was used. A series of curves of conversion of vinyl groups vs. temperature p 

(T) were obtained for systems 1 and 2 when modifying the SiH/vinyl ratio and the catalyst 

concentration in the reaction formulation. For system 3, also the CRA “control release additive” 

content was modified. The list of measured samples is found in Table 4.2.7. The covered range 

measured is found in Table 4.3.2 for system 1, Table 4.3.3 for system 2 and Table 4.3.4 for system 

3. 

Unlike the procedure described in Section 2.5.1, to obtain the conversion-temperature curve of the 

reaction course, the thermograms obtained in these experiments were a plot of power transferred 

(DSCsignal [mW/mg]) versus temperature. Therefore, some modifications to the general procedure 

described in Section 2.5.1 were necessary. The procedure to obtain the conversion-temperature 

curves from the data collected is depicted in Figure 4.3.11. First, the exothermic peak was 

extracted from the thermogram. Second, a linear baseline was calculated taking into account the 

temperature at which the transition started (T0) and the temperature where it finished (Te) (cf. Eq. 

4.3.25, Figure 4.3.11 a). Third, the baseline was subtracted from the DSCsignal values (cf. Eq. 

4.3.26). Fourth, the peak was integrated to determine the heat of reaction (ΔHrx [J/g]) according to 

the norm ISO 11357 [13], therefore, the calculated integral was divided by the heating rate (cf. Eq. 

4.3.27, Eq. 4.3.28, Figure 4.3.11 b). Afterwards, the heat capacity (
  

  
)
 
 peak was normalized by 

dividing the function by the heat of reaction (cf. Eq. 4.3.29, Figure 4.3.11 c). Finally, partial 

integration of the peak was made to determine the conversion of the limiting reagent vs. 

temperature profile (cf. Eq. 4.3.30, Figure 4.3.11 d). Note that this procedure will always yield an 

apparent maximum vinyl conversion of p*(T) =1 at the final temperature Te. In cases where a 

reaction does not proceed to full vinyl conversion, the highest vinyl obtainable conversion pmax 

must be measured independently e.g. by means of MAS-NMR. The correct conversion is hence to 

be calculated according to                  .   
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 a) b) 

  
c) d) 

  

Figure 4.3.11 Schematic procedure to obtain the conversion-temperature profile and the heat of 
reaction of the hydrosilylation reaction of the sample S1.20.5. a) Determination of the baseline.          
b) Subtraction of the baseline from the DSC signal and determination of the heat of reaction.          
c) Normalized DSC-signal as a function of the temperature and partial integration to obtain the 
conversion of the vinylpolysiloxane at a T1. d) conversion-temperature profile.   
  

Tpeak 

𝑇𝑝𝑒𝑎𝑘 
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               Eq. 4.3.30 

(𝑫   : DSC signal value of the peak baseline (mW/mg); m: baseline slope (mW/mg.K); T: temperature (K); 

b: intercept of the baseline when T=0 (mW/mg); 𝑫        : DSC signal values after measurement (mW/mg). 

𝑫   : DSC values after subtraction of the baseline (mW/mg).  : Heating rate (K/s);         : heat 

capacity after subtraction of the baseline (J/K.g);     : heat of reaction (J/g);            : Normalized 
heat capacity (1/K). p: conversion) 
All variables are a function of the temperature.     
 

b) Temperature conversion curves at constant heating rate 

The reagent from which the conversion was determined by calorimetric studies was the vinyl-

functionalized base polymer in systems 1 and 2 (polymer 164 and polymer 116 respectively), and 

for system 3, the conversion of total vinyl groups contained in the base polymer (polymer 164) and 

in the silica particles of the CRA. Thus, the conversion profile depending on the temperature 

obtained by the described procedure should be modified for SiH/vinyl (q) ratios where the 

conversion of the vinyl functionalized reagent was different from pvinyl=1. In order to define the 

maximum conversion (pmax) of the vinyl-polysiloxane, the results obtained from Section 4.3.2.1 

were taken into account, where the conversion of the vinyl groups was determined by solid-state 

MAS-NMR measurements. For system 1, the reactions with SiH/vinyl ratio (q) less than q<1,9 did 

not achieve 100% conversion of vinyl groups. For system 2, all reactions performed achieved 

100% vinyl conversion thus the conversion-temperature profile should not be modified. For system 

3, the maximum vinyl conversion depended on the CRA concentration, the q ratio, and the Pt-

concentration. In Table 4.3.14 a list of samples, which did not achieve 100% vinyl conversion, is 

shown. For those samples, the conversion-temperature profile was modified by the factor (pmax) (cf. 

Eq. 4.3.31), also found in the table, which is an average for each q ratio of the maximum achieved 

conversion for different catalysts concentrations determined by solid-state NMR of Table 4.3.6. 

                     Eq. 4.3.31 

(     : conversion in function of the temperature;     : maximum conversion of vinyl groups achieved 

calculated from solid NMR measurements;  𝑫     : conversion in function of the temperature resulting from 
DSC measurements) 
 

  



Chapter 4        Properties of PDMS-Networks Synthesized by Hydrosilylation and Reaction Kinetics 

238 

 Table 4.3.14 List of samples and maximum achievable vinyl-group conversions (pmax) used to 
modify the pDSC vs. T profile of hydrosilylation reactions performed with the silicone systems 1 
and 3, which did not achieve 100% vinyl conversion. 

   System 1   

   Sample q ratio [Pt] (ppm) pmax   

   S1.1.2 0,7 218 0,1230   

   S1.2.2 

1,3 

109 

0,6630 

  
   S1.2.3 109   
   S1.3.3 218   
   S1.4.2 321   
   S1.5.2 436   

System 3 

sample CRA 
parts 

q 
ratio 

[Pt] 
(ppm) 

pmax sample CRA 
parts 

q 
ratio 

[Pt] 
(ppm) 

pmax 

S3.1.1 0 2,0 54 0,9865 S3.44.1 

75 

8,6 51 

0,9497 
S3.14.1 

25 

3,9 53 

0,9622 

S3.45.1 8,6 101 

S3.15.1 3,9 106 S3.46.1 8,6 152 

S3.16.1 4,0 159 S3.47.1 8,6 202 

S3.17.1 3,9 212 S3.53.1 

100 

9,1 50 

0,9058 
S3.18.2 

25 

4,6 53 

0,9823 

S3.54.1 9,0 101 

S3.19.1 4,7 105 S3.55.1 9,0 151 

S3.20.1 4,5 158 S3.56.1 9,0 201 

S3.21.1 4,5 211 S3.57.1 

100 

10,5 50 

0,9388 
S3.27.1 

50 

5,8 52 

0,9166 

S3.58.1 10,3 99 

S3.28.1 5,8 104 S3.59.2 10,4 148 

S3.29.1 5,8 156 S3.60.1 10,3 198 

S3.30.1 5,7 208 S3.61.2 100 
13,9 48 

0,9548 
S3.31.1 

50 

6,7 52 

0,9498 

S3.62.1 13,9 96 

S3.32.1 6,6 103 S3.66.1 25 
4,7 126 

0,9428 
S3.33.1 6,6 155 S3.66.2 4,7 137 

S3.34.2 6,6 206 S3.67.1 50 
6,2 145 

0,9239 
S3.40.1 

75 

7,5 51 

0,8651 

S3.67.2 6,2 145 

S3.41.1 7,4 102 S3.68.1 75 
7,5 
7,6 

153 
0,9438 

S3.42.1 7,4 153 S3.68.2 153 

S3.43.1 7,4 204 S3.69.1 
100 

8,9 161 
0,9494 

     S3.69.2 8,8 160 

          

The conversion – temperature p(T) plot of the course of hydrosilylation reactions performed with 

the formulations of system 1 of Table 4.2.7 is depicted in Figure 4.3.12. In general, the conversion 

profile was showing an inhibition stage at the beginning of the reaction represented by the slow 

increase of the conversion. Afterwards, the reaction proceeded fast with increasing the 

temperature until an inflexion point where the maximum speed of reaction was achieved (Tpeak, see 

Figure 4.3.11 c). Finally, the speed levelled off and the reaction proceeded slowly until completion. 

This behaviour was observed for all cases in all three studied systems, however, the last “level-off” 

phase differently distinct, depending on the system composition.  
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

 
 
 
 
Figure 4.3.12 Conversion–temperature p (T) 

plots depending on the Pt-concentration at 

constant SiH/vinyl (q) ratios for silicones of 

system 1 (Polymer 164, crosslinker 45, catalyst 

2.2). a) q=1.3; b) q=1.9; c) q=2.6; d) q=3.1; e) 

q= 3.9. 

( — 53 ppm, — 108 ± 1ppm, — 161 ppm, — 

215 ± 3 ppm, — 265 ppm,  — 322 ± 2 ppm, — 

431 ± 5 ppm) 

(••• Repetition of formulations). 

Heating rate β=10K/min. 



Chapter 4        Properties of PDMS-Networks Synthesized by Hydrosilylation and Reaction Kinetics 

240 

Each curve of Figure 4.3.12 describes the effect of varying the catalyst concentration on the 

temperature of reaction and the conversion of vinyl groups when the SiH/vinyl ratio is kept 

constant. The dotted conversion curves are repetitions of the formulations in order to demonstrate 

that the results are reproducible as it was the case of samples S1.2.3, S1.13.3, S1.18.4, and S1.23.2. The 

conversion of SiH/vinyl ratio= 1.3 mixtures did not reach p=1.0 but they were limited to p=0.66, 

which is depicted in Figure 4.3.12 a. For q ratios higher than 1.9 the conversion of vinyl groups 

reached a full conversion of vinyl groups. The temperature of the reaction showed a strong 

dependence on the catalyst concentration for all q ratios. Increasing the catalyst concentration in 

the formulation decreases the temperature for completing the reaction by around seven degrees 

(~-7 K) when the Pt-concentration is increased 50 ppm. The same strong dependence was 

observed in all systems.  

Similar plots of p(T) for system 2 to observe the effect of the catalyst concentration are found in 

Figure 4.3.13 and in Appendix C, Figure C.2). For system 2 however, the formulations with high 

catalyst content and low q ratios were completed slower than mixtures using lower catalyst 

concentrations. Such behaviour has been previously observed for hydrosilylation of internal double 

bonds, the reaction proceeds for high catalyst concentrations with the same speed as when low 

catalyst concentrations are used [31]. Nevertheless, the behaviour was not observed when high q 

ratios were used, as seen in Figure 4.3.13 a compared to Figure 4.3.13 b, suggesting that a 

different reaction mechanism could be followed at the later stages of the reaction when the 

formerly mentioned conditions are used. Mesiter et al. have observed a rapid Pt particle formation 

for high catalyst concentrations which influence the catalytic results of the reaction [31].   

a) 

 

b) 

 

Figure 4.3.13 Conversion – temperature p(T) plots depending on the Pt-concentration at constant 
SiH/vinyl (q) ratios for silicones of system 2 (Polymer 116, crosslinker 40, catalyst 0.6). a) q=2,3; 
b) q=4,0.  (— 60 ppm, — 120 ppm, — 130 ppm, — 140 ppm, — 200 ppm). Heating rate 
β=10K/min. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

 

 

Figure 4.3.14 Conversion – temperature p (T) 

plots depending on the SiH/vinyl (q) ratio at 

constant catalyst concentration for silicones of 

system 2 (Polymer 116, crosslinker 40, catalyst 

0.6). a) [Pt]= 60 ppm; b) [Pt]= 120 ppm; c) [Pt]= 

130 ppm; d) [Pt]= 140 ppm; e) [Pt]= 200 ppm 

( — q= 2.3, — q= 2.7, — q=3.0, — q= 3.3, — q= 

3.7, — q= 4.0, — q= 4.3). 

(••• Repetition of formulations). 

Heating rate β=10K/min. 
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The effect of varying the SiH/vinyl ratios at a constant catalyst concentration in the conversion-

temperature behaviour of system 2 (Polymer 116, crosslinker 40, catalyst 0.6) is depicted in Figure 

4.3.14. The temperature at which the reaction started was considered to be SiH/vinyl ratio (q) 

independent, since the variation of the temperatures at which the reactions proceeded in a fast 

manner is of the order of ~ ± 1.5K which is much less than the observed temperature changes on 

modifying the catalyst concentration of about T > -13 K per 50 ppm. It was observed that 

increasing the q ratio caused the reaction to finish faster. This suggests that at high conversions, 

the reaction mechanism favouring the hydrosilylation is preferred at higher q ratios. A more 

detailed discussion about the reaction mechanism is found in Section 4.3.3.3. Similar behaviour 

was observed in system 1, the respective plots of the p(T) vs. T at constant catalyst concentration 

with q ratio variations can be found in Appendix C, Figure C.1.    

For the system 3 (polymer 164, CRA, crosslinker 101, catalyst 2.2) which contained silica particles 

functionalized with vinyl groups, the behaviour of the conversion and the temperature of the 

reaction was similar to the one observed for the previous two systems. The catalyst concentration 

determined the temperature at which most of the vinyl groups were reacted (cf. Figure 4.3.15). 

However, it was expected that the CRA content had a strong impact on the p(T) curves. Instead, 

increasing the CRA concentration only modified the SiH/vinyl ratios strongly. In order to achieve 

high vinyl conversion, higher crosslinker concentrations were necessary when increasing the CRA 

concentration. Nevertheless, the reaction temperatures ranges were similar to those of low CRA 

content. Once the right q ratio was used, the p(T) profile was not different from that observed with 

other q ratios when lower CRA concentrations were used. Figure 4.3.15 a shows the conversion 

behaviour when no CRA is added to the formulations (0 CRA parts), while Figure 4.3.15 b depicts 

the p(T) curves for formulations with 75 CRA parts. Despite the great difference between the q 

ratios range used, the conversion-temperature profile was not modified by the presence of the 

functionalized silica particles. Furthermore, the temperature range for the reaction stays dependent 

on the catalyst concentration independently of the CRA concentration and the q ratio. Similar plots 

of p(T) vs. T for 25, 50, and 100 CRA parts can be found in Appendix C, Figure C.3. Obviously, 

CRA acts solely as a source of vinyl groups and has no distinct extra effect on the reaction kinetics 

as observable with DSC. 
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a) 

 

b) 

 

Figure 4.3.15 Conversion– temperature p(T) plots depending on the SiH/vinyl (q) ratio and catalyst 
concentration for different CRA contents in the formulations of system 3 (Polymer 164, CRA, 
crosslinker 101, catalyst 2.2).  
a) 0CRA (54 ppm: — q= 2.0, …q= 2.3, --- q= 3.1; 108 ppm: — q= 2.0, …q= 2.3, --- q= 3.1; 162 

ppm: — q= 2.0, … q= 2.3, --- q= 3.1; 215 ppm: — q= 2.0, … q= 2.3, --- q= 3.1; 321 ppm: --- q= 
3,0);  

b) 75CRA (51 ppm: — q= 7.5, …q= 8.6, --- q= 11.6; 101 ppm: — q= 7.5, …q= 8.6, --- q= 11.5; 152 
ppm: — q= 7.4, … q= 8.6, --- q= 11.5; 201 ppm: — q= 7.4, … q= 8.6, --- q= 11.5; 296 ppm: --- 
q= 11.4) 

(•-•- repetition of formulations). Heating rate β=10K/min. 

In Appendix C, Table C.1, Table C.2, and Table C.3, the data collected from all formulations, i.e. 

the temperature at the maximum reaction speed (Tpeak), the reached conversion at the maximum 

speed of reaction (pVmax), the temperature at 50% of the maximum conversion reached after 

completion of the reaction (Tp=0,5) which was used in the kinetic modelling of Section 4.3.3.3, and 

the heat of reaction (ΔHrx) are reported.  

The Tpeak defined graphically as the temperature at which the DSC signal reaches a minimum in 

the obtained DSC-thermogram (cf. Figure 4.3.11 b), which is identical to the temperature of the 

inflexion point of p(T) curves, was plotted against the catalyst concentration with the aim of finding 

a correlation between both variables (cf. Figure 4.3.16). A second order polynomial correlation was 

found for all systems. 

System 1: Tpeak s1 (K)= (403,99 ± 2,45)K –(0,1411 ± 0,0235)K/ppm [Pt] + 

(0,0001)K/ppm2 [Pt]2 
Eq. 4.3.32 

System 2: Tpeak s2 (K)= (404,12 ± 1,64)K –(0,2896 ± 0,0266)K/ppm [Pt] + 

(0,0005 ± 0,0001) K/ppm2 [Pt]2 
Eq. 4.3.33 

System 3: Tpeak s3 (K)= (410,67 ± 3,62)K –(0,2066 ± 0,0466)K/ppm [Pt] + 

(0,0002 ± 0,0001) K/ppm2 [Pt]2 
Eq. 4.3.34 
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a) b) 

  

c) 

 
Figure 4.3.16 Plot of the temperature at the maximum speed of reaction (Tpeak) vs. Pt-
concentration of 
a) system 1 (polymer 164, crosslinker 45, catalyst 2.2) ●q=0.7, ●q=1.3, ●q=1.9, ●q=2.2, ●q=2.3, 
●q=2.6, ●q=3.1, ●q=3.3, ●q=3.9, ●q=4.6;  
b) system 2 (polymer 116, crosslinker 40, catalyst 0.6) ●q=2.3, ●q=2.7, ●q=3.0, ●q=3.3, ●q=3.7, 
●q=4.0, ●q=4.3;  
c) system 3 (polymer 164, CRA, crosslinker 101, catalyst 2.2)  
0CRA:     ●q=2.0, ■q=2.3,   ♦q=3.0, 
25CRA:   ●q=3.9, ■q=4.6,   ♦q=6.1,  
50CRA:   ●q=5.8, ■q=6.6,   ♦q=8.9,  
75CRA:   ●q=7.5, ■q=8.6,   ♦q=11.5,  
100CRA: ●q=9.0, ■q=10.4, ♦q=13.8. 
Heating rate β=10K/min 
 

Apparently, the activation energy of the rate-determining step of the reaction mechanisms 

decreases with increasing the catalyst concentration. It seems that the presence of more catalyst 

increases the amount of catalytically active centres, thus the reaction takes place at lower 
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temperatures. The reaction of system 1 was the reaction with the lowest change in the temperature 

on increasing the catalyst concentration in comparison to the other reacting systems. The 

temperature decreased in system 1 by ~-7 K per 50 Pt-ppm (cf. Figure 4.3.16 a) while for system 

2, the temperature decreases ~-13 K per 50 Pt-ppm (cf. Figure 4.3.16 b). This may be a 

consequence of the different location of the vinyl groups along the polymer chains, in system 1 the 

vinyl groups are located at the end of the polymer chains requiring higher temperature for reacting, 

since more energy must be provided to the molecules to increase the probability of collision from 

the right direction in order to react than in the case of system 2, which contains more vinyl groups 

along the chain and a shorter polymer chain. On the other hand, system 3 showed a decrease in 

the temperature of ~-10 K per 50 Pt-ppm independently of the CRA concentration of the 

formulation or the q ratio (cf. Figure 4.3.16 c). The higher decrease in the temperature of the 

reaction at its maximum speed for system 3 is attributed to the higher content of hydrosilane 

groups along the crosslinker 101 (N°(Si-H) =138) and its length in comparison to the hydrosilane 

groups of the crosslinker 45 of system 1 (N° (Si-H)= 72). 

Another observed factor was the conversion at the maximum speed of reaction (pVmax) when the 

SiH/vinyl ratio was modified. The conversion pVmax was found to be independent of the catalyst for 

all three systems since its values were similar when the q ratio was kept constant. For reactions 

with 100% vinyl conversion of system 1 and q>2.0, pVmax was found to reach a constant range 

(0.3875< pVmax < 0.4563) independently of the q ratio (cf. Figure 4.3.17 a). For the reactions with 

pmax<1 on the other hand, a power-function like increase of the pVmax values was observed for q 

values between 0.7 and 2.0. These values of conversion achieved at the maximum speed of 

reaction are reported relative to pmax. However, if no correction pVmax =pmax* pVmax,obs was made, the 

range of pVmax,obs would be within the range reported above, this means that the reactions slow 

down after the conversion of the present vinyl groups exceeded a 42 ± 3%. For q<0.7 it is 

expected that the conversion pVmax relies close to zero values due to the minimum amount of SiH 

groups available to react.  

In system 2 for all studied reactions which reached 100 % vinyl conversion a dependence of pVmax 

on the SiH vinyl ratio was clearly observed (cf. Figure 4.3.17 b), which means that adding more 

crosslinker to the reaction accelerates the early stages of the reaction and keeps them on-going, 

until the conversion pVmax is reached. The observed dependence is described by the quadratic Eq. 

4.3.35. For reactions of system 2 with pmax<1, a behaviour similar to the power decay observed in 

system 1 is expected.  

[pVmax(q)= (0,4123 ± 0,0754) – (0,1329 ± 0,0465) q + (0,0345 ± 0,0070) q2] Eq. 4.3.35 
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  a) b) 

  

c) 

  
 

Figure 4.3.17 Dependence of the conversion reached at the maximum speed of reaction (pVmax) 
vs. SiH/vinyl (q) ratio. O Atypical data. Heating rate β=10K/min.  
a) System 1 (Polymer 164, crosslinker 45, catalyst 2.2), ● [Pt]= 108 ±1 ppm, ●[Pt]=     

           215 ±3 ppm, ● [Pt]= 322 ±2 ppm, ● [Pt]= 431 ±5 ppm.  
b) system 2 (polymer 116, crosslinker 40, catalyst 0.6), ● [Pt]= 60 ppm, ●[Pt]= 120 ppm,  
                     ● [Pt]= 130 ppm, ● [Pt]= 140 ppm, ● [Pt]= 200 ppm.  
c) system 3 (polymer 164, CRA, crosslinker 101, catalyst 2.2),  
    0CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm.    
  25CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm.  
  50CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm.  
  75CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm. 
100CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm.   

In the case of system 3 (cf. Figure 4.3.17 c), despite the atypical data observed for low platinum 

concentrations [Pt]=52 ±2 ppm with 0, 50 and 75 CRA parts, the same trend as in system 1 was 

observed. In Figure 4.3.17 c all experimental results are plotted. However, it is important to remark 

that for each CRA content in the formulations only the ones with the highest q ratios achieved 
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100% vinyl conversion. If one carefully observes the plot, the pVmax was constant for all CRA 

concentrations (pVmax= 0.3884 ± 0.0189) when the vinyl conversion at the end of the reaction 

reached ~100% independently of the q ratios represented by the dotted line in the plot. For lower q 

ratios that end up with pmax<1 it is expected a decay behaviour of pVmax as described for system 1, 

note that the p(T) profiles obtained from DSC measurements were up to the maximum speed of 

reaction of similar shape, but they were modified according to the maximum achieved vinyl 

conversion using Eq. 4.3.31. However, the decay of pmax does not follow the same behaviour for 

each CRA concentration in the reacting mixture, since the higher the CRA the longer the decay 

when q diminishes.  

Other studied variable was the temperature at which the conversion was half of the maximum 

achieved (Tp=0,5) which was used as an input parameter for the simulations of the reaction kinetics 

shown in Section 4.3.3.3. Tp=0,5 is shown for each studied formulation of systems 1, 2 and 3 in 

Appendix C, Table C.1 to Table C.3 respectively. The Tp=0,5 values exhibited similarities with 

respect of Tpeak behaviour i.e. independence of the q ratio and the CRA content (system 3) but 

dependence on the catalyst concentration. Figure 4.3.18 depicts Tp=0,5 behaviour against the 

catalyst concentration when the values obtained for q variations and CRA content were averaged, 

they are represented by the error bars. The Tp=0,5 decreased with the increase of [Pt] following 

second-order polynomial functions for the three systems (cf. Eq. 4.3.36 to Eq. 4.3.38) that were 

almost identical to the functions describing the behaviour of Tpeak. This was expected since the p(T) 

profile exhibited differences only when pvinyl ≥0.6.  

 

Figure 4.3.18 Plot of the temperature at half of the maximum vinyl conversion achieved (Tp=0,5) 
against the Pt-concentration for a) ● system 1 (polymer 164, crosslinker 45, catalyst 2.2), b) ■ 
system 2 (polymer 116, crosslinker 40, catalyst 0.6), c) ♦ system 3 (polymer 164, CRA, crosslinker 
101, catalyst 2.2). Heating rate β=10K/min. 
 
System 1: Tp=0,5 s1 (K)= (403,76 ± 2,74)K –(0,1448 ± 0,0259)K/ppm [Pt] + 

(0,0001)K/ppm2 [Pt]2 
Eq. 4.3.36 

System 2: Tp=0,5 s2 (K)= (404,83 ± 1,94)K –(0,2900 ± 0,0311)K/ppm [Pt] + 

(0,0005 ± 0,0001) K/ppm2 [Pt]2 
Eq. 4.3.37 
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System 3: Tp=0,5 s3 (K)= (410,45 ± 3,50)K –(0,1964 ± 0,0450)K/ppm [Pt] + 

(0,0002 ± 0,0001) K/ppm2 [Pt]2 
Eq. 4.3.38 

The presented curves (cf. Eq. 4.3.36 to Eq. 4.3.38) may serve as a good approximation to rapidly 

find the Tp=0,5 input parameter for the simulations shown in the next section to obtain the kinetic 

constants of the hydrosilylation reaction. 

As a pre-conclusion, the course of the hydrosilylation reaction for systems 1 and 3 in the early 

stages would be accelerated until a certain point where a specific value of vinyl conversion is 

reached (pVmax S1 ~ 0.43 ±0.03; pVmax S3 ~ 0.39 ±0.02) and then the speed of reaction begins to 

decelerate until full consumption of vinyl groups. The similarity between the behaviour of the 

conversion of the maximum speed of reaction of systems 1 and 3 could be due to the position of 

the reactive vinyl groups in the molecules bearing them, which is at the end of the molecule. In 

system 3 the large silica particles bearing the vinyl groups at the surface may make them act as 

large polymers with end vinyl groups.  Nevertheless, the hypothesis should be proved with other 

polymers containing end vinyl groups. On the other hand, it seems to be that the distribution of 

vinyl groups along the polymer chains like in system 2 makes the conversion at the maximum 

speed of reaction variable and SiH/vinyl ratio-dependent. The presented DSC-kinetic results so far 

demonstrate a distinctive effect of the network formation on the rate of reactions at late stages. 

c) Heat of reaction (ΔHrx) 

In the last part of this Section, the heat of reaction (ΔHrx) resulting from the reactions performed 

with systems 1, 2 and 3 was studied. In Figure 4.3.19 a the heat of reaction is plotted against the 

SiH vinyl (q) ratio for system 1. No dependence of the heat of reaction on the catalyst 

concentration was observed. On the other hand, ΔHrx was linearly dependent on the q ratio (cf. Eq. 

4.3.39), until 100% of vinyl conversion was reached, hence q≤1.9. 

[                                      ];    for p<1 and 0 < q ≤ 1,  Eq. 4.3.39 

Beyond q=1.9 the heat of reaction was constant, i.e. independent of the SiH/vinyl ratio with ΔHrx, 

S1= -0.3491 ± 0.0302 (J/g). An atypical low value was observed for q ratio of 4.6. The fact that the 

heat of reaction reaches a constant value when 100% of vinyl is achieved can be used as an 

indicator to assess whether a formulation reaches complete conversion without the need of 

expensive solid-state NMR measurements.       
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a) 

 

b) 

 

Figure 4.3.19 Plots of the heat of reaction (ΔHrx) vs. SiH/vinyl (q) ratios of  
a) system 1 (polymer 164, crosslinker 45, catalyst 2.2), ● [Pt]= 108 ±1 ppm, ●[Pt]= 215 ±3 ppm,  

● [Pt]= 322 ±2 ppm, ● [Pt]= 431 ±5 ppm. 
b) system 2 (polymer 116, crosslinker 40, catalyst 0.6), ● [Pt]= 60 ppm, ●[Pt]= 120 ppm,  
      ● [Pt]= 130 ppm, ● [Pt]= 140 ppm, ● [Pt]= 200 ppm. 
OAtypical values. 

Similar behaviour was observed with formulations of system 2 (cf. Figure 4.3.19 b) where solid-

state NMR demonstrated the complete conversion of vinyl groups. However, the DSC results 

showed that the heat of reaction for q=2.3 was not identic to the values obtained for higher q ratios 

where ΔHrx became constant (ΔHrx, S2= -0.6764 ± 0.0229 (J/g)). Therefore, to ensure a complete 

vinyl conversion of 100%, q ratios higher than 2.3 are recommended to be used. A linear 

dependence of the heat of reaction for q≤2.3 is expected following Eq. 4.3.40 as observed in 

system 1 since only a portion of the total available vinyl groups is reacting in that q interval. 

[                   5       74         ];     for p<1 and 0 < q ≤ 2,3 Eq. 4.3.40 

When comparing the heat of reactions of systems 1 and 2, it can be seen that the reaction of 

system 2 is more exothermic than the reaction with the polymers of system 1 by a factor of 1.94. If 

the heat of reaction is proportional to the number of vinyl reacted cf. Eq. 4.3.41, this would mean 

that double of the vinyl groups are reacting in system 2 per gram of the molten polymers mixture. 

Formulations S1.24.2 and S2.20.1 (c.f Table 4.2.1 and Table 4.2.2) contained both q=3.4 with [Pt]= 214 

and 200 ppm respectively; if the number of vinyl groups reacted is compared per gram of 
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formulation, a ratio of N°vinyl S2.20.1 / N°vinyl S1.24.2 = 1.93 was found thus, Eq. 4.3.41 becomes valid. 

Below q=2.0 the heat of reaction is proportional to pvinyl and hence to q, but at larger q-values ΔHrx 

becomes constant because the excess of SiH groups cannot find reaction partners. 

[                                  ] Eq. 4.3.41 

In Figure 4.3.20 the heat of reaction for system 3 was plotted against q ratios for all formulations 

with variations in the catalyst concentrations and the CRA content. Despite the atypical results 

from CRA 25 and catalyst concentrations of 206 ppm observed in Figure 4.3.20 for q ratios of 4.5 

and 6.1 denoted by red triangles, a linear decrease of ΔHrx was observed for reactions which did 

not achieve 100% vinyl conversion cf. Eq. 4.3.42. This was found to be SiH/vinyl ratio-dependent 

and independent of the CRA content.  

[                    77                  ];     for p<1 Eq. 4.3.42 

 

 

 
Figure 4.3.20 Plots of the heat of reaction (ΔHrx) vs. SiH/vinyl (q) ratios of system 3 (polymer 164, 
CRA, crosslinker 101, catalyst 2.2). O Atypical values.    
    0CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm. 
  25CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm. 
  50CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm. 
  75CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm. 
100CRA: ●[Pt]= 52 ± 2 ppm, ■[Pt]= 103 ± 4 ppm, ♦[Pt]= 154 ± 5 ppm, ▲[Pt]= 206 ± 7 ppm.    
ΔHrx at pvinyl=1 for reactions containing:  •••• 0CRA, •••• 25CRA, •••• 50CRA, •••• 75CRA, •••• 100CRA. 

However, it was observed that for vinyl conversions pvinyl=1, the heat of reaction was CRA content 

dependent. Hence, the reaction became more exothermic for higher CRA contents. This was not 

attributed to more reacting vinyl groups present in the formulation since the total amount of vinyl 

groups added to all reactions was the same in magnitude, only the content of reacting vinyl groups 

coming from CRA was changed (cf. Table 4.3.15). It must hence be concluded that is caused by 

the reactivity of vinyl groups attached at the complex structure of silica particles since their reaction 

is about 3.9 times more exothermic than the hydrosilylation reactions made by linear polysiloxanes 

e.g. polymer 164. The heat of reaction depends on the kind of molecule bearing the vinyl groups.    
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Table 4.3.15 Percentage of vinyl groups CRA-silica particles in formulations of system 3 (polymer 
164, CRA, crosslinker 101, catalyst 2.2), p=1. 

  CRA parts  % vinyl from CRA  

 0 0,00 ± 0,00  

 25 27,47 ± 0,12  

 50 53,04 ± 0,20  

 75 77,02 ± 0,29  

 100 98,22 ± 0,63  

The total amount of vinyl groups is constant for all formulations ~13,9 ± 0,6 x10
-4

 vinyl mol. 
The variation in the percentages is caused by the catalyst concentration variation in the formulations. 
The rest of vinyl groups comes from vinyl- PDMS found in catalyst 2.2 ~ 1.46 ± 0,19% and from Polymer 
164. 

Following the behaviour of ΔHrx for reactions with p=1 of system 1 and 2 which remained constant 

independently of q ratio, it is expected that the heat of reaction also remains constant at a 

determined CRA concentration independently of the q ratio for system 3. Therefore, ΔHrx for 

reactions with pvinyl=1 of system 3 found Table C.3, Appendix C based on Table 4.3.14 were 

averaged and plotted (see Figure 4.3.20 horizontal lines). A linear correlation of the heat of 

reaction and the CRA content              was obtained (cf. Figure 4.3.21 in black). Eq. 4.3.43 

describes the behaviour of the heat of reaction in function of the CRA content showing that the 

reaction becomes about two times more exothermic when the CRA content is increased to 35 CRA 

parts.  

[                     9        4                              99  

                                                 99      ];  for pvinyl=1 

Eq. 4.3.43 

It was possible to identify a lower limit of the SiH/vinyl ratio (qmin) to ensure 100 % vinyl conversion 

for the three analyzed systems which is graphically described by the interception point between the 

horizontal lines of the Figure 4.3.19 and Figure 4.3.20 and the slope generated by reactions which 

did not achieved 100% vinyl conversion due to insufficient SiH excess in the reactive mixture (cf. 

Table 4.3.16). For system 3, the qmin was CRA dependent and was calculated based on Eq. 4.3.42 

for average ΔHrx values resulting from reactions with pvinyl=1. Figure 4.3.21 in red show that there is 

a linear trend to increase the qmin necessary to achieve pvinyl=1 depending on the CRA content in 

the reaction mixture, thus Eq. 4.3.44 can be used to estimate the minimum excess of hydrosilane 

bonds required with a tolerance range of ± 5%. 

[         9                                           ];  for pvinyl=1 Eq. 4.3.44 
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Figure 4.3.21 (••●••) Dependence of the heat of reaction (ΔHrx) on the CRA content and (••■••) qmin 
ratio dependence on CRA content of system 3 (polymer 164, CRA, crosslinker 101, catalyst 2.2) to 
achieve 100% vinyl conversion. 

 

Table 4.3.16 Minimal SiH/vinyl ratio to achieve 100% vinyl conversion for systems 1, 2, and 3 
calculated from Eq. 4.3.39, Eq. 4.3.40, Eq. 4.3.42 respectively. 

 System  qmin  

 1 2,1  

 2 2,7  

 

3 

0 CRA              2,5 
25 CRA              5,0 
50 CRA              7,1 
75 CRA              9,2 

100 CRA           11,2 

 

 

For system 1 and 2 and 0CRA of system 3, different qmin values were found (cf. Table 4.3.16). The 

differences were attributed to the kind of molecules participating in the reaction and steric reasons 

upon network formation. For system 1, and 0 CRA the same base polymer is used (Polymer 164 

MviD217M
vi) but the crosslinkers are different (S1: Crosslinker 45 (MDH

72M, S2: Crosslinker 101 

(MD23D
H

138M)). In System 1, less SiH excess is required because the crosslinker is a small polymer 

with all monomers SiH functionalized that can easily diffuse in the bulk mixture in order to react, for 

reaction stages beyond the gel point. In system 3 the crosslinker 101 diffuses in the matrix slower 

due to its size, despite it has two times more content of SiH, therefore, more excess is required for 

this system. In the case of system 2, the crosslinker 40 (M1,28D
H

48D12M
H

0,72) contains less SiH 

groups than the other crosslinkers used in the other systems. However, although the polymer is 

smaller and could diffuse better beyond the gel point to complete the reaction, this system was 

found to achieve higher conversions than the other systems at the fastest speed of reaction 

making the networks formed with this system sooner more rigid. This makes more difficult the 

diffusion of the molecules and thus, more excess of the crosslinker is needed in order to make all 
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vinyl groups react late stages of the reaction than for the other systems i.e. system 1 and system 3 

(0 CRA).    

d) Heating rate 

Up to this point, the DSC-kinetic studies were made with the heating rate β=10 K/min. However, in 

order to study the kinetics of hydrosilylation at other heating conditions, and to contribute with 

experimental data for the input parameters of the simulations presented in Section 4.3.3.3 that 

predict the kinetic constants of the hydrosilylation reaction, p(T) curves were obtained with the 

heating rates β= 5K/min and 15 K/min for some of the previously used silicone formulations shown 

in Table 4.2.7. Since the largest variations of the reaction conditions were observed for catalyst 

variations, the DSC measurements were performed on formulations of system 1 and 2 at constant 

q1= 3.1 and q2=3.3 ratio respectively, and for system 3 some formulations containing 0, 25, 50, 75, 

and 100 CRA parts were selected for the measurements. The obtained p(T) curves at the different 

heating rates for system 1 are depicted in Figure 4.3.22, the p(T) profile exhibited similar shape; 

however, the temperatures for the reaction shifted to higher values when the heating rate was 

increased. Similar behaviour was observed for the curves of system 2 shown in Appendix C, 

Figure C.4 and for system 3 in Figure C.5.   

The tabulated data obtained from all DSC measurements and p(T) curves at different heating rates 

of the three silicone systems are found in Appendix C, Table C.4, where are reported the 

temperature (TPeak) and the conversion (pVmax) at the maximum speed of reaction, the temperature 

achieved at the half-live of the vinyl groups (Tp=0,5), the integrated DSCB curve after subtraction of 

the baseline (β*ΔHrx) (cf. Figure 4.3.11 b), and the heat of reaction (ΔHrx).   
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a) 

 
b) 

 
c) 

 
Figure 4.3.22 Plots of conversion-temperature p(T) dependence on the catalyst concentration at 
constant SiH/vinyl ratio =3.1 determined at different heating rates (β) for silicone formulations of 
system 1 (polymer 164, crosslinker 45, catalyst 2.2). [Pt]= — 107 ppm, — 161 ppm,  — 215 ppm, 
— 267 ppm, — 322 ppm, — 430 ppm; repetition of the formulations in dotted lines. a) β= 5 K/min, 
b) β= 10 K/min, c) β= 15 K/min. 
 
In Figure 4.3.23 a and b the temperature at the maximum speed of reaction (TPeak) and the 

temperature at which half of the vinyl were reacted (Tp=0,5) are plotted against the Pt concentration 

respectively. In both cases, the temperature decreased with [Pt] increase following a quadratic 

behaviour reported in Eq. 4.3.45 to Eq. 4.3.56 and depended on the heating rate (β) being the 

temperature higher for larger β. However, the increments in the temperatures were not linearly 
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proportional to β increments i.e. for system 1 there were   8 K difference between 5 K/min and 10 

K/min but only    4 K for the increment of β from 10 K/min to 15 K/min; for system 2    7 K difference 

between 5 K/min and 10 K/min and    6 K for between 10 K/min and 15 K/min. On the other hand, 

the TPeak and Tp=0,5 values of system 1 appeared to be almost identical at constant [Pt] with 

differences of less than ΔT(p=0,5 - peak) = 0.4 K; however, in system 2 the difference ΔT(p=0.5 - peak)  

achieved in some cases    2.0 K which could mean a large difference in the vinyl conversion when 

considering the p(T) curves. Also when comparing TPeak and Tp=0,5 between system 1 and 2, a 

faster decrease of the temperatures of about two times is observed for system 2, thus fewer 

temperatures and less catalyst are required for achieving the same conversions, making system 2 

faster for curing. 

a) b) 

  
c) 

 
Figure 4.3.23 Plots of the results extracted from the p(T) curves obtained by DSC measurements 
at different heating rates (β) for a) the temperature at the maximum speed of reaction (TPeak), b) the 
temperature at the half-live of the vinyl groups (Tp=0,5) and c) the vinyl conversion at the maximum 
speed of reaction (pVmax) for formulations of systems 1 (polymer 164, crosslinker 45, catalyst 2.2)    
(♦ 5 K/min, ♦ 10 /K/min, ♦ 15 /K/min ) at constant q1=3.1, and system 2 (polymer 116, crosslinker 
40, catalyst 2.2) (▲ 5 K/min, ▲ 10 /K/min, ▲ 15 /K/min) at q2= 3.3. O Atypical data. 
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System 1: Tpeak and Tp=0,5 in K, [Pt] in ppm 

          5𝐾         49  5 44     5[  ]              [  ]    9        5  Eq. 4.3.45 

            𝐾        4 5     5     5[  ]      5     4 [  ]   4    7  4     Eq. 4.3.46 

           5𝐾       9 7     4     5[  ]             [  ]   4 7          Eq. 4.3.47 

     5     5𝐾          9  5 4      5[  ]              [  ]    9        4  Eq. 4.3.48 

     5       𝐾        5  7  7        5[  ]      5     4 [  ]   4 4    5     Eq. 4.3.49 

     5      5𝐾       9 7     7     5[  ]              [  ]   4 7          Eq. 4.3.50 

 

System 2: Tpeak and Tp=0,5 in K, [Pt] in ppm 

          5𝐾        5  4   5  9     5[  ]       5     4 [  ]    95  9        Eq. 4.3.51 

           𝐾           5   5        5[  ]      4     4 [  ]   4            Eq. 4.3.52 

          5𝐾          9   9 55     5[  ]            5 [  ]   4 9  9     4  Eq. 4.3.53 

     5    5𝐾       55  4            5[  ]            4 [  ]    9  45    7   Eq. 4.3.54 

     5      𝐾        9 77  9  9     5[  ]             [  ]   4 4  7     5  Eq. 4.3.55 

     5     5𝐾           4   5 4      5[  ]           7 [  ]   4   7  4  4  Eq. 4.3.56 

 
The conversion achieved at the maximum speed of reaction (pVmax) did not exhibit a systematic 

dependence for the catalyst increments but it did on the heating rate (cf. Figure 4.3.23 c). For 

system 1 pVmax decreased proportionally at a rate of -0.008 units with increments of β of 

Δβ=1K/min, while for system 2 pVmax increased 0.003 units for increments of Δβ=1K/min. The 

difference in the behaviour between both systems might be based on the location of the vinyl 

groups in the base polymer chains. In system 1 they are located at the end of the chains, hence at 

low heating rates, the polymers have more time to rearrange in order to make all groups react; 

however, if the crosslinking occurs fast, the diffusion of the unreacted chains becomes more 

difficult and thus, less conversion is achieved at the maximum speed of reaction. Nevertheless, in 

system 2, the functional groups are located along the polymer chains which facilitates the reaction, 

hence the diffusion process becomes less important for achieving higher conversions. 

Despite the integrated DSCB signal (cf. Figure 4.3.11 b and Appendix C, Table C.4) appeared to 

increase with the heating rate, the heat of reaction (ΔHrx) was not expected to be changed, neither 

with modifications of the Pt concentration in the silicone formulation, since the maximum vinyl 

conversion achieved for all formulations was 100%. This was confirmed by dividing DSCB by β and 

constant values were obtained for each system, with some atypical data for β=10 K/min at [Pt]=107 

and 109 ppm (S1.18.1 and S1.18.4). The average heat of reaction for system 1 was ΔHrx,S1 = -0.3774 ± 

0.0122 J/g and for system 2, ΔHrx,S2 = -0.6515 ± 0.0186 J/g that are similar to the values obtained 

for both systems reported in the previous section. 

For system 3 the analysis was made based on the CRA content. Similar curves of Tpeak and Tp=0,5 

behaviour as the ones for system 1 were observed (cf. Appendix C, Figure C.6) following a 

quadratic decrease presented in Eq. 4.3.57 to Eq. 4.3.62 for the different heating ramps. The 

behaviour was mostly attributed to the increments of the catalyst concentration used in the 

formulations but not to the CRA content itself. The differences ΔT(p=0,5 - peak) were   0.1K for 

β=5K/min,   0.3K for β=10K/min, and     0.4K for β=15K/min. Moreover, the difference in the 

temperatures between the heating ramps was    5K.     
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          5𝐾        7      9 7      5[  ]       4       [  ]       99     5  Eq. 4.3.57 

           𝐾       97        7     5[  ]           7 [  ]    9        5  Eq. 4.3.58 

          5𝐾        5  5   4        5[  ]            4 [  ]    9  7    7   Eq. 4.3.59 

     5    5𝐾       7  5      4     5[  ]       4       [  ]    7           Eq. 4.3.60 

     5      𝐾       97       7      5[  ]           7 [  ]   9   7     4  Eq. 4.3.61 

     5     5𝐾        4 4   4  7     5[  ]             [  ]    97  7    75  Eq. 4.3.62 

 
On the other hand, the conversion achieved at the maximum speed of reaction (pVmax) exhibited 

dependence on the CRA content and the heating rate cf. Figure 4.3.24. All pVmax values were 

below p=0.5 and decreased when the CRA content increased due to the presence of more silica 

particles that slow down the diffusion of the crosslinking polymers throughout the matrix to achieve 

higher conversions. Moreover, the lower the heating rate, the longer the time the molecules have 

to rearrange and hence achieve higher conversions. In Section 4.3.2.1 it was demonstrated that to 

achieve high vinyl conversions, the SiH/vinyl ratio must be increased when the content of CRA in 

the formulation is higher. Furthermore, the results of the crosslinking density showed that it was 

highly influenced by side reactions of the SiH groups contributing to the mechanical properties that 

may compete with hydrosilylation. Hence, in order to obtain stable properties of the silicone release 

liners, it is recommended to decrease the coating speed when increasing the CRA content.        

 
Figure 4.3.24 Plot of the conversion at the maximum speed of reaction pVmax against the CRA 

content in formulations of system 3 (polymer 164, CRA, crosslinker 101, catalyst 2.2) with variation 

in the CRA content, extracted from the p(T) curves obtained by DSC measurements at different 

heating rates (β= ● 5 K/min, ■ 10 /K/min, ▲ 15 /K/min). O Atypical data. 

 
Finally, the heat of reaction (ΔHrx) was compared for the different CRA contents cf. Figure 4.3.25. 

No difference as expected was obtained between the heating ramps; however, more energy was 

released linearly proportional to the CRA content (cf. Eq. 4.3.63), as it was already discussed in 

the previous section.  

                                                              

     7 4                  

Eq. 4.3.63 
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Figure 4.3.25 Dependence of the heat of reaction (ΔHrx) on the CRA content in formulations of 
system 3 (polymer 164, CRA, crosslinker 101, catalyst 2.2) obtained by DSC measurements at 
different heating rates (β= ● 5 K/min, ■ 10 /K/min, ▲ 15 /K/min). O Atypical data. 
 

At the end of this section, some facts about the hydrosilylation reaction of silicone liners are known: 

1. The increase of catalyst concentration drives the p(T) - curves to lower temperatures. 

2. The SiH/vinyl ratio does not shift significantly the temperature of the reaction but modifies the 

shape of the p(T) - curves in late stages of the reaction. The higher the SiH/vinyl ratio, the 

faster the reaction is completed. 

3. In systems containing CRA, neither the CRA concentration nor the SiH/vinyl ratio influences the 

temperature of the reaction, but the catalyst concentration still does. 

4. The temperature Tpeak at the maximum speed of reaction decreases with the catalyst 

concentration following a quadratic function, but the conversion at the maximum speed of 

reaction (pVmax) is constant for systems 1 and 3 for formulations with SiH/vinyl ratios that reach 

100% vinyl conversion and that contain the vinyl groups at the end of the base polymer 

molecules. For system 2 bearing vinyl groups along the base polymer chain, the conversion 

(pVmax) increases with the SiH/vinyl ratio in nonproportional quadratic ratio.   

5. The heat of reaction for 100% vinyl reacted formulations is constant for systems 1 and 2, while 

in system 3 an increase of the CRA content increases the heat of reaction released in a 

proportional manner due to the higher energy released for hydrosilylation reactions performed 

at the surface of silica particles compared to linear polysiloxanes functionalized at the end of 

the chain. Thus, the heat of reaction depends on the kind of molecules bearing the functional 

groups. Additionally, using the DSC method for measuring the heat of reaction of a specific 

formulation can provide an idea of the maximum achieved vinyl conversion, and in the case of 

system 3 the CRA content of the formulations.  

6. Despite of the reported results from Stein et al. with small molecules MDviM rate < MviM rate 

[14], it seems to be that for large molecules the rate of reaction is highly influenced by steric 

effects since the reaction of system 2 containing (MD150D
vi

3M) occurs faster than the reactions 

of system 1 and 3 with 0 CRA content where (MviD217M
vi) with release of energy proportional to 

the vinyl reacted groups. Further discussion about the network formation and the rate of 

hydrosilylation is found in Sections 4.3.3.2 and 4.3.3.3. 
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7. Increasing the heating ramp (β) shifts the reaction to higher temperatures. The conditions at 

the maximum speed of reaction depended on the heating ramp thus Tpeak is higher with higher 

β, but the conversion pVmax achieved decreased depending on steric factors during the 

crosslinking for polymers with vinyl groups at the end of the chains. For systems with a good 

distribution of vinyl groups along the chains, the steric factors do not influence pVmax, thus 

higher conversions are achieved with higher β. Moreover, pVmax was usually under the half-live 

of the vinyl groups (pVmax< 0.5).   

4.3.3.2. Network Formation 

The gelation process was discussed by several authors, however, the most accepted theory of 

gelation is the one proposed by Flory and Stockmayer developed in the 40s [16], [17], [19]-[23]. 

That theory is based on random reactions that account for complicated equations involving 

probability and statistics. In addition to that, the equations proposed are developed for specific 

cases of crosslinking, i.e. Af polymerization (A molecules bearing f functional groups), Af+A2 

(Molecules with the same functionality bearing f and 2 functional groups respectively) 

polymerization, and Af+A2+B2 polymerization (two kinds of functionalization), which means that 

new equations must be developed for systems different than the mentioned before. In this section, 

the gelation process is described schematically and subsequently simulated using a stochastic 

model generated at the University of Osnabrueck for systems including the previously mentioned 

and An and Bm mixtures (mixture of molecules A with functionalization type A repeated n-times in 

one molecule and mixture of B molecules functionalization type B repeated m-times in one 

molecule) without the need of complicated mathematic treatment.  

a) Network formation and gelation process: 

The process of crosslinking of PDMS by hydrosilylation obeys to a step-wise gelation process 

starting from a liquid mixture of linear polymers containing vinyl or hydrosilane functionalizations 

that begin to crosslink upon addition of a Pt-catalyst (cf. Scheme 4.3.7 a). The formation of several 

small molecules or clusters that increase in the size upon a certain extent of reaction occurs. On 

the macroscopic scale, the polymer mixture is still liquid (pvinyl<pc.vinyl) (cf. Scheme 4.3.7 b). The 

increase in the size of the clusters continues interconnecting the clusters until a cluster spanning 

the whole volume of the reaction mixture is formed. At this extent of reaction, the gel point is 

observed and the reacting mixture loses its capability to flow (pvinyl=pc.vinyl) (cf. Scheme 4.3.7 c) [16]. 

Even when the gel point is overcome, small molecules or clusters capable of flowing are trapped in 

the formed network. These small clusters constitute the sol phase. The gel part or spanning cluster 

continues to grow since small clusters join the cluster constituting the gel phase which is insoluble 

in all solvents [17], this process occurs fast.   
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a) b) 

  

c) d) 

  

Scheme 4.3.7 Gelation process in the crosslinking of PDMS by hydrosilylation; (—) vinyl bearing 

polymer (base polymer); (—) SiH bearing polymer (crosslinker). a) Initial mixture of linear polymers (pvinyl=0). 
b) Cluster formation prior to the gel point (pvinyl < pc.vinyl). c) Gel point (pvinyl= pc.vinyl). d) Beyond the gel point 
(pvinyl> pc.vinyl). О vinyl groups of difficult access for reaction due to network tension and conformation.  
Clusters in (b) or networks in (c and d) represented by thick lines. 

However, at later stages of the gel formation, the reaction rate decreases as the vinyl groups 

contained in larger cluster molecules become of difficult access to the SiH groups contained in the 

crosslinker polymer. This effect called steric hindrance plays a big role in the reaction rate and the 

maximum achievable conversion of vinyl groups (pmax) cf. Scheme 4.3.7 d and Section 4.3.3.1. As 

it was discussed in previous sections of this chapter, a stoichiometric amount of vinyl to SiH in the 

reaction mixture was not enough to achieve 100% vinyl conversion, either because of side 

reactions involving the SiH groups [18] or because of steric and network conformational effects. 

Therefore an excess of crosslinker was necessary in all cases for systems 1, 2 and 3. At the final 

state, the gel phase and sol phase coexist. The sol phase fraction remaining is very small and is 

composed mostly by the crosslinker.  
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b) Stochastic model of crosslinking reactions:  

A stochastic model developed for the network formation of crosslinking An(fA) + Bm(fB) step-growth 

polymerizations, was applied to the crosslinking of polydimethylsiloxanes by the hydrosilylation 

reaction. The algorithm named LISTCLUSTER allows the simulation of the conversion-molecular 

weight of the clusters curves and/or conversion-gel fraction curves [15]. The model is based on the 

following assumptions: 

i) All reactive groups in the system are equally reactive. 

ii) The reactivity does not depend on the degree of polymerization and branching of a 

molecule and the conversion. 

iii) The group reactivity is always the same in the sol and the gel phases. 

iv) Each group can always react with each other complementary group (no A+A or B+B, only 

A+B). 

In the case of crosslinking of PDMS by hydrosilylation, two functional groups are taking part of the 

reaction (A=SiH and B=vinyl) which react exclusively with each other, i.e. no A+A or B+B reactions 

are occurring. 

Explanation of the Model [15]:  

LISTCLUSTER can be applied to chain polymerizations as well as step-growth polymerizations. In 

the case of step-growth reactions, polyaddition and polycondensation are included. The 

crosslinking of PDMS by hydrosilylation is made by polyaddition in a step-wise process. 

The model allows arbitrary distribution of reactive groups via multifunctional NAn(fA) and NBm(fB) 

molecules over a predetermined total number of NM molecules; fA and fB denote the functional-

groups amount in the An or Bm molecules respectively. Thus, the total number of A1 molecules with 

functionalization fA=1 is denoted by NA1 or shortly written (A1: NA1 (fA=1)), other An molecules are 

denoted as follows, A2: NA2 (fA=2), A3: NA3 (fA=3), …, An: NAn (fA=n). The same for Bm molecules, 

B1: NB1 (fB=1), B2: NB2 (fB=2), B3: NB3 (fB=3), …, Bm: NBm (fB=m). The total number of molecules is 

NM= NA1 + NA2 + NA3 + …+ NB1 + NB2 + NB3 + …, other variables are defined as follows: 

X1: molecules that are chain stoppers 

X2: monomers 

Xn > 2: molecules that act as crosslinkers (X=A or B) 

p: conversion always referred to the sub-group A or B. 

The simulation of gelation proceeds according to: 

a) List of XN functionalities.  

b) Carrying out M reactions between An and Bm molecules under the creation of connectivity 

lists with Mmax being the maximum allowed number of reactions which value belongs to the 

smallest number between A and B functional groups. 

c) Generation of the cluster size distribution from the connectivity lists.  

The steps are repeated RP times in order to obtain a statistically significant cluster size distribution 

(CSD). The sol and gel phase fractions are calculated from the CSD as well as the average 

polymerization degree of the sol and gel phase. 

To distinguish between the sol and gel phases, it was defined that a cluster belongs to the gel 

phase as its degree of polymerization exceeds the value   
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                  Eq. 4.3.64 

being of system-spanning size. This value was arbitrarily chosen by considering that the gel cluster 

formed at the gel point should fill the whole system and the cluster was imagined as a contracted 

freely joined random coil.  However, at conversions close to the gel point this value could differ 

from the real values. Nevertheless, at conversions higher than the gel point, the gap of the degree 

of polymerization between the sol and the gel phase is large, thus the set value of       becomes 

unimportant.   

As an example to explain the procedure, the condensation of 16A2, 2A4, 2B3, and 2B4 molecules is 

described [15]. 

1. The list of functionalities of the NM= 22 molecules is created where the An and Bm molecules 

are randomly distributed over the list. At this stage the conversion is p=0. (cf. Figure 4.3.26 a). 

In total there are 40 A functional groups and 14 B groups available for the reaction. The 

program calculates the conversion (p) from the group type of the smallest initial number. In this 

case, p represents the conversion of B groups. M reactions will be performed and the 

maximum number of reactions will be 14 which is equal to Mmax. The conversion is thus 

calculated by the program as p=M/Mmax. 

2. Randomly, a pair of molecules (A, B) is chosen to react, as it is the case of #3 and #19 to react, 

their functionalities decrease by one. The 3-19 bond is introduced to the connectivity list and 

the conversion of B groups is increased by p= 0.071 (cf. Figure 4.3.26 b). 

3. After seven more reactions 19-9, 20-16, 21-12, 9-22, 20-6, 21-6, 20-12 the functional list have 

the appearance of Figure 4.3.26 c. The conversion at this stage has increased to p=0.571. 

There are still 32 groups A and 6 groups B available for the reaction. Moreover, at this point 

there are still  1 A4  and 12 A2 monomer molecules which have not reacted at all as well as two 

polymer clusters (C1: 3-9-19-22, C2: 6-12-16-20-21), the C1 cluster shows a linear structure, 

while C2 cluster has a cyclic structure (6-21-12-20-6) and a branching point at NB molecule 20 

of functionality f=3 cf. Figure 4.3.26 d. 

The program LISTCLUSTER selects in total M times XN units to form M reaction chains that are 

stored in M connectivity lists. Afterwards, the connectivity lists are investigated and modified to 

distinguish, a) Non-reactive monomers, b) partially reacted crosslinkers, c) linear polymer chains, 

and d) branched clusters.         

 NA molec. NB molec.   

 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 Conn. P 

a) 2   2   2   2   2   4   2   2   2   2   4   2   2   2   2   2   2   2 3   4   4   3  0.000 

b) 2   2   1   2   2   4   2   2   2   2   4   2   2   2   2   2   2   2 2   4   4   3 3-19 0.071 

 …    

c) 2   2   1   2   2   2   2   2   0   2   4   0   2   2   2   1   2   2 1   1   2   2 20-12 0.571 

d) List 1: 3-19-9-22 
List 2: 6-12-16-20-21 

   

Figure 4.3.26 Example of a functional list for NM=22 of 16A2, 2A4, 2B3, and 2B4 molecules at a) 
the beginning of the simulation, b) after one reaction step M=1 (p=0.071), and c) after eight 
reaction steps M=8 (p=0.571), d) Connectivity lists generated at p=0.571. 
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In the example of Figure 4.3.26, no gel phase has been yet formed since the polymerization 

degree of cluster C2 (XNC2 = 5) does not overcome the limit at which the sol-gel threshold occurs, 

which is calculated using Eq. 4.3.64 XNmax= 16. The number average (<Xn>) and mass average 

(<Xw>) degree of polymerization were calculated using Eq. 4.3.65 and Eq. 4.3.66 respectively. If 

any gel is formed (XN > XNmax), the number and weight average degrees of polymerization are 

calculated separately by the program.    

〈  〉   
∑    

∑  
  

   4     5              

        
   47 

Eq. 4.3.65 

〈  〉   
∑     

∑     
  

   4      5                 

   4     5              
   45 

Eq. 4.3.66 

((<Xn>: number average degree of polymerization, <Xw>: weight average degree of polymerization, j: 
monomers per molecule, Nj: number of molecules of length j)   

The program shows the user at the end of each simulation or repetition, the calculated number and 

weight average degree of polymerization of the system, of the sol and of the gel fractions as well 

as the conversion of reactive groups. After the total of repetitions is carried out, LISTCLUSTER 

calculates the averages and the standard deviations of the above-mentioned values over all 

repetitions. Other variables as the polydispersity and the mole fractions of the sol and of the gel are 

also shown.      

The simulation time was optimized by the variation of molecule number NM and repetitions RP 

[15]. In the end, the combination of NM and RP that exhibited the smallest standard deviation of 

the variables as calculated from the simulation results was used e.g. sol fraction. In Figure 4.3.27 

the plots depict the results of the simulation performed for the polyaddition of a stoichiometric 

mixture A3 + B3 with different amount of molecules and simulation repetitions. It was found that the 

best cluster size distribution is better for NM=1000 (Figure 4.3.27 a, •) than for NM= 10000 (Figure 

4.3.27 b, •) and more repetitions. The program seemed to generate better CSD for a few 

molecules NM (2 < NM < 5000) and many repetitions RP. 

a) 

 

b) 

 
Figure 4.3.27 simulated number size distribution of A3 + B3 polyadducts with NA=NB at conversion 
p=0.6 of a) NM=1000, RP=1-10000, b) NM=10000, RP= 1-100.     

Another feature of the LISTCLUSTER is the possibility to run a number of series in order to get the 

molecular weight distribution of the sol and the gel (if any) for different extents of reactions (pnext= 

p+Δp). The program offers in the option SERIES the possibility to change the number of reactions 

M or the extent of reaction.     
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In the final state the software-system LISTCLUSTER contains the following characteristics: 

 Stochastic simulation of An (chain reaction), An (step-growth reaction), and An+ Bm (step-growth 

system). 

 A and B molecules may be mixtures of any functionality. 

 Simulation series with variation of the conversion, at constant NM and RP, can run 

automatically. 

 Calculation of sol and gel fractions as well as molecular weight average values of the simulated 

system and the cluster size distribution as required by the user. 

 Determination of the average values and standard deviations of the simulations on the RP 

repetitions. 

Limitations of the model:  

The model assumes unrestricted mobility of the monomers in the polymeric linear chains or 

clusters allowing the monomers to find reactive positions. This moves away from reality since the 

mobility will be limited by a certain degree of polymerization, and definitively beyond the gel point. 

Some reactive monomers will be hidden from other reactive monomers when trapped in the 3D 

polymers or clusters which can be only reached by small molecules or monomers. Therefore this 

model is more realistic when applied to chain polymerizations, and prior to gelation. The model 

further assumes a perfectly homogeneous molecular-disperse distribution of all functional groups 

over the reaction volume. Note that this premise is not necessarily fulfilled with polysiloxane 

crosslinkers or CRA-vinyl compounds.     

Application of LISTCLUSTER to PDMS crosslinking by hydrosilylation: 

Table 4.3.17 List of imput parameters for simulations carried out with LISTCLUSTER for the step-
grow addition in silicone systems 1, 2 and 3. (An+Bm) 

Silicone 
System 

1 
(polymer 164 + 
Crosslinker 45) 

 2 
(polymer 116 + 
crosslinker 40) 

3 
(polymer 164 + CRA +  crosslinker 101) 

Simulation 1 Simulation 2 

SiH : Vinyl 
(NA : NB) 

2,7 : 1 2,7 : 1 6,1 : 1 6,6 : 1 

C*RA parts 0 0 25 50 

An (SiH) A72 A49 A97 A97 

Bm (vinyl) B2 B3 
B2 + B98 

NB(B2): NB(B98) = 3: 1 

B2 + B98 

NB(B2): NB(B98) = 
1: 1 

NM 1720 1410 2935 2027 

M 2560 1340 6398 6021 

XNmax 287 251 410 317 

RPmax 10000 10000 10000 10000 

p0 0.05 0.05 0.025 0.025 

pf 0.75 0.90 0.95 0.95 

Δp 0.05 0.025 0.025 0.025 

NA: number of SiH groups; NB: number of vinyl groups; CRA parts: content of CRA in the silicone 
mixture; n: number of SiH groups in a crosslinker chain; m: number of vinyl groups in the base 
polymer and the CRA (if any); NM: total number of monomers taking part of the reaction; M: 
number of reactions; XNmax: maximum degree of polymerization of the sol phase; RPmax: total 
number of repetitions. p0: initial conversion simulated. pf: final conversion simulated. Δp: 
conversion increasing step.     
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Simulations of the gelation of some formulations used in the present chapter for system 1 (polymer 

164, crosslinker 45, catalyst 2.2), system 2 (polymer 116, crosslinker 40, catalyst 0.6), and system 

3 (polymer 164, CRA, crosslinker 101, catalyst 2.2) were carried out with the parameters presented 

in Table 4.3.17. The simulations were performed in series with the aim of observing the cluster size 

distribution (CSD), the gel and sol fractions and their polymerization degree along the gelation 

process, i.e. at different vinyl conversions (pB). 

The results of the cluster-size-distribution or the weight fraction of the clusters (W i) vs. degree of 

polymerization (Xi) are plotted in Figure 4.3.28. In the figure, the boundary XNmax (cf. Eq. 4.3.64) 

between the sol and the gel phases is represented by the black dotted vertical line. In Figure 

4.3.28 a, the CSD of the simulation of system 1 (   
       

  n l
, SiH/Vinyl= 2.7) is presented. At low 

conversions pB=0.05 (●) and pB=0.10 (●), the cluster size distribution decrease monotonically for 

Xi> 4 which means that no system spanning cluster has been formed and thus, the conversion is 

below the critical conversion for gel formation (pB>pBc). For conversions between 0.15 (●) < pB < 

0.16 (●), there are broad cluster weight distributions, but the frequency of bigger size cluster starts 

to increase from a degree of polymerization Xi>100. Therefore, the onset of gelation might be 

located in conversions of vinyl around pB~ 0.15-0.16. For conversion pB=0.20 (●), the system 

passed well the gel point since a subdivision of large highly branched and cyclized clusters is 

observed in the order Xi=350-600 showing a maximum at Xi=480. The sol phase presents a 

monotonical decrease of CSD similar to the one for pB=0.10. As the conversion continues to 

increase (eg. PB=0.75 (●)), the CSD of the gel phase becomes narrower and the sol phase 

distribution disappears as small clusters join the spanning cluster leaving only single polymer 

chains without any crosslinking making part of the sol phase.   

A similar analysis of the simulation of system 2 (   
       

  n l
, SiH/vinyl=2.7) can be done (cf. 

Figure 4.3.28 b). However, since there are more vinyl groups available per polymer chain, it is 

expected that the gel point is located at lower vinyl conversions. In the figure, it is observed that for 

pB=0.15 (●) the cluster size has already started to increase overpassing the gel boundary and 

showing a wide CSD. For pB=0.175 (●) the system has passed well the gel point showing 

behaviour similar CDS of the gel phase at pB=0.20 for system 1. At higher conversions, the CSD of 

the gel phase becomes narrow and the gap between the sol and the gel phases is well observed 

as required by the Flory-Stockmayer theory [17], [19]-[21]. 

For system 3, two different contents of CRA were simulated (CRA 25 q=6.1 cf. Figure 4.3.28 c, 

CRA 50 q=6.6 cf. Figure 4.3.28 d), and the SiH/vinyl ratio (q) was chosen based on Section 4.3.3.1 

of this chapter where the vinyl conversion at the end of the reaction achieved 100%. For this 

system, the vinyl contribution is also made by the functionalized silica particles in the CRA. It was 

observed that with growing content of CRA, the gel point is achieved at lower conversion since for 

25CRA the gelation is barely happening at pB=0.175 (●), while for 50CRA the gel point has been 

well passed at this conversion. Moreover, it is observed that for conversions beyond the gel point, 

the clusters in the sol phase of a bigger size preferably react before the smaller clusters to made 

up the gel phase as observed in the decrease of the degree of polymerization distribution Xi of the 

sol phase for pB=0.30 (●).    
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a) b) 

  

c) d) 

  

Figure 4.3.28 Cluster-size-distribution at different stages of the gelation process of PDMS by 
hydrosilylation reactions. --- XNmax boundary.  

a) System 1:    
       

     
, SiH/Vinyl= 2.7,  

● pB=0.05, ● pB=0.10, ● pB=0.15, ● pB=0.16, ● pB=0.20, ● pB=0.75. 

b) System 2:    
       

     
, SiH/vinyl=2.7,  

● pB=0.05, ● pB=0.10, ● pB=0.15,● pB=0.175, ● pB=0.90. 

c) System 3: 25 CRA,    
        

     
   8

     
 ,            8  3: 1, SiH/vinyl= 6.1, 

● pB=0.10, ● pB=0.15, ● pB=0.175,● pB=0.20, ● pB=0.30. 

d) System 3: 50 CRA,    
        

     
   8

     
 ,            8  1: 1, SiH/vinyl= 6.6, 

● pB=0.10, ● pB=0.15, ● pB=0.175, ● pB=0.30. 

The weight and number average degree of polymerization of the sol and the gel phases was 

analyzed as a function of the vinyl conversion (cf. Figure 4.3.29). The behaviour of the degree of 

polymerization prior to gelation and of the sol and gel phases after the gel point was in agreement 

with the literature [21] see Section 2.4.2, Figure 2.4.1. Before gelation, Xn increases slightly while 

Xw increases much more rapidly. After the gel point is reached, both Xn and Xw of the called sol 

gel 
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phase decrease upon further crosslinking. In the theory of gelation [21], Xw increases to infinite 

values up to the critical conversion of gelation (pBc). Nevertheless, the simulations were run with a 

finite number of molecules, thus no infinite behaviour is observed. 

a) b) 

  

c) d) 

  

Figure 4.3.29 Average degree of polymerization as function of the conversion of vinyl groups in 
gelation of PDMS by hydrosilylaion.  ●Xn,sol: number average degree of polymerization of the sol 
phase, ● Xw,sol : weight average degree of polymerization of the sol phase, ● Xw, gel : weight average 
degree of polymerization of the gel phase, pBc: vinyl conversion at the gel point. 

a) System 1:    
       

     
, SiH/Vinyl= 2.7. 

b) System 2:    
       

     
, SiH/vinyl=2.7.  

c) System 3: 25 CRA,    
        

     
   8

     
 ,            8  3: 1, SiH/vinyl= 6.1. 

d) System 3: 50 CRA,    
        

     
   8

     
 ,            8  1: 1, SiH/vinyl= 6.6. 

The gel point (pBc) is expected at the maximum of the Xw,sol(pB) curve where Xw,sol begins to 

decrease (cf. Figure 4.3.29). The degree of polymerization of the gel point Xw,gel begins to increase 

quickly right after the gel point, levelling out to the total amount of molecules used in the simulation. 

Table 4.3.18 contains the approximated values found for the gel point based on the parameters 

used for the simulations. More exact gel point values can be found by simulating smaller 

𝑝𝐵𝑐  
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conversion intervals close to the gel point. However, it seems to be that the gel point conversions 

are relatively similar for all systems. That is because the algorithm does not consider the size and 

shape of the polymers taking part in the reaction which could lead to extreme mistakes in the gel 

point determination. Later in this section, a comparison regarding the different sizes and 

functionality of the polymer molecules was made where the gel points were found experimentally 

by stopping the reaction with the subsequent determination of the sol and the gel fraction.  

Table 4.3.18 Gel point (pBc) determined by the average degree of polymerization behaviour 
simulated upon vinyl conversion of PDMS using LISTCLUSTER program. 

 Simulation pBc  

 System 1 ~0.1500-0.1600  
 System 2 ~0.1500  
 System 3 25 CRA ~0.1750  
 System 3 50 CRA ~0.1500  

 
The gel weight fraction (FW,G) in function of the vinyl conversion was also obtained from the 

simulations and was compared for the three different silicone systems. It was observed that the 

introduction of molecules with more vinyl content contributes to a faster increase in the gel fraction 

after the gel point. Figure 4.3.30 shows that trend as the polymer 164 of system 1 only contributes 

with two vinyl groups per molecule (●), while the polymer 116 of system 2 contributes with three 

vinyl groups per molecule (●). System 3 contains besides polymer 164 also vinyl functionalized 

silica particles (f~98 per particle) in the component CRA. The higher the proportion of CRA, the 

faster the gel fraction increases. The onset-vinyl conversion of gelation only slightly differed in the 

four simulated systems (            
     

   0.15 – 0.18). 

 

Figure 4.3.30 Simulated gel weight fraction as a function of the vinyl conversion in the gelation of 
PDMS by hydrosilylation for different silicone systems obtained from simulations made with the 
LISTCLUSTER program.  

● System 1:    
       

     
, SiH/Vinyl= 2.7.  

● System 2:    
       

     
, SiH/vinyl=2.7. 

● System 3: 25 CRA,    
        

     
   8

     
 ,            8  3: 1, SiH/vinyl= 6.1. 

● System 3: 50 CRA,    
        

     
   8

     
 ,            8  1: 1, SiH/vinyl= 6.6.     
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Experimental results compared to the simulations with LISTCLUSTER  

The results of the simulations presented in Figure 4.3.30 were compared to experimental data 

obtained by stopping the hydrosilylation reaction at different extents of vinyl conversion (pB). The 

description of the experiments is presented in Section 4.2.3. However, stopping the reaction at 

different stages of the gel formation was not easy to control. Once the gel point is achieved the 

reaction proceeds fast leaving only a few seconds to collect samples when the sample is heated. 

Therefore, the silicones mixtures were kept the whole time at room temperature leading to a   6-7 

hour induction period with the gelation occurring within few minutes, but the time was enough to 

collect few samples at different extents of the reaction.  

The next challenge in performing the experiments was to keep constant the vinyl conversion 

overtime for the samples for being able to separate the sol and the phases. Hydrosilylation inhibitor 

1-ethinylcyclohexanol was added in excess to stop the reaction. It was observed that even after 

one week the 1H-NMR spectrum was unchanged (not shown). Therefore, the samples were placed 

in 5 mL of a   0,6 M solution of 1-ethinylciclohexanol in cyclohexane. The separation of the gel 

fraction from the sol fraction by simple methods as filtration or centrifugation was complicated. 

Hence, a special assembly for filtration was used (cf. Scheme 4.2.2). In order to asses the vinyl 

conversion with this procedure, it was necessary to add a reference to the initial silicone mixture 

which should have high boiling point, inertness and not superimpose the silicone 1H-NMR 

spectrum with the aim of being able to extract it completely from the gel phase and use it as 

reference in 1H-NMR measurements. 1,3,5-Triisopropylbenzene (Bp: 232-236°C) was the 

reference added (vinyl : TIPB =    1: 1). Once the TIPB and non-reacted vinyl groups belonging to 

the sol phase were separated and concentrated, the pB was calculated from the sol phase 1H-NMR 

spectrum. The ratio of the area of the peaks representing the signal of vinyl groups (δ= 6.16-5.75 

ppm) with 3 protons per vinyl and the area of the signal representing the 3 protons of the CH 

groups bonded directly to the benzene ring in TIPB (δ= 6. 3 ppm) was compared to the ratio 

obtained from the 1H-NMR results of the reference sample (Sref) before starting the reaction which 

reveals how much of the vinyl groups has not reacted yet. The area of the peak representing the 

signal of CH groups in the benzene ring in TIPB was always made equal to 1.000. Finally, to find 

out the extent of reacted vinyl groups (  ) the Eq. 4.3.67 was used.  

      
             

             𝑟 𝑓 
 Eq. 4.3.67 

The gel fraction was determined by the ratio of the dried sample after separation (Sdry) and the 

initial weight of the sample (S0) without separation cf. Eq. 4.3.68.              

 𝑊 𝐺   
       

     
 Eq. 4.3.68 

Table 4.3.19 contains the results of the 1H-NMR measurements for the reference samples, and of 

the sol phase for the determination of the vinyl conversion. The table also reports the complete 

mass after the drying process of the centrifuge tubes containing the syringe, the filter paper, the 

syringe filter and the separated gel fraction. The calculation of the dried gel phase mass is 

presented (Sdry) which was made by the mass subtraction of the single elements reported in 

Section 4.2.3, Table 4.2.9. The results of the calculation of the gel fraction (FW,G) is also reported in 

the table.  
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Table 4.3.19 Results after silicone sol-gel phases separation at different vinyl conversions (pB) 
determined by NMR measurements with the corresponding gel fractions (FW,G). 

System 1: Polymer 164, Crosslinker 45, Catalyst 2.2 

NMR Sref 
1 Sample 

N° 
NMR sol 
phase2 

pB Tube dry 
(g) 3 

Tube 2 
dry (g) 4 

Sdry (g) 5 FW,G 

Silicone mixture S1.13.5 

1,2630 

S1.13.5-1 0,3760 0,7023 38,4075 - 0,1719 0,5788 
S1.13.5-2 0,1420 0,8876 17,7808 - 0,1805 0,6320 
S1.13.5-3 0,2120 0,8321 17,5962 - 0,1889 0,7118 
S1.13.5-4 0,0816 0,9354 17,5423 - 0,2070 0,7525 
S1.13.5-5 0,0430 0,9660 17,7004 - 0,2051 0,8600 
S1.13.5-6 0,0000 1,0000 17,6738 - 0,1837 0,8157 
S1.13.5-7 0,0000 1,0000 17,5351 - 0,2059 0,9890 

Silicone mixture S1.13.6 

1,3910 

S1.13.6-1 1,2340 0,1129 17,2652 - 0,0165 0,0356 
S1.13.6-2 0,6820 0,5097 19,0856 - 0,0921 0,4177 
S1.13.6-3 1,0410 0,2516 17,6202 - 0,2478 0,3969 
S1.13.6-4 1,1480 0,1747 19,3284 - 0,3222 0,4566 
S1.13.6-5 1,0480 0,2466 19,1256 - 0,2530 0,4429 
S1.13.6-6 0,9980 0,2825 19,1155 - 0,1354 0,3486 
S1.13.6-7 0,8250 0,4069 17,4266 17,403 0,1059 0,3128 
S1.13.6-8 0,8390 0,3968 17,4208 - 0,2822 0,7357 
S1.13.6-9 0,7290 0,4759 17,7441 - 0,2503 0,9179 

System 2: Polymer 116, Crosslinker 40, Catalyst 0.6 

NMR Sref 
1 Sample 

N° 
NMR sol 
phase2 

pB Tube dry 
(g) 3 

Tube 2 
dry (g) 4 

Sdry (g) 5 FW,G 

Silicone mixture S2.7.2 

1,5271 
 

S2.7.2-1 1,507 0,0132 17,2390 - 0,0000 0,0000 
S2.7.2-2 1,426 0,0662 17,4160 - 0,0000 0,0000 
S2.7.2-3 1,336 0,1251 19,0704 - 0,0606 0,1586 
S2.7.2-4 1,437 0,0590 17,5421 - 0,0509 0,1136 
S2.7.2-5 1,3968 0,0853 17,4343 - 0,0417 0,1228 
S2.7.2-6 1,3851 0,0930 17,1435 - 0,2051 0,5002 
S2.7.2-7 1,1317 0,2589 19,3550 - 0,3567 0,5750 
S2.7.2-8 1,1319 0,2588 17,5819 - 0,2269 0,5907 
S2.7.2-9 1,1518 0,2458 17,5762 - 0,2145 0,6309 
S2.7.2-10 0,8171 0,4649 17,5235 - 0,1188 0,7196 
S2.7.2-11 0,2023 0,8675 17,6529 - 0,1759 0,9488 
S2.7.2-12 0,1851 0,8788 17,6029 - 0,2205 0,8116 

  



Chapter 4        Properties of PDMS-Networks Synthesized by Hydrosilylation and Reaction Kinetics 

271 

System 3: Polymer 164, Crosslinker 101, CRA, Catalyst 2.2 

NMR Sref 
1 Sample 

N° 
NMR sol 
phase2 

pB Tube dry 
(g) 3 

Tube 2 
dry (g) 4 

Sdry (g) 5 FW,G 

Silicone mixture S3.70.1 

2,6810 

S3.70.1-1 2,6077 0,0273 17,3000 - 0,0068 0,0204 
S3.70.1-2 2,0509 0,2350 17,4462 - 0,0036 0,0284 
S3.70.1-3 1,4268 0,4678 17,5044 - 0,1503 0,3024 
S3.70.1-4 1,5505 0,4217 17,4543 - 0,1409 0,3079 
S3.70.1-5 1,8954 0,2930 17,4254 - 0,1484 0,3799 
S3.70.1-6 1,7289 0,3551 17,5700 - 0,2898 0,5311 
S3.70.1-7 1,7594 0,3438 17,5667 - 0,2081 0,4170 
S3.70.1-8 1,3640 0,4912 17,5108 - 0,2182 0,5127 
S3.70.1-9 1,5672 0,4154 17,7429 - 0,2553 0,5354 

Silicone mixture S3.71.1 

3,6410 

S3.71.1-1 3,1820 0,1261 17,3491 - 0,0108 0,0175 
S3.71.1-2 2,7730 0,2384 17,4066 - 0,0583 0,2143 
S3.71.1-3 2,7130 0,2549 17,5508 - 0,1405 0,3314 
S3.71.1-4 2,4980 0,3139 17,4605 - 0,1723 0,3996 
S3.71.1-5 2,7820 0,2359 20,8883 - 0,2802 0,3921 
S3.71.1-6 2,6940 0,2601 19,2244 - 0,1879 0,4120 
S3.71.1-7 2,5360 0,3035 19,2014 - 0,2431 0,4903 
S3.71.1-8 2,3080 0,3661 17,5127 - 0,2048 0,5988 
S3.71.1-9 1,8340 0,4963 17,4330 - 0,228 0,7186 

1
 NMR Sref: NMR result of the vinyl/TIPB area ratio from reference sample taken before the beginning of  

   the reaction. In Eq. 4.3.67 is equal to              𝑟 𝑓 . 
2
 NMR sol phase refers to the 

1
H-NMR results of the separated sol phase including all initial TIPB  

   present. In Eq. 4.3.67 is equal to                . 
3
 Mass of gel phase and all the artefacts used in the separation process of sol-gel phases. Centrifugation  

   tube + syringe + paper filter + syringe filter.  When a second or/ and a third syringe filter was used, the  
   mass Tube dry includes those filters. 
4
 Mass of gel phase and second tube used for some separations. The reported mass includes all used  

   artefacts (centrifugation tube + syringe + paper filter + syringe filter). 
5
 Sdry: mass of the dried gel fraction.   

 

The experimental results of FW,G vs pB were compared with the results obtained from the 

simulations in Figure 4.3.31. For the systems 1 and 2 cf. Figure 4.3.31 a and b, the gel point 

occurred at pBc   0,10 which is smaller than pBc obtained from the simulations (pBc   0,15). 

Nevertheless, the gel fraction seemed to increase slower with the vinyl conversion. For system 3, 

the experimental results showed that the gel point occurs later than the gel point predicted by the 

simulations. For the sample containing 25 parts of CRA, pBc experimental was located at pBc    0,23 

(cf. Figure 4.3.31 c) which is relatively higher than the value obtained with the simulations pBc    

0,175. For the sample containing 50 CRA parts the pBc was located at pBc    0,175 (cf. Figure 4.3.31 

d), for the simulation pBc was at pBc    0,15. On the other hand, samples containing CRA increased 

the gel fraction slower than predicted by the simulation, which is to be expected from the gel 

formation process described in Section 4.3.3.2 a. The polymer chains and vinyl functionalized silica 

particles for the CRA crosslink to form first small clusters before they add to the spanning cluster 

known as the gel. Due to steric hindrance produced by the silica particles, those small clusters add 

with more the difficulty to the gel. Steric hindrance was not taken into consideration in the 

simulations therefore, in all cases the gel fraction was increasing experimentally slower with the 



Chapter 4        Properties of PDMS-Networks Synthesized by Hydrosilylation and Reaction Kinetics 

272 

vinyl conversion than the simulations for all studied silicone systems.  

a) b) 

  

c) d) 

  

Figure 4.3.31 Comparison between the simulations and the experimental results of the gel fraction 
(FW,G) against vinyl conversion (pB). 

a) System 1: Polymer 164, Crosslinker 45, Catalyst 2.2. q: 2,7 [Pt]= 216 ppm. 

      ▬ Simulation    
       

     
;  • S1.30.1, • S1.30.2. 

b) System 2: Polymer 116, Crosslinker 40, Catalyst 0.6. q: 2,7 [Pt]= 120 ppm. 

           ▬ Simulation    
       

     
 ;  ■ S2.37.1. 

c) System 3: Polymer 164, Crosslinker 101, CRA, Catalyst 2.2. q: 6.1, 25 CRA,                  
[Pt]= 225 ppm. 

           ▬ Simulation    
        

     
   8

     
 ,            8  3: 1;  ♦ S3.75.1. 

d) System 3: Polymer 164, Crosslinker 101, CRA, Catalyst 2.2. q: 6.6, 50 CRA,                 
[Pt]= 226 ppm.   

      ▬ Simulation    
        

     
   8

     
 ,            8  1: 1; ▲S3.76.1. 
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Finally, despite the simulation and the experimental results exhibited some differences in the FW,G 

vs pB curves, the simulation results were not lying much far away from the experimental results at 

the gel point. i.e. the value predicted with the simulations was in the proximity of the gel point 

obtained experimentally; the difference in the values did not overcome 100% error relative to the 

very small obtained critical conversion values pBc. 

To conclude the gelation simulations section, it must be discussed that the aim of the simulations 

was to explain the reader a non-complicated method to assess and understand the gelation 

process. The cluster size distribution and the degree of polymerization at different extents of 

reaction were easily obtained, exhibiting similar behaviour to the curves described by the theory of 

Flory and Stockmayer for gelation but without the need of generating and solving complicated 

equations [16], [17], [19]-[23]. The simulations were compared to experimental curves obtained 

when the gelation process was investigated and it was found that the gel points do not lay down far 

away from each other which makes the algorithm valid to predict an approximated behaviour of the 

gel formation. Nevertheless, the algorithm needs improvement in taking into account steric 

hindrance and unequal reactivity of the functional groups as the reaction proceeds.       

4.3.3.3. Hydrosilylation Reaction Kinetics and Mechanism 

The hydrosilylation mechanism has been studied for over 60 years, several proposals of the 

mechanism have been very controversial, thus making it very difficult to establish a mechanism to 

describe the reaction kinetics cf. Section 2.4.1. It is known to date that the mechanism is likely to 

proceed homogeneously since Lewis and his team hesitated about Pt-catalyst forming active 

particles making the reaction to proceed partially heterogeneously [24]-[25], [33]-[35]. Furthermore, 

it is known that the olefin insertion occurs into the Pt-H bound and not into the Pt-SiR bond, this 

step being the rate-determining step [36]-[37]. Isomerization and hydrogenation of the olefin can 

occur depending on the ratio of the reactants [35]. The presence of O2 is required to improve the 

coordination of the olefins to the catalyst and to avoid its deactivation [24]. Very high 

concentrations of Pt catalyst decrease the speed of reaction due to the formation of Pt colloids 

[37]. Finally, the most accepted mechanism based on the proposal form Chalk and Harrod [38], 

contains an induction period or activation of the Pt complex, coordination of the olefin to the metal 

centre, oxidative addition of the hydrosilane, migratory insertion of the olefin into the Pt-H bond, 

and reductive elimination cf. Section 2.4.1.  

It was often claimed that the formation of colloids deactivates the catalyst. However, recent 

discoveries [39] suggest that hydrosilylation can be catalyzed by nanoparticles reopening the 

debate about the possibility of nanoparticles formation during the catalyst activation. In this section, 

an attempt to determine the mechanism of hydrosilylation reaction was made considering the 

results of Section 4.3.3.1. The idea consisted of finding a mechanism and its apparent reaction 

equations that predict the results p=f(T(t,dT/dt)) obtained from the DSC measurements in the 

mentioned section. The coupling between the previously developed gelation model (cf. Section 

4.3.3.2) and the kinetics is performed. Therefore the solution was based on finding the proper 

kinetic rate constant that is conversion dependent [K(p)].  
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a) The role of oxygen in Pt-catalyzed hydrosilylation  

Before the hydrosilylation reaction proceeds, an induction period is always observed [24]-[25]. 

During this period the formation of active catalyst takes place. Lewis and coworkers [25] at first 

proposed that Pt-colloids are responsible for the catalysis of hydrosilylation but they demonstrated 

that the colloid formation only occurs in the presence of oxygen acting as co-catalyst cf. Section 

2.4.1. In this section, some preliminary experiments were made to assess the behaviour of the 

reaction in the presence and absence of O2 for different reagent mixtures, the results are shown in 

Scheme 4.3.8.  

 
Scheme 4.3.8 Experiments performed to asses the rolle of O2 in the hydrosilylation reaction. The 
ageing was made in containers with probable O2 permeation. 

It was observed that the depletion of the oxygen caused a decrease of the reaction rate in all 

cases. Especially for the mixture crosslinker 45 + catalyst 2.2 (1O2 and 1N2) the difference in 

having oxygen present was strong. The reaction 1O2 occurred spontaneously with a hard gel 

formation while in the case of 1N2 the reaction did not occur; only a formation of a type of yellow-

orange hard gel was observed in the volume occupied by the catalyst as soon as it got in touch 

with the crosslinker. A TEM measurement performed on one of these drops in 1N2 showed the 

presence of Pt-nanoparticles of diameter Dp   75 nm cf. Figure 4.3.32. For the sample 2N2 (silicone 

oil + crosslinker 45 + catalyst 2.2) no gel formation was observed but for sample 2O2 with the same 

composition, the partial formation of the gel was directly observed. When instead of silicone oil 

polymer 164 was used, no partial gel formation was observed, which confirms the presence of 

inhibitor mixed with the vinyl polymer. Finally, when the polymer 164 + catalyst 2.2 are mixed (3O2 

and 3N2), the depletion of oxygen caused directly Pt precipitation and thus colouring was 
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observed, while under ambient conditions this process may take several days. The fact that the 

reaction did not occur by any means under pure N2 atmosphere means that the hydrosilylation 

reaction must be effectively co-catalysed by oxygen. 

  

Figure 4.3.32 TEM images of Pt-nanoparticles present in the yellow hard drops obtained in 
experiment 1N2 in absence of O2 cf. Scheme 4.3.8. 

 

b) The inhibitor role in the kinetics of Pt-catalyzed hydrosilylation  

In Chapter 3, Section 3.3.1 it was demonstrated that the vinyl base polymer 164 contained 0.18 

wt% of inhibitor 1-ethinyl-1-cyclohexanol (ECH). This inhibitor prevents immediate hydrosilylation 

at room conditions since when polymer 164 without inhibitor was used to synthesize the silicone 

S1.30.1 and the reaction proceeded spontaneously upon addition of the catalyst at room conditions. 

Moreover, when the inhibitor concentration in the silicone formulation was increased by 10 times 

i.e. from 0.18 wt% to 1.84%, the kinetics of the reaction was affected as depicted in Figure 4.3.33. 

When the 0.18 wt.% standard concentration of inhibitor was used (─), 85  of the vinyl groups 

reacted at    380K and the reaction occurred within   30K, while for 1.83 wt.  ETC in the sample (─), 

the conversion increased non-proportionally with the temperature and occurred in a range of 75K. 

Thus the inhibitor concentration must have been optimized by the polymer 164 supplier in order to 

control the kinetics of the reaction. Furthermore, Faglioni and coworkers have demonstrated that 

inhibitors do not bind to the catalytic centre, they are rather not soluble in the silicone mixture and 

thus, form liquid globules which physically isolate the catalyst [41]. Note that it is the evaporation 

rate of the inhibitor what affects considerably the kinetics of the reaction but the inhibitor itself does 

not modify the mechanism.  
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Figure 4.3.33 Effect of the inhibitor ECH concentration on the conversion-temperature p(T) plot of 
the silicone formulation of system 1 (polymer 164, crosslinker 45, catalyst 2.2) with q=2.6 [Pt]= 
216 ppm. (─ S1.13.3, 0.18 wt.% ECH; ─ S1.31.1, 1.84 wt.% ECH) 
    

c) Modelling the Kinetics of hydrosilylation 

In order to obtain information about the reaction kinetics of hydrosilylation, the temperature/time-

conversion curves [p= f(T (t, dT/dt)] obtained from Section 4.3.3.1 were used. Therefore, a 

program based on the searching and fitting of the kinetic constants developed by Beginn named 

SUCHBRAV was used [42]. The program uses a set of reaction rate constants Ki (i=1 to n) to 

calculate theoretical temperature/time-conversion curves from a provided reaction-kinetics-model 

and varies the parameters until the deviation i.e. the error square sum (SQ) between the 

experimentally measured p(T) curve and the calculated curve is minimal. Moreover, since the DSC 

curves were temperature-dependent, the kinetic constants were considered in form of the 

Arrhenius approach i.e. each of the kinetic constants consisted of two fit parameters, the impact 

parameter (  ) and the energy of activation (   ). The key subprograms of SUCHBRAV were 

DERIVS which contained the differential equations of the kinetic model and OPTIMIZER which 

made the fitting process using a combination of the routines LINOPT and EVOLVE, a line search 

process and an evolution algorithm respectively that converged to the experimental results. The 

details about the program SUCHBRAV and the subroutines are not presented in this thesis; 

however, the focus was made in developing the kinetic model to formulate the differential 

equations for DERIVIS that allow the simulation of p(T) curves that are identical to the 

experimentally obtained p(T) curves from DSC. The development of the kinetic model is presented 

below. Nonetheless, the equations describing the model are only shown for the final version that 

proved to be the best fitting to the experimental curves. 

A simplified kinetic model based on a heterogeneous reaction mechanism including colloidal 

formation as proposed by Lewis et al. was established [24], [25]. The first proposed model was 

named B0 cf. Scheme 4.3.9, it involved the formation of catalytic active Pt-nanoparticles    
   

[  ] 

from the catalyst precursor by oxidation (K1), followed by activating adsorption of silane groups to 

the Pt surface (K2) and subsequent hydrosilylation reaction of activated silane with vinyl groups 

(K3). At the end of the reaction, the Pt-nanoparticles and the product RCH2CH2SiR3 were obtained. 
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Scheme 4.3.9 Model B0 of hydrosilylation reaction mechanism with the formation of catalytic 
active Pt-nanoparticles. 

The results of the simulations with the model B0 were different from the experimental conversion 

curves obtained cf. Figure 4.3.34 (•••). It was possible to fit the parameters in such a way that 

T(p=0.5) values were very close to the experimentally determined values but under no 

circumstance, the results were congruent with the strong increase of p in the p(T) curves between 

378K and 382K. Only if an increase in the content of catalytic active species was made, the model 

showed an improvement for reproducing a p(T) curve. This reason led to a modification of the 

model B0 by the addition of an autocatalytic step for the formation of Pt-nanoparticles (K4) (model 

B, cf. Scheme 4.3.10). 

 
Figure 4.3.34 Comparison of the simulations fit of model B0 (•••) and model B (•••) to the 
experimental curve of p(T) obtained from the DSC measurement (─•─) of silicone formulation 
S1.16.1: system 1, q=2.2, [Pt]=215 ppm. 
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Scheme 4.3.10 Model B of hydrosilylation reaction mechanism with the participation of Pt-
nanoparticles and autocatalytic nanoparticles formation. 

The simulations with model B using SUCHBRAV (cf. ••• Figure 4.3.34) revealed that the reaction 

“2” i.e. the adsorption of silane groups on Pt, apparently proceeded extremely fast to appear in the 

DSC kinetics i.e. above a minimum K2 value, each variation of K2 did not change the calculated 

p(T) curves, thus there was no improvement of the fitting curves. Experimental work showed that 

SiH groups react extremely rapid with the Pt-catalyst at ambient conditions (cf. Scheme 4.3.8, 

experiment 1O2). Therefore, the model B was modified to model B1 (cf. Scheme 4.3.11), in this 

model the adsorption step was assumed to happen infinitely fast, such that the platinum 

nanoparticles were assumed to be present in the form of Ptx
(0)[O2][H-SiR3]. The SiH concentration 

was taken as constant, and the consumption of SiH groups was calculated as the difference 

between the initial concentration of SiH groups and the product formed [SiH]= [SiH]0 - [R’-CH2-CH2-

SiR3].  

Pt(0)Ln

+O2

K1

+R3Si-H
H

Ptx
(0)[O2]

R3Si

R'-CH2-CH2-SiR3

K3

K2

H
Ptx

(0)[O2]

R3Si

+R'-CH=CH

 

Scheme 4.3.11 Model B1 of hydrosilylation reaction mechanism with infinitely fast adsorption of 
SiH onto the Pt-nanoparticles surface. 

Even with the best possible adaptation of model B1 (cf. ─ Figure 4.3.35), the experimental results 

always showed an over-rapid decay of the reaction for conversions p>0.75 that model B1 could not 

predict. The decay was due to the inhibitory effect of network formation due to the gel fraction 

growth since after the gel point, the gelation initially has little effect on the diffusion of low 

molecular species, but as the gel part grows the mobility of the SiH and vinyl decreases. Thus, the 

model was modified again to include the inhibition effect (model B1G, cf. ─ Figure 4.3.35), that 

assumed that only the rate constant K3 (cf. Scheme 4.3.11) of the hydrosilylation reaction 

decreases in the gel state as described by Eq. 4.3.69 and it is shown in Figure 4.3.35 (─). With the 
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modification, the resulting model B1G described the kinetics of hydrosilylation reaction with 

accuracy for vinyl conversions beyond 5%. Moreover, it was possible to read the gel point (pc= 

0.068 cf. Figure 4.3.35) where the onset of steric hindrance was observed at     <1 and Tc= 386.5 

K which agrees very well with the results for the onset of gelation obtained with LISTCLUSTER 

that simulates the network formation (cf. Section 4.3.3.2 b). 

   𝐺                   
   Eq. 4.3.69 

 

  

Figure 4.3.35 Comparison of the best fit of the simulations with the model ─ B1 and the model ─ 
B1G to the experimental curve of p(T) obtained from the DSC measurement of silicone 
formulation ••• S2.16.1: system 2, q=3.3, [Pt]=60 ppm. ─ Decrease of the hydrosilylation rate due to 
steric effects upon gel formation. 
 

Equations of Model B1G:   

The equations of the model B1G (cf. Scheme 4.3.11) were defined based on dimensionless 

parameters to facilitate the simulations. The reaction rate constants of the reactions i=1-3 vary 

according to the collision theory [32] proportionally to             with the temperature in absolute 

scale. If steric hindrance is occurs from the gel point pc, then the reaction rate constants are 

described by the Eq. 4.3.70. Where the fit parameters on the equation are the activation energy of 

each reaction (   ), the modified Arrhenius impact parameter (  ), and the mobility parameters in 

the gel phase (    ),     =0 and      = 0.    

            
(
   𝑖
  

)
(        

 ) Eq. 4.3.70 

(  : reaction rate constant of reaction i (1/s);  : absolute tempearature (K);   : modified Arrhenius impact 

parameter (1/s);    : activation energy of reaction (J/mol K);  : universal gas constant (8.314 J/ mol K);     : 

mobility parameter in reaction i in the gel; p: vinyl conversion.) 

In order to obtain the fit parameters in similar orders of magnitude, the parameters    and    were 

defined (cf. Eq. 4.3.71 and Eq. 4.3.72 respectively), which were used instead of     and     for the 

adaptation of the p(T) curves from DSC results.             
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      (
  

   
   

) Eq. 4.3.71 

    
   

   
 Eq. 4.3.72 

  : reduced impact parameter,   : 300K;  : heating rate (cf. Eq. 4.3.74),   : reduced activation parameter.    

Since the parameter    depends on the heating rate ( ), it has to be converted from the reference 

heating rate      to the respective validating rate    𝐾 by means of Eq. 4.3.73 in case that the 

data of p(T) obtained from DSC experiments have been made with different heating rates or 

compared with another.     

    𝐾             (
  

 𝐾
) Eq. 4.3.73 

      : Impact parameter valid for the heating rate  𝐾;       : Impact parameter valid for the heating rate 

  . 

It is always advisable for numerical integration of differential equations to convert the equations in 

a dimensionless parameterized form in which the numerical values are into the used values range, 

in order to obtai very high accuracy by using computational tools. At first, some definitions were 

made: 

  [     ]    Eq. 4.3.74 

  
 

  
 Eq. 4.3.75 

   

[[   
   [  ]] [    ]]

       

[         ] 
 

Eq. 4.3.76 

   

[[   
   [  ]] [    ]]

       

[         ] 
 

Eq. 4.3.77 

   
[               ]       

[         ] 
     Eq. 4.3.78 

   heating rate;  [     ]𝑫  : heating rate used experimentally in DSC;  : reduced temperature parameter; 

      : Temperature;   = 300 K; t: heating time;   : conversion of reaction 1.   : conversion of reaction 2; 

  : conversion of reaction 3. cf. Scheme 4.3.11. 

When taking into account the definitions of Eq. 4.3.74 to Eq. 4.3.78, the solution of the system of 

equations resulting from model B1G (cf. Scheme 4.3.11 but with mobility limitations in the gel 

phase Eq. 4.3.69) is composed of three differential equations, see Eq. 4.3.79 to Eq. 4.3.81. Where 

S0 defined by Eq. 4.3.82 is the reduced initial concentration of oxygen, the constant rates    

          are defined by Eq. 4.3.83. The reduced concentration of hydrosilane groups during the 

reaction (SiH) is described by Eq. 4.3.84, where Q0 is the reduced initial SiH/vinyl ratio cf. Eq. 

4.3.85. The reduced concentration of nanoparticles during the reaction is NP determined by Eq. 

4.3.86. The variable C is referent to the catalyst concentration upon reaction (cf. Eq. 4.3.87) and C0 

is the reduced initial concentration of catalyst complex cf. Eq. 4.3.88.  



Chapter 4        Properties of PDMS-Networks Synthesized by Hydrosilylation and Reaction Kinetics 

281 

   
  

              Eq. 4.3.79 

   
  

         Eq. 4.3.80 

   
  

               Eq. 4.3.81 

    
[  ] 

[         ] 
 Eq. 4.3.82 

         
( 𝑖 

 𝑖
 
)
(        

 )                   Eq. 4.3.83 
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 Eq. 4.3.85 
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Eq. 4.3.88 

   ,    ,    : conversion of reactions 1, 2 and 3 respectively cf.Eq. 4.3.76 to Eq. 4.3.78;   : reduced 
temperature parameter;    : reduced rate constant of reaction i with i=1,2,3;  : catalyst concentration upon 

reaction;   : reduced initial concentration of catalyst complex;   : reduced initial concentration of oxygen; 

NP: reduced concentration of nanoparticles during the reaction;   : reduced impact parameter;   : reduced 

activation parameter;     : mobility parameter in reaction i in the gel;    : reduced concentration of 

hydrosilane groups during the reaction;   : the reduced initial SiH/vinyl ratio. [   ] : concentration of 

hydrosilane groups during the reaction; [         ] : initial vinyl groups concentration; [   ] : initial 

concentration of hydrosilane groups; [      ]
 
: initial concentration of Pt-Catalyst.      

The initial parameters to start the simulations are               , S0 and C0, where the 

initial concentrations [      ]
 

, [         ]  and [   ]  are given by the used silicone 

formulations in mol/m3 and  [  ]  5 75        is the oxygen solubility in PDMS at standard 

conditions [27]. Other starting parameters are the reduced impact parameter for the reactions 1 to 

3 i.e     𝐾           , the reduced activation energy of the reactions cf. Eq. 4.3.71,    

          cf. Eq. 4.3.72 and the mobility parameter in the gel a3,2 cf. Eq. 4.3.70, as well as the 

interval within the optimization LINOPT, a subroutine contained in the SUCHBRAV program, 

should be done for the mentioned   ,   , and a3,2 parameters. SUCHBRAV also reads the 

experimental p(T) curve that is contained in the subroutine “READ_EXPERIMENT_DATA” with a 

first line of the number of points to be read, a first column of the temperature, a second of the 

conversion and a third one where the heating rate is found  𝐾 (K/s). If the heating rate column is 

absent, then the program reads the “reference rate” β0= 0.1666 K/s or 10 K/min. 

In the fitting process, SUCHBRAV calculates a new parameter set for each used heating rate. 

Later it performs a complete ODESYS integration and uses it to calculate the respective pcalc(T) 

curve. Additionally, it calculates the squared error SQ between the pcalc(T) and the experimental 

values pexp(T) using Eq. 4.3.89 where     is the number of points. 
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 Eq. 4.3.89 

The results of a simulation provide the optimal reduced parameters for the best fit, the 

transformation of the parameters to dimensional variables, and the kinetic constants for the 

reactions 1 to 3 of Scheme 4.3.11 at the reference temperature T0= 300K.  

d) Application of the Model B1G 

A series of vinyl conversion-temperature fits to experimental p(T) curves were performed using the 

model B1G described above by means of the program SUCHBRAV [42]. The fits were made for 

silicone formulations of systems 1 (polymer 164 + crosslinker 45 + catalyst 2.2) and system 2 

(polymer 116 + crosslinker 40 + catalyst 0.6) with variations in the SiH/vinyl ratio (q) and the Pt 

concentration. The initial parameters necessary to run the simulations are reported in Section 

4.2.4, Table 4.2.11. The subroutine ODESYS had in all simulations the same reduced impact 

parameters Pi, reduced activation energy Qi and mobility parameter in the gel a3,2. However for 

every fit, the interval in LINOPT of those parameters was adapted after running a preliminary 

simulation with the values of previous simulations. The results of that simulation provided accurate 

values of the parameters and thus, the LINOPT intervals could be better delimited for obtaining a 

better fit to the experimental vinyl conversion-temperature curves pexp(T). The reduced initial 

concentration of catalyst complex C0, the reduced initial concentration of oxygen    and the  

reduced reduced initial SiH/vinyl ratio Q0 to be introduced into ODESYS are reported also in Table 

4.2.11, the variables were calculated from the used silicone formulations found in Table 4.2.1 for 

system 1 and Table 4.2.2 for system 2.  

Figure 4.3.36 depicts the conversion-temperature fitted curves pcalc(T) (continuous lines) to the 

experimentally obtained pexp(T) curves (symbols) for formulations of the systems 1  and system 2. 

The different curves obtained with a heating rate of β=10 K/min represent variations in the 

SiH/vinyl ratio (q) cf. Figure 4.3.36 a and c with constant catalyst concentration, and variations of 

the catalyst concentration while keeping q constant cf. Figure 4.3.36 b and d. Every curve could be 

well fitted by the model B1G for vinyl conversions over 20%. However, the model B1G seemed to 

describe better the p(T) behaviour of system 2 over system 1 since the fits were better even for p< 

0.2.   
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a) b) 

  

c) d) 

  
Figure 4.3.36 Fits of the vinyl conversion- temperature curves pvinyl(T) using model B1G 
(continuous lines) to the experimental curves obtained by DSC (symbols) for SiH/vinyl ratio (q) 
and catalyst concentration [Pt] variations in system 1 (polymer 164, crosslinker 45, catalyst 2.2) 
and system 2 (polymer 116, crosslinker 40, catalyst 0.6). β=10K/min. 
a) System 1: [Pt]=216 ±2 ppm, q= ─•─1.3; ─■─2.3; ─♦─3.1; ─▲─3.9. 
b) System 1: q=3.1, [Pt]= ─•─53 ppm; ─■─220 ppm; ─♦─215 ppm; ─▲─322 ppm; ─▼─430 ppm. 
c) System 2: [Pt]=130 ppm, q= ─•─2.3; ─■─3.4; ─♦─3.6; ─▲─4.3. 

d) System 2: q=3.3, [Pt]= ─•─60 ppm; ─■─120 ppm; ─♦─131 ppm; ─▲─140 ppm. 

The results of the optimized reduced parameters obtained for the best fit and the square error SQ 

between the calculated conversion pcalc(T) and the experimental pexp(T) curve, are presented in 

Table 4.3.20 for all performed simulations. The SQ values revealed that the fits were better for 

system 2 since lower values were obtained. On the other hand, when analyzing each system, there 

were no big differences in the obtained parameters P1-3 and Q1-3, neither a dependence on the 

catalyst concentration or the SiH ratio as it was expected. However, the mobility parameter in the 

gel a3,2 was dependent on the SiH/vinyl ratio, it decreased with the increments SiH groups in the 

formulation. This was in good agreement with the experimental results obtained by means of DSC 

cf. Figure 4.3.14, the higher the SiH concentration in the silicone mixture the fastest the reaction 
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achieve high conversions in the gel. On the other hand, a3,2 was independent on the catalyst 

concentration. 

Table 4.3.20 Optimized reduced parameters obtained from the best fits of pcalc(T) to pexp(T) 
using the SUCHBRAV program.   

pexp(T) q 
[Pt] 

(ppm) 
P1 Q1 P2 Q2 P3 Q3 a3,2 SQ 

System 1: Polymer 164, crosslinker 45, catalyst 2.2 
S1.17.1 3,1 53 13,2850 38,7074 17,7270 18,7796 39,0632 45,5765 0,3563 7,37x10

-4
 

S1.18.3 3,1 107 14,2270 36,8100 18,0919 17,0520 40,6528 44,8205 1,0012x10
-6

 1,62x10
-3

 

S1.20.5 3,1 215 13,1862 37,4398 18,4591 17,6827 40,5819 45,5837 1,0121x10
-6

 9,70x10
-4

 

S1.22.3 3,1 322 13,4026 37,4396 18,4586 17,6702 40,9110 45,5827 1,0121x10
-6

 7,42x10
-4

 

S1.23.2 3,1 430 12,1960 37,4396 18,4609 17,6603 40,7670 45,5825 1,0121x10
-6

 6,18x10
-4

 

S1.3.3 1,3 218 14,4854 37,2961 18,4454 17,7658 40,3086 45,5712 0,8628 5,55x10
-4

 

S1.11.2 2,3 216 14,3873 37,3509 18,4461 17,7005 41,1657 44,8954 1,0307 5,34x10
-4

 

S1.20.5 3,1 215 13,1862 37,4398 18,4591 17,6827 40,5819 45,5837 1,0121x10
-6

 9,70x10
-4

 

S1.26.4 3,9 214 13,9684 37,4404 18,4518 17,7121 41,4382 45,0476 1,1807x10
-6

 8,30x10
-4

 

System 2: Polymer 116, crosslinker 40, catalyst 0.6 

S2.16.1 3,3 60 17,2738 35,3230 19,7348 17,8003 42,0167 45,5309 0,8109 8,05x10
-4

 

S2.17.1 3,3 120 17,7663 35,0963 19,7300 17,7998 41,7353 46,0951 0,9817 1,45x10
-4

 

S2.21.1 3,4 131 17,6432 35,4935 19,7250 17,7390 41,6883 45,6088 0,7805 5,00x10
-5

 

S2.19.1 3,3 140 17,6220 35,2489 19,7264 17,8000 41,9155 45,7328 0,8822 8,34x10
-5

 

S2.3.1 2,3 130 18,0095 35,5312 19,5404 17,6019 40,8550 45,7051 1,0410 1,95x10
-4

 

S2.21.1 3,4 131 17,6432 35,4935 19,7250 17,7390 41,6883 45,6088 0,7805 5,00x10
-5

 

S2.24.1 3,6 130 17,0102 35,3654 19,7302 17,8004 42,1115 46,0023 0,3383 2,60x10
-4

 

S2.34.2 4,3 130 17,1530 36,0007 19,7273 17,7663 42,2416 45,5276 0,0500 3,70x10
-4

 

pexp(T): Name of DSC measured formulation used for determining the experimental conversion-
temperature curve; q: SiH/vinyl ratio; [Pt]: Pt-catalyst concentration (ppm); P1, P2, P3: reduced impact 
parameters of reactions 1, 2, and 3 respectively of Scheme 4.3.11 cf. Eq. 4.3.71; Q1, Q2, Q3: reduced 
activation energy of reactions 1, 2, and 3 of Scheme 4.3.11 cf.Eq. 4.3.72; a3,2: mobility parameter in the 
gel cf. Eq. 4.3.70; SQ: square error between pcalc(T) and pexp(T). 
 

When comparing the optimized parameter values between both silicone systems, differences were 

observed in the parameters. The average values of the parameters for each system is presented in 

Table 4.3.21 with the transformed dimentional variables namely the impact parameters and the 

activation energies of each reaction of model B1G which are depicted in Scheme 4.3.11.    

 

Table 4.3.21 Average values of the optimized reduced parameters and the dimensional impact 
parameter and activation energies for the reactions of model B1G cf. Scheme 4.3.11.  

Reduced 
Parameter 

System 1 System 2 
Dimensional 
Parameter 

System 1 System 2 

P1 13.592 ± 0.740 17.515 ± 0.337    (1/s)      1.712 x105       0.707 x105  

P3 18.333 ± 0.257 19.705 ± 0.067   (1/s)      1.463 x107       6.031 x107  

P3 40.608 ± 0.671 41.782 ± 0.426   (1/s) 0.861 x1017 2.492 x1017  

Q1 37.485 ± 0.502 35.444 ± 0.268    (KJ/mol) 93.47 ± 1.25 88.41 ± 0.67 

Q2 17.745 ± 0.444 17.756 ± 0.068    (KJ/mol) 44.25 ± 1.11 44.29 ± 0.17 

Q3 45.360 ± 0.335 45.726 ± 0.213    (KJ/mol) 113.12 ± 0.83 114.06 ± 0.53 
(Pi=1,2,3 reduced impact parameter; Qi=1,2,3 reduced activation energy; Bi=1,2,3 dimensional impact parameter; 
Eai=1,2,3 dimensional activation energy) 

  

The impact parameter of the reaction 1 (B1) i.e. formation of catalytic active Pt-nanoparticles from 

the catalyst precursor by oxidation was 2.4 times higher for system 1  than B1 for system 2. This 
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parameter Bi refers to the frequency of the collisions between two molecules which suggest that for 

the catalyst 0.6 (system 2) the effective collisions occur with less frequency than for catalyst 2.2 

(system 1) which is in agreement with the content of Pt in each catalyst 0.6 wt% vs. 2.2 wt%. The 

contrary was observed for the impact parameters of the reaction 2 i.e autocatalytic formation of Pt-

nanoparticles and reaction 3 i.e. hydrosilylation being B2,S2/B2,S1= 4.12 and B3,S2/B3,S1= 2.89 

respectively. On the other hand, the energy of activation Eai was 5% higher for the Pt-

nanoparticles formation by oxidation in system 1 compared to system 2 i.e 93.47 KJ/mol vs. 88.41 

(KJ/mol). Furthermore, the activation energy of the autocatalytic Pt-NP formation and of 

hydrosilylation was the same for both silicone systems i.e Ea2= 44.27 KJ/mol and Ea3= 113.56 

KJ/mol respectively cf. Table 4.3.21. 

Table 4.3.22 Rate constants at different temperatures when the conversion p=0 for the 
reactions of model B1G for hydrosilylation. cf Scheme 4.3.11. 

T (K) 
System 1 (Polymer 164, crosslinker 

45, catalyst 2.2) 
System 2 (Polymer 116, 

crosslinker 40, catalyst 0.6) 

K1 (1/s) K2 (1/s) K3,p=0 (1/s) K1 (1/s) K2 (1/s) K3,p=0 (1/s) 
300 1,571x10

-10
 4,989x10

0
 2,998x10

-2
 4,946x10

-8
 2,029x10

1
 5,963x10

-2
 

350   3,587x10
-8 

 6,797x10
1
 2,109x10

1
 8,450x10

-6
 2,770x10

2
   4,426x10

1
 

375   3,161x10
-7

 1,939x10
2
 2,915x10

2
 6,629x10

-5
 7,908x10

2
   6,249x10

2
 

400   2,126x10
-6

 4,863x10
2
 2,907x10

3
 4,029x10

-4
 1,985x10

3
   6,351x10

3
 

A comparison between the rate constants Ki= 1,2,3 calculated with the optimized average Bi and Eai 

values for different starting reaction-temperatures i.e. p=0 is shown in Table 4.3.22. The rate 

constants were in all reactions 1 to 3 lower for system 1. The results observed in previous sections 

of this Chapter have suggested in several opportunities that the kinetics of the reaction depended 

on the position and the frequency of functional group in the polymers involved, as well as on the 

steric effects. The base polymer 116 contains vinyl groups along its chain while polymer 164 has 

vinyl groups at the end of the chains. Additionally, the crosslinker 40 has SiH groups at the end 

and along the polymer chains. Besides crosslinker 40 is smaller than crosslinker 45 and can 

diffuse easier throughout the silicone matrix while the reaction proceeds. The results of the kinetic 

constants confirmed the observed results, thus the speed of reaction for    
    polymers is higher 

than       
   polymers. Moreover, the rate constant of the assumed oxidative process of the 

catalyst to form Pt-nanoparticles was the lowest of all three parts of the proposed mechanism in 

model B1G which suggests that this is the rate-determining step for the hydrosilylation reaction 

using Karsted’s catalysts. However, the effective formation of Pt-nanoparticles has not been 

confirmed to the date to occur as a previous step to the CH2-CH2 bond formation by hydrosilylation. 

Nevertheless, it is known that Pt-nanoparticles can catalyze effectively the hydroslilylation reaction 

as demonstrated by Galenandro-Diamant et al. [39]. Further validation of the mechanism 

presented in model B1G can be done when confirming the presence of Pt-nanoparticles previously 

to the olefin coordination and the migratory insertion of the olefin to the Pt-H bond suggested in 

Chalk-Harrods mechanism [38] cf. Section 2.4.1.  

In conclusion to this Section, if suitable DSC-data are provided, the presented model B1G in 

Scheme 4.3.11 describes well the crosslinking hydrosilylation reaction kinetics. The model includes 

Pt-nanoparticles formation co-catalyzed by oxygen, autocatalytic Pt-nanoparticles formation which 

adsorb the hydrosilane groups very fast onto the Pt-NP surface as part of the induction period 

before the migratory olefin insertion into the Pt-H bond occurs. However special care should be 
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taken since the kinetics of the reaction depend strongly on the inhibitor concentration in the 

system. All results of the kinetics presented in this section were made from experimental p(T) 

curves obtained when the concentration of the inhibitor was 0.18 wt% in the base polymers.    

4.3.4. Investigation of the Curing of Silicone Networks by FT-IR 

Spectroscopy 

The aim of the present thesis despite of the characterization of different silicone systems (cf. 

Chapter 3) and the properties of the silicone networks formed due to hydrosilylation reaction (cf. 

Chapter 4), was to monitor the hydrosilylation reaction during the large scale production of silicone 

coatings for release liners application, to improve the quality of the silicone materials. For that, a 

fast method was required since the reaction happens in a matter of seconds. Different methods 

such as DSC, rheology, FTIR and fluorescence were considered in this work. The DSC method 

provides the conversion as a function of time or temperature during the crosslinking of silicones the 

silicones as shown in Section 4.3.3.1. However, the heat applied for the reaction to occur must be 

carefully controlled and measured as well as the heat released due to the reaction, which is difficult 

with the actual machines used for the production of the release coatings. Moreover, the gel point 

can not be determined by this method.  

FT-IR spectroscopy was the second method employed for the monitoring of the reaction. Therefore 

the IR spectra of the separate components of the silicone systems, polymer 164, polymer 116, 

crosslinker 45, crosslinker 40 and crosslinker 101 were measured. The results were previously 

reported in Section 3.3.2 of Chapter 3. It was found that in the spectra of polymer 164 and polymer 

116 the existent vinyl groups present in the polymers were invisible due to the low concentration of 

those in the polymers (cf. Figure 3.3.32, p 148), but they should appear in the interval of 3095-

3075 cm-1, and 1690-1635 cm-1 [28]. This fact is an indication that the conversion of vinyl groups 

can not be followed by this method.  

On the other hand, the FTIR-spectra of the crosslinkers 45, 40 and 101 (cf. Figure 3.3.32)  allowed 

the identification of the Si-H bonds by means of the Si-H stretching vibration band (�̃�  
         = 2161 

cm-1) and the Si-H deformation double band at �̃�=855 and 756 cm-1. The determination of the Si-H 

conversion was here possible by monitoring the integrated intensity of the �̃�  
       band over time. 

Therefore a silicone mixture of system 1, sample S1.20.7 was prepared to follow the behaviour of the 

SiH peak by measuring periodically the IR spectrum of the silicone mixture at a constant 

temperature of 20°C. Figure 4.3.37 a shows the complete spectra of the silicone sample upon 

curing as well as the spectra of polymer 164 (yellow) and crosslinker 45 (magenta). The SiH peak 

of the crosslinker 45 is the only one peak that can be clearly identified despite the low 

concentration, the rest of the spectrum of the silicone seem to be very similar to the spectrum of 

the polymer 164. Figure 4.3.37 b is a zoom into the Si-H peak area. It was observed that the SiH 

peak area decreased along the curing time as reported previously by others [29]. However, a 

difference in the first two hours was not observed, only after 24 hours a clear decrease of the Si-H 

peak area was observed and the sample was still liquid. After 48 hours the area became almost 

zero and was already above the gel point. 



Chapter 4        Properties of PDMS-Networks Synthesized by Hydrosilylation and Reaction Kinetics 

287 

a) 

 

b) 

 

Figure 4.3.37 FTIR-spectra of (−) polymer 164, (−) crosslinker 45, sample S1.20.22 of system 1, 
SiH/vinyl= 3.1, [Pt]= 212 ppm. (−) Immediately after mixing the silicone polymers, (−) after 1 h, (−) 
after 2 h, (−) after 24 h below the gel point, (−) 2 days above the gel point. a) Complete spectra. b) 
Zoom into the Si-H st peak at 2161 cm-1. T = 20°C. 

Despite the decrease of the Si-H peak area is related to the conversion of SiH groups, it can not be 

correlated directly only to the hydrosilylation reaction. In Chapter 4, Section 4.3.2.1 it was 

demonstrated that side reactions involving the SiH groups also occur. Therefore, the method is not 

suitable to monitor the hydrosilylation reaction alone.     

Additionally, the FTIR method did not provide information about the gelation process of the PDMS 

polymers. Moreover, since the infrared radiation of the wavelengths required for the analysis is also 

absorbed by glass or quartz, any on-line analysis would require the procurement of halide or KRS5 

fiber optic systems. For these reasons, the on-line characterization by FTIR was discontinued, 

especially since the fluorescence measurements showed much better results in this area.  

Obviously, FTIR is more suitable to control the composition of silicone mixtures that are used in the 

industrial process, depending on whether the silicone polymers used in new productions are 
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different or similar to the polymers used in previous coating processes, improving and/or reducing 

the cleaning time of the equipment before starting a new batch. 

Since the FT-IR method was not suitable for the application, the studies of the reaction course with 

Rheology and fluorescence spectroscopy were made but the methodology and results are 

described in Chapter 5. 
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4.4. Summary and Conclusions 

Three silicone systems were studied in detail in this Chapter that had differences in the molecular 

structure of the molten polymers conforming them. Systems 1 and 2 were unfilled systems 

containing a base polymer, a crosslinker, and a catalyst. System 3 had besides the mentioned 

components a control release additive (CRA) which consisted of silica particles that filled the 

silicones. A wide range of silicones was synthesized varying the formulations that were described 

by the SiH/vinyl ratio (q), the Pt concentration [Pt] and when the case also the CRA content in the 

base polymer + CRA mixture. From system 1, 2  formulations with 0.7 ≤ q ≤ 4.6 and 53 ppm ≤ [Pt] 

≤ 436 ppm were investigated, and from system 2, 36 formulations within 2.3 ≤ q ≤ 4.4 and 60 ppm 

≤ [Pt] ≤ 200 ppm. The investigations with system 3 involved 69 formulations with 2.0 ≤ q ≤ 13.7, 52 

ppm ≤ [Pt] ≤ 321 ppm and 0 ≤ CRA parts ≤ 100.  

To achieve 100% conversion of vinyl groups it was necessary to add SiH groups in excess over 

1.9 for system 1 and 1.8 for system 2. The conversion of SiH was higher than 1 : 1 SiH : vinyl ratio 

confirming side reactions for the SiH groups and exhibited a steady decrease while increasing the 

SiH/vinyl ratio (q). For system 3, the necessary excess of SiH groups to obtain high vinyl 

conversion increased with the content of CRA and also the amount of SiH side reactions, thus high 

at higher CRA content, the SiH conversion achieved was higher. The stearic effect played an 

important role in the reactive group conversions.  

The crosslinking density of PDMS rubbers was found to be constant for silica-free or unfilled 

systems after 100% vinyl conversion was achieved (systems 1 and 2). For system 2 the 

crosslinking density was two times higher than for system 1, and also depended on the side 

reactions of SiH groups for q<3.7. For pvinyl<1.0, the crosslinking density increased linearly with q. 

In system 3 filled with silica (contained in CRA), the crosslinking density calculated by Flory-

Rehner theory increased linearly with the content of CRA and q. However, the Flory-Rehner 

method was found to be only qualitative since the values were ten times higher than the expected 

values calculated with the amount of crosslinking points and the volume of the network. The effect 

of the SiH side reactions plays an important role in the mechanical properties of the PDMS rubbers 

and not only the extent of the hydrosilylation reaction. 

The contact angles and the surface energy of silicone coatings using CRA were found to be 

independent of the silicone composition, the release forces, and the type of coating-substrate. 

However, measurements of the contact angles may be useful for quick identification of mistakes in 

the production and quality of the silicones e.g. silicone migration and anchorage of unreacted 

silicone polymers to uncoated layers of a wounded roll. 

An increase in the catalyst concentration reduces the temperature needed for the reaction to occur. 

However, special care is to be taken for very high catalyst concentrations since the formation of Pt 

colloids could occur and thus the catalytic activity decreases. An optimal catalyst concentration is 

to be found for the synthesis of silicones at low SiH contents. On the other hand, if a large excess 

of hydrosilane is used, the temperature for the reaction remains constant and the risk of catalytic 

deactivation is reduced, thus more catalyst can be added to the reaction to obtain crosslinked 

PDMS using less energy. In systems containing CRA, the CRA concentration did not show any 
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influence on the temperature of the reaction, but the catalyst concentration did in the same way as 

in systems free of CRA. 

Variables such as the temperature at the maximum speed of reaction (Tpeak), the conversion at the 

maximum speed of reaction (pVmax), the temperature at the half-live of the vinyl groups (Tp=0,5), 

showed for the systems 1 and 3 independence of the SiH/vinyl ratio and the CRA content (system 

3) but only dependence of the [Pt] concentration. The same behaviour was found for system 2; 

however, a quadratic dependence of pVmax on the SiH/vinyl ratio was found. The dependences on 

the catalyst concentration were of quadratic decrease for Tpeak and Tp=0,5. On the other side, pVmax 

and the heat of reaction (ΔHrx) were constant for formulations where pvinyl at the end of the reaction 

achieved 100%.  

The heat of reaction ΔHrx was linearly proportional to the number of reacted vinyl groups and was 

independent of the type of linear polymer but in system 3 with CRA, it depended linearly-

proportional on the content of CRA and thus, on the type of polymer used, namely linear polymer 

or functionalized silica particles.  

Using higher heating ramps shifted the reaction to higher temperatures and the achieved 

conversion at the maximum speed of reaction depended on the location of the vinyl groups; thus 

pVmax increased with the heating ramp for systems with DVi groups, while in systems with MVi groups 

it decreased because steric factors play an important role in the achieved conversion.   

Measuring the heat of reaction by the DSC method allows the characterization of the silicone 

formulation, i.e. type of vinyl bearing polymer, vinyl conversion, q if pvinyl <1, and the CRA content if 

pvinyl =1. 

A stochastic model of the gelation from liquid silicone systems without solvents was developed via 

polyaddition crosslinking of vA.An + vB.Bm macromolecules. The model links the reactive molecules 

by the random selection of available reacting functional groups. With the help of the program 

LISTCLUSTER it was simulated for example the crosslinking of Polymer 164 (MviD217M
vi, A2) + 

crosslinker 45 (MDH
72M, B72). The gel point and gel- conversion curves of the corresponding cluster 

size distribution were obtained and were comparable to realistic values since the gel points were 

not far away from each other, making the algorithm valid for an approximated prediction of the gel 

formation. The model provides information about the network formation and changes in the 

network structure passed the gel point; however, an improvement of the algorithm considering the 

steric hindrance and unequal reactivity of functional groups remains open for future research. 

A mechanistic model B1G was developed to predict the reaction kinetic constants of hydrosilylation 

if p(T) curves obtained from DSC measurements are provided. The model focused on the induction 

period, that assumes oxidative Pt-nanoparticles formation from Karsted’s catalysts (reaction 1, K1) 

and autocatalytic Pt-NP formation (reaction 2, K2) with fast adsorption of SiH groups on the Pt-NP 

surface, and the subsequent Chalk-Harrods mechanism in one step for hydrosilylation (reaction 3, 

K3). The model also considered a decreasing effect on the kinetics of the hydrosilylation step due 

to steric hindrance after the gel point was achieved. The kinetic constants were obtained from 

introducing the equations of model B1G to the program SUCHBRAV which varied the kinetic 

parameters until obtaining p(T) curves that fit well to the DSC experimental p(T) curves with an 

accuracy of     SQ < 0.001. The results provided the impact parameters and the activation energy of 
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each reaction as well as the gel mobility parameter. A comparison between the rate constants in 

different silicone systems showed that they depended on steric effects and the location of the 

functional groups in the polymers. Moreover, it was the oxidative Pt-nanoparticle formation step the 

rate-determining step for the analyzed reactions. Future research can be done to confirm the 

presence of Pt-nanoparticles during the induction period and thus validate the proposed 

mechanism. 

Besides studying in detail the properties and the synthesis process of silicone release liners, an 

attempt to find a non-invasive and of fast response method to monitor the hydrosilylation reaction 

on the large scale production was made by means of FTIR and DSC methods. However, both 

methods were unsuitable for this purpose and thus other methods were required to be analyzed. 

The research in this topic is presented in Chapters 5 and 6 for the fluorescence spectroscopy and 

rheology methods.  
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5.1. Introduction 

The quality of polydimethylsiloxane coatings for release liner applications is usually verified by 

multiple techniques such as the measurement of release forces necessary to separate the liner 

from different adhesive tapes, measuring the concentration of non-crosslinked silicon by solvent 

extraction, the anchorage of the coating to the substrate, the topography and others [1]. At the 

laboratory scale, the crosslinking of PDMS has already been investigated by using IR-

spectroscopy, dynamic mechanical analysis, differential scanning calorimetry, etc [1]. However, all 

those techniques to assess the quality control of the coating are applied once the production 

process is finished, and the laboratory techniques are usually invasive making difficult their 

implementation on the large-scale production. Thus, there is a lack of methods to monitor the 

reaction during the production process in order to prevent PDMS defective coatings. Moreover, the 

crosslinking reaction of PDMS coatings occurs within a few seconds, therefore finding a technique 

to on-line monitor the reaction which is non-invasive and of rapid response is desired. The 

effectiveness of methods such as Fourier transformed infrared spectroscopy (FTIR) and 

fluorescence spectroscopy was studied in the present thesis. However, as shown at the end of 

Chapter 4, Section 4.3.4, FTIR was not successful for monitoring the reaction. In this chapter, the 

focus is set to the fluorescence spectroscopy technique.  

Fluorescence spectroscopy has been used to measure the thermal properties of polysiloxane 

elastomers as Tg and Tm [2], or to assess the response of PDMS elastomers to stress and strain 

[5], [6]. On the other hand, fluorescence spectroscopy has been used as a non-invasive method to 

monitor the polymerization reaction of cyclohexyl methacrylate over a wide temperature range [2], 

and the crosslinking reaction of methyl methacrylate by introducing the reactive probe ethyl(2-

fluorenyl)methacrylate [3]. In this investigation, fluorescence spectroscopy was used to study the 

crosslinking reaction of PDMS by hydrosilylation through the introduction of mobile pyrene into the 

PDMS matrix. Pyrene has been frequently used to study the structural characteristics of 

elastomers [5]-[6] and for sensing modifications of the media where it is found [6], [33]-[35]. 

For monitoring the reaction, it was necessary to find first the excitation and emission wavelengths 

at which the analyzed samples exhibited fluorescence emission by measuring the 3D-spectrum of 

the separate components used for the synthesis of the silicone rubbers. Then the fluorescence 

intensity was monitored during the reaction at the excitation and emission wavelengths exhibiting a 

maximum in the 3D-spectrum. Several PDMS networks were synthesized without fluorophore and 

with mobile pyrene as thefluorescent label. The studied samples contained different reagent and 

catalysts concentrations. The fluorescence spectra were compared to the dynamic moduli 

behaviour upon curing when the same temperature conditions of the fluorescence experiments 

were set to the rheometer.   

The fluorescence behaviour was also studied in a post-curing stage to identify variations in a 

period of one month related to modifications of the network structure. A transition was made from 

bulk polymer networks to thin films of 1-2 µm on top of a PETF substrate of 50µm thickness, since 

up to that point the experiments were conducted using cuvettes filled with large amounts of 

polymers. The fluorescence intensity behaviour of the pyrene- labelled coatings was investigated 

within four weeks post-curing. Finally, the fluorescence intensity was measured along a pyrene-

labelled coated PETP-roll made at the production of Laufenberg GmbH. The fluorescence intensity 

was compared to the surface properties of the coated roll. 
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5.2.   Experimental Section 

5.2.1.  Materials 

The polymers used to synthesize the PDMS-networks were acquired from different suppliers found 

in the material list of Chapter 3. The whole Chapter 3 is dedicated to the characterization of all 

compounds. A summary of the results is found in Table 3.4.2 copied below. The structure notation 

belongs to General Electric notation for polysiloxanes (M: trimethylsiloxane end group; Mvi: 

Dimethylvinylsiloxane end group; MH: hydridodimethylsiloxane end group; D: dimethylsiloxane 

monomer; Dvi: methylvinylsiloxane monomer; DH: hydridomethylsiloxane monomer; Q: silicate; QEt: 

monoethoxy pending group in silicate) 

Table 3.4.2 Summary of characterization of compounds used for the synthesis of silicone 
networks for release coatings application. 

Compound 
Description 

Structure Mn (g/mol) Mw/Mn 

Polymer 164 MviD217M
vi
 16200 ± 2225 1,62 

Polymer 116  MD150D3
viM 11500 ± 2895 1,87 

Crosslinker 45 MDH
72M 4486 ±   450 2,03 

Crosslinker101 MD23D
H

138M 10140 ± 1025 1,06 

Crosslinker 40 M1.28D
H

48D12M
H

0.72 3960 ±   865  1,99 

CRA Silica nanoparticles ϕ=9.5 ± 
0.5 nm 
~M423M

vi 
98D49Q

Et
66Q9830 

PDMS: MD40M   
xPDMS (mol)/ yparticles(mol)= 
13.68 ± 1.22 

648816 ± 100000 
 
 
3100 ± 175 

non-measured 
 
 

2,04 

Catalyst 2.2 Karsted’s Catalyst Pt(0) 
Pt content 2.2 wt% diluted in vinyl-terminated PDMS. 
Linear vinyl-polysiloxane Mn= 8030 ± 810 g/mol. 

Catalyst 0.6 Karsted’s Catalyst Pt(0) 
Pt content 0.6 wt% diluted in vinyl-terminated PDMS. 
Linear vinyl-polysiloxane Mn= 9510 ± 900 g/mol. 

Structural formula written in General Electric notation for polysiloxanes (cf. Figure 2.1.1). 

 

Pyrene from Merck, purity >96%, was used as received as fluorescent probe. 

Anhydrous cyclohexane, 100% for UV-spectrophotometry from VWR Chemicals was used as 

received. 

Phenylmethanol (benzyl alcohol), reagent plus from Sigma Aldrich, >99% purity was used as 

received. 

Inhibitor SLM 40033 (Ethynylcyclohexanol) from Wacker Silicones was used as received. 

4-Methy-2-pentanone (MIBK) for GC corrected for water content, from VWR, purity ≥  8.5   was 

used as received.  

Phenylmethanamine (Aniline) for synthesis, from MERCK, > 99% purity, was used as received. 

Water obtained from a laboratory water purifier arium 611UV from Sartorius AG, which uses 

electrodeionization, UV and reverse osmosis methods for purification. 
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5.2.2.  Synthesis of Non-Covalently Fluorescent-Labelled Crosslinkers 

Pyrene was added in a concentration 1x10-3M to the crosslinker 45. Therefore, 20.22 mg 

(0.1mmol) of pyrene were dissolved in 10 mL of cyclohexane to yield a solution of [pyrene] 1x10-

2M. 1 mL of the solution was 9 mL of crosslinker 45 to obtain a 1x10-3M concentration. The same 

procedure was repeated with crosslinker 101 to obtain [pyrene]= 1x10-3 M. 

Pyrene was also added to the crosslinkers 45, crosslinker 40 and crosslinker 101 in a 

concentration of 1x10-5M. Therefore, 20.22 g (0.1 mmol) of pyrene crystals were dissolved in 100 

mL of cyclohexane to yield a solution of 1x10-3M, then 1 mL of the pyrene/cyclohexane solution 

was mixed with 100 mL of each crosslinker. The new non-covalently fluorescent labelled 

crosslinkers were allowed to dry in vacuum overnight to remove the traces of cyclohexane. The 

fluorescent crosslinkers with [Pyrene]=1x10-5M are called crosslinker 45-P for system 1, crosslinker 

40-P for system 2, and Crosslinker 101-P for system 3. 

 

5.2.3.  Synthesis of Non-Covalently Fluorescent-Labelled Silicones 

The fluorescent-labelled with pyrene silicones studied in this chapter for systems 1, 2 and 3 are 

enlisted in Table 5.2.1. The base polymer (Polymer 164 or polymer 116) was weighed in an 

aluminium pan. Afterwards, the crosslinker fluorescent labelled was added to the base polymer. 

The mixture was allowed to stir at 100 rpm for five minutes, later the catalyst was added drop by 

drop under stirring and the final mixture was stirred for five minutes more. The molten polymers 

mixture was used for the fluorescence and mechanical studies. The amounts of each compound 

for the formulations are shown in Table 5.2.1. For system 3, the additive CRA was added to the 

base polymer before mixing it with the fluorescent labelled crosslinker and the catalyst. 

Table 5.2.1 List of non-covalently fluorescent labelled PDMS formulations with pyrene. System 1: 
polymer 164, crosslinker 45-P, and catalyst 2.2. System 2: polymer 116, crosslinker 40-P, catalyst 
0.6. System 3: polymer 164, CRA, crosslinker 101-P and catalyst 2.2.  

System 1 

Sample 
mPoly164 

(g) 
mCrosslinker 45-

P (g) 
mCat 2.2 

(g) 
 

Sample 
mPoly164 

(g) 
mCrosslinker 

45-P (g) 
mCat 2.2 

(g) 

Sp-1.3.5 50,0225 0,5072 0,5053  Sp-1.20.10 14,9823 0,3630 0,1513 

Sp-1.3.6 10,3741 0,1048 0,1047  Sp-1.20.11 9,9528 0,2402 0,1005 

Sp-1.4.3 49,5480 0,5072 0,7545  Sp-1.20.12 10,1530 0,2442 0,1025 

Sp-1.6.3 50,6225 0,7660 0,2544  Sp-1.20.13 50,6537 1,2322 0,5117 

Sp-1.7.4 49,6542 0,7557 0,5016  Sp-1.20.14 10,1796 0,2498 0,1028 

Sp-1.8.3 49,4803 0,7558 0,7535  Sp-1.20.15 5,6536 0,1379 0,0571 

Sp-1.11.4 50,4334 0,8953 0,5094  Sp-1.20.16 9,9462 0,2417 0,1005 

Sp-1.12.2 50,5214 1,0192 0,2539  Sp-1.20.17 30,1868 0,7340 0,3044 

Sp-1.13.8 50,1856 1,0208 0,5069  Sp-1.20.21 31,6419 0,7708 0,3196 

Sp-1.13.9 10,2807 0,2086 0,1038  Sp-1.21.4 49,8942 1,2180 0,6315 

Sp-1.14.2 49,4721 1,0086 0,7534  Sp-1.22.4 49,6439 1,2125 0,7559 

Sp-1.16.2 50,5963 1,1321 0,5110  Sp-1.23.3 49,9253 1,2267 1,0188 

Sp-1.18.5 52,6167 1,2734 0,2644  Sp-1.23.4 49,1160 1,2069 1,0025 

Sp-1.18.6 11,0098 0,2653 0,0553  Sp-1.24.3 49,6219 1,3077 0,5012 

Sp-1.19.6 50,2074 1,2206 0,3794  Sp-1.25.2 12,1000 0,3685 0,0608 

Sp-1.19.7 50,2880 1,2204 0,3800  Sp-1.26.6 49,8462 1,5180 0,5035 

Sp-1.20.8 10,0763 0,2466 0,1018  Sp-1.32.1 9,9029 0,2423 0,0000 

Sp-1.20.9 9,9436 0,2410 0,1000      
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System 2 

Sample 
mPoly116 

(g) 
mCrosslinker 40-

P (g) 
mCat 0.6 

(g) 

 
Sample 

mPoly116 

(g) 
mCrosslinker 

40-P (g) 
mCat 0.6 

(g) 

Sp-2.11.2 5,0551 0,3211 0,0543  Sp-2.17.4 9,2825 0,6734 0,203 

Sp-2.12.3 5,0725 0,3294 0,1102  Sp-2.21.3 5,6585 0,4139 0,1357 

Sp-2.16.3 4,8848 0,3487 0,0529  Sp-2.21.4 5,2055 0,3787 0,1248 

Sp-2.17.3 4,7673 0,348 0,1044      

 

 System 3  

 Sample 
mPolymer 164 

(g) 
mCRA (g) 

mCrosslinker 101-P 

(g) 
mCatalyst 2.2 

(g) 
 

 Sp-3.1.3 6,1878 0,0000 0,1141 0,0155  
 Sp-3.2.2 6,6219 0,0000 0,1215 0,0333  
 Sp-3.3.2 5,1290 0,0000 0,0950 0,0387  
 Sp-3.10.4 6,4808 0,0000 0,1822 0,0326  
 Sp-3.10.6 6,4800 0,0000 0,1850 0,0325  
 Sp-3.15.2 3,9706 1,3375 0,1918 0,0266  
 Sp-3.16.2 3,9952 1,3458 0,2007 0,0403  
 Sp-3.28.2 2,4885 2,5240 0,2940 0,0252  
 Sp-3.29.2 2,6854 2,7154 0,3062 0,0407  
 Sp-3.41.2 1,3318 4,0821 0,4101 0,0272  
 Sp-3.42.2 1,2130 3,7679 0,3800 0,0377  
 Sp-3.54.2 0,0000 5,9297 0,5618 0,0298  
 Sp-3.54.3 0,0000 52,8976 5,0149 0,2645  
 Sp-3.55.2 0,0000 5,0268 0,4758 0,0380  
 Sp-3.55.3 0,0000 50,3655 4,7756 0,3828  
 Sp-3.56.2 0,0000 52,7706 5,0042 0,5277  
 Sp-3.56.3 0,0000 10,1087 0,9563 0,1011  
 Sp-3.58.2 0,0000 51,1195 5,5832 0,2556  
 Sp-3.59.3 0,0000 50,2760 5,4902 0,3821  
 Sp-3.60.2 0,0000 50,6525 5,5338 0,5065  
 Sp-3.62.2 0,0000 50,2241 7,3215 0,2511  
 Sp-3.63.2 0,0000 50,7280 7,3870 0,3855  
 Sp-3.64.4 0,0000 50,4996 7,3523 0,5050  
 Sp-3.66.4 3,9495 1,3330 0,2344 0,0345  
 Sp-3.66.6 7,5015 2,5001 0,4429 0,0653  
 Sp-3.67.4 2,5404 2,5732 0,3140 0,0360  
 Sp-3.67.6 5,0020 5,0017 0,6053 0,7030  
 Sp-3.68.4 1,2465 3,8506 0,3944 0,0385  
 Sp-3.68.6 2,5050 7,5058 0,7680 0,0753  
 Sp-3.69.4 0,0000 4,9775 0,4644 0,0402  
 Sp-3.69.6 0,0000 10,0015 0,9309 0,0805  
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5.2.4.  Synthesis of Non-Fluorescent Silicones 

The procedure to synthesize non-fluorescent PDMS networks was the same as in the synthesis of 

fluorescently labelled silicones. The difference was that no fluorophore was added to the 

crosslinkers. The list of silicones is shown in Table 5.2.2.  

Table 5.2.2 List of non-fluorescent labelled PDMS network formulations of System 1: polymer 
164, crosslinker 45, and catalyst 2.2. System 2: polymer 116, crosslinker 40, catalyst 0.6. System 
3: polymer 164, CRA, crosslinker 101 and catalyst 2.2. 

System 1 

Sample 
mPoly164 

(g) 
mCrosslinker 

45 (g) 
mCat 2.2 (g) 

 
Sample 

mPoly164 

(g) 
mCrosslinker 45 

(g) 
mCat 2.2 

(g) 

S1.3.3 10,3204 0,1054 0,1043  S1.20.18 5,1922 0,1269 0,0524 

S1.11.5 5,5641 0,0981 0,0562  S1.20.19 10,0252 0,2446 0,1012 

S1.13.2 11,7271 0,2386 0,1185  S1.20.20 5,2411 0,1254 0,0530 

S1.13.3 9,9011 0,2005 0,1001  S1.21.5 5,2715 0,1267 0,0672 

S1.13.10 5,3721 0,1068 0,0543  S1.22.5 4,9581 0,1202 0,0755 

S1.18.7 4,9755 0,1198 0,0250  S1.26.7 5,0552 0,1553 0,0511 

S1.19.8 4,9793 0,1193 0,0381      

S1.20.11 9,9528 0,2402 0,1005      

 
System 2 

Sample 
mPoly116 

(g) 
mCrosslinker 

40 (g) 
mCat 0.6 (g) 

 
Sample 

mPoly116 

(g) 
mCrosslinker 40 

(g) 
mCat 0.6 

(g) 

S2.17.2 9,2469 0,6678 0,2023  S2.21.5 5,0685 0,3700 0,1275 

 

   System 3    

 Sample 
mPolymer 164 

(g) 
mCRA (g) 

mCrosslinker 

101 (g) 
mCatalyst 2.2 

(g) 
 

 S3.10.5 6,1742 0,0000 0,1450 0,0250  

 S3.54.1 0,0000 10,6482 1,0070 0,0535  

 S3.55.1 0,0000 10,9563 1,0375 0,0828  

 S3.56.1 0,0000 10,3014 0,9751 0,1041  

 S3.66.5 5,0904 1,7140 0,3029 0,0445  

 S3.67.5 2,5438 2,5911 0,3145 0,0362  

 S3.68.5 1,2932 4,0054 0,4078 0,0400  

 S3.69.5 0,0000 5,7071 0,5340 0,0460  

 S3.70.1 25,0000 0,0000 0,7000 0,1250  

 

5.2.5.  Methods 

Fluorescence spectrometer: All fluorescence measurements described below were performed 

with a Fluorescence spectrometer F-4500 from Hitachi High Technologies Corporation connected 

to a thermostatic bath to set different temperatures inside the fluorescence spectrometer. The 

fluorescence spectrometer had a 150 Watt Xe lamp light source and a detector R3788 

photomultiplier tube with 2nm wavelength accuracy. The wavelength excitation range is available 

in the range from λex =200 nm to 850 nm and emission from λem =200 to 900 nm. The scan speed 

was 1200 nm/min. The data was processed using FL solutions software from Hitachi High 

Technologies Corporation which uses Microsoft Windows as the operating system. 
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3D-Fluorescence Spectroscopy: The 3D scan of excitation-emission-fluorescence intensity (Ex-

Em-FI) were performed using the fluorescence spectrometer described above. The scans were 

made within an excitation wavelength range of λex = 250 to 600 nm and an emission wavelength 

range of λem =250 to 600 nm. For the 3D-scan the instrument was setting an excitation wavelength 

starting from 250 nm and measured the fluorescence intensity along the emission selected 

wavelength range with intervals of Δλem= 10 nm. Once that scan was completed, the excitation 

wavelength was changed with increments of Δλex= 10 nm until 600 nm to form the 3D spectrum. To 

plot the upper view of the 3D spectra, the contour interval selected was 50 nm; the fluorescence 

intensity axis for the 3D view was set to the maximum of the instrument 10.000 (counts).  

The 3D-spectra of the samples enlisted in Table 5.2.3 were measured at the mentioned conditions 

for each sample. 2,0cm3 of the sample were filled into a 1cm side squared quartz cuvette with 

round aperture to perform the 3D- scan. 

For samples 3D-Py_Pol164, 3D-Py_Cro45, and 3D-Py_Cat2.2, the mixtures were prepared by 

stirring 1,0 mL of the pyrene solution in cyclohexane of concentration 1x10-4 M with 9,0 mL of each 

compound.   

Sample 3D-Py_Pol116 was prepared by stirring 0,5 mL of the pyrene solution in cyclohexane of 

concentration 1x10-3 M with 49,5 mL of polymer 116.  

Samples 3D-Py_Cro40, 3D-Py_Cro101_1, 3D-Py_CRA, and 3D-Py_Cat0.6, were prepared by 

stirring 1,0 mL of the pyrene solution in cyclohexane 1x10-4 M with 9.0 mL of each compound. 

Sample 3D-Py_Cro101_2 was prepared by taking 1,0 mL of a solution of pyrene in cyclohexane 

1x10-2M and mixing it with 9,0 mL of the crosslinker 101.  

Sample Sp-2.17.4, SiH/Vinyl= 3,4 [Pt]= 120 ppm: 9,2825g of polymer 116 (0,807 mmol) where mixed 

with 0,6734 g of non-covalently fluorescent-labelled crosslinker 40-P (0,170 mmol) with pyrene 

1x10-5M and were allowed to stir at 100 rpm for 5 minutes in an aluminium pan. 0,2030 g of 

Catalyst 0.6 (0,021 mmol) were added drop by drop to the mixture under stirring and the final 

mixture was allowed to stir 5 minutes more. Later, 2,0cm3 of the mixture were transferred to a 

squared PMMA cuvette of 1 cm side. Formed bubbles were let to go out of the polymers matrix 

before performing the 3D-fluorescence spectroscopy measurement. The sample was measured 

before and after crosslinking.    

Sample Sp-1.20.8, SiH/Vinyl= 3,1 [Pt]= 215 ppm: 10,0763 g of polymer 164 (0,622 mmol) where 

mixed in an aluminium pan with 0,2466 g of non-covalently fluorescent-labelled crosslinker 45-P 

(0,055 mmol) containing pyrene in a concentration of 1x10-5M. The mixture was stirred at 100 rpm 

for 5 minutes. 0.1018 g of Catalyst 2.2 (0,012 mmol) were added to the previous mixture under 

stirring drop by drop. The final mixture was stirred for other 5 min before filling 2.0cm3 of it in a 

PMMA squared cuvette of 1 cm side. The bubbles formed by the filling process were allowed to 

leave the melted polymer mixture before performing the 3D-scan measurement. Sample Sp-1.32.1 

was prepared with similar polymers amount 9,9029 g of polymer 164 and 0,2423 g of crosslinker 

45-P containing pyrene 1x10-5M to compare the fluorescence intensity when no platinum catalyst 

was added to the mixture. 
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Table 5.2.3 List of measurements performed by means of 3D- fluorescence spectroscopy. 

Sample Pyrene [M] Matrix T (°C) 

3D-Py 1x10-5 Cyclohexane 70 

3D-Pol164 0 Polymer 164 70 

3D-Pol116 0 Polymer 116 70, 90 

3D-Cro45 0 Crosslinker 45 70 

3D-Cro40 0 Crosslinker 40 90 

3D-Cro101 0 Crosslinker 101 90 

3D-CRA 0 CRA 90 

3D-Cat2.2 0 Catalyst 2.2 70 

3D-Cat0.6 0 Catalyst 0.6 90 

3D-InhibSLM40033 0 Inhibitor ethynylcyclohexanol 20 

3D-Py_Pol164 1x10-5 Polymer 164 70 

3D-Py_Pol116 1x10-5 Polymer 116 70 

3D-Py_Cro45 1x10-5 Crosslinker 45-P 70 

3D-Py_Cro40 1x10-5 Crosslinker 40-P 90 

3D-Py_Cro101_1 1x10-5 Crosslinker 101-P 90 

3D-Py_Cro101_2 1x10-3 Crosslinker 101-P 90 

3D-CRA 1x10-5 CRA 90 

3D-Py_Cat2.2 1x10-5 Catalyst 2.2 70 

3D-Py_Cat0.6 1x10-5 Catalyst 0.6 90 

3D-Sp-2.17.4 1x10-5 in Crosslinker 40 
6,55x10-7 in formulation 

Polymer 116 + Crosslinker 40-P 
+ Catalyts 0.6 

20 

3D-Sp-1.20.8 1x10-5 in Crosslinker 45 
2,30x10-7 in formulation 

Polymer 164 + Crosslinker 45-P 
+ Catalyts 2.2 

20 

3D-Sp-1.32.1 1x10-5 in Crosslinker 45 
2,32x10-7 in formulation 

Polymer 164 + Crosslinker 45-P 20 

Time-scan fluorescence spectroscopy: The fluorescence intensity during the course of the 

hydrosilylation reaction was measured with the same fluorescent spectrometer using the time scan 

mode for different silicone formulations. The excitation and emission wavelengths were set to λEx= 

330 nm and λEm= 380nm, respectively, when free pyrene was present in the silicone formulations 

and also for some measurements where no pyrene was in the silicone systems. The usual 

concentration of pyrene in the crosslinkers was 1x10-5M. The common temperature of the 

measurement set to the thermostat bath connected to the fluorescence spectrometer was 90°C, 

but in some experiments, it was lower. In the cases where the measuring conditions were different 

from the reported here, they are specified in Table 5.2.4 and Table 5.2.5. 

The time scan measurements were made for formulations of the systems 1, 2 and 3 varying the 

SiH/vinyl ratio and the catalyst concentration. The list of the measured samples appears in Table 

5.2.4 for samples without pyrene and Table 5.2.5 for samples with pyrene (for detailed information 

about the sample synthesis see Table 5.2.1 and Table 5.2.2 and for characteristics of the 

formulations see Table 5.3.1 and Table 5.3.2). The measurements were performed by adding 

2,0cm3 of the bulk mixture of molten polymers and catalyst into a squared PMMA cuvette of 1 cm 

side length. The amount of sample was sufficient to allow monitoring the temperature into the 

fluorescence spectrometer during the reaction with the aim of using the same temperature 

conditions for the rheometer measurements since the temperature sensor should not interfere with 

the light pathway. Therefore, a special cap for the cuvettes was designed allowing the release of 

pressure and diffusion of O2 in the reactive media, which served as the bearer for the thermometer 
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sensor as shown in Figure 5.2.1 a and b. The EBI 310 thermometer from Ebro was programmed to 

measure the temperature of the silicone mixture for one hour every 5 seconds and was placed 

inside the spectrometer during the time scan measurement cf. Figure 5.2.1 c. Directly when the 

cuvette was placed inside the spectrometer, the temperature and the fluorescence measurements 

started. The fluorescence spectrometer measured the fluorescence intensity in time intervals of 

one second. The output data was processed using FL solutions software from Hitachi High 

Technologies Corporation which uses Microsoft Windows as the operating system.  

Table 5.2.4 List of silicone sample names without pyrene used in time-resolved fluorescence 
measurements for systems 1, 2 and 3. λEx/λEm= 330/380 nm at 90°C.a 

System 1 System 2 System 3 

S1.11.5  S1.20.18
b S1.21.5  S3.10.5 S3.68.5 

S1.13.10 S1.20.19 S1.22.5 S2.21.5 S3.66.5 S3.69.5 
S1.18.7 S1.20.20 S1.26.7  S3.67.5  
S1.19.8      

System 1: polymer 164, crosslinker 45, and catalyst 2.2.  
System 2: polymer 116, crosslinker 40, catalyst 0.6.  
System 3: polymer 164, CRA, crosslinker 101 and catalyst 2.2.

 

a: The temperature was not recorded during fluorescence experiments. 
b: S1.20.18 λEx/λEm= 270/360 nm. 
 

Table 5.2.5 List of silicone sample names with pyrene a used in time-scan fluorescence 
measurements for systems 1, 2, and 3. λEx/λEm= 330/380 nm at 90°C.b,c  

System 1: polymer 164 + crosslinker 45-P + catalyst 2.2 

Sp-1.3.5 Sp-1.12.2  Sp-1.19.7  Sp-1.20.16  
e Sp-1.25.2 

Sp-1.4.3 Sp-1.13.8  Sp-1.20.9  Sp-1.21.4 Sp-1.26.6 
Sp-1.6.3 Sp-1.14.2  Sp-1.20.10  

d  Sp-1.22.4  
Sp-1.7.4 Sp-1.16.2  Sp-1.20.12 

 Sp-1.23.3  
Sp-1.8.3 Sp-1.18.5 

 Sp-1.20.13  Sp-1.23.4  
  Sp-1.11.4 Sp-1.19.6  Sp-1.20.14  Sp-1.24.3  

System 2 : polymer 116 + crosslinker 40-P + catalyst 0.6 

 Sp-2.11.2   Sp-2.16.3 Sp-2.21.3  

 Sp-2.12.3   Sp-2.17.3 Sp-2.21.4  

System 3: polymer 164 + CRA + crosslinker 101-P + catalyst 2.2 

Sp-3.1.3 Sp-3.16.2  Sp-3.54.2      Sp-3.60.2 Sp-3.67.4 
Sp-3.2.2 Sp-3.28.2  Sp-3.55.2      Sp-3.62.2 Sp-3.68.4 
Sp-3.3.2 Sp-3.29.2  Sp-3.56.2      Sp-3.63.2 Sp-3.69.4 

 Sp-3.10.4 Sp-3.41.2  Sp-3.58.2      Sp-3.64.4  
 Sp-3.15.2 Sp-3.42.2  Sp-3.59.3      Sp-3.66.4 

 

a 
Pyrene concentration in crosslinkers 10

-5
M.   

b 
For samples Sp-1.20.10 Sp-1.20.16,  the measurement conditions were different than mentioned.  

c 
The temperature of the all the samples of system 1 was recorded during the fluorescence experiments. For  

  system 2 only the temperature for sample Sp-2.21.4 was recorded. For system 3, the temperature of all  

  samples was recorded except for samples Sp-3.55.4, Sp-3.56.3.
 

d Sp-1.20.10 was used for preliminary experiments in the time-scan mode with pyrene 1x10
-3

 M in crosslinker   

   45, T=70°C, λEx/λEm= 330/380 nm. 
e Sp-1.20.16 was used for excimer formation experiment. Measurement made at 90°C, λEx/λEm= 330/380 nm   

  and λEx/λEm= 330/470 nm.   
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The sample Sp-1.20.10  was synthesized with pyrene in crosslinker 45 in a concentration of 1x10-3 M. 

The sample was used for the preliminary experiment in time-scan mode.     

The experiment to follow optically the curing was carried out with time scans of formulation Sp-

1.20.9 of system 1 with SiH/vinyl ratio 3,1 and [Pt]= 215 ppm using non-covalently fluorescent 

labelled crosslinker 45 with pyrene ([Pyrene]= 1x10-5M in crosslinker 45). Four PMMA cuvettes 

were filled each with around 2,0 cm3 of the liquid mixture. The fluorescence emission intensity of 

pyrene at λEx/λEm= 330/380nm was monitored for one hour, then for 650 s, 700 s and 728 s. Each 

measurement was made with a different cuvette. At the stopping time, the sample was controlled 

manually and optically to observe whether the sample was a viscous liquid or a silicone rubber. 

The experiment was repeated with Sp-1.20.12.  

 

Figure 5.2.1 Experimental set up to monitor the temperature of the hydrosilylation reaction while 
measuring the time-resolved fluorescence spectrum. a) Teflon cap for cuvettes with holes for 
pressure release and O2 diffusion, and thermometer bearer. b) Array of the cuvettes and 
thermometer. c) Thermometer and cuvette inside the fluorescence spectrometer.    

Polarized time-scan fluorescence spectroscopy: The fluorescence intensity during the course 

of the hydrosilylation reaction for the silicone formulation of system 1 with q=3.1, [Pt]= 215 ppm. 

Two samples were prepared, the first using a concentration 1x10-5M of pyrene  in crosslinker 45 

(Sp-1.20.17) and the other with 1x10-3M pyrene in crosslinker 45 i.e. Sp-1.20.21 cf. Table 5.2.1. The 

fluorescence intensity was measured when polarizers located at the excitation and between the 

emission and the detector were placed for vertically and horizontally polarization respect to the z-

axis as depicted in Scheme 2.6.4. Four times-cans of the reaction for each sample were made 

during two hours, the first one (IVV) had the excitation and emission polarizers vertically parallel, the 
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second (IVH) with the excitation vertical but the emission horizontal or perpendicular to the z-axis, 

the third one (IHH) with the excitation horizontally oriented or at 90° respect to the z-axis and the 

horizontal polarized emission, and the last one (IHV) with the excitation horizontal but the emission 

oriented vertically. The same conditions of the fluorescence time-scans i.e. λEx/λEm= 330/380nm, at 

90°C were used. To calculate the anisotropy, the Eq. 2.6.3 was used. The time scale was 

corrected by setting the first maximum observed in the FI(t) spectra of IVV, IHV and IHH to the same 

time where the first maximum of the IVH appeared.  

   
        

         
        

   

   
 Eq. 2.6.3 

Rheological measurements: An AR 2000 ex rheometer from TA instruments equipped with a 

Peltier system to control heating and cooling in a range between -40 and 160°C was used to 

measure the viscoelastic properties of polysiloxanes upon hydrosilylation reaction by placing 1.0-

1.5 mL of the precursors and catalyst mixture on the Peltier plate and using a stainless steel 

parallel plate geometry of 40 mm diameter (see gap in Table 5.2.6). The experiments were made 

in two steps at a constant frequency: A temperature ramp of ~7-10 °C/min (ramp depended on the 

temperature conditions of the samples while the fluorescence time-scan measurements cf. Table 

5.2.6). Other parameters such as controlled variables, angular frequency, initial (T0) and final 

temperature (T1) of the step are reported in the same table. The second step was a time sweep 

made at constant temperature (T1) taken from the final achieved temperature of step 1. The 

controlled variables and the time for the step are also reported in Table 5.2.6. From the 

measurements, the oscillation stress and strain were recorded along the time to calculate the 

dynamic moduli, ie. shear storage modulus (G’) and the shear loss modulus (G’’) with the aim of 

following the course of the reaction. The data was processed and exported using the Rheology 

Advantage Data Analysis software from TA instruments company.  

Sometimes negative values of G’ were supplied by the instrument, especially when high 

frequencies and oscillation stresses were used. In order to correct them, the definition of the 

complex modulus as a vector with components G’’ in the y-axis and G’ in the x-axis was used (cf. 

Figure 2.5.4, p 69). The storage modulus G’ was calculated by applying Pythagoras theorem to the 

variables, complex modulus G* and the loss modulus G’’, both measured by the instrument. In 

almost all cases the values of G’ were close to the same negative magnitudes but positive.   
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Table 5.2.6 Parameters used for dynamic mechanical analysis during curing of PDMS samples of silicone systems 1, 2 and 3 with pyrene and 
without pyrene. 

System 1 

Sample 

Temperature ramp (1st step) Time sweep (2nd step) 

Controlled variable Value 
T0 

(°C) 
Ramp 

(K/min) 
T1 

(°C) 
Frequency 

(Hz) 
Controlled 

variable 
Value 

t 
(h:m:s) 

Frequency 
(Hz) 

gap 
(μm) 

Sp-1.3.5 Angular Velocity (rad/s) 6,283 27,4 7,58 74,1 1,0 Oscilation stress (Pa) 0,5 00:53:42 1,0 935 

Sp-1.4.3 Oscilation Stress (Pa) 30,0 26,0 6,69 71,6 1,0 Oscilation stress (Pa) 30,0 01:53:16 1,0 698 

Sp-1.7.4 Angular Velocity (rad/s) 6,283 24,1 8,25 74,2 1,0 Oscilation stress (Pa) 0,5 00:53:55 1,0 868 

Sp-1.8.3 Oscilation Stress (Pa) 30,0 26,5 7,54 74,7 1,0 Oscilation stress (Pa) 30,0 01:23:36 1,0 831 

Sp-1.11.4 Angular Velocity (rad/s) 6,283 25,2 7,97 73,4 1,0 Oscilation stress (Pa) 0,5 00:53:57 1,0 805 

Sp-1.12.2 Oscilation Stress (Pa) 30,0 27,5 5,87 73,2 1,0 Oscilation stress (Pa) 30,0 02:52:13 1,0 960 

Sp-1.13.8 Angular Velocity (rad/s) 6,283 26,2 7,71 74,3 1,0 Oscilation stress (Pa) 0,5 00:53:45 1,0 924 

Sp-1.14.2 Oscilation Stress (Pa) 30,0 25,7 6,62 73,7 1,0 Oscilation stress (Pa) 30,0 01:52:45 1,0 806 

Sp-1.16.2 Angular Velocity (rad/s) 6,283 27,4 7,59 74,1 1,0 Oscilation stress (Pa) 0,5 00:53:51 1,0 1026 

Sp-1.18.5 Angular Velocity (rad/s) 6,283 28,1 6,68 74,6 1,0 Oscilation stress (Pa) 0,5 02:00:00 1,0 1090 

Sp-1.18.6 Oscilation Stress (Pa) 0,5 29,1 6,53 72,2 1,0 Oscilation Stress(Pa) 0,5 03:53:24 1,0 598 

Sp-1.19.6 Angular Velocity (rad/s) 6,283 29,8 5,83 71,3 1,0 Oscilation stress (Pa) 0,5 01:22:53 1,0 829 

Sp-1.19.7 Oscilation Stress (Pa) 0,5 21,1 8,68 71,5 1,0 Oscilation stress (Pa) 0,5 01:24:10 1,0 787 

Sp-1.20.11 
a 

- - - - 85,0 - Oscilation stress (Pa) 0,5 01:00:00 1,0 767 

Sp-1.20.13 Angular Velocity (rad/s) 6,283 25,4 7,48 72,2 1,0 Oscilation stress (Pa) 0,5 00:53:44 1,0 790 

Sp-1.21.4 Oscilation Stress (Pa) 30,00 29,2 6,93 72,6 80,0 Oscilation stress (Pa) 30,00 01:03:45 80,0 745 

Sp-1.22.4 Oscilation Stress (Pa) 30,00 26,3 7,08 72,9 10,0 Oscilation stress (Pa) 30,00 01:03:24 10,0 717 

Sp-1.23.3 Oscilation Stress (Pa) 30,00 27,2 6,69 72,2 80,0 Oscilation stress (Pa) 30,00 00:53:16 80,0 591 

Sp-1.23.4 Oscilation Stress (Pa) 0,5 24,2 8,28 75,3 1,0 Oscilation stress (Pa) 0,5 00:55:00 1,0 796 

Sp-1.24.3 Angular Velocity (rad/s) 6,283 26,2 6,74 72,9 1,0 Oscilation stress (Pa) 0,5 00:53:04 1,0 842 

Sp-1.26.6 Angular Velocity (rad/s) 6,283 27,4 7,89 74,1 1,0 Oscilation stress (Pa) 0,5 00:53:44 1,0 773 

S1.20.11 
a 

- - - - 85,0 - Oscilation stress (Pa) 0,5 01:00:00 1,0 767 
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Sample 
Temperature ramp (1st step) Time sweep (2nd step) 

Controlled variable Value 
T0 

(°C) 
Ramp 

(K/min) 
T1 

(°C) 
Frequency 

(Hz) 
Controlled 

variable 
Value 

t 
(h:m:s) 

Frequency 
(Hz) 

gap 
(μm) 

System 2 

Sp-2.21.4 oscillation stress (Pa) 0,5 21,7 9,99 72,4 1,0 oscillation stress (Pa) 0,5 02:00:00 1,0 615 

System 3 

Sp-3.56.3 
b oscillation stress (Pa) 0,5 26,5 6,95 71,3 1,0 oscillation stress (Pa) 0,5 01:23:31 1,0 815 

Sp-3.60.2 oscillation stress (Pa) 0,5 27,5 7,32 72 1,0 oscillation stress (Pa) 0,5 01:23:55 1,0 712 

Sp-3.62.2 oscillation stress (Pa) 0,5 28,5 8,58 75,3 1,0 oscillation stress (Pa) 0,5 01:24:33 1,0 784 

System 1: polymer 164, crosslinker 45-P or crosslinker 45, and catalyst 2.2.  
System 2: polymer 116, crosslinker 40-P, and catalyst 0.6. 
System 3: polymer 164, CRA, crosslinker 101-P and catalyst 2.2.

 

a
 Sp-1.20.11 only time sweep with pyrene at 85°C, and S1.20.11 without pyrene.  

b 
Sp-3.56.3 was made with temperature measured in fluorescence time scan experiments of Sp-3.56.2. 

S1.20.11 was prepared by mixing the components without fluorophore (9,9528 g of polymer 164, 0,2402 g of crosslinker 45 and 0,1005 g of 

catalyst 2.2). 4,5 gr of the mixture were separated and mixed with 0,5 mL of a 1x10-5M pyrene solution in cyclohexane to make sample Sp-1.20.11. 

The sample was used for dynamic viscoelasticity measurements with and without pyrene.   
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Steady-state fluorescence spectroscopy or wavelength scan was measured with a 

Fluorescence spectrometer F-4500 from Hitachi High Technologies Corporation of which the 

technical specifications are described in detail above. The temperature of the measurements was 

90°C, which was set to the thermostatted bath. Depending on the type of samples i.e. bulk-rubber 

or films, the cuvettes or the plates holding the films were placed into the spectrometer for 10 

minutes before each measurement. The excitation wavelength was λEx= 330nm and the emission 

spectrum was measured in the range from λEm= 300 to 600. 

Post-curing fluorescence intensity in bulk silicone-rubbers 

Steady-state fluorescence intensity measurements were performed on the same cured silicones 

bulk-rubbers that were used for the fluorescence time-scan measurements. The fluorescence 

intensity value at λEx/λEm= 330/380 nm was read out from the emission spectra. The measurements 

were made within a month with days intervals. Table 5.2.7 and Table 5.2.8 contain the list of 

silicone samples without fluorophore and with mobile pyrene respectively for fluorescence post-

curing and the frequency between the measurements.  

Table 5.2.7 List of bulk silicone samples without fluorophore of systems 1, 2, and 3 measured in 
fluorescence steady-state modus for post-curing studies with the frequency between 
measurements. λEx/λEm= 330/380 nm at 90°C. 

System 1: polymer 164 + crosslinker 45 + 
catalyst 2.2 

System 2: polymer 116 + crosslinker 40 + 
catalyst 0.6 

Sample t (days) Sample t (days) 
S1.20.20 0, 1, 2, 6, 9, 12, 16, 20 S2.21.5 0, 1, 2, 5, 6, 7 

System 3: polymer 164 + CRA + crosslinker 101-P + catalyst 2.2 
Sample t (days) Sample t (days) 

S3.10.5 0, 1, 4, 8, 11, 14, 21 S3.68.5 0, 1, 4, 7, 10, 14, 17, 21  
S3.66.5 0, 1, 4, 8, 11, 14, 21 S3.69.5 0, 1, 4, 7, 10, 14, 17, 21 
S3.67.5 0, 1, 3, 7, 10, 13, 20   

 
Table 5.2.8 List of bulk silicone samples with pyrene of systems 1, 2, and 3 measured in 
fluorescence steady-state modus for post-curing studies with the frequency between 
measurements. λEx/λEm= 330/380 nm at 90°C. 

System 1: polymer 164 + crosslinker 45-P + catalyst 2.2 
Sample t (days) Sample t (days) 

Sp-1.3.5 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 Sp-1.18.5 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.4.3 0, 1, 2, 3, 4, 7, 9, 14, 16, 21, 29 Sp-1.19.6 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.6.3 0, 1, 2, 5, 7, 9, 14, 16, 21, 29 Sp-1.20.13 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.7.4 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 Sp-1.21.4 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.8.3 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 Sp-1.22.4 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.11.4 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 Sp-1.23.3 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.12.2 0, 1, 2, 3, 4, 7, 9, 14, 16, 21, 29 Sp-1.23.4 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.13.8 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 Sp-1.24.3 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.14.2 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 Sp-1.26.6 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-1.16.2 0, 1, 2, 3, 7, 9, 14, 16, 21, 29   

System 2: polymer 116 + crosslinker 40-P + catalyst 0.6 
Sp-2.11.2 0, 3, 4, 5, 6, 7 Sp-2.17.3 0, 1, 4, 5, 6, 7, 8 
Sp-2.12.3 0, 3, 4, 5, 6, 7 Sp-2.21.3 0, 1, 2, 3, 4 
Sp-2.16.3 0, 1, 4, 5, 6, 7, 8   
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System 3: polymer 164 + CRA + crosslinker 101-P + catalyst 2.2 
Sample t (days) Sample t (days) 

Sp-3.2.2 0, 1, 7, 11, 15, 18, 21 Sp-3.56.2 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-3.3.2 0, 1, 3, 6, 10, 14, 16, 21, 23 Sp-3.58.2 0, 1, 2, 3, 7, 8, 9, 14, 16, 21, 29 
Sp-3.10.4 0, 1, 4, 8, 11, 14, 21 Sp-3.59.3 0, 1, 2, 3, 7, 8, 9, 14, 16, 21, 29 
Sp-3.15.2 0, 1, 7, 11, 15, 18, 21 Sp-3.60.2 0, 1, 2, 3, 7, 8, 9, 14, 16, 21, 29 
Sp-3.16.2 0, 1, 3, 6, 10, 16, 21, 23 Sp-3.62.2 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-3.28.2 0, 1, 7, 11, 15, 18, 21 Sp-3.63.2 0, 1, 2, 3, 7, 9, 14, 16, 21, 29 
Sp-3.29.2 0, 1, 3, 6, 10, 14, 16, 21, 23 Sp-3.64.4 0, 1, 2, 3, 7, 8, 9, 14, 16, 21, 29 
Sp-3.41.2 0, 7, 10, 11, 14, 17, 20  Sp-3.66.4 0, 3, 8, 10, 13, 20 
Sp-3.42.2 0, 1, 5, 6, 9, 13, 20, 22 Sp-3.67.4 0, 1, 3, 7, 10, 13, 20 
Sp-3.54.2 0, 7, 10, 11, 14, 17, 20 Sp-3.68.4 0, 1, 4, 7, 10, 14, 17,  21 
Sp-3.55.2 0, 1, 5, 6, 9, 13, 15, 20, 22 Sp-3.69.4 0, 1, 4, 7, 10, 14, 17,  21 

Post-curing release forces of bulk silicone-rubbers were measured with the acrylate tape 

(Scotchcal) from 3M. Therefore, seven samples of   4.5 x 1 x 1 cm of each of the silicone mixtures 

containing pyrene that were used for the fluorescence studies were cured at 85°C into the oven 

with air circulation for 4 hours inside a PMMA cuvette of 1 cm squared-side. Afterwards, the PMMA 

cuvettes were carefully cut using a pinpoint saw to demold the samples, then the rubbers were cut 

exactly to 4 cm length. The acrylate tapes were cut in stripes of 1 x 10 cm and cast on top of the 

silicone rubbers. Then 1Kg was placed on top of the samples for 5 min. Afterwards, the samples 

with the tape were heated for 15 min in the oven at 150°C. The samples were cooled down for 5 

minutes before measuring the release forces with the tensile testing machine from Zwick GmbH & 

Co. The release speed was 300mm/min keeping an angle of 180° with the scotchcal tape subject 

to a clamp in the upper part of the tensile tester as shown in Figure 5.2.2. The release force is 

reported in cN/1cm width. The test was performed at the company Laufenberg GmbH at the 

frequency reported in Table 5.2.9 containing also the list of investigated samples.  

Table 5.2.9 List of bulk silicone samples with pyrene of systems 1 and 3 for the measurement of 
release forces evolution in the post-curing time. 

System 1 System 3 

Sample tpost-curing (days)  Sample tpost-curing (days)  Sample tpost-curing (days)  
Sp-1.3.5 1, 3, 7, 9, 14, 16, 21 Sp-1.18.5 1, 3, 7, 9, 14, 16, 21 Sp-3.54.3 2, 7, 14, 16, 21 
Sp-1.4.3 1, 3, 7, 9, 14 Sp-1.19.6 1, 3, 7, 9, 14, 16, 21 Sp-3.55.3 2, 7, 14, 16, 21 
Sp-1.6.3 1, 3, 7, 9, 14, 16, 21 Sp-1.19.7 1, 3, 7, 9, 14, 16, 21 Sp-3.56.2 2, 7, 14, 16, 21 
Sp-1.7.4 1, 3, 7, 9, 14, 16, 21 Sp-1.20.13 1, 3, 7, 9, 14, 16, 21 Sp-3.58.2 1, 3, 7, 16, 21 
Sp-1.8.3 1, 3, 7, 9, 14 Sp-1.21.4 1, 3, 7, 9, 16, 21 Sp-3.59.3 3, 7, 9, 14, 16, 21 
Sp-1.11.4 1, 3, 7, 9, 14, 16, 21 Sp-1.22.4 1, 3, 7, 9, 14, 16, 21 Sp-3.60.2 1, 3, 7, 9, 14, 16, 21 
Sp-1.12.2 1, 3, 7, 9, 14 Sp-1.23.4 1, 3, 7, 9, 14, 16, 21 Sp-3.62.2 3, 7, 9, 14, 16, 21 
Sp-1.13.8 1, 3, 7, 9, 14, 16, 21 Sp-1.24.3 1, 3, 7, 9, 14, 16, 21 Sp-3.63.2 7, 9, 14, 16, 21 
Sp-1.14.2 1, 3, 7, 9, 14 Sp-1.26.6 1, 3, 7, 9, 14, 16, 21 Sp-3.64.4 1, 3, 7, 9, 14, 16, 21 
Sp-1.16.2 1, 3, 7, 9, 14, 16, 21     
System 1: polymer 164, crosslinker 45-P, catalyst 2.2. 
System 3, 100 CRA parts: CRA, crosslinker 101-P, catalyst 2.2. 
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Figure 5.2.2 Acrylate tensile-test set up for measuring the post-curing releace forces of bulk 
silicone-rubbers. 

  

The extracted percentage of non-crosslinked silicon in post-curing stages of the bulk silicone 

rubbers was measured parallel to the acrylate test by means of atomic absorption spectroscopy 

(AAS) with a device Agilent 280 Series AA from the company Agilent. The AAS had a flame 

atomizer operated with nitrous oxide and acetylene achieving 2700°C. The calibration previously 

made and stored in the database for molten non-crosslinked silicone mixtures with the same 

silicone formulations was used. The calibrations were made with solutions of 0.5 ml, 1.0 ml, 2.0mL, 

and 3 mL of the silicone mixtures in 100 mL of MIBK. For the measurements, the MIBK solution 

was aspirated by a pneumatic nebulizer, introduced it into a spray chamber where it was mixed 

with the flame gases. On top of the spray chamber, there was a burner head that produces a flame 

that is   10 cm long and only    3 mm width. The UV radiation beam passed through this flame at its 

longest axis. The electrons of the atomized samples absorb energy that is emitted at a determined 

wavelength specific for silicon λSi=251.6 nm. The samples to be analyzed were prepared by taking 

the leftover part of the samples cut for the release forces tests (seven samples per silicone 

formulation). Then a slice of the rubber was cut to 2 mm x 1 cm x 1 cm, weighed and placed in 10 

ml of MIBK for one week. The AAS measurement was performed and the percentage of extracted 

silicon was reported by the software SpectrAA from Agilent. The measurements were performed at 

Laufenberg GmbH, a list of the samples and the frequency of the measurements is presented in 

Table 5.2.10.  
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Table 5.2.10 List of bulk silicone samples with pyrene of systems 1 and 3 for the ASS 
measurements in the post-curing time. 

System 1 System 3 

Sample tpost-curing (days)  Sample tpost-curing (days)  Sample tpost-curing (days)  
Sp-1.3.5 3, 7, 9, 14, 16, 21 Sp-1.18.5 1, 3, 7, 9, 14, 16, 21 Sp-3.54.3 2, 7, 14, 16, 21 
Sp-1.4.3 1, 3, 7, 9, 14 Sp-1.19.6 1, 3, 7, 9, 14, 16, 21 Sp-3.55.3 2, 7, 14, 16, 21 
Sp-1.6.3 1, 3, 7, 9, 14, 16, 21 Sp-1.19.7 1, 3, 7, 9, 14, 16, 21 Sp-3.56.2 2, 7, 14, 16, 21 
Sp-1.7.4 3, 7, 9, 14, 16, 21 Sp-1.20.13 1, 3, 7, 9, 14, 16, 21 Sp-3.58.2 1, 3, 7, 9, 14, 16, 21 
Sp-1.8.3 1, 3, 7, 9, 14 Sp-1.21.4 1, 3, 7, 9, 14, 16, 21 Sp-3.59.3 1, 3, 7, 9, 14, 16, 21 
Sp-1.11.4 3, 7, 9, 14, 16, 21 Sp-1.22.4 1, 3, 7, 9, 14, 16, 21 Sp-3.60.2 1, 3, 7, 9, 14, 16, 21 
Sp-1.12.2 1, 3, 7, 9, 14, Sp-1.23.3 1, 3, 7, 9, 14, 16, 21 Sp-3.62.2 1, 3, 7, 9, 14, 16, 21 
Sp-1.13.8 3, 7, 9, 14, 16, 21 Sp-1.23.4 1, 3, 7, 9, 14, 16, 21 Sp-3.63.2 1, 3, 7, 9, 14, 16, 21 
Sp-1.14.2 1, 3, 7, 9, 14 Sp-1.24.3 1, 3, 7, 9, 14, 16, 21 Sp-3.64.4 1, 3, 7, 9, 14, 16, 21 
Sp-1.16.2 3, 7, 9, 14, 16, 21 Sp-1.26.6 1, 3, 7, 9, 14, 16, 21   
System 1: polymer 164, crosslinker 45-P, catalyst 2.2. 
System 3, 100 CRA parts: CRA, crosslinker 101-P, catalyst 2.2. 

 

Fluorescent silicone coatings  

Coatings made at Laufenberg GmbH with a Mathis lab-coater LTE-secured from the company 

Werner Mathis AG of 1 and 2µm thickness were made with the silicone formulation Sp-1.20.15 of 

system 1, and the formulations of system 3 containing different CRA concentrations S3.70.1 (0 CRA 

without pyrene), Sp-3.10.6 (0 CRA), Sp-3.66.6 (25 CRA), Sp-3.67.6 (50 CRA), Sp-3.68.6 (75 CRA), and Sp-3.69.6 

(100 CRA), for details about the synthesis of the silicones see Table 5.2.1. The silicone mixture of 

molten polymers was cast on an A4 PETP substrate of 50µm and then cured at 120°C for 30 s. 

Post-curing fluorescence-intensity measurements were performed on the mentioned coatings 

during one month with days intervals. The release forces and the percentage of extracted silicon 

were measured for the coatings with the silicones of the system 3.  

A pyrene-labelled silicone-coated roll of PETP was made at production department of 

Laufenberg GmbH with the silicone formulation of system 1 with q=3.1, [Pt]=215 ppm. The roll was 

rewinded after 6 weeks in such a way that what was next to the core of the roll was after rewinding 

in the outer part. Then samples from the inner, middle and outer part in radial direction were 

extracted for fluorescence steady-state, contact angle and surface energy measurements. 

Steady-state fluorescence intensity measurements in silicone coated films 

The fluorescence intensity post-curing of coated films was measured with the same fluorescence 

spectrometer described at the beginning of this section in wavelength scan mode. The silicone 

coatings or the PETP uncoated substrate were cut in pieces of 3.7 cm x 1.0 cm and introduced in 

one of the designed sample holders shown in Figure 5.2.3 or into a PMMA cuvette. A black-coated 

brass window of 2 mm width also shown in Figure 5.2.3 was placed at the entrance of the 

spectrometer chamber for reducing the amount of incident light on the sample when the brass 

plates were used, except for the measurement of non-coated PETP in the PMMA cuvette at 45°. 

The emission spectra of the samples enlisted in Table 5.2.11 was measured at 90°C between 

λEm=300 and 600 nm at an excitation of λEx=330 nm. In the same table are reported the kind of 

sample holder used, the angle of the silicone coating respect to the detector cf. Scheme 5.3.2 and 

the time post-curing for the measurements. The wavelength-scan for post-curing studies was 

repeated 3 times per measurement.  
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For the analysis of the post-curing fluorescence-intensity behaviour of the coatings, the values of 

the fluorescence intensity (FI) from the emission spectra at λEx/λEm= 330/385 nm were used. The 

relative fluorescence intensity FIrel was calculated by dividing the measured FI of the coatings by 

the FI of the uncoated PETP at λEx/λEm= 330/385nm, FIPETP at 45°= 4177 ± 13 counts; FIPETP at 90°= 

519.9 ± 3.9 counts. 

The fluorescence emission spectrum along the pyrene-labelled silicone-coated roll was also 

measured at λEx= 330 nm between λEm= 300 and 600 nm for two samples of the inner, middle and 

outer part of the roll i.e. in the radial direction. 

 Brass Cuvette Brass Plates Brass Window 

 
  

Figure 5.2.3 Sample holders designed for the fluorescence spectroscopy measurements of 
silicone coatings. 
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Table 5.2.11 List of measurements with the conditions used in fluorescence steady-state mode for 
post-curing studies with the frequency between measurements. λEx=330 nm, λEm=300-600 nm at 

90°C. N/A: Non-applicable. 
Sample Coating 

Thickness 
(µm) 

Sample holder  
cf. Figure 5.2.3 

Angle coating-
detector cf. 
Scheme 5.3.2 

tpost-curing (min or days) 

PMMA cuvette 0 PMMA cuvette - N/A 

Brass cuvette 0 Brass cuvette - N/A 

Brass plates 0 Brass plates 45° N/A 

PETP 0 
PMMA cuvette 
Brass cuvette 
Brass plates 

0°, 45°, 90° 
90° 
45°, 135° 

N/A 
N/A 
N/A 

S3.70.1
  
      (0 CRA) 1 Brass plates 

45°, 135°, 225°, 
315° 

N/A 

Sp-1.20.15 

Sp-3.10.6     (0 CRA) 
Sp-3.66.6   (25 CRA) 
Sp-3.67.6   (50 CRA) 
Sp-3.68.6   (75 CRA) 
Sp-3.69.6 (100CRA) 

1 & 2 

Brass cuvette 90° 1, 2, 3, 7, 8, 10 days 

Brass plates  45° 
1, 2, 3, 4, 8, 11, 16, 21, 
29 days 

Pyrene-labelled 
silicone-coated roll 
(outer, middle, 
inner part) 

1 Brass plates  45° N/A 

Post-curing release forces of silicone-coated PETP-films were measured with the acrylate tape 

(Scotchcal) from 3M. Therefore, the fresh coatings made at Laufenberg GmbH with the silicone 

formulations Sp-3.10.6 (0 CRA), Sp-3.66.6 (25 CRA), Sp-3.67.6 (50 CRA), Sp-3.68.6 (75 CRA) and Sp-3.69.6 

(100CRA) were cut in strips of 3.0 x 17.0 cm. Acrylate tapes of 2.5 x 15 cm were cast on top of the 

silicone coatings, then a roller of 1Kg was passed along the samples. Afterwards, the samples with 

the tape were heated for 15 min in the oven at 150°C. The samples were cooled down for 5 

minutes before measuring the release forces with the tensile testing machine from Zwick GmbH & 

Co. The release speed was 300mm/min keeping an angle of 180° as shown in Figure 5.2.2. The 

release force is reported in cN/2.5cm width. The test was performed at the company Laufenberg 

GmbH. 

The percentage of extracted silicone in silicone-coated PETP-films (%Si Extracted) was 

determined with the ASS method described above in p 311. The fresh silicone-coatings analysed 

were Sp-3.10.6 (0 CRA), Sp-3.66.6 (25 CRA), Sp-3.67.6 (50 CRA), Sp-3.68.6 (75 CRA) and Sp-3.69.6 (100CRA). 

The samples were prepared by cutting strips of the coatings of 5 x 25 cm and placing them into 20 

ml of MIBK for one week before the measurements. The measurements were performed at 

Laufenberg GmbH. 

Contact angle measurements and surface energy calculations were made on the samples of 

the inner, middle and outer part of the pyrene-labelled silicone-coated roll with a Drop Shape 

Analyzer DSA100 from Krüss GmbH used to determine the wettability of the PDMS coatings. The 

contact angle was measured by using the sessile drop method with 1µL droplets. The wetting 

solvents used were water, aniline, and benzyl alcohol. The contact angles were measured in the 

coated and uncoated side of the PETP substrate for three to five drops placed in different parts of 
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the surface with each wetting solvent. The estimation of the contact angles was made by using the 

five methods contained in the DSA100 analysis software, i.e. tangent method I, tangent method II, 

height-width method, circle fitting method, and Young-Laplace method [50]. The surface energy 

calculations were automatically performed by the DSA 100 analysis software choosing the 

equation of state method [50].    

Differential scanning calorimetry (DSC): The measurements were performed with a Netzsch 

204 F1 Phoenix thermal analyzer equipped with a T-sensor and a Netzsch intracooler. The 

instrument was calibrated with cyclohexane, tin and indium standards for 10 K/min heating rate. 

Samples of the silicone mixtures of 10-20 mg prepared as mentioned in Section 5.2.2 and Section 

5.2.3 were placed in aluminium pans of 25µL volume. Then, the pan was put inside the DSC 

device chamber in one of the temperature sensors. An empty aluminium pan was placed on the 

other sensor, which was used as the reference. The thermogram was obtained in a temperature 

range between 20 and 150°C with heating ramp ± 10K/min. From the thermograms (heat vs. T), 

the exothermic resulting peak of the heating step was extracted for the analysis of reaction 

kinetics. Table 5.2.12 contains a list of the samples of the silicone systems 1 used for the DSC 

experiments. 

Table 5.2.12 List of samples of silicones with and without pyrene of systems 1, 2 and 3 measured 
by DSC. 

System 1 System 2 System 3 

pyrene No pyrene pyrene No pyrene pyrene No pyrene 
Sp-1.3.6 S1.3.3  Sp-2.17.3 S2.17.2 Sp-3.54.3 S3.54.1 
Sp-1.13.9 S1.13.2 S1.13.3   Sp-3.55.3 S3.55.1 

     Sp-3.56.2 S3.56.1 
System 1: polymer 164, crosslinker 45-P or crosslinker 45, catalyst 2.2.  
System 2: polymer 116, crosslinker 40-P or crosslinker 40, catalyst 0.6. 
System 3: polymer 164, CRA, crosslinker 101-P or crosslinker 101, catalyst 2.2.
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5.3. Results and Discussion 

Fluorescence spectroscopy has been widely used in the characterization of curable materials due 

to the high sensitivity of the method, its selectivity and non-destructible character [26]. This 

Chapter is dedicated to proving whether fluorescence spectroscopy is a suitable method to monitor 

the curing of silicones obtained via hydrosilylation reaction by embedding pyrene into the silicone 

prepolymers mixture. At low concentrations and low pressure pyrene readily forms excimers, it has 

a long lifetime allowing the study of the interactions of the fluorophore with the media in which it is 

found [27]. The fluorescent properties of the prepolymers and their mixture with and without 

fluorophore were separately studied by 3D-fluorescence spectroscopy, then the fluorescence 

intensity was monitored during the reaction and even far beyond the reaction to detect changes in 

the fluorescence intensity associated with modifications on the fluorophore environment i.e. 

silicone changes. The fluorescence intensity during the reaction was compared against the 

dynamic moduli obtained from rheology using the same reaction conditions for variations in the 

composition of the prepolymers conforming the silicone systems. The method developed in this 

work is seeking to be used in the production at large scale of silicone coatings for release liner 

applications and assessing their quality for long periods of time post-curing.  

5.3.1.  Silicones Synthesis 

The experiments conducted in this Chapter were made using the same three silicone systems as 

described in Chapter 4. The components of each system are listed below. Each system was 

composed of a base polymer bearing vinyl groups, a crosslinker with hydrosilane groups, a filler 

when the case, and the Pt-catalyst. The systems differed in the localization and amount of 

functional groups along the chain, the addition of filler, and the prepolymers molecular weight. The 

structures reported here use the General Electric notation explained in the Materials Section 2.1.1.   

 System 1: Polymer 164 (vinyl end groups, MviD217M
vi), crosslinker 45 (homopolymer SiH, 

MDH
72M) and catalyst 2.2 (Pt = 2.2 wt% + linear vinyl terminated-polysiloxane Mn= 8030 g/mol). 

 System 2: Polymer 116 (vinyl along the chain, MDvi
3D150M), crosslinker 40 (copolymer SiH, 

M1.28D
H

48D12M
H

0.72) and catalyst 0.6 (Pt= 0.6 wt% + linear vinyl terminated-polysiloxane Mn= 

9510 g/mol). 

 System 3: Polymer 164 (vinyl end groups, MviD218M
vi), crosslinker 101 (copolymer SiH, 

MD23D
H

138M), CRA (filler, Silica nanoparticles ϕ   9.5nm, ~M423M
vi

98D49Q
Et

66Q9830 + PDMS: 

MD40M, xPDMS (mol)/ yparticles(mol)= 13.68), and catalyst 2.2 (Pt = 2.2 wt% + linear vinyl 

terminated-polysiloxane Mn= 8030 g/mol).      

The formulations used for the synthesis of PDMS networks in the present Chapter are found below 

in Table 5.3.1, for formulations containing pyrene mixed with the crosslinker of each system, and 

Table 5.3.2 for silicone formulations without fluorophore present which were made with 

comparative purposes. The systems are described by the variables (i) q denoting the SiH/Vinyl 

molar ratio that refers to the molar amount of reacting hydrosilane groups of the crosslinker 

compared to the molar amount of reacting vinyl groups contained in the base polymer, the vinyl 

terminated PDMS in the catalyst, and in the case of system 3 also by the silica particles present in 

the CRA (Control Release Additive), (ii) the platinum concentration in parts per million (ppm) into 
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the silicone formulation [Pt], and (iii) CRA parts for system 3. CRA parts range goes from zero 

parts (only base polymer, no CRA) to hundred parts of CRA (only CRA, no base polymer).  

To calculate the SiH/vinyl molar ratio (q), the platinum concentration [Pt], and the CRA parts, the 

amount of reagents and catalyst added to the silicone reactive mixture reported in Table 5.2.1 and 

Table 5.2.2 were used. The procedure for the calculations was described in detail in Section 4.3.1, 

Chapter 4. 

Table 5.3.1 List of silicone samples containing mobile pyrene as the fluorescent label of system 
1: polymer 164, crosslinker 45-P, catalyst 2.2. system 2: polymer 116, crosslinker 40-P, catalyst 
0.6. system 3: polymer 164, crosslinker 101-P, CRA, catalyst 2.2. (q: SiH/vinyl ratio; [Pt] 
platinum concentration in the formulation in ppm; CRA parts: content of CRA in system 3).  

S p- x. y. z 
↓ ↓ ↓ ↓ ↓ 

Silicone Pyrene in 
crosslinker 

System 
N° 

Formulation 
N° 

Sample 
N° 

 

 System 1  

 Sample q [Pt] (ppm)  Sample q [Pt] (ppm)  
 Sp-1.3.5 1,2 219  Sp-1.20.10 3,0 215  

 Sp-1.3.6 1,3 218  Sp-1.20.11 3,1 215  

 Sp-1.4.3 1,3 327  Sp-1.20.12 3,1 215  

 Sp-1.6.3 2,0 108  Sp-1.20.13 3,1 215  

 Sp-1.7.4 1,9 217  Sp-1.20.14 3,1 215  

 Sp-1.8.3 2,0 325  Sp-1.20.15 3,1 215  

 Sp-1.11.4 2,3 216  Sp-1.20.16 3,1 215  

 Sp-1.12.2 2,6 108  Sp-1.20.17 3,1 215  

 Sp-1.13.8 2,6 216  Sp-1.20.21 3,1 215  

 Sp-1.13.9 2,6 216  Sp-1.21.4 3,1 269  

 Sp-1.14.2 2,6 324  Sp-1.22.4 3,1 322  

 Sp-1.16.2 2,8 215  Sp-1.23.3 3,1 430  

 Sp-1.18.5 3,1 107  Sp-1.23.4 3,1 430  

 Sp-1.18.6 3,1 107  Sp-1.24.3 3,4 214  

 Sp-1.19.6 3,1 161  Sp-1.25.2 3,9 107  

 Sp-1.19.7 3,1 161  Sp-1.26.6 3,9 214  

 Sp-1.20.8 3,1 215  Sp-1.32.1 3,2 0  

 Sp-1.20.9 3,1 214      

 System 2  

 Sample q [Pt] (ppm)  Sample q [Pt] (ppm)  
 Sp-2.11.2 3,0 60  Sp-2.17.4 3,4 120  

 Sp-2.12.3 3,0 120  Sp-2.21.3 3,4 131  

 Sp-2.16.3 3,3 60  Sp-2.21.4 3,4 131  

 Sp-2.17.3 3,4 120      
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 System 3  

 
Sample 

q [Pt] 
(ppm) 

CRA 
parts 

Sample 
q [Pt] 

(ppm) 
CRA 
parts 

 

 Sp-3.1.3 2,0 54 0 Sp-3.56.3 8,9 199 100  
 Sp-3.2.2 2,0 108 0 Sp-3.58.2 10,4 99 100  
 Sp-3.3.2 2,0 162 0 Sp-3.59.3 10,4 150 100  
 Sp-3.10.4 3,1 107 0 Sp-3.60.2 10,3 197 100  
 Sp-3.10.6 3,1 107 0 Sp-3.62.2 13,9 96 100  
 Sp-3.15.2 3,9 106 25 Sp-3.63.2 13,8 145 100  
 Sp-3.16.2 3,9 159 25 Sp-3.64.4 13,8 190 100  
 Sp-3.28.2 6,0 104 50 Sp-3.66.4 4,7 137 25  
 Sp-3.29.2 5,7 156 50 Sp-3.66.6 4,7 137 25  
 Sp-3.41.2 7,4 102 75 Sp-3.67.4 6,2 145 50  
 Sp-3.42.2 7,5 154 76 Sp-3.67.6 6,2 145 50  
 Sp-3.54.2 9,0 101 100 Sp-3.68.4 7,6 153 75  
 Sp-3.54.3 9,0 100 100 Sp-3.68.6 7,6 153 75  
 Sp-3.55.2 9,0 151 100 Sp-3.69.4 8,8 161 100  
 Sp-3.55.3 9,0 152 100 Sp-3.69.6 8,8 161 100  
 Sp-3.56.2 9,0 199 100      

 
Table 5.3.2 List of silicone samples without fluorophore of system 1: polymer 164, crosslinker 
45, catalyst 2.2. system 2: polymer 116, crosslinker 40, catalyst 0.6. system 3: polymer 164, 
crosslinker 101, CRA, catalyst 2.2. (q:SiH/vinyl ratio; [Pt] platinum concentration in the 
formulation in ppm).  

S x. y. z 
↓ ↓ ↓ ↓ 

Silicone System 
N° 

Formulation 
N° 

Sample 
N° 

 

 System 1  

 Sample q [Pt] (ppm)  Sample q [Pt] (ppm)  
 S1.3.3 1,3 218  S1.20.11 3,1 215  

 S1.11.5 2,3 216  S1.20.18 3,1 215  

 S1.13.2 2,6 216  S1.20.19 3,1 215  

 S1.13.3 2,6 216  S1.20.20 3,0 215  

 S1.13.10 2,5 216  S1.21.5 3,0 271  

 S1.18.7 3,1 107  S1.22.5 3,0 322  

 S1.19.8 3,1 163  S1.26.7 3,9 214  

 System 2  

 Sample q [Pt] (ppm)  Sample q [Pt] (ppm)  

 S2.17.2 3,3 120  S2.21.5 3,4 137  

 System 3  

 
Sample 

q [Pt] 
(ppm) 

CRA 
parts 

Sample 
q [Pt] 

(ppm) 
CRA 
parts 

 

 S3.10.5 3,1 107 0 S3.66.5 4,7 137 25  
 S3.54.1 9,0 101 100 S3.67.5 6,2 145 50  
 S3.55.1 9,0 151 100 S3.68.5 7,5 153 76  
 S3.56.1 9,0 201 100 S3.69.5 8,9 161 100  
     S3.70.1 3,1 107 0  
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5.3.2.     Fluorescence Studies of the Curing of Silicone Networks 

5.3.2.1. Setting Up Parameters for Fluorescence Experiments 

This section pretends to describe how the 3D fluorescence spectrum was used as a tool to select 

the parameters i.e. excitation and emission wavelengths for the fluorescence time-scan 

measurements. 

It has been demonstrated that the 3D-fluorescence spectrum i.e. the plot of the fluorescence 

intensity against the excitation and emission wavelength, yields a “fingerprint” for different dyes [7], 

[8]. The 3D-scan allows simultaneous measurement of excitation and emission fluorescence 

spectra on a wavelength range by identifying the positions in the spectrum where there is 

fluorescence emission of the analyzed compound. With the aim of determining if there is any 

fluorescence emission of the molten pre-polymers involved in the synthesis of PDMS rubbers 

without adding a fluorophore yet and if there is any overlap with the pyrene emission, the 3D-

fluorescence spectrum was measured for each compound and compared to the analogue 

spectrum containing pyrene in a concentration 1x10-5 M. Pyrene was used as the label to follow 

the hydrosilylation reaction by fluorescence spectroscopy as described in the next Section 5.3.2.2.    

The first point to discuss when observing the 3D-spectra are the artefacts generated by light 

scattering. One artefact is the 45° diagonal which appears in all measurements and it is attributed 

to the first order Rayleigh light scattering where λEx= λEm, the scattering is generated by the smaller 

molecules than the wavelength of excitation [7]. In this case, Rayleigh scattering was generated by 

the Xenon excitation light. The other diagonal in the right-down part of the spectrum is the second-

order Rayleigh scattering where 2λEx=λEm [7]. Another pattern observed in all spectra below is a 

small part of a diagonal in the left-up side of the spectrum. Soltzberg et al. attributed those 

diagonals to Raman scattering generated by the solvent [7], [8].     

In Figure 5.3.1 a the 3D-fluorescence spectrum of pyrene in cyclohexane in a concentration of 1x 

10-5 M is shown in the form of a “3D-plot”, the orthographic projection. It is a shortcoming of the 

orthographic projection that large signals hide smaller signals located behind them respect to the 

observer viewing direction. For this reason, the 2D-contour projections will be used throughout the 

subsequent text. In Figure 5.3.1 b, the contour spectrum is depicted which is a “birds-eye-view”, 

i.e. a top view of the 3D-spectrum. Only two peaks are observable at this concentration attributed 

only to the pyrene monomer with a maximum at the excitation bands at λEx1= 270 nm and λEx2= 330 

nm both with maximum emission at λEm= 380 nm. No emission signal of the excimer which was 

discovered by Föster et al. [10] at λEm= 478 nm was observed. Other signals of small intensities are 

observed at λEx= 2λEm for pyrene (upper side of the spectrum b). This means that the energy of the 

emitted photons is higher than the energy of the exciting photons. The phenomenon is known as 

anti-stokes fluorescence [11]. In this case, it is caused by the high temperature of the 

measurement at 70°C. The heat of the solution acts as a reservoir of energy which is provided to 

the photons and consequently being emitted with higher energy (shorter wavelength) [12].  
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a) b) 

  

 Figure 5.3.1 3D-fluorescence spectrum of pyrene 1x10-5 M  in cyclohexane at 70°C. 
a) Orthographic projection. b) Birds-eye-view i.e. top view with contour lines. 

(EX= excitation wavelength; EM= emission wavelength). 

The 3D-fluorescence spectrum of polymer 164 without pyrene is depicted in Figure 5.3.2 a. No 

fluorescence emission of this compound was observed. When pyrene was added to the polymer 

164, the spectrum depicted in Figure 5.3.2 b was similar to the spectrum of pyrene in cyclohexane 

(cf. Figure 5.3.1). 

a) b) 

  

Figure 5.3.2 3D-fluorescence spectrum of polymer 164 at 70°C. a) contour spectrum without 
pyrene. b) Contour spectrum with pyrene, Cpyrene=1x10-5M. 

On the other hand, the 3D- fluorescence spectrum of polymer 116 in Figure 5.3.3 contains a 

fluorescence emission peak of moderate intensity at λEx/λEm = 280/330 nm with an intensity of FI= 

2476 counts when measured at 90°C (cf. Figure 5.3.3 a) and FI= 5577 counts at 70°C (cf. Figure 

5.3.3 b). The spectra are identical with variation only in the fluorescence intensity. The higher the 

λEx1= 270 nm 
λEm1=380nm 
FI= 8495 

λEx2= 330 nm 
λEm2=380nm 
FI > 10000 
 

λEx2= 330 nm 
λEm2=380nm 
FI > 10000 
 

λEx1= 270 nm 
λEm1=380nm 
FI= 8495 
 

λEx2= 330 nm 
λEm2=380nm 
FI = 8402 

λEx1= 270 nm 
λEm1=380nm 
FI= 5814 
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temperature the smaller the fluorescence intensity as proved by Dominguez et al. [13], [14], due to 

polymeric relaxation processes, and the nature of pyrene. The reason for the fluorescence 

emission of the polymer at λEx/λEm = 280/330 nm is the presence of the inhibitor 

ethynylcyclohexanol. A 3D-scan of the inhibitor confirmed that the fluorescence emission came 

from this material (cf. Figure 5.3.4). However, the fluorescence spectrum of polymer 116 containing 

inhibitor does not overlap the pyrene spectrum (cf. Figure 5.3.3 c) which is an important issue 

when using the excitation and emission wavelengths of pyrene to follow the course of the reaction. 

Moreover, the fluorescence peak of the ethynylcyclohexanol inhibitor disappeared when the silicon 

networks have been formed suggesting that the inhibitor evaporated upon hydrosilylation as 

confirmed by measuring the 3D-fluorescence spectrum of a polymer mixture of system 2 

containing the polymer 116, crosslinker 40 and catalyst 0.6 (Sp-2.17.4) before and after reaction (cf. 

Figure 5.3.3 d and e respectively). For this sample, the crosslinker was pyrene labelled with a 

concentration of 1x10-5M. The spectra were measured at 20°C since at temperatures over 50°C 

the sample before crosslinking would undergo crosslinking during the time required for the 

measurements i.e.   10 min.   
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Figure 5.3.3 Contour plots of the 3D-fluorescence spectrum of polymer 116. a) 90°C without 
pyrene. b) 70°C without pyrene. c) with 1x10-5M pyrene at 70°C. d) silicone mixture system 2: Sp-

2.17.4, q=3,4 [Pt]= 120 ppm with 6,55x10-7M pyrene before crosslinking at 20°C. e) contour spectrum 
of crosslinked Sp-2.17.4, q= 3,4 [Pt]= 120 ppm with 6,55x10-7M pyrene at 20°C.      
 

b) c) 

d) e) 

Inhibitor 
λEx= 280 nm 
λEm=330 nm 
FI= 5577 
T= 70°C 
 

Inhibitor 
λEx= 280 nm 
λEm=330 nm 
FI= 4740 
T= 70°C 

 

Pyrene 
λEx= 330 nm 
λEm=380 nm 
FI= 5861 

 

Inhibitor 
λEx= 280 nm 
λEm=330 nm 
FI= 1394 
T= 20°C 
 Pyrene 

λEx= 330 nm 
λEm=380 nm 
FI= 1175 

 

Pyrene 
λEx= 330 nm 
λEm=380 nm 
FI= 816 
T= 20°C 

 

Inhibitor 
λEx= 280 nm 
λEm=330 nm 
FI= 2476 
T= 90°C 

a) 
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Figure 5.3.4 3D-fluorescence spectrum of 10-5M ethynylcyclohexanol (ECH) in cyclohexane at 
20°C. 

The peak caused by the fluorescence signal of pyrene was always independent of the peak signal 

caused by the inhibitor. They did not overlap even when the concentration of pyrene was 

decreased in the mixture to the order of 10-7 M and its fluorescence intensity was of the same 

magnitude order as the intensity order of the inhibitor peak at λEx/λEm = 280/330nm. Therefore, no 

influence of the inhibitor on the fluorescence emission of pyrene is to be expected if the excitation 

wavelength is fixed at λEx= 330 nm, and the fluorescence intensity is measured at λEm = 380nm.  

The 3D-spectra of the crosslinkers 45, crosslinker 40 and crosslinker 101 are depicted in Figure 

5.3.5. From crosslinker 45 a small fluorescence emission peak at λEx/λEm = 270/360nm was 

observed cf. Figure 5.3.5 a. If pyrene fluorescence emission is used as an indicator to follow the 

course of hydrosilylation reaction, the intensity of its emission must be greater than the intensity of 

the polymers to observe the response of the stimulus when the polymers increase the viscosity 

upon crosslinking. Therefore, when mixing pyrene with the crosslinker, the fluorophore must be 

present in a sufficiently high concentration to emit fluorescence beyond the crosslinker 45 emission 

intensity. At a concentration of 1x10-5M of pyrene in the crosslinker the peak of the pyrene at 

λEx/λEm = 270/380nm superimposed the peak of crosslinker by almost five times the intensity (cf. 

Figure 5.3.5 b). Furthermore, the peak of maximum fluorescence emission of pyrene at λEx/λEm = 

330/380nm did not overlap any emission of the crosslinker, thus no perturbations of the pyrene 

fluorescence emission are taking place by the crosslinker emission when the pyrene fluorescence 

intensity is measured during the course of hydrosilylation reaction.     

λEx= 280 nm 
λEm=330 nm 
FI>10000. 
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Figure 5.3.5 Contour fluorescence spectra of crosslinkers invoved in hydrosilylation. a) Crosslinker 
45 without pyrene at 70°C. b) Crosslinker 45 with 1x10-5M pyrene at 70°C. c) Crosslinker 40 
without pyrene at 90°C. d) Crosslinker 40 with 1x10-5M pyrene at 90°C. e) Crosslinker 101 without 
pyrene at 90°C. f) Crosslinker 101 with 1x10-5M pyrene at 90°C. 

a) b) 

c) d) 

e) f) 

λEx= 270 nm 
λEm=360 nm 
FI= 1242 

 

λEx= 330 nm 
λEm=380 nm 
FI= 6890 

 

λEx= 270 nm 
λEm=380 nm 
FI= 4498 

 

λEx= 330nm 
λEm=380 nm 
FI= 7200 

 

λEx= 330 nm 
λEm=380 nm 
FI= 5068 
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The other crosslinkers as (CL 40 and 101), did not exhibit any fluorescence emission cf. Figure 

5.3.5 c and e respectively. The contour spectra of the mentioned crosslinkers with pyrene in a 

concentration of 1x10-5M in Figure 5.3.5 d for crosslinker 40 and Figure 5.3.5 f for crosslinker 101 

depicted the same contour spectrum as that of pure pyrene in cyclohexane from Figure 5.3.1.    

Figure 5.3.6 depicts the 3D-fluorescence spectrum of CRA at 90°C. No peaks of fluorescence 

emission are observed in the spectrum, only Rayleigh or Raman scattering are observable. On the 

other hand, the 3D-spectrum of CRA with pyrene (not shown) presented the same peaks of the 3D 

spectrum of pyrene in cyclohexane. Hence, adding control release additives to the silicone system 

does not influence the fluorescence emission of pyrene when used as the fluorescent marker.  

 

Figure 5.3.6 3D-fluorescence spectrum of CRA without pyrene 
at 90°C. 

The last studied components of the silicone systems were the platinum catalysts 2.2 and catalyst 

0.6. Both catalysts did not emit any fluorescence as observed in Figure 5.3.7 a and c. However, if 

pyrene was added, the catalyst due to its high concentration, quenched completely the pyrene 

fluorescence emission as depicted in Figure 5.3.7 b. The same quenching behaviour was observed 

in the pyrene-labelled catalyst 0.6 (not shown). In these figures, a small intensity peak is observed 

at λEx/λEm = 370/410nm with fluorescence intensity FI=195 counts that does not belong to the 

pyrene fluorescence spectrum.       
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Figure 5.3.7 3D-Fluorescence contour spectrum of catalysts used in hydrosilylation reaction. a) 
Catalyst 2.2 without pyrene at 70°C. b) Catalyst 2.2 with 1x10-5M pyrene at 70°C.  c) Catalyst 0.6 
with 1x10-5M pyrene at 90°C. 

The effect of the platinum catalyst on the fluorescence emission of pyrene was studied by 

comparing the 3D-spectra of a silicone formulation of system 1 containing pyrene in a 

concentration    2,3x10-7 M with and without catalyst (Sp-1.20.8 and Sp-1.32.1 respectively). The mixture 

of polymer 164 and crosslinker 45 was made in order to get a SiH/vinyl ratio= 3.1. The sample 

containing catalyst 2.2. had a concentration of platinum [Pt]= 215 ppm. Figure 5.3.8 depicts the 

contour spectrum of both situations. A Pt-catalyst concentration of 215 ppm quenched about 48% 

of the fluorescence emission of pyrene by decreasing its fluorescence emission intensity from 

FI=644 counts (no Pt present), to FI=339 counts. Although the catalyst decreases the pyrene 

fluorescence intensity, the quenching effect is not severe to dismiss the method. The peak 

produced by the fluorescence emission of pyrene is still well distinguishable.    

a) b) 

c) 
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The fluorescence emission of inhibitor ethynylcyclohexanol, previously shown in Figure 5.3.4, was 

also observed in Figure 5.3.8 at λEx/λEm =280/330nm. That fluorescence emission becomes almost 

negligible when the sample was heated at 70°C, and it might disappear completely after 

crosslinking as it was observed in system 2 in Figure 5.3.3 e and f due to the evaporation of the 

inhibitor.      

  

Figure 5.3.8 Effect of platinum catalyst on the fluorescence emission of pyrene. Silicone 
formulations of System 1: Polymer 164, crosslinker 45 containing pyrene 10-5M SiH/Vinyl ratio= 
3,1without crosslinking. a) Contour spectrum without catalyst Sp-1.32.1. b) Contour spectrum with 
[Pt]= 215 ppm Sp-1.20.8. T= 20°C.  

The concentration of pyrene was increased to detect variations on the 3D-spectrum. Therefore, 

pyrene was added in a concentration of 1x10-3M to crosslinker 101 (cf. Figure 5.3.9). In the 

spectrum, the excitation of the monomer was shifted to λEx= 350 nm. The fluorescence emission 

intensity FI= 2036 counts of the monomer was reduced to less than a half when compared to the 

fluorescence intensity of pyrene in concentration 1x10-5M FI=5068 counts. The fluorescence 

emission of the excimer with the same excitation wavelength is visualized at λEm= 460 nm with a 

small fluorescence emission intensity of FI=520 counts. The decrease of the fluorescence 

intensity, in this case, is hence a proof that high concentrations of pyrene, besides yielding excimer 

formation, also quench the fluorescence of the monomer.  

 

 

 

Figure 5.3.9 3D-fluorescence contour spectrum of Crosslinker 101 with pyrene 1x10-3M at 90°C. 

a) b) 

λEx= 330 nm 
λEm=380 nm 
FI= 644 

λEx= 330 nm 
λEm=380 nm 
FI= 339 

Inhibitor Inhibitor 

Monomer 
λEx= 350 nm 
λEm=380 nm 
FI= 2036 
 

Excimer 
λEx= 350 nm 
λEm=460 nm 
FI= 520 
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The excimer formation should be avoided upon the crosslinking process since on measuring the 

fluorescence intensity along the time of reaction at constant excitation and emission wavelengths, 

the variations in the intensity should be only caused due to change of the microenvironment where 

the fluorophore is located. Those changes are for example the increase of viscosity upon 

crosslinking. Variations of the intensity due to the nature of the fluorophore and local concentration 

as quenching by collision or energy transfer are not desired. Furthermore, if the concentration of 

pyrene is sufficiently high to form an excimer, the fluorescence intensity of the monomer decreases 

dramatically compared to the intensity of fluorescence emission at low concentrations of pyrene 

where only monomer emission is observed.  

At the end of this section the standard conditions for the fluorescence intensity time-scan 

measurements were defined at the excitation and emission wavelengths λEx/λEm = 330/380 nm 

belonging to the fluorescence intensity emitted only by pyrene monomers.  

Since a preliminary experiment of the time-scan of fluorescence intensity upon crosslinking with a 

concentration of pyrene in the silicone mixture Sp-1.20.10 of 2,3 x10-5 M, showed fluorescence 

intensities large enough to exceed the detection limits of the spectrometer which is capable of 

measuring maximum 10000 counts, the use of lower concentrations of pyrene was convenient to 

be able to observe the expected changes in the fluorescence intensity upon reaction. However, it 

was observed that even a concentration of 10-5 M pyrene in the crosslinkers still did not show the 

presence of excimer formation and the pyrene fluorescence emission was merely due to 

monomers. Thus, the pyrene was decided to be added to the crosslinkers of each silicone system 

in a concentration of 1x10-5M in order to obtain a pyrene concentration in the silicone formulations 

of the order of 1 to 10 x10-7 M [10]. At those concentrations, the fluorescence intensities were 

found to be within the spectrometer detection limits (cf. Figure 5.3.10). The small variations of 

pyrene concentration due to the changes in the crosslinker content are not expected to have an 

influence on the patterns observed in the fluorescence intensity time-scan measurements during 

hydrosilylation reaction, as it will be later demonstrated in Sections 5.3.2.3 and 5.3.2.5. Pyrene 

only modifies the fluorescence intensity since the crosslinkers added represent less than 7 wt% for 

systems 1 and 2 and less than 15% for system 3 of the silicone formulation. Small variations on the 

quantities of the pyrene concentration make the intensity to change enough to use these 

differences in the intensity as an indicator for the characterization of the silicones mixture 

composition. On the other hand, adding the pyrene to the base polymer would keep the 

concentration almost constant since this compound makes at least 88 wt% for systems 1 and 2 in 

weight of the formulation, and adding the fluorophore to the catalysts was not suitable because the 

catalyst quenches the fluorescence emission of pyrene. 

For formulations of systems 1, 2 and 3 without pyrene, setting the parameters of the inhibitor, 

excitation at λEx= 280 nm and emission λEm= 330 nm, was not considered because the inhibitor 

evaporates to enable the reaction. Some time-scans were performed using λEx/λEm= 330/380 nm 

even if pyrene was not present in the formulations as shown below in the next section to determine 

if differences in the fluorescence intensity during the reaction in the absence of pyrene are 

observed. For formulations of system 1 without pyrene, the excitation and emission wavelengths of 

the peak observed for crosslinker 45, i.e. Ex 270nm /Em 360 nm, were also used in some 

measurements.  When the case it is specified. 
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5.3.2.2. Curing of Non-covalent Fluorescent-Labelled PDMS 

The crosslinking reaction scheme of polysiloxanes by hydrosilylation is schematically depicted in 

Scheme 5.3.1 for systems 1, 2 and 3. Their curing was studied by fluorescence spectroscopy by 

adding pyrene to the silicone formulations in a concentration of    10-7M. The resulting PDMS 

rubbers contained molecularly dispersed pyrene moieties, trapped in the voids of the network. The 

fluorescence emission at λEx/λEm= 330/380 nm of pyrene was monitored during the course of the 

reaction. The concentration of the fluorophore was dependent on the crosslinker concentration 

([CL]= 0,99-12,63 wt%, [Py]= 0,96x10-7 - 13,22x10-7 M) in the silicone since pyrene was added to 

this precursor compound as detailed in Section 5.3.2.1. The approach of adding the pyrene to the 

crosslinker also contributed to the characterization of the silicone obtained since the pyrene 

intensity is directly proportional to the crosslinker content and thus, the SiH/vinyl ratio. In the next 

section, the time-scan curves of the fluorescence intensity while crosslinking are shown. 

 

 

 

 
Scheme 5.3.1 Hydrosilylation reactions schemes of non-covalently fluorescent labelled 
polysiloxanes. (System 1: Polymer 164, crosslinker 45, catalyst 2.2. System 2: Polymer 116, crosslinker 40, 
catalyst 0.6. System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2. Pyrene 1x10

-5 
M in crosslinkers.) 

*Silica particles of CRA conforming the network in system 3 not shown.  

Product 

* 
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5.3.2.3. Fluorescence Intensity Time-Scan During Hydrosilylation 

It has been previously demonstrated by Okay et al. that the fluorescence intensity of pyrene 

suddenly increases at the reaction time where radical crosslinking of styrene and divinylbenzene 

achieves its maximum rate resulting from the Trommsdorf effect [15]. Moreover, the studies made 

by Diachum et al. demonstrated that when introducing a fluorophore into PDMS, it is sensitive to 

the local polymer segment motions [28]. These and other studies described in detail in Chapter 2, 

Section 2.6.7 where key experiments revealed that the pyrene fluorescence-intensity can be used 

to monitor the progress of crosslinking reactions. It was tested if the hydrosilylation curing of 

silicones can be investigated by means of this method. Therefore, a first experiment was done with 

sample Sp-1.20.9 of system 1 with SiH/vinyl ratio = 3,1 and [Pt]= 214 ppm, which contained a 

concentration total of pyrene of 2,3 x 10-7M. The fluorescence intensity was found to be within the 

detection limits of the instrument during the whole curing process. The time-scan resulted in the 

intensity plot of Figure 5.3.10, where the fluorescence intensity values are arbitrary since they were 

modified to give a better perspective of the different curves along the time. While the crosslinking 

reaction occurred, a peak was observed at t=712 ± 4 s, (cf. Figure 5.3.10, black curve {4}). With 

the aim of distinguishing between different stages of gelation, the experiment was repeated with 

the same mixture, the sample was taken out of the spectrometer and was quickly supervised first, 

at 650 s (cf. Figure 5.3.10, blue curve {1}), second at 700 s (cf. Figure 5.3.10, green curve {2}), and 

at 728 s (cf. Figure 5.3.10, red curve {3}), i.e. before the peak {1}, {2} and after {3} the peak 

maximum. In cases {1} and {2}, the silicone mixture was highly viscous, only presence of bubbles 

and their movement allowed the identification of liquid material indicating that the gel point was not 

reached before the peak maximum. At 728 s of reaction time (case {3}), the sample was a solid 

silicone rubber. These results suggested that the peak in the time-fluorescence intensity plot 

indicated the gel point.  

The experiment was repeated with sample Sp-1.20.12 (not shown) to check the reproducibility of the 

previous results. The repetition confirmed the optical behaviour of the silicone mixture before and 

after the maximum of the fluorescence emission peak. The silicone sample was liquid just before 

the maximum and turned into a gel after the maximum.  

Pyrene has been demonstrated to have a high sensitivity of the excitation and emission spectrum 

to the microenvironment where it is contained [27], [30]. Due to its sensitivity to polymer dynamics, 

it has been used for studying gelation processes by means of fluorescence spectroscopy (cf. 

Section 2.6.7) which have shown that while gelation, a sudden increase of the fluorescence 

intensity is observed with subsequent levelling off at high conversions similar to an “s” shape [3]. 

Furthermore, when the rate of fluorescence increase is at its maximum, the gel point was said to 

be obtained [28], [29]. However, other experiments from Okay et al. demonstrated that the gel 

point occurs before the maximum rate of fluorescence increase and that this maximum was 

belonging to the point at which the maximum speed of reaction was achieved [15]. The increase of 

fluorescence also has been attributed to the reduction of double bonds acting as quenchers in 

reactions involving MMA monomers and EGDMA [3], [28]. Unfortunately, none of the mentioned 

studies explains why the pyrene-PDMS system showed a maximum on the fluorescence intensity 

at the gel point, followed by a strong decrease or quenching of the fluorescence intensity.  
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Figure 5.3.10 Time scan fluorescence curves while following curing optically of silicone Sp-1.20.9  
system 1: SiH/vinyl= 3.1, [Pt]=214 ppm at 90°C. Measurement made for {1} 650s, {2} 700s, {3} 
728s and {4} 3600s.  

Fluorescence intensity values were of the same magnitude but they were modified by the summation of 
constant number to the original values. Original intensity values are shown for curve {4}. 

 
Longtime measurements revealed a further feature of the intensity scans i.e. the time-dependent 

fluorescence intensity plot obtained during the curing process of a pyrene labelled silicone mixture 

of system 1 (Polymer 164, crosslinker 45 or crosslinker 45-P and catalyst 2.2), SiH/vinyl ratio 3.1, 

Pt concentration= 215 ppm was measured over a time of one hour. The fluorescence intensity plot 

shown in Figure 5.3.11 a (Sp-1.20.13  —) showed an initial decrease of the fluorescence intensity 

once the sample was placed into the spectrometer. Then the fluorescence began to increase up to 

a first maximum where the gel point was achieved at t1=999 s. After the gel point, the fluorescence 

intensity decreased rapidly until a minimum (tmin=1400 s) where it started to increase again, 

reaching a second maximum at t2= 3453 s with its fluorescence intensity being 1.9 times higher 

than that of the gelation peak. The experiment was repeated with a similar formulation for a period 

of time of two hours (cf. Figure 5.3.11 b, Sp-1.20.14 —). The results showed that the time-dependent 

fluorescence plot of this reaction followed the same path making the experiment reproducible. The 

difference of the gelation time between the two samples was 14 s (-1.4%), while the second peaks 

appearance time differed for 252 s (Δ=7.3 ).  

{1} 

{2} 

{3} 

{4} 
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Figure 5.3.11Comparison of the time-dependent fluorescence intensity curves with and without 
pyrene of the curing process of silicone of system 1: q= 3,1 [Pt]= 215 ppm at 90°C.  

a) —Sp-1.20.13:  [Pyrene]= 2,285x10-7 M, Ex 330 nm/Em 380nm. 
b) —Sp-1.20.14:  [Pyrene]= 2,291x10-7M, Ex 330 nm/Em 380nm.    
c) — S1.20.18: no pyrene, Ex 270 nm/Em 360nm. 
d) — S1.20.19: no pyrene, Ex 330 nm/Em 380nm. 
e) — S1.20.20: no pyrene, Ex 330 nm/Em 380nm. 

The fluorescence intensity time-scan curves of samples without pyrene, but of the same SiH/vinyl 

ratio and catalyst concentration were also measured. The measurements were made, one at 

excitation λEx= 270nm and emission λEm= 360 nm (Figure 5.3.11 c, S1.20.18   —) which were the 

parameters of the peak obtained from the 3D-scans of crosslinker 45 without pyrene. The second 

(Figure 5.3.11 d, S1.20.19 —) and the third (Figure 5.3.11 e, S1.20.20 —) measurements were made at 

the same excitation and emission wavelengths of the spectra recorded when pyrene was used 

(λEx= 330/ λEm= 380 nm). The results showed that there was a low fluorescence emission of the 

samples of the order of ten times less than the intensity of samples with pyrene in a concentration 

of ~2,3x10-7M. In the beginning, the fluorescence intensity exhibited a noisy behaviour until it 

began to increase upon hydrosilylation reaction. Then the fluorescence intensity reached a 

maximum in agreement with the gelation peak observed for samples with pyrene (t1=874 s for 

S1.20.18, t1=890 s for S1.20.19, t1=874 s for S1.20.20) with an average difference between samples with 

and without pyrene of 1 min: 52 s or ± 11,3%. The difference in the maximum of the gelation peak 

was attributed to temperature differences between the experiments that were performed at 

different dates. The temperature at which the sample was cured did not follow the same profile for 

every measurement. Even when the instrument was provided with a thermostat at 90°C, the 

temperature inside the fluorescence spectrometer was about 75°C and varied dependently with the 

ambient conditions. On the other hand, it was found that in the absence of pyrene, the time-

dependent fluorescence intensity was higher for excitation and emission wavelengths similar to the 

wavelengths used for highest fluorescence emission of pyrene but the fluorescence intensity was 

about 10 times less than samples with pyrene. Another observation is that independently of the 

excitation and emission wavelengths of the time-dependent fluorescence curves, the localization of 

the gel point is always identifiable even when no fluorophore is present in the samples.  

a) 
b) 
 

c) 

d) 

e) 

t1 



Chapter 5                                                     Fluorescence of Non-Covalently Labelled PDMS-Networks 

333 

Furthermore, without pyrene the second peak was not always observed with samples of system 1 

(cf. Figure 5.3.11). However, a small fluctuation was found at lower crosslinker contents as shown 

in Figure 5.3.12, which depicts the comparison of the time-scan fluorescence intensity curves in 

the presence and absence of pyrene in the silicone formulations of system 1 with SiH/vinyl ratio of 

2,3 and 2,6. In the black curves (1), it is observed that a light change is produced at the same time 

as the second peak in the blue spectra (2) appears, nonetheless it is still difficult to identify. It was 

observed that the first peak (gel point) always coincided for samples with and without pyrene, at 

any used SiH content or catalyst concentration as shown in Figure 5.3.12, and Figure D.1 of the 

Appendix D. However, accurate detection of the second intensity peak requires pyrene-labelling. A 

summary of the results is presented in Appendix D, Table D.1. 

a) b) 

  

Figure 5.3.12 Comparison of time-dependent fluorescence intensity curves during curing of 
system 1 silicones (polymer 164, crosslinker 45-P or crosslinker 45, catalyst 2.2) for samples with 
pyrene (1) and without pyrene (2) at low crosslinker concentrations. a) q=2.3 [Pt]=216 ppm:  (1) Sp-

1.11.4, (2) S1.11.5., b) q=2.6 [Pt]=216 ppm: (1) Sp-1.13.8, (2) S1.13.10.     
 

If silicones made from the components of systems 2 and 3 were cured, coincidences of the 

fluorescence intensity curves of labelled, and non-labelled samples were observed concerning the 

second peak. Sometimes the second peak maximum occurred at the same time when the 

fluorescence for samples without pyrene remained constant. Figure 5.3.13 depicts the similarity 

between the curves obtained with and without fluorophore of system 2 samples. However, after the 

gel point (1st peak)   500 s, the fluorescence intensity decreased dramatically for the sample without 

pyrene in comparison with the samples with pyrene. More concerning the second peak is 

discussed later at the end of this Section. 

 

2 

1 

2 

1 
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Figure 5.3.13 Comparison of time-dependent fluorescence intensity curves during curing of 
system 2 silicones (polymer 116, crosslinker 40-P or crosslinker 40, catalyst 0.6) for samples with 
pyrene (--- Sp-2.21.3 = 1,  —Sp-2.21.4 = 2) and without pyrene (— S2.21.5 =3).  q=3.4, [Pt]=131 ppm. 

In the case of system 3, containing CRA as additive which modify the hardness of the silicone 

networks by introducing silica particles covalently bonded to the network, it was observed that 

increasing CRA contents, decreased the maximum intensity of the gelation peak, which could be 

almost not observed for 100 CRA parts (cf. Figure 5.3.14). Surprisingly the samples without pyrene 

showed a better possibility to identify the gel point and also the second peak was observable. 

Moreover, the shape of the curves with and without pyrene appeared to change with the CRA 

content in the formulations but it is the same independently of the pyrene presence. The peak 

times were slightly different (cf. Table 5.3.3). This effect was attributed to external factors, such as 

the differences in environmental conditions during the measurements. In the case of samples with 

pyrene, the second peak exhibited an extreme fluorescence increase once the gelation is 

overcome. The reasons for the formation of the second peak in stages of the reaction beyond the 

gel point are discussed later in this section.  

3 

1 

2 
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a) b) 

  

c) d) 

  

e) 
Figure 5.3.14 Comparison of time-dependent 
fluorescence intensity curves during curing of 
system 3 (polymer 64, CRA, crosslinker 101-P 
or crosslinker 101, catalyst 2.2) for samples with 
pyrene (1) and without pyrene (2).  

a) 0 CRA parts, q=3.1, [Pt]=107 ppm:            
1: Sp-3.10.4, 2: S3.10.5.  

b) 25 CRA parts, q=4.7, [Pt]=137 ppm:      
1: Sp-3.66.4, 2: S3.66.5.  

c) 50 CRA parts, q=6.2, [Pt]=145 ppm:      
1: Sp-3.67.4, 2: S3.67.5.  

d) 75 CRA parts, q=7.6, [Pt]=153 ppm:      
1: Sp-3.68.4, 2: S3.68.5.  

e) 100 CRA parts, q=8.9, [Pt]=161 ppm:    
1: Sp-3.69.4, 2: S3.69.5.   

 
  
  

1st peak 

2nd peak 

1 

2 

1 

2 

1 

2 

2 

1 

1 

2 
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Table 5.3.3 Peak times observed for the silicones samples of system 3 (polymer 164, CRA, 
crosslinker 101-P or crosslinker 101, catalyst 2.2) with different CRA concentrations with and 
without pyrene. (Data belong to Figure 5.3.14)   

CRA parts 
Pyrene No pyrene 

Sample tgel (s) t2 peak (s) Sample tgel (s) t2 peak (s) 

0 Sp-3.10.4 1962 
not 

measured 
S3.10.5 1949 not measured 

25 Sp-3.66.4 1456 2205 S3.66.5 1431 2186 
50 Sp-3.67.4 1010 1286 S3.67.5 1234 1447 
75 Sp-3.68.4 732 969 S3.68.5 1128 1333 

100 Sp-3.69.4 1254 1594 S3.69.5 1090 1346 

 

In general, all fluorescence intensity plots resulting from the curing process by hydrosilylation of the 

silicone systems 1, 2, and 3 containing pyrene are composed by five stages since the moment 

when the sample is placed in the fluorescence spectrometer until the measurement is stopped. 

Each of the stages is discussed in detail below, where some hypotheses explaining the behaviour 

are presented. 

i) Initial decrease of the fluorescence intensity. 

ii) Increase of the fluorescence intensity until a first maximum (1st peak). 

iii) Fast decrease of the fluorescence intensity. 

iv) Second increase to a second maximum (2nd peak) of higher intensity and broader than the first 

peak. 

v) Second decrease of the fluorescence intensity. 

 

i) Initial decrease of the fluorescence intensity 

There are two possible reasons for the decrease of the fluorescence intensity, the first related to 

the dependence of the fluorescence intensity on the temperature of the medium since at this stage 

the samples were just placed into the fluorescence spectrometer. High temperatures enhance 

collisional deactivation which decreases the fluorescence intensity due to more and faster 

movement of the molecules [13], [31]. The second associated with an increase of the static and 

dynamic quenching due to a slight decrease of the viscosity of the mixture upon heating [14] (cf. 

Section 5.3.2.4 below). It is known that low viscosities enhance the fluorescence quenching by 

oxygen since both, fluorophore and oxygen (quencher), diffuse faster apart to collide more often 

with other molecules [9]. Both reasons are complementary due to the heating of the sample. 

However, in order to prove the initial decrease of the viscosity, the mechanical properties while 

curing needs to be measured.    

ii) Increase of the fluorescence intensity until a first maximum (1st peak) 

Once the sample is heated, the fluorescence intensity begins to increase while curing. Double 

bonds are known to act as quenchers [3], [29]. As they react, the double bond disappearance may 

cause an increase in the fluorescence intensity. On the other hand, as the viscosity increases while 

crosslinking, the non-radiative quenching by collision is decreased and the fluorescence intensity 

increases [29], [32]. However, as mentioned previously in this section and Section 2.6.7, with other 

gelation processes, the fluorescence intensity continues to increase beyond the gel point. In the 

silicone systems studied in this thesis, the fluorescence intensity exhibited a maximum at the gel 

point as demonstrated experimentally with a consequent fast decrease of the intensity.   
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iii) Fast decrease of the fluorescence intensity 

The possible reasons for the fast decrease in the fluorescence intensity after the gel point are 

many. The viscosity at the gel point increases drastically causing that quenchers like oxygen and 

fluorophore to be in a frozen state remaining longer time close to each other, thus the fluorescence 

intensity decreases after the gel point [31]. Another reason could be that the excimer is formed 

causing a monomer intensity decrease [6]. Therefore, a fluorescence time scan at the emission 

wavelength of the excimer is to be measured in order to prove the hypothesis. Additionally, the 

temperature may vary during the crosslinking process. As demonstrated by the DSC 

measurements in Chapter 4, Section 4.3.2.1, all reactions used in this work are exothermic, an 

increase of the temperature due to the reaction may cause the sudden decrease of the 

fluorescence intensity, therefore the measurement of the temperature of the sample into the 

fluorescence spectrometer is necessary.  

iv) Second increase to a second maximum (2nd peak) of higher intensity and broader than 

the first peak 

 The second peak can be a proper behaviour of mobile pyrene since it was observed mostly for 

samples with pyrene and not of the silicone network conformation.   

 The silicone continues to harden until all reactive groups are consumed. The 2nd peak 

maximum can indicate the end of the reaction. A measurement of the mechanical properties of 

the PDMS rubbers at this state is necessary to observe a correlation of both, the fluorescence 

intensity and the hardness of the sample. 

 The crosslinking density continues increasing even after hydrosilylation due to side reactions cf. 

Chapter 2, Scheme 2.1.8 suppressing collision quenching.   

 The excimer was formed in the previous stage and now it dissociates increasing the monomer 

intensity. The pyrene concentration in the silicones was of the order of 10-7M which is low for 

forming a considerable amount of the excimer. However, this is proved and presented in 

Section 5.3.2.5. 

Section 2.6.8 contains a review mentioning that pyrene fluorescence in the networks can be 

concentration quenched until pyrene diffuses out of the polymer matrix. Anandan and 

coworkers [33]-[35], studied the pyrene diffusion behaviour in PDMS networks. They found that 

above a pyrene concentration of 20 mM, the fluorescence intensity remained constant for some 

time, then it increased to a maximum with a consecutive decrease, all attributed to pyrene 

concentration quenching. However, the studies of Anandan et al. have been made only with 

excimer radiation and at higher concentrations than the used here. In that case the 

concentrated pyrene moieties instead of forming excimer (diffusional process) form dimers in 

the ground state which are excited and fastly deactivated, the consequence is the observation 

of a constant behaviour of the fluorescence intensity. Then the pyrene begins to diffuse to the 

edge of the rubbers and evaporate, causing a local decrease of concentration in the matrix 

which is equilibrated, decreasing the concentration quenching, thus the fluorescence intensity 

increases. Evaporation of pyrene is a constant process, therefore when concentration 

quenching is overcome the fluorescence intensity decreases as a consequence of the 

decrease of pyrene concentration in the matrix. A similar behaviour could happen in this case, 

pyrene diffuses and evaporates out of the matrix constantly and at the second fluorescence 

intensity maximum, then the concentration quenching is overcome. However, it must be 
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considered that the concentrations used here were of the order of 10.000 times lower than the 

pyrene concentration used by Anandan et al.  

 Change in the orientation of the pyrene molecules or a degree of order can be also a cause of 

fluorescence intensity modification since the better oriented are the pyrene molecules in a 

particular plane respect to the incident light and detector, the higher the intensity. For example, 

in the stretching of PDMS-pyrene materials, the fluorescence intensity caused by the monomer 

increased as the fluorescence intensity caused by the excimer decreased. This was attributed 

to the decrease of π-π stacking due to the mechanical separation of the molecules and 

possible orientation of the pyrene molecules with their longest axis parallel to the stretching 

plane [36]. Despite no stretching was performed in these experiments, a degree of change in 

the orientation could happen upon crosslinking of the silicones. Besides the analysis of the 

excimer behaviour (if any), the change in the orientation can be studied by polarized 

fluorescence measurements as suggested by Roberts et al. [6]. If the rotational rate of the 

fluorophore decreases, the anisotropy increases [9] cf. Section 2.6.4.4. 

 A decrease in the oxygen permeability could be also a cause for fluorescence intensity 

increase [6]. The crosslinking of the linear polymer lead to a reduction of the free volume in the 

network, the diffusion of oxygen is thus reduced upon crosslinking. In the case of system 3 

containing CRA, the higher the CRA content, the bigger is the magnitude of the fluorescence 

intensity increase rate. It is known that in the presence of fillers, the diffusion coefficient of 

oxygen in PDMS is reduced [37], which affects the quenching efficiency, thus a fast 

fluorescence increase is observed.     

 

v) Second decrease of the fluorescence intensity 

The observed decrease of the fluorescence intensity after the second peak could be attributed to 

the diffusion of pyrene out of the polymer matrix [33]-[35] or due to the formation of pyrene excimer 

causing the reduction of monomer fluorescence intensity. Photobleaching of pyrene could also 

occur. On the other hand, it is known that Pt2+ and Pt(0) colloids obtained at the end of the 

hydrosilylation reaction quench the fluorescence emission of pyrene [5]. 

 

After proposing the possible explanations to the fluorescence intensity behaviour of the pyrene 

monomer during crosslinking, it was necessary to measure the temperature during the reaction 

and used the same conditions to conduct viscoelasticity measurements. A determination of the 

excimer behaviour (if any present) is also important to dismiss some hypotheses. Furthermore, 

polarized fluorescence measurements could lead to understanding if any orientation of the 

molecules is taking place while the reaction. In the following sections, the results of those 

approaches are shown.  
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5.3.2.4. Comparison of the Fluorescence Intensity, Temperature Profile 

and Mechanical Properties of PDMS During the Curing Process 

As a first approach, the dynamic moduli were monitored for sample S1.20.11 of system 1 with a 

SiH/vinyl ratio q=3.1, [Pt]= 215 ppm. A part of the sample was separated and mixed with pyrene in 

a concentration of (CPyrene= 1x10-6M, Sp-1.20.11) to compare the behaviour of the dynamic moduli to 

determine whether pyrene modifies the rheological properties of the silicone systems. Figure 

5.3.15 depicts the time dependence of the storage G’ and loss G’’ moduli during curing of the 

sample. The moduli showed almost constant values prior to gelation. However, the sample with 

pyrene presented slightly lower G’ and G’’ values due to a decrease in the viscosity of the silicone 

sample once the pyrene-cyclohexane solution was added to the silicone mixture. Therefore, the 

approach of adding the pyrene to the crosslinkers and to remove the cyclohexane subsequently 

prior to mixing the components of the silicone formulation was made, to avoid any modification of 

the viscosity. During crosslinking the dynamic moduli began to increase in a faster manner for the 

storage modulus than the loss modulus increment. Hence (G”> G’) in the beginning i.e. the energy 

transferred to the sample by the oscillations of the rheometer was mostly dissipated or lost, which 

is typical behaviour of liquids [21]-[23]. At t≈ 200 s both moduli reached the same value, this point 

in Figure 5.3.15 is called the gel point. Both moduli continued to increase until they levelled off, for 

G’’ directly after the gel point a scattering was observed. At G’≈ 3 x104 Pa, G’ reached a constant 

value followed by scattering. The energy transferred to the sample in the stage after the gel point 

was mostly stored because G’ was greater than G’’, typical behaviour of rubbers [21]-[23]. The 

similarity between the moduli evolution in time of both samples suggested that the curing was not 

affected by the presence of pyrene in concentrations less than 10-6M.    

  

Figure 5.3.15 Dynamic moduli evolution while curing of silicone in oscillatory mode. (Parallel plate 
geometry, D=40mm, time sweep at σ= 0,5 Pa, ω= 1Hz, T= 85°C) 
S1.20.11: q=3.1, [Pt]=215 ppm without pyrene, (●) G’ and (●) G’’. 
Sp-1.20.11: q=3.1, [Pt]=215 ppm with pyrene 2,27x10-6M, (▲) G’ and (▲) G’’. 

Gel point G’’ 

G’ 
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Fluorescence intensity vs. temperature profile  

In the previous section, some differences in the time-dependent fluorescence intensity while 

crosslinking of PDMS by hydrosilylation were observed. Those differences were attributed to the 

different temperature profiles of the samples during the measurements due to slight variations in 

the environmental conditions. Furthermore, it was mentioned that the variations in the temperature 

of the reacting sample could be responsible for the observed behaviour of the fluorescence 

intensity plots. To observe differences in the temperature profile while reaction between different 

samples, and use a similar temperature profile during the rheology experiments with comparative 

purposes, the temperature of the samples was recorded inside the fluorescence spectrometer 

while the curing. Therefore, a special cap for the cuvettes was designed that was bearing the 

thermometer and at the same time allowed the diffusion of oxygen through the silicone mixture. A 

photo of the array for the measurements is shown in Figure 5.2.1, p 305. The temperature was 

recorded since the moment when the sample was placed inside the spectrometer and the time-

scan simultaneously started.  

In Figure 5.3.16 a, the temperature profile (—) during a fluorescence measurement (—) is shown. 

Other measurements with silicones of different systems, SiH/vinyl ratio and catalyst concentrations 

showed similar temperature profiles with differences in time. The temperature of the sample in 

Figure 5.3.16 a increased rapidly as soon as the sample was placed in the spectrometer, after 400 

s the increase of the temperature levelled off being coincident with the point where the 

fluorescence intensity began to increase.  

Consequently, comparing to the five stages of the fluorescence behaviour during curing, the initial 

decrease of the fluorescence intensity can be attributed to the fast temperature increase (stage i). 

The beginning of the second stage (stage ii), where the fluorescence intensity increased to a first 

maximum (maximum= gel point), was marked by the temperature levelling off. Furthermore, the 

temperature profile exhibited a peak, which onset was coincident with the gel point (t= 600s) in 

agreement with the investigations made by Miller et al. [3]. Unfortunately, not always a temperature 

peak was observed but based on the fact that the hydrosilylation was exothermic (see Chapter 4), 

the fast decrease observed after the gel point in the fluorescence intensity (stage iii) can be 

attributed to the increase of the temperature due to the heat released during the reaction.  

After the temperature peak, the temperature decreased slightly in order to achieve the equilibrium 

with the temperature inside the spectrometer and stayed constant even when the second peak of 

the fluorescence intensity plot was observed. In the case of other samples with low catalyst 

concentration, the temperature was already constant when the temperature-gelling peak was 

observed.  

The temperature profile seemed to have an important influence on the fluorescence intensity 

behaviour at early stages of the curing measurement experiment. A sudden increase in the 

temperature quenched the fluorescence intensity until the temperature increase rate began to 

decrease. 
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a) 

 

b) 

 

Figure 5.3.16 Comparison of the time-dependent fluorescence intensity with the time-dependent 
dynamic moduli while curing of silicones of system 2 (polymer 116, crosslinker 40-P, catalyst 0.6).  
a) Sp-2.21.4: q=3.4, [Pt]= 131 ppm, temperature profile during the fluorescence intensity time scan. 

(—Tmeasured, —Trheo used for rheological measurements, — fluorescence intensity) 
b) Sample Sp-2.21.3: q=3.4, [Pt]=131 ppm, —fluorescence intensity.  

Sample Sp-2.21.4: q= 3.4, [Pt]= 131 ppm, —fluorescence intensity, oscillatory moduli (●G’ storage 
modulus, ●G’’ loss modulus, Parallel plate geometry D=40 mm, σ=0.5 Pa, ω= 1Hz).    

 

Viscoelastic behaviour vs. fluorescence intensity 

With the aim of achieving similar temperature conditions in the rheological measurements, the 

temperature profile measured in the fluorescence experiment was divided into two segments which 

were used as working conditions in the rheometer (cf. Figure 5.3.16 a —). A first segment which 

was a temperature ramp starting from the initial measured temperature in the fluorescence 

spectrometer, until the achieved constant temperature, with a slope similar to the experimental 

curve i.e. a straight line passing through most possible points of the experimental curve. For details 

of dT/dt see Table 5.2.6. The second segment was a time scan keeping the temperature constant 

at the value achieved at the end of the heating-ramp step. The results are shown in Figure 5.3.16 b 

for sample Sp-2.21.4 (dT/dt= 9.99 K/min). In the figure, the coincidence of the gel point (G’=G’’) with 

the first peak is observed, confirming the relevance of the peak maximum as the gel point in the 

Gel point 

2nd peak 

Gel point 
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fluorescence spectrum. Reproducibility of the fluorescence results is also shown when sample Sp-

2.21.3 was cured.  

A correlation of the mechanical properties to the second peak observed in the fluorescence 

spectrum was not possible since the moduli only showed scattering with negative values provided 

by the software and values going beyond 106 Pa. Thus, taking an average value to observe if there 

is a coincidence of a change of the moduli with the second peak of the fluorescence time-scan 

would be incorrect. At the used frequency for the rheological measurements, the instrument 

recognized the sample as a solid once the first peak of fluorescence is finished. However, G’’ 

should have a value of zero instead of showing such high scattering observed in all curing 

experiments G’-G’’ vs t plots.  

The same procedure was made for samples of system 1 with different catalyst and precursors 

concentrations. For very low silane/vinyl ratios, the fluorescent time-scan behaviour was catalyst 

dependent. At SiH/vinyl ratios of q  1.2-1.3, the fluorescent intensity plots showed no second peak 

when the catalyst concentration was in a concentration of 219 ppm (Sp-1.3.5), it increased 

continuously. However, at larger values e.g. 327 ppm (Sp-1.4.3), the second peak appeared as wide 

peak (cf. Figure 5.3.17 a & b). For higher q ratios, q>1.3, a second peak was always observed. 

The gelation peak was observed during the time sweep step or second step of the experiment 

where the temperature was kept constant. The experimental conditions for the rheometry 

measurements were different for both samples (cf. Table 5.2.6). The controlled variable in this step 

was the oscillation stress which was σ= 0.5Pa for sample Sp-1.3.5, and σ= 30Pa for sample Sp-1.4.3. 

The oscillation frequency was kept for both at ω= 1.0 Hz. It was observed that with low stress, the 

G’ and G’’ crossover point was related to the gel point of the crosslinking reaction (cf. Figure 5.3.17 

a). On the other hand, higher stresses displaced the crossover point to longer times and thus, it 

coincided with the second peak detected by fluorescence spectroscopy (cf. Figure 5.3.17 b). The 

same happened with other samples of different compositions but similar high oscillation stress 

conditions (cf. Figure 5.3.18). Possibly the second peak of the fluorescence intensity curve is 

related to a second transition of the network, which could be attributed to the end of the 

hydrosilylation reaction or a final configuration change of the network where the chain segments 

mobilization achieved an equilibrium state. More about the topic is discussed later in this and next 

section.    
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a) b) 

  

Figure 5.3.17 Time-dependency of rheology and fluorescence intensity upon crosslinking of 
silicones by hydrosilylation of system 1 (Polymer 164, crosslinker 45-P and catalyst 2.2) with low 
silane content. (●G’ (Pa), ●G’’ (Pa), —Tmeasured (°C), —Trheo (°C) used for rheological 
measurements, — fluorescence intensity (counts)) q=SiH/vinyl ratio. ω=1 Hz. 
a) Sp-1.3.5, q=1,2 [Pt]= 219 ppm, σ= 0.5 Pa.  
b) Sp-1.4.3, q=1,3 [Pt]= 327 ppm, σ= 30.0 Pa. 
 
In Figure 5.3.17 b and Figure 5.3.18, the initial G’ values of the storage modulus given by the 

software were negative at the beginning of the measurement as the result of a high torque applied. 

In this case, the measured torque by the instrument is the sum of the contributions of the sample 

and instrument moment of inertia. The instrument inertia is subtracted from the measured values to 

get the torque of the sample. If the inertia moment of the instrument is over-corrected, the sample 

phase becomes larger than  0° and G’ is negative [24]. On the opposite case, if the inertia moment 

is under-corrected, the storage modulus G’ would increase show much higher values than the real 

ones. In order to correct the negative values, the definition of the complex modulus was used (cf. 

Section 2.5.3.1, Eq. 2.5.19).   
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a) b) 

  

c) 
Figure 5.3.18 Time-dependency of rheology 
and fluorescence intensity upon crosslinking by 
hydrosilylation of silicones of system 1 (Polymer 
164, crosslinker 45-P and catalyst 2.2) at high 
oscilation stress conditions. (σ= 30 Pa; ω= 1Hz) 

(●G’ (Pa), ●G’’ (Pa), —Tmeasured (°C), —Trheo (°C) 
used for rheological measurements, — 
fluorescence intensity (counts)) q=SiH/vinyl 
ratio. 

a) Sp-1.8.3, q=2,0 [Pt]= 325 ppm. 

b) Sp-1.12.2, q=2,6 [Pt]= 108 ppm. 

c) Sp-1.14.2, q=2,6 [Pt]= 324 ppm.  

 

 

In addition to Figure 5.3.18 the gel point was not easy to detect at high oscillation stresses, 

however, a sudden change in the values of G’ and G’’ was observed when comparing to the 

fluorescence spectra. Moreover, the rheology measurements made under conditions of high stress 

were successful to identify the second transition of the gel as it was observed with all samples of 

this figure independently of the catalyst concentration or the SiH/vinyl ratio. Nevertheless, a small 

frequency of the order of 1Hz is recommended to detect this transition, since at higher frequencies 

(10Hz) and high stresses the crossover point of G’ and G’’ represents again the gel point and not 

the second transition as shown in Figure 5.3.19 for sample Sp-1.22.4. Furthermore, if the frequency 

was very high (80 Hz), no crossover was observed, since G’ exceeded G’’ at any time during 

crosslinking of the silicone, indicating that under the mentioned conditions the instrument 

recognized the sample as a solid. However, a sudden increase of both moduli was observed 

during a short period coincident with the gel point observed with the fluorescence technique (see 

Figure 5.3.20 a and b). This was also compared to a sample of the same composition as Sp-1.23.3 

where the measurement was performed at low frequency (ω= 1Hz) and oscillation stress (σ= 0.5 
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Pa) conditions (Sp-1.23.4 Figure 5.3.20 b) where the crossover point G’ and G’’ coincided to the gel 

point. Other samples of different compositions of this system that were compared by fluorescence 

and rheometry can be found in Appendix D, Figure D.2 to Figure D.4 where also the reproducibility 

of the results is proven. The results of all samples used in this chapter are computed in Appendix 

D, Table D.1. 

 
Figure 5.3.19 Time-dependency of rheology and fluorescence intensity behaviour upon 
crosslinking by hydrosilylation of silicones Sp-1.22.4 of system 1 (Polymer 164, crosslinker 45-P and 
catalyst 2.2) q=3,1 [Pt]= 322 ppm, at high oscillation stress (σ = 30 Pa) and frequency (ω= 10 Hz). 
q=SiH/vinyl ratio. 
(●G’ (Pa), ●G’’ (Pa), —Tmeasured (°C), —Trheo (°C) used for rheological measurements, — 
fluorescence intensity (counts))  
 
a) b) 

  

Figure 5.3.20 Time-dependency of rheology and fluorescence intensity behaviour upon 
crosslinking by hydrosilylation of silicones of system 1 (Polymer 164, crosslinker 45-P and catalyst 
2.2) at high oscillation stress and high-frequency conditions.  
a) Sp-1.21.4, q=3,1 [Pt]= 269 ppm, Oscillation stress 30 Pa, 80 Hz. ●G’, ●G’’, —Tmeasured, —Trheo, — FI. 
b) Sp-1.23.3, q=3,1 [Pt]= 430 ppm, Oscillation stress 30 Pa, 80 Hz. ●G’, ●G’’, —Tmeasured, —Trheo, — FI. 

Sp-1.23.4, q=3,1 [Pt]= 430 ppm,  Oscillation stress 0.5 Pa, 1 Hz. 
●G’, ●G’’, ••••Tmeasured, ••••Trheo, •••• FI. 
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As pre-conclusion to this section it was found that the investigations previously made with the 

rheometer by Tung et al. [17], Winter et al. [18], Venkataraman et al. [19], and De Rosa et al. [20], 

to identify the gelation time of different materials, were right in hesitating the position of the gel 

point at the time where G’=G’’, since this crossover is frequency and stress-dependent. The author 

of this thesis recommends to carry out two separate rheology measurements to find out the two 

transitions observed with the fluorescence technique. One measurement at low frequencies and 

low oscillation stress (ω= 1Hz, σ= 0.5Pa) should be made to find the gel point at the crossover 

point of G’ and G’’, and a second measurement at ω= 1Hz but σ= 30Pa oscillation stress should 

allow to observe the second transition or second peak of the fluorescence spectrum upon 

crosslinking. It is important to highlight the simplicity and the usefulness of the fluorescence 

technique to observe easily the mechanical transitions of the crosslinking materials, and thus, the 

kinetics of crosslinking could be studied by this technique.  

System 3 containing CRA (filler) at high concentrations, in absence of polymer 164, did not exhibit 

the same behaviour in the vicinity of G’=G’’ as the other silicone systems without filler did. The 

fluorescence intensity curve exhibited a short time interval between the gelation and the second 

peak making it difficult to separate both transitions. However, formulations with Pt-catalyst 

concentrations of about 200 ppm showed a coincidence in the time interval as observed in Figure 

5.3.21 a and b, but samples with lower catalyst concentration differed dramatically from the gel 

point position when comparing both methods as depicted in Figure 5.3.21 c. The CRA compound 

is composed of mostly silica nanoparticles that reinforce the polymeric networks making them more 

rigid and also more viscous at early stages of gelation. Besides, it was observed in some 

measurements that the oxygen diffusion was poor towards the centre of the rheometer plate. 

Therefore, the samples gelled only in the outer part while in the inner part the silicone mixtures 

were still liquid. On the other hand, the results obtained in Chapter 4, Section 4.3.3.1 showed that 

the reaction takes longer time or needs higher temperatures to take place when the catalyst 

concentration is low. This suggests that the curve obtained from the fluorescence intensity 

presents a more sensible answer to the gelation process than the rheology results at the used 

conditions since no difference was observed with rheology when the gel point occurred as the 

catalyst concentration was changed by about 100 ppm. Thus, the conditions for the rheology 

measurements need to be adjusted to observe coincidences with the fluorescence curves. The 

fluorescence technique allows more precise identification of the gel point and even observes other 

transitions in a very short time interval after gel formation.         
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a) 

 

b) 

 

c) 

 

Figure 5.3.21 Comparison of the shear (●G’) and storage (●G’’) modulli with the time dependent 
fluorescence spectrum (— FI) during curing of silicones of system 3 (polymer 164, CRA, crosslinker 101-P, 
catalyst 2.2) with 100 CRA parts and no Polymer 164. (ω= 1Hz, σ= 0.5Pa)  

a) Sp-3.56.2 (— FI): q= 9.0, [Pt]=199 ppm; Sp-3.56.3 (●G’, ●G’’): q= 8,9 [Pt]=199 ppm.  

b) Sp-3.60.2 (FI, G’, G’’): q= 10.3, [Pt]=197 ppm. 

c) Sp-3.62.2 (FI, G’, G’’): q= 13.9, [Pt]=96 ppm.   



Chapter 5                                                     Fluorescence of Non-Covalently Labelled PDMS-Networks 

348 

The effect of SiH/vinyl ratio (q) variations in the formulations at constant the catalyst concentration 

for formulations of system 1 is shown in Figure 5.3.22 a. Changes in the content of crosslinker had 

no significant influence on the gelation time, located in the interval where the sudden increase in 

the storage modulus occurred. Only at very low (q=1.2) or very high (q=3.9) ratios, a slight 

difference was observed. The rest of the silicones in the interval of 1.  ≤ q ≤ 3.4 showed the gel 

point at 750 to 850 s despite the variation in the temperature ramp step between the samples (cf. 

Table 5.2.6). On the other hand, beyond the gel point the moduli did not seem to change with 

increasing crosslinker concentration, which was in agreement with the results of Chapter 4 for the 

crosslinking density. Below 1.9 times excess of silane groups, the vinyl groups did not react 

completely, yielding lower crosslinking densities. Beyond q=1.9 the crosslinking density was 

constant. The modulus is related to the crosslinking density since the higher the concentration of 

crosslinks, the higher the modulus or the less the network can be elongated [19], [21]. 

a) b) 

  

Figure 5.3.22 Storage modulus G’ behaviour while crosslinking by hydrosilylation as the 
composition of the silicone formulations of system 1 (Polymer 164, crosslinker 45-P, catalyst 2.2) 
is modified.  
a) Effect of the q ratio variations at [Pt]= 216 ±2 ppm. 
   • q=1,2: Sp-1.3.5; • q=1,9: Sp-1.7.4; • q=2,3: Sp-1.11.4; • q=2,6: Sp-1.13.8; • q=2,8: Sp-1.16.2;  
   • q=3,1: Sp-1.20.12; • q=3,4: Sp-1.24.3; • q=3,9: Sp-1.26.6.  
b) Effect of the catalyst concentration when q=3,1. 
    [Pt]=107 ppm • Sp-1.18.5, + Sp-1.18.6; [Pt]=161 ppm • Sp-1.19.6, + Sp-1.19.7; [Pt]=215 ppm               
    • Sp-1.20.12; [Pt]=269 ppm • Sp-1.21.4; [Pt]=322 ppm • Sp-1.22.4; [Pt]=430 ppm • Sp-1.23.3,        
    + Sp-1.23.4. 

The effect of varying the catalyst concentration keeping the q ratio constant can be found in Figure 

5.3.22 b. In the Figure different conditions of frequency and oscillation stress were used (cf. Table 

5.2.6). However, for the measurements presented in the plot, all the onsets of the G’ increase 

coincided with the interval where the gel point was detected by fluorescence. In the plot, some 

measurements of samples with similar q and catalyst concentrations are shown i.e. [Pt]= 107 ppm, 

161 ppm and 430 ppm. Even with some variations in the oscillation stress and frequency, the gel 

point was found in the same time interval for a determined catalyst concentration. As the catalyst 
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content increased, a shorter time was observed for the sudden increase of the G’ values, which is 

in good agreement with the results of DSC in Chapter 4, where a higher catalyst concentration 

yielded to faster reaction completion. The magnitude of the storage modulus cannot be analysed in 

this case as catalyst dependent since the frequency and oscillation stress were not the same in all 

measurements of the plot. The frequency modifies the moduli values [25], but one can observe that 

for similar measurements conditions as it was the case of [Pt]=107 ppm, [Pt]=161 ppm, and 

[Pt]=215 ppm the G’ values after gelation are of the same order of magnitude making them catalyst 

independent.    

This section was dedicated to observe the temperature development of the reacting samples inside 

the fluorescence spectrometer and to measure the mechanical properties i.e. the dynamic moduli 

during the reaction under these temperature conditions. Hence, some of the possibilities previously 

mentioned in Section 5.3.2.3 to explain the fluorescence intensity behaviour during the reaction 

can be discussed. They are found highlighted in the summary list of Table 5.3.4.  

Table 5.3.4 List of the stages generally observed in the fluorescence intensity time-scan plots 
obtained upon curing of PDMS and the summary of the possible explanations to the behaviour (cf. 
Section 5.3.2.3, p 336-338). 

Stage i (FI initial decrease) 

 The temperature increases enhancing collisional quenching  

 The viscosity decreases enhancing collisional quenching 

Stage ii (FI first increase, maximum 1= gel point) 

 The double bounds act as quenchers  

 Viscosity increase causes a decrease of the collisional quenching 

Stage iii (FI second decrease) 

 The viscosity increases that much that oxygen (quencher) and fluorophore remain together for 
a longer time decreasing the fluorescence intensity 

 Excimer formation 

 Temperature increase of the sample (collisional quenching)  

Stage iv (FI second increase, maximum 2) 

 Proper behaviour of only mobile pyrene and not of the silicone network conformation 

 End of the reaction, all double bonds have reacted 

 The crosslinking density continues increasing and thus the viscosity as well even after 
hydrosilylation due to side reactions reducing collisional quenching 

 Excimer concentration decreases by pyrene diffusion out of the polymer matrix and evaporation 
suppressing concentration quenching 

 Change in the orientation of the pyrene molecules becoming more organized with respect to a 
direction 

 Decrease of the oxygen permeability 

Stage v (FI third decrease) 

 Pyrene diffusion out of the polymer matrix and evaporation  

 Excimer formation 

 Photobleaching 

 Pt(0) colloids obtained at the end of the reaction cause pyrene fluorescence quenching 

The initial decrease of the fluorescence intensity (stage i) was caused by the fast increase of the 

temperature. When the reaction began, the rate of the temperature-increase levelled off and the 

fluorescence stopped being quenched. In this case, the decrease was surely caused by collision-

quenching. The viscosity decreased only slightly due to the heating but not in a magnitude 

considerable to be the main cause of the fluorescence quenching. The second quenching 
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observed in stage iii was attributed to the sudden increase of the temperature caused by the 

exothermic reaction, since a coincidence of the onset of the temperature peak was found with the 

beginning of the fluorescence quenching. Hence, the fluorescence intensity is highly sensitive to 

heat variations. Collisional quenching caused by temperature increase was the main fluorescence 

quenching mechanism in the studied systems otherwise the stage iii would not exist and the 

fluorescence behaviour would be similar to other gelation processes i.e. it would constantly 

increase (cf. Section 2.6.7).  

The hypothesis referent to the decrease of the fluorescence intensity in stage iii due to the sudden 

viscosity-increase at the gel point causing a frozen-like state of the quencher and fluorophore [31] 

is dismissed since the statement is contradictory to the mechanism of collisional quenching by 

diffusion. The higher the viscosity, the slower the collisions become, hence, the fluorescence 

intensity tends to increase as defended by Peckan et al. [29] and Negishi et al. [32]. The author of 

the present thesis assumes this to be the main reason for the fluorescence intensity increase in 

stages ii and iv. Since in the rheology experiments it was demonstrated that the viscosity increases 

also during stages iii, iv and v. On the other hand, the reacted double bonds which are known to be 

fluorescence quenchers, also might contribute to the increase of the fluorescence intensity as they 

disappear. However, although they were the main cause of this behaviour for MMA 

polymerizations [3], [29], in which the double bonds are present initially in a high concentration 

since they are found in each monomer, in the present case, the concentration of double bonds is 

much less than in PMMA cases. Each polymer chain of polymer 164 contains just 2 vinyl groups at 

the end of the chain and 223 dimethylsiloxane monomers. In polymer 116 there are only 3 vinyl 

groups in a chain of 150 dimethylsiloxane monomers. Because of that, the collisional quenching 

reduction by increasing the viscosity is the main reason for obtaining higher fluorescence 

intensities although the decrease of double bonds concentration may also contribute in a minor 

proportion to that increments of the fluorescence intensity.          

It was already known that the first maximum observed in the fluorescence intensity plots is 

coincident with the gel point location, this was confirmed by the measurements of the dynamic 

moduli at low stress and frequencies (σ= 0.5Pa, ω= 1Hz) by the coincidence of  G’=G’’. 

Nevertheless, the second maximum which generation cause was unknown, was found to be also a 

mechanical transition which was observed also as G’=G’’ with higher stresses applied to the gel 

(σ= 30Pa, ω= 1Hz). At that point, the network achieved a higher degree of crosslinking and thus, 

less elastic or more rigid networks. However, stating that the reaction has finished at this point 

would be incorrect since the storage modulus continues to increase and that is due to more 

crosslinking reactions. The second peak could be related to side reactions that occur long after 

hydrosilylation. In the next sections, more about the hypotheses referent to the second peak is 

developed. The excimer formation during the curing process is necessary to be proved as well as 

the orientation of the pyrene molecules.    
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5.3.2.5. Pyrene Excimer-Intensity Behaviour while Curing of PDMS 

It was previously mentioned that the excimer formation could be the reason for the increase and 

decrease stages of the fluorescence intensity of the monomer during the course of the reaction. To 

prove if the excimer formation or dissociation takes place during the crosslinking of PDMS by 

hydrosilylation, the behaviour of the excimer intensity of sample Sp-1.20.16 with SiH/vinyl ratio q= 3.1 

and [Pt]= 215 ppm with a pyrene concentration of Cpy= 2,28 x10-7 M was monitored during the 

reaction. The excitation (λEx= 330 nm) and emission wavelength proper of the pyrene excimer 

(λEm_excimer= 470 nm) were used for the measurement [38]. The monomer emission at λEm_monomer = 

380 nm and the same excitation wavelength (λEx= 330 nm) was also monitored for comparison. All 

the used samples contained a concentration of pyrene of the order of  10-7M thus, a large 

concentration of excimer is not expected since it is from concentrations of the order of 10-4 M when 

the excimer presence dominates at atmospheric pressure [39], [40].  

If the excimer formation/dissociation were the cause of the decrease/increase respectively of the 

monomer emission, the fluorescence intensity behaviour of the excimer would be the opposite of 

the monomer intensity behaviour. Figure 5.3.23 depicts the excimer emission intensity compared 

with the monomer intensity and with a sample without pyrene of same q ratio and catalyst 

concentration i.e. S1.20.19, q=3.1, [Pt]= 215 ppm during the reaction. The expected behaviour was 

not observed, the pyrene excimer concentration did not increase when the monomer intensity was 

reduced or decreased while the monomer intensity increased, instead the behaviour of the excimer 

observed was similar in shape to the curves of the monomer but eight times less fluorescence 

intensity which actually was of the order of the curves obtained when no pyrene was used. Hence, 

no excimer formation or disassociation took place during the reaction or was at all present at these 

low concentrations of pyrene. Thus, due to the lack of excimer the cause of the second maximum 

and the suppression of collision quenching by the diffusion of pyrene out of the polymer matrix and 

evaporation until all excimer disappears and all pyrene molecules are present as monomer 

observed by others [35], can be dismissed. Nevertheless, the fact that pyrene diffuses out of 

PDMS materials and evaporates, can be the cause of the decrease of the fluorescence intensity in 

stage v since the decrease is steady. The diffusion of pyrene out of PDMS rubbers was proved by 

Anandan et al. [33]-[35] and it was an event occurring independently of the pyrene concentration.  
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Figure 5.3.23 Comparison of the fluorescence intensity behaviour of the pyrene monomer and 
excimer during curing of PDMS. (Sp-1.20.16, q= 3.1, [Pt]= 215 ppm at 90°C) 
1 Monomer fluorescence intensity (λEx/ λEm = 330/380 nm) 
2 Excimer fluorescence intensity (λEx/ λEm = 330/470 nm) 
3 S1.20.19 without pyrene (λEx/ λEm = 330/380 nm) 

  
5.3.2.6. Pyrene Orientation Studies During the Curing of PDMS 

(Polarized Fluorescence) 

It was previously mentioned that the fluorescence intensity-increase in the second peak of the 

time-scans could be a cause of the pyrene molecular-axis exhibiting a degree of orientation 

respect to excitation and the emission cf. p 337. Fluorophores preferentially adsorb photons that 

have their electric vectors aligned parallel to the transition moment of the molecules [9]. This 

transition moment has a determined orientation with respect to the molecular axis. If the exciting 

light is polarized, a photoselective excitation of the fluorophores is made, thus if the fluorophores 

are getting oriented more molecules are excited. The emission can be also measured using 

polarizers to detect whether there was angular displacement of the fluorophores during the 

emission of the photons i.e. it depolarized or it remained oriented. The degree of depolarization is 

related to the rotational diffusion of the fluorophore which depends on the viscosity of the media 

where it is found and the shape of the rotating molecule [6], [9]. Hence, if the fluorescence intensity 

is measured during the crosslinking reaction of the silicones using different polarization angles 

between the excitation and the fluorescence detection, it can provide information about the 

orientation of the pyrene molecules at each stage of the reaction. 

The polarized fluorescence intensity was measured during the reaction of the silicone formulation 

of system 1 (polymer 164, crosslinker 45, catalyst 2.2) q=3.1, [Pt]= 215 ppm. Two different pyrene 

concentrations in the crosslinker 45 were used, 1x10-5M (Sp-1.20.17) and 1x10-3M (Sp-1.20.21). The 

polarizers were oriented as shown in Scheme 2.6.4 to obtain the fluorescence intensities IVV, IVH, 

IHV and IHH that were used in Eq. 2.6.3 to calculate the anisotropy dependence on the time of 

reaction.   

1 

2 

3 
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 Eq. 2.6.3 

 

a) 

 

b) 

 

Figure 5.3.24 Polarized fluorescence time-scans and anisotropy behaviour during the crosslinking 
of the silicone of system 1: q=3.1, [Pt]=215 ppm at 90°C. (λEx/ λEm = 330/380) nm. 1 IVV (t); 2 IVH (t); 
3 IHV (t); 4 IHH (t); 5 Anisotropy r(t). 

a) Sp-1.20.17 with [Pyrene]=2.28x10-7M.  

b) Sp-1.20.21 with [Pyrene]=2.28x10-5M. 

Figure 5.3.24 contains the graphical results of the measured polarized fluorescence time-scans of 

both silicone samples and of the calculated reaction time-dependent anisotropy r(t). Despite the 

concentration of pyrene in the silicones, the profile of the anisotropy curves was similar. Up to the 

gel point i.e. the first maximum of the FI time-scan, r was increasing meaning that the pyrene 

molecules remained polarized while the viscosity increased. However after the gel point, a 

decrease of the anisotropy began until the second peak of the FI time-scan was achieved, this 

results mean that the hypothesis about the fluorophores orienting up to the second peak can be 

dismissed. In fact, the molecules were depolarizing, thus rotating during the excitation and the 

emission. In Section 5.3.2.4, it was demonstrated that the viscosity of the silicones continues to 

increase over the second peak when high stresses were used for the rheological measurements. It 

was expected that the anisotropy also increases at this stage, however, it seemed that viscosity 

only accounted for the increase of the anisotropy during the transition of molten polymers mixture 

to rubbers but not for later stages of the formed gel. Thus, a direct correlation of the viscosity to the 

anisotropy should be carefully analyzed. Moreover after the second peak, it was observed that the 
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anisotropy got close to cero meaning complete depolarization of the molecules. Later on, the 

anisotropy increased very slowly, this could be associated with the diffusion of pyrene out of the 

silicones i.e. since the rubbers were cured inside cuvettes during the measurements, pyrene could 

be adopting an orientation according to its shape that allows a better diffusion towards the top of 

the rubbers with consequent evaporation. 

 

5.3.2.7. Effect of the Silicone Formulation on the Curing Behaviour 

Observable by Time-Dependent Fluorescence Spectroscopy 

Fluorescence time-scan measurements for different formulations containing pyrene of the silicone 

systems 1, 2 and 3 with variations in the concentration of the reagents and the catalyst were made 

in order to identify systematic differences in the curves with the formulations. Figure 5.3.25 a 

depicts the differences between the time-scan curves with variations in the SiH/vinyl ratio (q) from 

q=1.2 to q= 3.9 at catalyst concentration [Pt]= 216 ± 2 ppm. The first maximum corresponding to 

the gel point showed a smaller variation with the q ratios of tgel= 976 ± 146 s compared to the 

variations in the second maximum t2=2668 ±779. Indeed the location of the second maximum 

moved to greater times when the q ratio increased suggesting a dependence of the second 

maximum on the SiH content. The second peak could be associated to side reactions involving 

only the SiH groups. In Chapter 4, Section 4.3.3.1 it was discussed that hydrosilylation occurs 

faster when an excess of crosslinker is added. However, for the second maximum in the 

fluorescence time-scans, the process involved in this stage occurred slower with more SiH groups. 

Side reactions such as SiH hydrolysis and reaction of SiH with silanols catalyzed by the Pt catalyst, 

as well as the condensation of silanols cf. Chapter 2, Scheme 2.1.8 [43]-[45].    

The fluorescence time-scan curves for variations of the catalyst concentration between [Pt]= 107 to 

430 ppm at constant q= 3.1 for silicones of system 1 is presented in Figure 5.3.25 b. As observed 

in the conversion-temperature curves c.f. Section 4.3.3.1, the catalyst concentration accelerates 

the reaction with the gel point and the second maximum being located proportionally to the catalyst 

concentration.  Similar behaviour was observed for the time-scan curves of formulations of system 

2 and 3 when the CRA content was kept constant cf. Appendix D, Figure D.5 and  Figure D.6 

respectively.  
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a) 

 

 
b) 

 
Figure 5.3.25 Fluorescence time-scans during hydrosilylation of pyrene-labelled silicones of 
system 1 (polymer 164, crosslinker 45-P, catalyst 2.2) with variations in the formulations.   
a) [Pt]= 216±2 ppm: — q=1.2 Sp-1.3.5; — q=1.9 Sp-1.7.4; — q=2.3 Sp-1.11.4; — q=2.6 Sp-1.13.8;  

                         — q=2.8 Sp-1.16.2; — q=3.1 Sp-1.20.13; — q=3.4 Sp-1.24.3; — q=3.9 Sp-1.26.6. 
b) SiH/vinyl ratio= 3.1: [Pt]= —107 ppm Sp-1.18.5; — 161 ppm Sp-1.19.6; — 215 ppm Sp-1.20.13;  

                                        — 269 ppm Sp-1.21.4; — 322 ppm Sp-1.22.4; — 430 ppm Sp-1.23.3.  

In Chapter 4, Section 4.3.2.1 for system 3 (polymer 164, CRA, crosslinker 101-P, catalyst 2.2), it 

was observed that increasing the CRA concentration required larger contents of crosslinker i.e. 

higher SiH/vinyl ratios in order to obtain high vinyl conversions. The fluorescence intensity time-

scan was performed for silicone formulations of different CRA parts, SiH/vinyl ratios (q) and 

catalyst variations. For very low catalyst concentrations of the order of 50 ppm (Sp-3.1.3) the time-

scan curves did not allow to distinguish any maximum observed for samples with catalyst 

concentrations over 100 ppm c.f Appendix D, Table D.1. 
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The effect of the CRA concentration on the fluorescence time-scan curves during the crosslinking 

reaction is depicted in Figure 5.3.26. It is observed that at constant catalyst concentration the gel 

point barely distinguished just before the sudden increase of the fluorescence intensity, remains 

constant independently of the CRA concentration and the q ratio i.e. for [Pt]= 105 ± 3 ppm c.f. 

Figure 5.3.26 a, tgel= 2196 ± 75 s and for [Pt]= 156 ± 5 ppm c.f. Figure 5.3.26 b, tgel= 1204 ± 88 s. 

On the other hand, the second maximum was found to be q and CRA dependent for CRA 

concentrations and q ratios. For higher CRA and q contents (CRA> 50 parts  and q> 6.0), the 

second maximum was independent of both components of the formulation i.e. t2 remained constant 

at t2= 2504 ± 2 s for [Pt]= 105 ± 3 ppm and t2= 1346 ± 3 s for [Pt]= 156 ± 5 ppm. This behaviour 

was opposite to the systems without the CRA additive i.e. System 1 and 2 where the higher the q 

ratio the longer it took for the second maximum to be reached. Thus, the behaviour observed for 

the second maximum with high contents of CRA in the formulations must be reflecting only the 

hydrosilylation reaction that is accelerated due to the large excess of SiH groups and not the side 

reactions of SiH groups as believed for silicones of the system 1 and 2. However, for CRA 

concentration of 0 and 25 parts, the second maximum seemed to follow the dependence on the q 

ratio or SiH content as in systems 1 and 2, which conduce to the conclusion that up to 50 CRA 

parts in the formulations, the hydrosilylation reaction competes with side reactions when high vinyl 

conversions were already achieved.     

a) b) 

  

Figure 5.3.26 Fluorescence intensity time-scans for CRA and SiH/vinyl ratio variations at constant 
catalyst concentration. (— 0 CRA q=2.0; — 25 CRA q=3.9; — 50 CRA q= 6.0; — 75 CRA q=7.5; 
— 100 CRA q=9.0)  
a) [Pt]=105 ± 3 ppm.  — Sp-3.2.2; — Sp-3.15.2; — Sp-3.28.2; — Sp-3.41.2; — Sp-3.54.2  
b) [Pt]= 156 ± 5 ppm. — Sp-3.3.2; — Sp-3.16.2; — Sp-3.29.2; — Sp-3.42.2; — Sp-3.55.2 
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a) b) 

  

c) d)  

  

Figure 5.3.27 Gelation time and second peak dependence on the formulations for silicones of 
system 1 (polymer 164, crosslinker 45-P, catalyst 2.2). [Pyrene]=1x10-5M in crosslinker. Samples 
used are found in Appendix D, Table D.1and Table 5.3.1. 
Dependence on the catalyst concentration of the a) gelation time (tgel) and b) second peak (t2). (● 
q=1.3, ● q=2.0, ● q=2.6, ● q=3.1, ● q=3.9) 
Dependence on the q ratio of the c) gelation time (tgel) and d) second peak (t2). 
(▲ [Pt]=108±1 ppm, ▲ [Pt]=216±2 ppm, ▲ [Pt]=325±2 ppm) 

Since the dependence of the location of the gel point (tgel) and the second maximum (t2) on the 

formulation was clearly observed in the fluorescence time-scan curves, the values for silicones of 

system 1 were plotted in Figure 5.3.27, the list of results and samples used can be found in 

Appendix D, Table D.1 and the list of formulations in Table 5.3.1. It was observed that the gel point 

depends strongly on the catalyst concentration, the higher the [Pt] the shorter is the time to achieve 

the gel point cf. Figure 5.3.27 a. The dependence on the SiH/vinyl ratio was in a less degree cf. 

Figure 5.3.27 c. For low catalyst concentrations [Pt]   100 ppm there is a dependence on the q ratio 
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but for concentrations over [Pt]= 200 ppm, frequently used in the silicone-liners industry, the gel 

point becomes almost q independent. Thus, master curves such as the one shown in Figure 5.3.27 

a can be built up to determine the catalyst concentration in the formulations from the time scan 

curves.  

For the second maximum t2, a similar dependence on the catalyst concentration was observed i.e. 

the higher the catalyst concentration, the shorter the time for t2 cf. Figure 5.3.27 b. However, the 

variations were higher than those for the gel point. On the other hand, for variations of the SiH/vinyl 

ratio an interesting behaviour was observed cf. Figure 5.3.27 d. For q   2.0 a minimum on t2 was 

observed. For q ratios below q=2.0, t2 moved to longer times when q decreased while for q<2.0, t2 

also was larger but when q was higher. In Chapter 4, Section 4.3.2.1 it was presented that at q<2.0 

the vinyl conversion did not achieve 100% and that it is necessary a larger excess of SiH groups in 

order to complete the reaction of vinyl groups. That is in agreement with the results found here and 

confirm the location of the second maximum in the fluorescence time-scans as SiH activity-

dependent. Side reactions of the SiH groups may compete with hydrosilylation below q=2.0, 

however, once the excess added is enough to complete the vinyl groups reaction, a process to 

consume the unreacted SiH groups begins. Master curves of the type presented here can be used 

to characterize the q ratio of the silicone however the q ratio must be over 2.0 i.e. 100%vinyl 

conversions to avoid misinterpretation.   

For the systems 2 and 3 similar master curves can be made for controlling the q ratio and the 

catalyst concentration.  

After investigating most of the possibilities described on pages 336-338 to explain the behaviour of 

the fluorescence intensity time-scans curves during the crosslinking reaction of the PDMS systems 

1, 2 and 3, the following results for each stage were found: 

Stage i (FI initial decrease): The temperature increase after placing the sample inside the 

spectrometer is the main cause for enhancing collisional (CQ) quenching, the viscosity reduction 

by heating molten polymers also contributes to CQ but in a minor degree. 

Stage ii (FI first increase until the gel point): Upon crosslinking the viscosity begins to increase 

decreasing CQ. The maximum observed was coincident with the gel point determined as the 

crossover point of the dynamic moduli G’ and G’’ from rheology when low stresses are used for the 

measurements i.e. σ=0.5 Pa. The location of the gel point was strongly dependent on the catalyst 

concentration in the silicone formulations.  

Stage iii (FI second decrease): The temperature increase of the sample due to the heat of 

reaction released while hydrosilylation is the main cause for the fluorescence-intensity decrease. 

Thus, CQ is the main mechanism for  the fluorescence behaviour. 

Stage iv (FI second increase until a maximum 2): The results of the dynamic moduli 

measurements at high stresses i.e. σ=30 Pa showed that the crossover point of G’ and G’’ was 

coincident with the second maximum but both continued to increase meaning that the viscosity 

increases further. Thus, a second transition of the silicones occurs at this point. The location of the 

maximum 2 was proportional to the SiH/vinyl ratio, suggesting that side reactions involving 
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unreacted SiH groups account for the observation of the peak. The type of reaction i.e. SiH 

hydrolysis, SiOH condensation or SiH + SiOH Pt-catalyzed reaction is unknown to the author of 

this thesis and remains for further investigation. The mechanism of fluorescence is probably due to 

the decrease in collision quenching. A decrease of the permeability of oxygen acting as a quencher 

and thus increasing the fluorescence intensity after the gel point is possible since the diffusion 

coefficient of O2 in PDMS decreases from D=5x10-5 cm2/s in liquid PDMS [48] to D= 3.55x10-5 

cm2/s in PDMS rubbers [49]. The hypothesis referent to an independent behaviour of pyrene that 

does not reflect large modifications in its environment still needs to be proved and will be 

addressed again in Chapter 6 where the pyrene was covalently bonded to the polymer chains. 

Stage v (FI third decrease): The steady reduction of the fluorescence intensity might be a 

consequence of the independent pyrene. Diffusion and evaporation of pyrene out of the PDMS 

rubbers could be occurring at this stage. The possibility that the pyrene molecules are quenched 

by interaction with the Pt(0) colloids formed after the hydrosilylation is also considered feasible 

since it was proved that the catalyst has a strong influence in the fluorescence intensity and 

probably the colloids as well. However, further research needs to be done to prove both 

statements and remains open for those interested in the subject. 

In all stages, no excimer formation at the used concentrations was observed. 

 

5.3.3. Fluorescence in the Post-Curing State of Non-Covalent PDMS 

Networks 

It was previously mentioned that occasionally the release forces of silicone coatings for release 

applications change in a post-curing stage causing the loss of considerable amounts of money, cf. 

Section 4.3.2.3, p 232. In order to study the behaviour of the silicones within one month, the 

fluorescence intensity post-curing of samples containing pyrene was monitored. First, the 

investigation was made with the same bulk silicone-rubbers synthesised during the fluorescence 

time-scan measurements. The release forces and the content of non-crosslinked silicon were 

parallelly measured to the fluorescence post-curing. The fluorescence behaviour post-curing of 

pyrene labelled coatings was also studied within a month, therefore a transition for the 

fluorescence measurements from the bulk silicone-rubbers to silicone coatings was done. 

Additionally, the fluorescence intensity of the coatings was monitored within four weeks post-curing 

and finally, the fluorescence intensity along a pyrene-labelled silicone-coated PETP roll that was 

made at the production of Laufenberg GmbH was studied. 

 

5.3.3.1. Fluorescence Post-Curing of Bulk Silicone-Rubbers 

The fluorescence behaviour of the pyrene-labelled silicone-rubbers used for the time-scans was 

studied over four weeks post-curing to observe possible variations that could be related to 

modifications in the release forces needed to separate acrylate tapes cast on the surface of the 

silicones and the percentage of silicon extracted during the same period. Both, the release force 

and the extraction tests are performed to assess the quality of the silicones in the silicone coatings 

industry. Often defective silicone coatings exhibit large variations on the results of both tests, the 

reason for this behaviour is unknown but some possible reasons will be discussed in the next 

sections of this Chapter.  
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For the fluorescence post-curing, steady-state measurements were performed at the excitation 

wavelength of pyrene λEx= 330 nm and the fluorescence emission spectra between λEm= 350 and 

600 nm were analyzed. An example of the evolution of the emission spectrum is depicted in Figure 

5.3.28 for the silicone Sp-1.24.3 of system 1 (polymer 164, crosslinker 45-P, catalyst 2.2) with 

SiH/vinyl ratio= 3.4 and a catalyst concentration [Pt]=214 ppm.  

 
Figure 5.3.28 Evolution of the fluorescence emission spectrum of pyrene at λEx=330 nm contained 

into bulk silicone-rubber Sp-1.24.3 (q=3.4, [Pt]=214 ppm). 
─ 0, ─ 1, ─ 2, ─ 3, ─ 7, ─ 9, ─ 14, ─ 16, ─ 21, ─ 29 days post-curing. 

The fluorescence intensity increased    2.4 times during the first day after the curing, then it 

decreased 27% during the second day post-curing respect to the first day. Later the fluorescence 

intensity continued to increase up to 7 times compared to the day of the curing. On the other hand, 

the shape of the spectrum changed from one observed maximum at λEm= 387 nm to two bands at 

λEm1= 382 nm and λEm2= 400 nm. The second band was not observed previous to the first three 

days post-curing, then it appeared and increased in intensity during the 29 days post-curing as well 

as the band λEm1 did. However, the intensity observed for λEm2 was always lower than λEm1. The 

localization in the spectrum of these two bands are attributed to the pyrene monomer, an emission 

for the excimer was never observed [46], [47].  

The emission spectra evolution was measured for all cured bulk-rubbers of system 1, 2 and 3 

enlisted in Table 5.2.7 and Table 5.2.8 which differ in the concentration of the components of the 

systems and the catalyst concentration. Thus, the effect of the silicone formulations on the 

fluorescence behaviour was evaluated. However, the analysis was performed reading out the 

fluorescence intensity at λEx/λEm = 330/380 nm for each sample, which were the same parameters 

used for the time-scans during the crosslinking reaction of the silicones. Some silicones without 

pyrene cf. Table 5.2.7 were also measured for comparison in order to asses the effect of the 

presence of pyrene on the fluorescence post-curing behaviour.         

In Figure 5.3.29 the fluorescence intensity post-curing (FIrel) relative to the fluoresce intensity 

measured directly after curing i.e. t=0 days, the release forces and the extracted Si% are shown for 

silicones of the system 1. In this Figure, variations in the SiH/vinyl ratio (q) were made while 

keeping the concentration of catalyst constant at [Pt]= 216 ± 2 ppm. For samples with q ≤ 2.0 (─•─ 
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q=1.3 and ─■─ q=2.0)  and the sample without pyrene (--x--  q=3.1), the fluorescence intensity 

remained constant during the whole month cf. Figure 5.3.29 a. However, for samples with pyrene 

and q ≥ 2.3, the intensity increased with q from 1.5 times for q=2.3 up to 11.5 times for q=3.9, 

relative to the day of the curing. The increase was faster during the first 3 days post-curing and 

then it levelled off faster for low q ratios than for higher. The curve for the silicone Sp-1.13.8 ( ─▲─ 

q=2.6) showed an atypical behaviour compared to the rest of the curves, it is attributed to the 

experimental error in the measurement, the curve should have similar behaviour to the other q 

curves. 

When comparing the release forces (RF) to the fluorescence behaviour cf. Figure 5.3.29 b, no 

correlation can be made. The RF values account for the number of unreacted SiH groups that 

react with the acrylates of the adhesive tape used in the test. Thus the higher the RF values, the 

larger the SiH groups available. A strong decrease of the release forces was observed for q≤ 2.8 

during the first three days post-curing being proportional to the q ratio but later the release forces 

remained practically constant, only a small decrease of   6 cN/cm in one month was observed. 

Hence, the SiH groups in excess have been after three days post-curing already consumed in 

other reactions taking place after hydrosilylation i.e. hydrolysis, condensation of silanols, and 

SiH+SiOH Pt-catalyzed reactions. Afterwards only a constant amount of SiH groups independently 

of the silicone formulation remained after the third day that reacted with the acrylate groups of the 

adhesive testing tapes. Moreover, the values of the release forces (RF) after 3 days were within 

the limits accepted by the silicone liners industry i.e. 5 cN/cm ≤ RF ≤ 20 cN/cm for systems without 

CRA, thus systems 1 and 2.  
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a) 

 

b) 

 

c) 

 

Figure 5.3.29 Post-curing behaviour of bulk silicone-rubbers of  system 1 (polymer 164, 
crosslinker 45-P, catalyst 2.2) with SiH/vinyl ratio variations at constant catalyst concentration [Pt]= 
216 ± 2 ppm. 
─•─ q=1.3 Sp-1.3.5;  ─■─  q=2.0 Sp-1.7.4;  ─♦─ q=2.3 Sp-1.11.4; ─▲─ q=2.6 Sp-1.13.8; ─▼─ q=2.8 Sp-1.16.2;  
─◄─ q=3.1 Sp-1.20.13;  ─►─ q=3.4 Sp-1.24.3; ─+─  q=3.9 Sp-1.26.6;   --x--  q=3.1 S1.20.20 (without pyrene) 
a) Fluorescence intensity relative (Frel) to the day of the curing t=0 days at λEx/λEm= 330/380 nm. 
b) Release forces with acrylate tape. 
c) Percentage of silicon extracted.  
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On the other hand, the accepted %Si extracted for those systems with MIBK has to be less than 

5%. All silicone rubbers were under this value except for the silicone with q=1.3 cf. Figure 5.3.29 c, 

where there is a lack of SiH groups necessary to make react all the vinyl groups contained in the 

base polymer, thus the Si% belongs mostly to uncrosslinked base polymer 164. An excess SiH 

groups to vinyl groups of minimum q= 2.0 was necessary to make react all available vinyl groups 

cf. Figure 4.3.2, p 211. Furthermore, for q≥ 2.0, the  Si extracted was constant during the whole 

measured time, thus the fluorescence increase does not appear to be correlated to the amount of 

uncrosslinked silicone.  

Similar behaviour was observed for q variations at other constant catalyst concentrations of 

[Pt]=107 ppm and [Pt]= 325 ppm of the same system 1, cf. Appendix D, Figure D.7, and for 

variations in the catalyst concentration while keeping q constant at 3.1 cf. Appendix D, Figure D.8. 

In all cases, the fluorescence intensity increased even up to seven times for some silicones during 

the whole month, while the release forces slightly decreased and the extracted Si% remained 

constant. No catalyst concentration dependence of the fluorescence behaviour was found. 

Moreover, the first three days post-curing always showed the variations in the fluorescence 

intensity and the release forces, this could be associated with further modification of the silicone 

network structure e.g. crosslinking density increase due to side reactions of the SiH in excess 

which would explain why the extracted %Si is constant during the whole time i.e. the SiH groups 

belong to polymer chains already attached to the silicone network thus they cannot be dissolved in 

the MIBK solvent.    

For silicone rubbers of system 2 (polymer 116, crosslinker 40-P and catalyst 0.6) the fluorescence 

intensity post-curing fell off to less than 40% of the intensity registered directly after curing (t= 0 

days) cf. Figure 5.3.30. Then the fluorescence intensity increased proportionally with time up to the 

first week and also increased with the catalyst concentration i.e for [Pt]=60 ppm    1.4 times, for 

[Pt]=120 ppm    2 times and for [Pt]=131 ppm    2.5 times. It may be that the fluorescence is 

quenched because the Pt-nanoparticles adsorb the pyrene molecules and as pyrene desorbs the 

fluorescence intensity increases, but also an increase of the fluorescence was observed for the 

sample without pyrene which might be due to some modification of the silicone networks that 

happen in an almost insignificant degree compared to the conformational changes occurring during 

the curing i.e gelation peak and second peak observed during the time-scans upon reaction.  
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Figure 5.3.30 Fluorescence intensity post-curing of bulk silicone-rubbers of system 2 (polymer 
116, crosslinker 40-P, catalyst 0.6, λEx/λEm= 330/380 nm). 
[Pt]= 60 ppm:   ─▲─  q=  3.0 Sp-2.11.2; ─•─  q= 3.4 Sp-2.16.3; 
[Pt]= 120 pm:   ─▼─  q= 3.0  Sp-2.12.3; ─■─ q= 3.4 Sp-2.17.3;  
[Pt]= 131 ppm:  ─♦─  q= 3.4  Sp-2.21.3; --x-- q= 3.4 S2.21.5 (without pyrene). 
 
The comparison between fluorescence post-curing, the release forces and the extracted Si% was 

made for silicones of system 3 containing 100 parts CRA additive (CRA, crosslinker 101-P, catalyst 

2.2), i.e. vinyl functionalized silica particles instead of linear vinyl functionalized polymers like in 

systems 1 and 2. Variations on the q ratio and the catalyst concentration were made on the 

silicone formulations in order to observe any dependence of the variables on the formulations, the 

results are presented in Figure 5.3.31. The fluorescence behaviour after the first three days post-

curing was shown to be independent of the q ratio and the catalyst concentration for q<13.8 i.e. 

FIrel remained constant cf. Figure 5.3.31 a. However, at q=13.8 the fluorescence intensity 

increased when the Pt concentration increased in the same way as samples of system 1 cf. Figure 

5.3.29 a, at this q the unreacted SiH groups measured were about 10% of the originally added 

number while for q< 13.8 the SiH groups unreacted were less than 5% cf. Figure 4.3.3. Hence, 

either the fluorescence behaviour shows evidence of further modifications of the silicone network 

due to the unreacted SiH or it is proper of mobile pyrene exhibiting an independent behaviour that 

is not related to the silicones e.g. desorption of Pt-nanoparticles or concentration quenching that 

decreases as pyrene diffuses out of the silicone rubber [35]. Several approaches have been done 

to asses the behaviour of pyrene in gels when it is free and when it has been covalently attached 

to the polymers, sometimes differences were observed [6], [13], [14]. Therefore, Chapter 6 is 

dedicated to the comparison of both systems i.e. covalent vs. non-covalent and will return to this 

point.  

Moreover, the release forces shown in Figure 5.3.31 b were about 6 cN/cm higher for samples with 

lower q (q=9.0). This contradicts the statement about further reactions of unreacted SiH causing 

the increase of the fluorescence, also it is expected that the higher the amount of unreacted SiH 

groups, the higher the release forces.  
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a) 

 

b) 

 

c) 

 

Figure 5.3.31 Post-curing behaviour of bulk silicone-rubbers of system 3 with 100 parts CRA 
(CRA, crosslinker 101-P, catalyst 2.2).  
a) Fluorescence intensity relative (Frel) to the day of the curing t=0 days at λEx/λEm= 330/380 nm. 
b) Release forces with acrylate tape. Atypical data is enclosed in a circle. (q= ─9.0,---10.3, •••13.8)   
c) Percentage of silicon extracted. 
q= 9.0:   [Pt]= ─•─  101 ppm Sp-3.54.2;   --•--  151 ppm Sp-3.55.2;  

... • … 199 ppm Sp-3.56.2; 
q= 10.3: [Pt]= ─▲─  99 ppm Sp-3.58.2;   --▲--  150 ppm Sp-3.59.3; 

…
▲

… 197 ppm Sp-3.60.2;  
q= 13.8: [Pt]= ─x─  99 ppm Sp-3.62.2;   -- x--  150 ppm Sp-3.63.2; 

… x … 197 ppm Sp-3.64.4. 
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Thus, 6 cN/cm difference should be considered into the tolerance range for release forces at a 

constant CRA concentration. The release forces are known to be strongly dependent on the CRA 

concentration cf. Figure 4.3.8 but they are independent for variations of q and [Pt]. Only strong 

variations of the order of 5 times more describe defective silicones as shown in Chapter 4, Figure 

4.3.9, p 231 where the problem with a defective coated roll is described. Finally the extracted Si% 

cf. Figure 5.3.31 c was found to be independent of the silicone formulation with the release forces 

within the accepted range for the silicones with an average of    4.7 . 

The fluorescence intensity post-curing was also monitored for some silicone formulations when the 

CRA concentration was increased in steps of 25 wt% in the base polymer-CRA mixture. The 

fluorescence intensity was also compared to analogue samples without pyrene in order to observe 

some differences that would point to the independent behaviour of pyrene embedded into the 

silicones matrix. Figure 5.3.32 depicts the fluorescence intensity along 22 days. In all cases, the 

fluorescence intensity remained almost constant after the first post-curing day only a small 

increase was observed, no trend was found for the increase of the CRA content neither for 

samples without fluorophore nor with pyrene. The higher fluorescence relative values to the curing 

day of samples without pyrene are attributed to a larger decrease in the magnitude of the 

fluorescence intensity observed for samples with pyrene in the second peak of the time-scan 

measurements compared to samples without pyrene cf. Figure 5.3.14. It seems to be that the q 

ratio for each formulation is still not as high for observing an increase of the fluorescence intensity 

as in Figure 5.3.31 a. The formulations used in Figure 5.3.32 are considered of good quality for the 

industry i.e. they are stable and do not show strong variations in their properties. 

 
Figure 5.3.32 Fluorescence intensity post-curing of bulk silicone-rubbers of system 3 with and 
without pyrene when the CRA concentration is changed. (Polymer 164, CRA, crosslinker 101-P, 
catalyst 2.2, λEx/λEm= 330/380 nm). ─•─ pyrene, --x-- without pyrene.  
    0 CRA: q= 3.1, [Pt]= 107 ppm.  ─•─ Sp-3.10.4;   --x-- S3.10.5; 
  25 CRA: q= 4.7, [Pt]= 137 ppm.  ─•─ Sp-3.66.4;   --x-- S3.66.5; 
  50 CRA: q= 6.2, [Pt]= 145 ppm.  ─•─ Sp-3.67.4;   --x-- S3.67.5; 
  75 CRA: q= 7.6, [Pt]= 153 ppm.  ─•─ Sp-3.68.4;   --x-- S3.68.5; 
100 CRA: q= 9.0, [Pt]= 161 ppm.  ─•─ Sp-3.69.4;   --x-- S3.69.5. 

Similar behaviour was observed for other samples with pyrene keeping constant the catalyst 

concentration at [Pt]=105 ± 3 ppm and [Pt]=156 ± 4 ppm, varying q and the CRA content cf. 
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Appendix D, Figure D.9. The fluorescence intensity remained constant after the third-day post-

curing and no dependence on the silicone formulation was observed.       

 

Despite the fluorescence intensity post-curing showed an increase being even stronger when q 

increased, some samples of low q did not exhibit significant variations. It seemed to be that from a 

determined q ratio for each system, the fluorescence increase is observed. The origin of the large 

fluorescence modifications still needs to be proved because it could be proper of the free pyrene 

and not of the silicones. However, the release forces and the extracted Si% did not exhibit large 

modifications after 3 days post-curing in all cases, this means that if strong variations of the 

release coatings properties are observed for weeks after the curing, they must be consequence of 

extern factors that affected the course of the hydrosilylation and the side reactions at least during 

the first three days post-curing, and not natural of the silicones. 

   

5.3.3.2. Transition from Silicone Bulk-Rubbers to Silicone-Coated Films 

Up to this point of the investigation, the fluorescence measurements were performed on bulk 

silicone-rubbers filling a PMMA cuvette. However, the silicones are intended to be used in the 

silicone liners industry, hence the fluorescence measurements on thin films were required. In order 

to make the transition from rubbers to thin films and find suitable conditions for the fluorescence 

measurements with them, the fluorescence emission spectra of the PETP substrate and the 

silicone coated substrate were measured at the λEx=330 nm at some of the possible angles with 

respect to the detector and the incident light that could be set in the used fluorescence 

spectrometer as shown in Scheme 5.3.2. 

As a preliminary experiment, the emission spectrum of an empty PMMA cuvette (not shown) was 

measured, no fluorescence emission was observed, only first and second order Rayleigh 

scattering were observed at λEx= λEm and 2λEx= λEm respectively [7]. Then to prove if the uncoated 

poly(ethylene terephthalate) PETP substrates exhibited any fluorescence emission a film sample 

was placed inside the PMMA cuvette at 0°, 45° and 90° to the detector Figure 5.3.33 a. A high 

emission of fluorescence emission was observed between λEm= 350 and 540 mm with a maximum 

at λEm= 388nm  associated to the aromatic unit of the phthalate part in the PET monomers that 

form by aggregation dimers in the ground state [51]. The intensity of the peaks depended on the 

angle of the sample respect to the detector. Hence, for  0° the fluorescence intensity (FI) was 9733 

counts while for 45° the FI overcome the limits of the detector i.e. FI > 10000 counts. For 90° the FI 

was 879 counts. 
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Scheme 5.3.2 Top view of the possible angles set up between the incident light, the detector and 

the silicone coatings for the steady-state fluorescence intensity measurements. 
 

a) b) 

  

Figure 5.3.33 Fluorescence emission spectra of the PETP uncoated and coated films at different 
angles to the detector cf. Scheme 5.3.2 used for the set up of the fluorescence measurements in 
films. (90°C, λEx= 330 nm) 
a) PETP in PMMA cuvette at ─ 0°, ─ 45° and  ─ 90° respect to the detector.  
b) PETP in brass cuvette ─ at 90°, in brass plates ─ at 45°, ─ at 135°; coated PETP with S3.70.1 in 

brass plates (without pyrene) --- at 45° and --- at 225°; Sp-3.10.1 1 day post-curing (with pyrene) 
in brass plates ••• at 45°. 

To perform accurate measurements on flat films, black-coated brass sample holders cf. Section 

5.2.5, Figure 5.2.3 were designed to tighten the films and fitting them into the spectrometer 

chamber at different angles of the coated PETP respect to the detector. A wavelength-scan at λEx= 



Chapter 5                                                     Fluorescence of Non-Covalently Labelled PDMS-Networks 

369 

330 nm of the sample holders (not shown) did not exhibit any intensity that could interfere with the 

spectrum of the films except for the 1st and 2nd order Rayleigh scattering at λEx= λEm and 2λEx= λEm.  

Low fluorescence intensities were desired to observe significant variations of the spectra for 

different samples with the used spectrometer. Therefore, the use of the 0° position was dismissed 

because it had already shown a high fluorescence emission of the PETP film in Figure 5.3.33 a (─) 

achieving almost the maximum limit of detection i.e. 10000 counts. The position at 90° seemed to 

be suitable, nevertheless, the incident light hit the 50µm thick PETP substrate and the 1µm thick 

coating. A better incidence of the light on a bigger area of the films was wanted, the position at 45° 

seemed to accomplish with it. However, from the results of Figure 5.3.33 a (─), the intensity 

measured at this angle was overcoming the capability of the detector thus, the incident light was 

reduced by placing a window at the entrance of the spectrometer chamber cf. Figure 5.2.3 that 

reduces the amount of light hitting the films to 20% of the original. The measurements of the 

uncoated PETP substrate at 45°, 90°, and 135°c are shown in Figure 5.3.33 b, it is observed that 

the set up with at  0°(─) is still suitable for the fluorescence measurements as well as the 

measurements at 45° with the reduced intensity (─). However, at 135° (─) the obtained spectrum 

was inadequate for analysis since it appears that the light is being scattered.  

On the other hand, when the coated PETP with the silicone formulation without pyrene S3.70.1 was 

measured at 45°, no difference in the spectrum was observable if compared to the uncoated PETP 

spectrum (cf. Figure 5.3.33 b --- vs. ─), thus the silicone presence did not alter the fluorescence 

emission of PETP. Other angles were also measured for the PETP sample with S3.70.1 such as 

135° and 315°, they are not shown but both exhibited scattered spectra similar to the spectrum at 

135° of the uncoated PETP thus, those angles were dismissed for future measurements. The 

measurement at 225° (---) i.e the coating facing up to the excitation (cf. Scheme 5.3.2) showed 

lower fluorescence intensity than the spectrum a 45° but could be also suitable for future 

measurements. However further measurements were made at 45° i.e. the coating faces the 

detector (cf. Scheme 5.3.2).  Figure 5.3.33 b also depicts the spectrum of the coated PETP with 

the silicone Sp-3.10.1 (•••) at 45° respect to the detector that corresponds to the analogue formulation 

of sample S3.70.1 but containing pyrene. The fluorescence intensity of the spectrum was higher for 

the sample with pyrene meaning that the fluorescence emission spectrum of PETP is modified by 

the presence of pyrene. Whether the PETP intensity is improved or quenched by pyrene has to be 

checked with other silicone formulations used for the coatings, this will be addressed in Section 

5.3.3.3 of this Chapter. It should be noted that the pyrene emission spectrum is overlapped by the 

PETP spectrum and that the highest emission of both is located at λEm   385 nm as previously 

shown for pyrene-labelled bulk silicone-rubbers cf. Figure 5.3.28. 

 

5.3.3.3. Post-Curing Fluorescence in Thin Films 

The fluorescence emission spectrum at λEx= 330 nm of silicone-coated PETP films was measured 

during one month post-curing for the formulation of system 1 (polymer 164, crosslinker 45-P, 

catalyst 2.2) Sp-1.20.15 with q=3.1 and [Pt]=215 ppm, and for the formulations of system 3 (polymer 

164, CRA, crosslinker 101-P, catalyst 2.2) containing 0 (Sp-3.10.6), 25 (Sp-3.66.6), 50 (Sp-3.67.6), 75 (Sp-

3.68.6) and 100 (Sp-3.69.6) parts of CRA. For details of the silicones synthesis, see Section 5.2.3 and 

Section 5.2.5 for the coating process. The measurements were made with the two suitable angles 
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of the coating respect to the detector found in the previous Section (45° and 90° cf. Scheme 5.3.2 

pg, 368). The comparison of the spectra using both angles is shown in Figure 5.3.34 for the 1µm 

thick coating made with the silicone Sp-1.20.15. The fluorescence intensity (FI) presented variations 

during the time post-curing in both cases, however for the 45° angle, the fluorescence intensity 

was    6 times higher and displayed a wider range of FI than for the set up at 90°. The spectrum for 

the uncoated-PETP film (---) measured in both angles is also shown for comparison with the 

coated samples. At 45° cf. Figure 5.3.34 a the fluorescent coated PETP showed an improvement 

of the fluorescence intensity during the second and third-day post-curing however, during the first 

and from the fourth day, the fluorescence intensity of PETP decreased with the presence of the 

pyrene-labelled coating. For the measurements at 90° Figure 5.3.34 b, during the first and the 

second day the fluorescence emission was improved by the coating, later the fluorescence was 

lower than the uncoated PETP substrate, keeping almost constant until the eighth day, then it got 

even lower on the tenth day. 

a) b) 

  

Figure 5.3.34 Post-curing fluorescence emission spectra of silicone coated PETP films with the 
silicone formulation of system 1 (Polymer 164, crosslinker 45-P, catalyst 2.2) Sp-1.20.15: q=3.1, 
[Pt]=215 ppm, measured at 90°, λEx=330 nm and at different angles of the coating respect to the 
detector c.f Scheme 5.3.2. 
a) 1µm coating thickness at 45° coating-detector. 

--- uncoated PETP, ─ 1, ─ 2, ─ 3, ─ 4, ─ 8, ─ 11, ─ 16, ─ 21, ─ 29 days    

b) 1µm coating thickness at 90° coating-detector. 

--- uncoated PETP, ─ 1, ─ 2, ─ 3, ─ 7, ─ 8, ─ 10 days 

When the fluorescence intensity values at λEx/λEm= 330/385nm were divided by the FI of the 

uncoated PETP, the relative fluorescence intensity (FIrel) was obtained. The FIrel values were 

plotted against the post-curing time c.f Figure 5.3.35 a resulting from the Sp-1.20.15 formulation 

measured at 45° with coatings of 1µm (--•--) and 2µm (--▲--) thickness. An initial increase of the 

fluorescence intensity during the first three post-curing days was observed but from the third to the 

fourth day the fluorescence intensity decreased. Afterwards, it began to decrease steadily for both 

coating thicknesses at a rate of -0.01 FIrel units per day until the third-week of post-curing. During 

the fourth week, the fluorescence intensity decreased   seven times faster. The fluorescence 

intensity was proportional to the thickness of the coatings in samples measured at 45°, however for 

the measurements at 90° cf. Figure 5.3.35 b that was not the case, because after the third day the 
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intensities were similar for both thicknesses and no steady decrease of FIrel was observed. Hence, 

the measurements at 45° offer better opportunity to detect effects of the pyrene concentration. 

Similar behaviour was observed for the formulations of system 3 with different CRA concentrations, 

see Figure 5.3.36. The author of this thesis therefore recommends the use of this angle for future 

measurements, especially if this controlling method is installed in the industrial production of 

silicone release liners.   

In a comparison of the coatings fluorescence behaviour with the bulk silicone-rubber made with the 

same formulation of system 1 (--x--) cf. Figure 5.3.35 a, it was observed that during the first three 

days some degree of activity occurs, however in the post-curing of bulk-rubbers the fluorescence 

intensity increases linearly within the first three to four days and later it levels off, while in films a 

peak is observed. Moreover, the inflexion point of the bulk rubber was coincident with the fourth 

day where the fluorescence intensity behaviour of the films began to decrease steadily, afterwards 

both types of silicones presented opposite behaviour suggesting a decreasing effect on the overall 

emission due to higher pyrene emission in the coatings.  

In a fluorescence steady-state single measurement, both pyrene and PETP can absorb at 330nm 

and emit at 385nm [51], thus the detected fluorescence intensity (FI) should be a sum of both 

fluorophores-emission contributions. Nevertheless, the spectrum of uncoated PETP exhibited 

sometimes higher intensity in comparison to the coated PETP because when the pyrene-labelled 

silicone-layer is placed after the PETP light path, some energy is lost by the reflection of the light at 

the PETP-silicone interface which means that less amount of light reaches the detector due to the 

emission of PETP. On the other hand, some light of λ=330nm was transmitted reaching the 

labelled-silicone layer without been absorbed through the PETP layer. This light was absorbed by 

the pyrene molecules and emitted proportionally to the amount of them in the silicone layer, thus 

an increase of the FI was observed when the layer thickness increased, being the FI sometimes 

even higher than the intensity of uncoated PETP. Furthermore, for the measurements at different 

times post-curing, the decrease of the overall FI was attributed to the increase of the absorbed and 

emitted light of pyrene, which causes that even more light emitted by the PETP is reflected at the 

PETP-silicone interface and does not reach the detector. Hence, the variations in the overall 

fluorescence intensity of the coated PETP represent variations of the pyrene-fluorescence activity. 

Something similar was observed for silicone formulations of system 3 that contained different CRA 

concentrations. Individual graphs for the different CRA contents can be found in Appendix D, 

Figure D.10. In the plots, an opposite behaviour of the fluorescence intensity in coatings and bulk-

rubbers was observed, confirming the decreasing effect due to higher pyrene emission on the 

PETP emission. 
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a) 

 

b) 

 

Figure 5.3.35 Relative post-curing fluorescence intensity (FIrel) comparison between pyrene-
labelled silicone-coatings on PETP films and bulk silicone-rubbers with the same formulation of 
system 1 (Polymer 164, crosslinker 45-P, catalyst 2.2) q=3.1, [Pt]=215 ppm. FI measured at 90°C, 
λEx/λEm= 330/380 nm. O Atypical data. 

(FIrel Films with Sp-1.20.15 of  --•--1µm and --▲--2µm coating thickenss. FIrel Rubber --x-- Sp-1.20.13) 

a) Measured at 45° coating-detector angle c.f Scheme 5.3.2.  
b) Measured at 90° coating-detector angle. 

 
The post-curing behaviour of the fluorescence intensity for all coatings with different CRA contents 

is depicted in Figure 5.3.36 measured at angles of 45° (a), and  90° (b) between coating and 

detector. It was difficult to distinguish between the different CRA concentrations except from the 

values of FIrel from the coatings with 0 CRA (● and ■ cf. Figure 5.3.36) that were relatively low 

respect to the other values during the first three post-curing days.  
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a) 

 

b) 

 

Figure 5.3.36 Relative post-curing fluorescence intensity (FIrel) of pyrene-labelled silicone-coatings 
on PETP films with silicone formulations of system 3 (Polymer 164, CRA, crosslinker 101-P, 
catalyst 2.2) with variations in the CRA content and the thickness of the coatings. FI measured at 
90°C, λEx/λEm= 330/380 nm, and at different angles of the coating respect to the detector c.f 
Scheme 5.3.2. (0 CRA Sp-3.10.6, 25 CRA Sp-3.66.6, 50 CRA Sp-3.67.6, 75 CRA Sp-3.68.6, 100 CRA Sp-3.69.6) 
a) 45° coating-detector angle.  
b) 90° coating-detector angle. 

  1µm coating thickness:  • 0 CRA, ♦25 CRA, ▼50 CRA, ►75 CRA, x 100 CRA, --- average curve. 

  2µm coating thickness:  ■ 0 CRA,▲25 CRA, ◄50 CRA, + 75 CRA, ӿ 100 CRA, ••• average curve.   

 
On the other hand, the release forces (RF) and the percentage of silicon extracted (%Si extracted) 

for the coatings showed significant variations upon the increment of the CRA concentration c.f 

Figure 5.3.37. Both, the RF and Si% extracted measured after the curing reveal an idea of how 

many SiH groups remained unreacted and the uncrosslinked silicone chains respectively i.e. with 

100 CRA parts many SiH have remained unreacted, they are available for side reactions and thus 

if the pyrene intensity describes the activity degree of the polymers, significant variations of the 

fluorescence behaviour post-curing are expected in contrast to samples with low CRA content. 

However, the expected behaviour was not observed and thus an average curve for all CRA 

contents at a determined coating thickness was plotted since the FIrel was found to be proportional 

to the coating thickness specifically for the measurements with the recommended coating-detector 
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angle of 45° cf. Figure 5.3.36 a. In general during the first three days there was high fluorescence 

activity, this was also observed in bulk rubbers cf. Section 5.3.3.1 conducing to the conclusion that 

the first three days are of major importance for the stability of the silicones. If the storage 

conditions of the silicones are changed during this time, the properties of the silicone could be 

affected. However, this activity could be also related to an independent pyrene behaviour hence, 

bonding the pyrene covalently to the polymers is necessary to rule out this possibility. After 3 days 

of post-curing, the fluorescence intensity decreases at a very slow rate that can be considered 

almost constant, at least up to the first three weeks post-curing thus, the silicones can be 

considered stable. 

 
Figure 5.3.37 Dependence of the release forces (─ RF) and the percentage of silicon extracted in 

MIBK solvent (─ %Si extracted) on the CRA content in the pyrene-labelled silicone formulation of 

PETP silicone-coated films (1µm coating thickness). (0 CRA Sp-3.10.6, 25 CRA Sp-3.66.6, 50 CRA     
Sp-3.67.6, 75 CRA Sp-3.68.6, 100 CRA Sp-3.69.6)    

At the end of this subsection it can be concluded that even in thin silicone films of 1µm cast on top 

of substrates of 50µm thickness, the fluorescence intensity of pyrene can be monitored. 

Nevertheless, it should be considered that the behaviour on films is a mirror of the bulk-rubbers 

due to the decreasing effect of the pyrene emission on the emission of the PETP substrates. 

Moreover, while the post-curing fluorescence intensity behaviour is not clear until this point, 

monitoring the curing reaction is possible by measuring the fluorescence intensity of pyrene which 

increases 1.4 to 5 times during the reaction, opening a possibility of developing a device that is 

capable of measuring the emitted fluorescence intensity of pyrene in the industrial production of 

silicone release coatings. 

The fluorescence intensity of pyrene-labelled coated films was also measured for the different 

parts of a roll made at the production department of Laufenberg GmbH. The emission spectrum at 

λEx=330 nm was recorded for samples of the inner, middle and outer part in the radial direction as 

depicted in Figure 5.3.38 a (for a graphical description of the location of the samples in the roll see 

Chapter 4 Scheme 4.3.5). In Figure 5.3.38 a it is observed that the emission spectrum remained 

unchanged along the roll however, the fluorescence intensity exhibited variations for the different 

samples. The fluorescence intensity values at λEm=385 nm are shown in Figure 5.3.38 b where the 

highest values were achieved at the outer part of the roll, the middle and the inner part showed the 

lower values with the middle part having slightly lower values. In Chapter 4, Section 4.3.2.3, the 
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measurements of the contact angles (CAs) and the surface energy (SE) were measured for 

different parts of a defective roll and similar observations were made for the CAs values, hence the 

CA was measured for the fluorescent-labelled samples and it was compared to the fluorescence 

intensity behaviour. Table 5.3.5 contains the results of measured CAs and the SE in the coated 

and uncoated side, despite the differences between the contact angles were not as high as in the 

defective coatings of Chapter 4 cf. Table 4.3.12, the outer part values were slightly higher than 

those of the other parts of the roll, especially in the uncoated side. Moreover, based on the results 

of Chapter 4, the increase of the CA on the non-coated side was related to some migration of the 

silicones to this side thus, an alternative method to contact angle measurements to detect 

migration of silicones would be fluorescence spectroscopy in labelled silicone coatings, since the 

method measures both sides of the substrate i.e. coated and uncoated in one measurement. 

Furthermore, if some problems with the coating technology associated with the coatings thickness 

occur, the method is able to detect them. 

a) b) 

  

Figure 5.3.38 Fluorescence intensity of the different parts in radial positions of a one-side pyrene-
labelled silicone-coated PETP roll.  

a) Emission spectra at λEx=330 nm of the inner part (─Sample 1, --- Sample 2), middle part 

(─Sample 1, --- Sample 2) and the outer part (─Sample 1, --- Sample 2) of the roll. 
b) Average fluorescence intensity at λEx/λEm=330/385 nm of different samples of the roll. 
 

Table 5.3.5 Contact angles (θ) and surface energy (σs) from water, aniline 
and benzyl alcohol on samples taken from different radial positions of a 

one-side pyrene-labelled silicone-coated PETP roll. 
Coated Side 

Position θH2O (°) θAniline (°) θBenzyl Alcohol (°) σs (mN/m) 
Outer 108,6 ± 1,7 60,3 ± 0,4 58,7 ± 1,3 22,10 ± 3,87 
Middle 109,9 ± 1,5  59,9 ± 0,7 58,1 ± 1,1 22,56 ± 4,06 
Inner 107,4 ± 1,0  59,0 ± 0,7 56,5 ± 0,3 22,73 ± 3,89 

Uncoated Side 
Position θH2O (°) θAniline (°) θBenzyl Alcohol (°) σs (mN/m) 

PET subs. 73,2 ± 1,0 31,8 ± 2,6 10,0 ± 2,2 38,81 ± 1,40 
Outer 80,9 ± 0,3 15,8 ± 0,6 16,9 ± 0,7 38,15 ± 3,05 
Middle 78,1 ± 1,4  13,3 ± 1,1  12,8 ± 1,4 38,77 ± 2,56 
Inner 78,1 ± 0,9  13,2 ± 1,3 11,9 ± 2,2 39,03 ± 2,51 
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5.3.4. Properties of Fluorescent and Non-Fluorescent PDMS-Networks 

In previous sections, it was demonstrated that the addition of pyrene to crosslinking silicones 

polymers is a successful method for sensing the reaction progress and even activity of the 

networks during the post-curing state. However, the introduction of a guest into the networks could 

modify the reaction kinetics and the properties of the cured materials. To validate the fluorescence 

labelling approach for the controlling of the production process of silicone liners by fluorescence 

spectroscopy, the comparison between samples containing pyrene and free of the fluorophore was 

done. The impact on the kinetics of the reaction was investigated by DSC measurements. The 

comparison of other properties such as the crosslinking density of the silicone rubbers, the amount 

of non-crosslinked silicon after curing and some standard release forces tests are presented later 

in Chapter 6, Section 6.3.5. Nevertheless, it is not expected that those properties are modified by 

the presence of the mobile fluorophore at the used concentrations [Pyrene]   10-7M in the silicones.  

Vinyl Conversion vs Temperature p(T) 

DSC measurements were performed on samples of the three silicone systems investigated in this 

chapter that contained mobile pyrene. The heat vs temperature curves obtained from the DSC 

measurements were normalized, integrated and compared to analogue samples without pyrene. 

The procedure for data treatment is described in detail in Chapter 4, Section 4.3.3.1. The p(T) 

curves for silicones without pyrene were taken from samples of Chapter 4. The comparison 

between the p(T) curves is shown in Figure 5.3.39. The formulations shown were chosen randomly 

from the whole range of formulations analyzed in this thesis. For systems 1 and 2 cf. Figure 5.3.39 

a, b, c it is observed that the curves were almost identical. Other formulations of system 1 are 

shown in Chapter 6, Figure 6.3.16. On the other hand, Figure 5.3.39 d depicts the comparison 

system 3 for formulations containing 100 parts of the additive CRA and catalyst variations at 

constant q=9.0. The curves showed slight differences of ± 3 K which is within the range of 

experimental accuracy (cf. Section 4.3.3.1 and Appendix C). The similarity between the p(T) 

curves led to the conclusion that adding the fluorophore to the silicones does not modify the course 

of the reaction. Other measurements comparing the properties of labelled silicones with non-

labelled silicones are shown in Chapter 6, Section 6.3.5.   
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a) b) 

  

c) d) 

  

Figure 5.3.39 Conversion–temperature p (T) plots for the comparison between using 
mobile pyrene and non-fluorophore for the silicones of system 1 (Polymer 164, crosslinker 

(), catalyst 2.2), system 2 (Polymer 116, crosslinker (), catalyst 0.6), and system 3 

(Polymer 164, CRA, crosslinker (), catalyst 2.2). Heating rate β=10K/min. 
a) System 1: q= 1.3, [Pt]= 218 ppm: —S1.3.3, —Sp-1.3.6. 
b) System 1: q= 2.6, [Pt]= 216 ppm: —S1.13.2, ---S1.13.3, —Sp-1.13.9. 
c) System 2: q= 3.4, [Pt]= 120 ppm: —S2.17.2, —Sp-2.17.3. 
d) System 3: CRA 100, q=9.0, [Pt]= 100 ppm — S3.54.1,  —Sp-3.54.3  

                                             [Pt]= 151 ppm --- S3.55.1, ---Sp-3.55.3  
                                             [Pt]= 199 ppm -..-S3.56.1,  -..-Sp-3.56.2 

  System 1 —  crosslinker 45 (without fluorophore),   —  crosslinker 45-P (with pyrene) 
    System 2 —  crosslinker 40 (without fluorophore),   —  crosslinker 40-P (with pyrene) 
    System 3 —  crosslinker 101 (without fluorophore), —  crosslinker 101-P (with pyrene) 
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5.4. Summary and Conclusions 

The 3D-fluorescence spectra of all components used for the synthesis of silicone rubbers with and 

without pyrene and of silicone formulations containing pyrene allowed to identify the excitation and 

emission wavelengths where pyrene monomers exhibited the highest fluorescence emission i.e. 

λEx/λEm= 330/380 nm and that its emission is not influenced by the emission of other molecules 

emitting fluorescence contained in the components. A concentration of pyrene of the order of 10-7M 

was recommended to monitor the fluorescence intensity while the crosslinking of the PDMS 

mixtures. 

Silicone samples with and without pyrene with different reagents and catalyst concentrations 

showed a similar profile of the fluorescence time-scan curves during the crosslinking reaction 

leading to the conclusion that the pyrene is representing the dynamics of the PDMS polymers 

surrounding the fluorophore. Two peaks were observed for curves with pyrene, one which 

maximum represents the gel point proved by the optical supervision of the silicone mixture at times 

close to the maximum and the crossover point of the dynamic moduli measured with low stress 

and frequency (σ= 0.5Pa, ω= 1Hz). This peak was also seen for samples without fluorophore and 

depended strongly on the catalyst concentration of the sample. The second peak was not 

observed for samples without pyrene instead, the curves showed a small fluctuation of 

fluorescence intensity at the same time when the curves of samples with pyrene achieved the 

second peak. The origin of the peak is still unclear but in Chapter 6 this is further studied. What is 

clear until this stage is that the peak is SiH/vinyl ratio-dependent probably related to side reactions 

after hydrosilylation such as SiH hydrolysis, condensation and SiH+SiOH Pt-catalyzed, and it is 

coincident with the crossover point of the dynamic moduli G’=G’’ when high stresses and low 

frequency (σ= 30Pa, ω= 1Hz) are used for silicone systems without CRA, but for systems with 

CRA the variables have to be adjusted in order to observe coincidences with the fluorescence 

spectrum.  

The rheology method predicted the gel point and the second transition with accuracy only if the 

stress and frequency of the measurements were adjusted for each situation and also for each 

silicone system.   

The temperature profile seemed to govern fluorescence behaviour in the stages i and iii of the 

time-scan curves i.e. decrease the fluorescence intensity while heating the sample prior to gelation 

and when the released heat of reaction caused a global temperature increase of the sample, thus 

collisional quenching was enhanced. 

The fluorescence intensity post-curing of bulk silicone-rubbers increased from a determined 

SiH/vinyl ratio proper of each analyzed silicone system. This behaviour was independent of the 

release forces and the extracted Si% observed that did not show variations. The determination of 

whether this fluorescence behaviour belongs to the silicones or it is proper of the mobile pyrene 

needs to be done (see Chapter 6).  

The measurements of fluorescence emission on silicone coated PETP films showed a behaviour 

mirroring the fluorescence post-curing in bulk-rubbers demonstrating that even in thin films, 

monitoring the fluorescence of pyrene during the reaction and in the post-curing state is possible. 

The angle of the coating respect to the detector and the exciting source must be adapted, 45° of 
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the coating to the detector was found to be suitable for the measurements. Moreover, fluorescence 

intensity measurements on fluorescent-labelled silicone coatings allow the identification of 

variations in the coatings properties or migration of the silicones to uncoated substrates.   

Despite DSC and FTIR-spectroscopy methods provide information about the extent of reaction (cf. 

Chapter 4), fluorescence spectroscopy was a more suitable non-invasive method with fast 

response to control the curing process of PDMS coatings by hydrosilylation. The method is also 

capable of detecting modifications of the PDMS-networks structure in a long period post-curing. 

Moreover, the addition of a mobile pyrene does not modify the course of the reaction or the 

properties of the silicones.  
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6.1. Introduction 

In Chapter 5 the use of the fluorescent probe pyrene allowed the visualization of different stages of 

the gelation process during the crosslinking of polysiloxanes via hydrosilylation reaction. That was 

possible by measuring the fluorescence intensity of pyrene during the reaction and even following 

it long after gelation. However, when comparing the fluorescence intensity with the shear moduli 

during the reaction, a delay of the gel point obtained with fluorescence spectroscopy of at least two 

minutes was observed. Additionally, after the gelation an increase of the fluorescence intensity of 

pyrene was observed over weeks. In order to prove whether the delay in the gel point was due to 

the free movement of pyrene as guest in the silicone networks, and if the intensity behaviour in 

post-gelation stages of pyrene was influenced by the behaviour of the networks and movements of 

chains, in this Chapter the fluorophore is covalently attached to the polysiloxane chains. 

The first part of Chapter 6 is dedicated to the synthesis of the fluorescent molecule 3-vinylpyrene 

that can be attached via hydrosilylation to the crosslinkers used in the synthesis of silicones. 

Afterwards the new fluorescent crosslinker is used for the synthesis of silicones containing different 

reagents ratio and catalyst concentration. As the silicones in this Chapter pretended to be 

analogous to the silicones investigated in Chapters 4 (without fluorophore) and 5 (with mobile 

pyrene), experiments were made to follow the curing behaviour i.e differential scanning calorimetry 

(DSC), rheology and fluorescence spectroscopy. The properties of the networks containing 3-

vinylpyrene permanently attached to the chains were compared to those without probe and with 

mobile pyrene in the PDMS matrix to determine whether the use of the fluorophore affects the 

performance of the silicones in their final application i.e. silicone release coatings used to protect 

adhesive surfaces before their use.  
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6.2.  Experimental Section 

6.2.1.  Materials 

Methyl triphenylphosphonium bromide (MTPhPBr) from Sigma Aldrich, 98% was used as received. 

Phenyl lithium (PhLi) 1,9M in 1-butoxybutane (dibutyl ether) from Sigma Aldrich was used as 

received. 

Dry ethoxy ethane (diethyl ether) from Fisher Scientific in molecular sieve, 99.5% purity was used 

as received.    

Pyrene-3-carbaldehyde from Sigma Aldrich, 99% purity was used as received. 
1H-NMR (500MHz, CDCl3) δ (ppm): 9.41 (d, J=1 Hz, 1H, -OC-H); 8.43 (d, J=1Hz, 1H); 8.32 to 8.06 

(m, 8H). 
13C-NMR (125.6MHz, CDCl3) δ (ppm): 192.97 (-OC-H); 135.55 (-C-OC-H); 131.32 to 130.47 (C-C 

no H attached); 127.50 to 126.56, 124.71 to 123.04 (C-C attached to H). 

1,4-Epoxybutane (THF) from Sigma Aldrich, anhydrous without inhibitor  ≥   ,   purity was used 

as received. 

Calcium Chloride from Sigma Aldrich, anhydrous, powder, 99.9% purity was used as received.    

Benzene from Sigma Aldrich, anhydrous, 99,8% purity was used as received. 

Sodium hydrogen sulfite (NaHSO3) from Sigma Aldrich, ACS reagent was used as received. 

Water (H2O), obtained from a laboratory water purifier Arium 611UV from the company Sartorius 

AG, which uses electrodeionization, UV and reverse osmosis methods for purification. 

Sodium sulphate (Na2SO4) from Merck, ACS reagent, ISO, Ph Eur was used as received. 

Aluminium oxide (Alumina, Al2O3) sheets from Merck, 99% purity of 0.25 mm thickness, and 

aluminium oxide powder from Merck type I for column chromatography were used as received.  

n-Hexane from Merck, HPLC grade was used as received. 

Dichloromethane (DCM) from Merck, ≥   ,    purity was used as received. 

Ethanol from Merck, 96% purity, Reag. Pur Eur was used as received. 

Toluene from Sigma-Aldrich, anhydrous 99,8% purity, was used as received. 

Trichloro(deuterio)methane (CDCl3) from Sigma Aldrich, 99,8% atom D isotopic purity, was used 

as received as the solvent for NMR measurements.  
1H-NMR (500MHz, CDCl3) δ (ppm): 7,26 (s, 1 H, CH). 
13C-NMR (125.6MHz, CDCl3) δ (ppm): 77,16 (CH). 

Styrene monomer from Sigma Aldrich, puris, >99.5% purity, was used as received. 
1H-NMR styrene (500MHz, CDCl3) δ (ppm): 7.54 to 7.34 (m, 5H, C6H5-CH=CH2); 7.28 (CDCl3); 

6.84 (dd, J=17.7 Hz, J= 11 Hz, 1H, -CH=CH2); 5.86 (d, J=17.7 Hz, 1H, -CH=CH2); 5.35 (d, J= 11 
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Hz, 1H, -CH=CH2). 

Anhydrous cyclohexane, 100% for UV-spectrophotometry from VWR Chemicals was used as 

received. 

4-Methy-2-pentanone (MIBK) for GC corrected for water content, from VWR, purity ≥  8.5   was 

used as received.  

Butan-2-one (Methyl Ethyl Ketone, MEK) from VWR International, for HPLC 99,7% purity, was 

used as received. 

In Table 6.2.1 the summary of the properties of the compounds used in the synthesis of silicone 

networks in this chapter is shown. More information about compounds and their NMR spectra of 

each compound can be found in Chapter 3, Sections 3.2.1 and 3.3.1.  

Table 6.2.1 Summary of compounds used for the synthesis of silicone networks 

Compound 
Description 

Structure a Mn (g/mol) Mw/Mn 

Polymer 164 MviD217M
vi
 16200 ± 2225 1,62 

Crosslinker 45 MDH
72M 4486 ±   450 2,03 

Crosslinker 45-P Crosslinker 45 with pyrene 1x10-5 Mb 

Catalyst 2.2 Karsted’s Catalyst Pt(0) 
Pt content 2.2 wt% diluted in vinyl-terminated PDMS. 
Linear vinyl-polysiloxane Mn= 8030 ± 810 g/mol. 

a 
Structure notation based in the General Electric notation for siloxanes according to their functionality (cf.   

   Figure 2.1.1). 
b
 See details of the the synthesis in Chapter 5, Section 5.2.2. 

6.2.2.  Synthesis of 3-Vinylpyrene 

First step: ylide synthesis 

A 250 mL three-neck round-bottomed flask was closed with a stopper in the middle, a silicone 

septum, and a thermometer. The flask was purged with N2. 1.7800g (4.98 mmol) of methyl 

triphenylphosphonium bromide were placed into the round-bottomed flask with 23.85 mL of diethyl 

ether under the constant circulation of N2. On another round-bottomed flask 2.62 mL (4.98 mmol) 

of the 1.9M phenyl lithium/ dibutyl ether solution were diluted to a concentration 1M with absolute 

diethyl ether, and then the solution was transferred to the three-neck round-botommed flask. The 

flask was kept under N2 atmosphere and left to react for 23 hours at room temperature. 

Second step: Wittig reaction 

Inside a N2-filled glove box a round-bottomed flask was filled with 1.0034 g (4.358 mmol) of 

pyrene-3-carbaldehyde and closed with a septum. Later the round-bottomed flask was removed 

from the glove box and 6.5 mL of THF were added to dissolve the pyrene-3-carbaldehyde.  

9.0 mL of THF were added to the ylide solution and the solution of pyrene-3-carbaldehyde was 

transferred to the three-neck round-bottomed flask. 3 mL of THF were used to wash the rest of 
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pyrene-3-carbaldehyde from the walls and transfer it to the reacting flask. The mixture was reacted 

for 2 hours. 

Under N2 circulation the solvents were removed. 20 mL of THF were added again to the reactor 

and then it was connected to a cooler for THF reflux overnight, at the exit of the cooler, a tube with 

calcium chloride was connected to avoid income of moisture.  

After 20 hours, the THF was distilled off. 10 mL of benzene were added to the mixture and 

triphenylphosphonium oxide precipitated, it was subsequently filtered. Afterwards 20 mL of a 30% 

wt NaHSO3 aqueous solution was added and two phases formed. Water was added three times 

until all precipitates were disolved in the water, and the water came out clean.  

The organic phase was dried with Na2SO4, then filtered and transferred to a round-bottomed flask. 

The benzene was distilled off, and the flask was stored at -20°C under N2 atmosphere overnight.  

Third step: separation and purification 

A column for liquid chromatography of 70cm length and diameter D= 5,5 cm was filled to 20 cm 

height from the bottom with the slurry mixture alumina-eluent. The eluent used was a mixture n-

hexane: diethyl ether 95:5 vol%. The air bubbles were removed by using air pressure from the top. 

The sample containing the product was charged. The product coming out was a colourless 

substance but fluorescent. After two hours collection of fractions, the polarity of the column was 

increased to n-hexane: diethyl ether 85:15. 117 fractions were collected using all of them as the 

final product. TLC n-hexane: diethyl ether 95:5 (Rf3-vinylpyrene= 0.50, Rfpyrene-3-carbaldehyde=0.25).   

3-Vinylpyrene was recrystallized from ethanol (604.9 mg 3-vinylpyrene : 10 mL ethanol). The light 

yellowish crystals were separated and from the solution a new recrystalization was made (151.2 

mg 3-vinylpyrene : 5 mL ethanol). The product was dried under vacuum and stored under N2 

atmosphere in the dark. Yield = 76%. 3-Vinylpyrene was characterized by 1H-NMR, 13C-NMR, 

elemental analysis (Theoric: C: 94,74% H:5,26%, Found: C:94,77% H:5,23%), and melting point 

Tm= 88-89°C.  

1H-NMR (500MHz, CDCl3) δ (ppm): 8.42 to 7.99 (m, 9H, pyrene ring); 7.81 (dd, J=17.3 Hz, J=11.0 

Hz, 1H, -CH=CH2); 6.01 (d, J= 17.3 Hz, 1H, -CH=CH2); 5.64 (d, J= 11 Hz, 1H, -CH=CH2).  
13C-NMR (125.6MHz, CDCl3) δ (ppm): 134.52 (-CH=CH2); 132.70, 131.75, 131.24, 131.18, 128.38, 

127.81, 127.68, 127.52, 126.18, 125.48, 125.26, 125.24, 125.21, 125.18, 123.98, 123.31 (16C, 

pyrene ring); 117.47 (-CH=CH2). 

6.2.3. Synthesis of Poly(hydromethylsiloxane-co 

methylvinylpyrenesiloxane) or P(HMS-co-MVPS) 

A 0.01M solution of 3-vinylpyrene was prepared by dissolving 57.1 mg (0,25 mmol) of 3-

vinylpyrene in 25 mL of toluene.  

0.1024 g of catalyst 2.2 were dissolved in 20 mL of toluene.  

Copolymer with 1x10-3M vinylpyrene in crosslinker 45 (p(HMS-co-MVPS) 0.001)  

5 mL of crosslinker 45 (polyhydromethylsiloxane, ρ=1g/mL) were placed in a 100 mL round 

bottomed glass. The crosslinker was mixed with 4.5 mL of toluene and 0.5 mL of the 0.01 M 3-

vinylpyrene solution. 0.11 mL of the catalyst solution were added to the mixture under stirring at 
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300rpm and room temperature. The reacting mixture was kept at 75°C for 4 hours under stirring 

and open to the atmosphere. Afterwards, the toluene was removed by reduced pressure in the 

rotatory evaporator. 1H-, 29Si-, DOSY-NMR spectra were measured. Additionally, the mixture 3-

vinylpyrene 1x10-3 M in crosslinker 45 without reaction was prepared and the 1H-NMR spectrum of 

the mixture was measured for comparison cf. Section 6.3.2.  

1H-NMR copolymer (500MHz, CDCl3) δ (ppm): 8.29 to 7.90 (m, 9H, C16H9-); 7.40 to 7.11(m, 5H, 

toluene); 7.28 (s, 1H, CDCl3); 6.27, 6.06, 5.64 (d, d, dd, 3H, vinylsiloxane in catalyst 2.2); 4.74 

(broad s,  70x 1H, -SiHCH3-O-, crosslinker 45); 4.70 (s, 2x 1H, -SiHCH3-O-SiHCH3-O-Si(CH3)3, 

crosslinker 45); 3.43 (broad s, 2H C16H9-CH2-CH2-polymer); 2.37 (s, 3H, toluene); 1.56 to 0.89 

(overlapped hexane with the protons of the C-C bond formed from hydrosilylation of the crosslinker 

45 with 3-vinylpyrene); 0.23 (broad s, 72x 3H, -SiHCH3- and -SiHCH3-O-SiHCH3-O-Si(CH3)3, 

crosslinker 45); 0.14 (broad m, 2x 3H, -SiHCH3-O-Si(CH3)3) crosslinker 45, 3H, -Si(C16H9)CH3-O- 

crosslinker 45; 0.14 (s, 2x 9H,-Si(CH3)3).  
29Si-NMR copolymer (99.3MHz, CDCl3) δ (ppm): 10.02 (s, 2x Si, -OSi(CH3)3, -M); -34.75 (broad 

m, 68x Si, -OSiHCH3-, -D
H-);  -35.20 (t, J= 1.0 Hz, 2x Si, -OSiHCH3-OSiHCH3-O-Si(CH3)3, -D

HDHM); 

-35.66 (d, J=4.9 Hz, 2x Si, -OSiHCH3-OSiH(CH3)2, -D
HM). 

1H-NMR crosslinker + 3-vinylpyrene without reaction (500MHz, CDCl3) δ (ppm): 8.45 to 7.98 

(m, 9H, C16H9-); 7.40 to 7.11(m, 5H, toluene); 7.28 (s, 1H, CDCl3); 6.01 (d, J= 17.3 Hz, 1H, -

CH=CH2, vinylpyrene); 5.64 (d, J= 11 Hz, 1H, -CH=CH2, vinylpyrene); 4.76 (broad s,  70x 1H, -

SiHCH3-O-, crosslinker 45); 4.72 (s, 2x 1H, -SiHCH3-O-SiHCH3-O-Si(CH3)3, crosslinker 45); 2.39 (s, 

3H, toluene); 1.57 to 0.89 (hexane); 0.24 (broad s, 72x 3H, -SiHCH3- and -SiHCH3-O-SiHCH3-O-

Si(CH3)3, crosslinker 45); 0.16 (broad m, 2x 3H, -SiHCH3-O-Si(CH3)3, crosslinker 45, 3H, -

Si(C16H9)CH3-O- crosslinker 45; 0.14 (s, 2x 9H,-Si(CH3)3). 

 

Copolymer with 0.8 M vinylpyrene in crosslinker 45 (p(HMS-co-MVPS) 0.8)  

In order to obtain a   95:5 HMS:MVPS copolymer 15.76 mL of the 0,01M 3-vinylpyrene solution 

were placed into a 50 mL round bottomed glass. 0.2 g of crosslinker 45 were added. 0.27 mL of 

the catalyst solution were drop wise added under stirring. The reaction was allowed for 3h at 75°C. 

Toluene was removed by reduced pressure in the rotatory evaporator. 1H-, 29Si-, DOSY-NMR 

spectra were measured. From 1H-NMR HMS: MVPS 97:3. 

1H-NMR (500MHz, CDCl3) δ (ppm): 8.34 to 7.86 (m, 3x 9H, C16H9-); 7.40 to 7.11(m, 5H, toluene 

traces); 4.74 (broad s, 70H, -SiHCH3-O-); 3.43, 1.69, 1.18 (broad singlets, 2x 4H, C16H9-CH2-CH2-

polymer); 2.37 (s, 3H, toluene traces); 0.43 to -0.09 (broad m, 70 x 3H -SiHCH3-O-, 2x 3H -

SiHCH3-O-Si(CH3)3 , 2x 3H -Si(C16H9)CH3-O-, 2x 9H,-Si(CH3)3).  

29Si-NMR (99.3MHz, CDCl3) δ (ppm): 10.03 (s, 2x Si, -OSi(CH3)3, -M); -34.75 (broad m, 66x Si, -

OSiHCH3-, -D
H-);  -35.17 (t, J= 1.0 Hz, 2x Si, -OSiHCH3-OSiHCH3-O-Si(CH3)3, -D

HDHM); -35.65 (d, 

J=4.9 Hz, 2x Si, -OSiHCH3-OSiH(CH3)2, -D
HM).   
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6.2.4. Synthesis of Poly(hydromethylsiloxane-co-

methylstyrenesiloxane) or P(HMS-co-MSS) 

Copolymer with 5.0 M styrene in crosslinker 45 (p(HMS-co-MSS) 5.0)  

In order to obtain a    50:50 HMS:MSS copolymer, 10.0 mL of toluene and 1.98 g (19.01 mmol) of 

styrene were mixed in a 100 mL round bottomed glass. Then, 2 g (ρ=1g/mL) of crosslinker 45 were 

slowly added to the glass. 0.241 mL of catalyst 2.2 the catalyst solution (5.12x10-3 g/mL) were drop 

wise added to the reagents mixture under stirring. The reacting mixture was heated at 75°C for 3 

hours at room temperature with solvent reflux. The toluene was then removed by reduced pressure 

in the rotatory evaporator, and the 1H-, DOSY-, 29Si-, 1H-29Si HMBC-NMR spectra of the sample 

were measured. From 1H-NMR HMS: MSS 47:53.   

1H-NMR (500MHz, CDCl3) δ (ppm): 7.46 to 7.00 (broad m, 38x 5H, C6H5-); 5.10 to 4.61 (broad m, 

34x 1H, -SiHCH3-O-); 2.93 to 2.59 (broad m, 38x 1H, C6H5-CH2-CH2-polymer); 2.45 (s, 3H, toluene 

0.001 mol per mol of copolymer), 2.34 to 2.09, 1.56 to 1.36 (broad multiplets, 38x 2H, C6H5-CH2-

CH2-polymer); 1.17 to 0.81 (broad m, 38x 1H, C6H5-CH2-CH2-polymer); 0.50 to -0.12 (broad m, 32 

x 3H -SiHCH3-O-, 2x 3H -SiHCH3-O-Si(CH3)3 , 38 x 3H -Si(C6H5)CH3-O-, 2x 9H,-Si(CH3)3).  
29Si-NMR (99.3MHz, CDCl3) δ (ppm): 10.11 (s, 2x Si, -OSi(CH3)3, -M); -19.29 to 23.37, -23.87 to -

27.29 (broad multiplets, 38 x Si, -OSi(C6H5)CH3-, -D
St-); -34.98 to -37.70 (broad m, 47x Si, -

OSiHCH3-, -D
H-). 

6.2.5.  Synthesis of Silicones 

Silicones without fluorophore, with mobile pyrene as a guest in the polymer matrix, and covalently 

labelled using 3-vinylpyrene were synthesized. 

6.2.5.1. Non-Fluorescent Silicones 

The list of the non-fluorescent silicones studied in this Chapter is shown in Table 6.2.2. For the 

synthesis, the components of System 1 mentioned in Chapters 4 and 5 were used (polymer 164, 

crosslinker 45 and catalyst 2.2). The polymer 164 was weighed in an aluminium pan, and then the 

crosslinker 45 was added. The mixture was allowed to stir at 100 rpm for five minutes, later the 

catalyst 2.2 was added drop by drop under stirring and the final mixture was stirred for five minutes 

more.  

Table 6.2.2 List of non-fluorescent labelled PDMS network formulations of System 1: polymer 
164, crosslinker 45, and catalyst 2.2. 

Sample 
mPoly164 

(g) 
mCrosslinker 

45 (g) 
mCat 2.2 (g) 

 
Sample 

mPoly164 

(g) 
mCrosslinker 45 

(g) 
mCat 2.2 

(g) 

S1.7.1 9,9376 0,1516 0,1001  S1.20.4 10,6518 0,2607 0,1076 

S1.7.3 10,6576 0,1622 0,1076  S1.20.5 10,7727 0,2640 0,1088 

S1.19.1 10,7540 0,2601 0,0810  S1.20.6 9,9234 0,2420 0,1003 

S1.19.2 10,3906 0,2415 0,0785  S1.20.25 20,0070 0,5210 0,1840 

S1.19.4 10,7160 0,2613 0,081  S1.23.1 9,8919 0,2435 0,2020 

S1.20.1 9,6673 0,2347 0,0980  S1.26.1 9,8997 0,3011 0,0998 

S1.20.2 9,9001 0,2432 0,0997  S1.26.3 10,2718 0,3118 0,1038 

S1.20.3 10,4767 0,2524 0,1060  S1.26.4 10,2197 0,3097 0,1032 

     S1.26.5 9,9951 0,3041 0,1009 
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6.2.5.2. Non-Covalently Fluorescent-Labelled Silicones with Mobile 

Pyrene 

The silicones fluorescent labelled with pyrene studied in this chapter for system 1 (polymer 164, 

crosslinker 45-P, catalyst 2.2) are enlisted in Table 6.2.3. The synthesis process was the same as 

the one for the non-fluorescent silicones with the exception that the crosslinker was previously 

mixed with pyrene as described in Chapter 5, Section 5.2.2. All enlisted formulations and their 

studies were taken directly from Chapter 5 and were used for comparative purposes in this 

Chapter against the covalently labelled fluorescent silicones.  

Table 6.2.3 List of non-covalently fluorescent labelled PDMS formulations with pyrene of system 1: 
polymer 164, crosslinker 45-P, and catalyst 2.2. 

Sample 
mPoly164 

(g) 
mCrosslinker 45-

P (g) 
mCat 2.2 

(g) 
 

Sample 
mPoly164 

(g) 
mCrosslinker 

45-P (g) 
mCat 2.2 

(g) 

Sp-1.7.4 49,6542 0,7557 0,5016  Sp-1.20.22 9,9229 0,2413 0,1003 

Sp-1.19.6 50,2074 1,2206 0,3794  Sp-1.23.3 49,9253 1,2267 1,0188 

Sp-1.20.13 50,6537 1,2322 0,5117  Sp-1.26.6 49,8462 1,5180 0,5035 

Sp-1.20.14 10,1796 0,2498 0,1028  Sp-1.26.8 10,2454 0,3111 0,1035 

 

6.2.5.3. Covalently-Labelled Fluorescent Silicones with Vinylpyrene 

The silicones fluorescent labelled with vinylpyrene used in this chapter for system 1 (polymer 164, 

crosslinker p(HMS-co-MVPS)0.001, catalyst 2.2) are enlisted in Table 6.2.4. In the synthesis process, 

the polymer 164 was placed in an aluminium pan, the crosslinker p(HMS-co- MVPS)0.001 was 

added and allowed to stir for five minutes. Afterwards, the catalyst 2.2 was added dropwise to the 

mixture under stirring at 100 rpm. The mixture was allowed to stir for five minutes.  

Table 6.2.4 List of covalently fluorescent labelled PDMS formulations with vinylpyrene of system 
1: polymer 164, crosslinker p(HMS-co-MVPS)0.001, and catalyst 2.2. 

 Sample mPoly164 (g) 
mCrosslinker 

p(HMS-co-MVPS)0.001 (g) 
mCat 2.2 (g)  

 SVp-1.7.5 10,3694 0,1580 0,1048  
 SVp-1.7.6 9,9222 0,1521 0,1003  
 SVp-1.19.9 10,5594 0,2555 0,0798  
 SVp-1.19.10 10,3665 0,2543 0,0783  
 SVp-1.20.23 10,8786 0,2682 0,1098  
 SVp-1.20.24 10,1714 0,2471 0,1028  
 SVp-1.20.26 20,0050 0,5200 0,1800  
 SVp-1.23.5 10,5088 0,2571 0,2144  
 SVp-1.26.9 9,9771 0,3036 0,1008  
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6.2.6.  Methods 

Nuclear magnetic resonance spectroscopy (NMR-spectroscopy): 1H-NMR (500MHz), 13C-

NMR (125,6 MHz), 29Si-NMR (99,3 MHz), DOSY NMR, 1H-1H COSY NMR, and 1H-29Si HMBC 

NMR spectra were measured using a Brucker Advance III Spectrometer at 30°C. The software 

used to analyze NMR spectra were ACD/NMR Processor Academic Edition from the company 

Acdlabs Advance Chemistry development, Inc,1997-2010, and Topspin version 2.1 from the 

company Brucker, 2008. The concentration for 1H-NMR measurements was 10 mg/mL, for 13C-

NMR 50 mg/mL, and for 29Si-NMR a solution containing 150mg/mL and 0,1M of Cr(acac)3 was 

prepared and placed in a PTFE NMR tube to avoid quartz interferences. Cr(acac)3 from Sigma-

Aldrich which was used as received. CDCl3 was used as the solvent and the resulting chemical 

shifts are reported in parts per million (ppm).  

Elemental analysis of carbon, hydrogen and nitrogen content was performed using an Elementar 

Vario MICRO cube instrument available at the Institute of Chemistry of New Materials, University of 

Osnabrueck. 

The melting point measurement was made placing the sample into a capillary glass tube and 

introducing it in a melting point apparatus that heats at a constant rate, the controlling the 

temperature and the melting point was optically made.  

Fluorescence spectroscopy: The fluorescence measurements performed in this Chapter used 

the fluorescence spectrometer F-4500 from Hitachi High Technologies Corporation connected to a 

thermostatic bath to set different temperatures inside the fluorescence spectrometer. The 

fluorescence spectrometer had a 150 Watt Xe lamp light source and a detector R3788 

photomultiplier tube with 2nm wavelength accuracy. The wavelength excitation range is available 

in the range from λex =200 nm to 850 nm and emission from λem =200 to 900 nm. The scan speed 

was 1200 nm/min. The data was processed using FL solutions software from Hitachi High 

Technologies Corporation which uses Microsoft Windows as the operating system. 

3D-Fluorescence Spectroscopy: The 3D scan of excitation-emission-fluorescence intensity (Ex-

Em-FI) measurements were performed using the fluorescence spectrometer previously described. 

2.0cm3 of each sample were filled into a 1cm side squared PMMA cuvette. The scans were made 

within an excitation wavelength range of λex = 250 to 600 nm and an emission wavelength range of 

λem =250 to 600 nm. When measuring the 3D-scan, the instrument set an excitation wavelength 

starting from 250 nm and measured the fluorescence intensity in the emission selected wavelength 

range with intervals of Δλem= 5 nm. Once that scan was completed, the excitation wavelength was 

changed with increments of Δλex= 5 nm until 600 nm to form the 3D spectrum. To plot the upper 

view of the 3D spectra, the contour interval selected was 50 nm; the fluorescence intensity axis for 

the 3D view was set to the maximum of the instrument 10.000 (counts).  

The following measurements were performed under the given conditions:  
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Table 6.2.5 List of 3D-scan measurements for finding the parameters used in fluorescence time-
scan measurements. 

Sample Fluorophore 
Concentration 

[M] 
Matrix T (°C) 

3D-Tol - 0 Toluene T∞ 

3D-Pya pyrene 1x10-5 Cyclohexane 70 

3D-Cro45a - 0 Crosslinker 45 70 

3D-Py_Cro45a pyrene 1x10-5 Crosslinker 45 70 

3D-VpyTol1 vinylpyrene 1x10-3 Toluene T∞ 

3D-VpyTol2 vinylpyrene 1x10-5 Toluene T∞ 

3D-VpCro45 vinylpyrene 1x10-3 Crosslinker 45 T∞ 

3D-P(HMS-co-MVPS)0.001 vinylpyrene 1x10-3 P(HMS-co-MVPS)0.001 T∞ 

3D-85P(HMS-co-MVPS)0.001 vinylpyrene 1x10-3 P(HMS-co-MVPS)0.001 85 

3D- SVp-1.20.23 beforeb vinylpyrene 1x10-5 CSX 365 T∞ 

3D- SVp-1.20.23 afterb vinylpyrene 1x10-5 CSX 365 90 
T∞: room temperature. 
a: samples from Chapter 5 taken for comparison, see more in Section 5.3.2.1, Figure 5.3.1 and Figure 5.3.5 
    a and b. 

b: silicone mixture SVp-1.20.23 before and after crosslinking. 
 

Fluorescence Time-Scan: The fluorescence intensity during the course of the hydrosilylation 

reaction was measured with the fluorescence spectrometer described above in the time scan 

mode. The excitation and emission wavelengths were set to λEx= 280 nm and λEm= 395 nm, 

respectively for the samples containing the fluorophore covalently attached to the polymer chains. 

When pyrene as a guest was present in the silicone formulations the parameters λEx= 330 nm and 

λEm= 380 nm were used. However, all measurements for free pyrene were taken directly out of the 

results from Chapter 5 for comparison. The usual concentration of fluorophore covalently attached 

to the polymer chains was of the order of 10-5 M, while for free pyrene was of the order of 10-7 M. 

All measurements were made at 90°C, on the contrary, it is specified. The temperature was kept 

constant by using a thermostat bath connected to the fluorescence spectrometer. The Table 6.2.6 

contains the list of the samples analysed in this chapter. The duration of the measurements is also 

specified in the table. Some variations on the SiH/vinyl ratio and in the catalyst concentration were 

made. 

The measurements were performed by adding 2,0cm3 of the bulk mixture of molten polymers and 

catalyst into a squared PMMA cuvette of 1 cm side. The temperature of the sample inside the 

fluorescence spectrometer was monitored during the reaction to use the same temperature 

conditions for the rheometer measurements since the temperature sensor should not interfere in 

the light pathway. The experimental array for the thermometer can be found in Chapter 5, Figure 

5.2.1. The EBI 310 thermometer from Ebro was programmed to measure the temperature of the 

silicone mixture for one hour every 5 seconds.and was placed inside the spectrometer during the 

time scan measurement. The temperature and the fluorescence intensity measurements started 

directly after placing the cuvette into the spectrometer. The fluorescence spectrometer measured 

the fluorescence intensity in time intervals of one second. The output data was processed using FL 

solutions software from Hitachi High Technologies Corporation which uses Microsoft Windows as 

the operating system.  
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Table 6.2.6 List of silicone samples used in time-scan fluorescence measurements for comparison 
of the fluorophore as a guest in the polymer matrix and with the fluorophore covalently attached to 
the polymers.a q: SiH/vinyl ratio; [Pt]: concentration of Pt in the formulation. 

Sample q [Pt] (ppm) Crosslinker [Fluorophore]b (M) t (h) 

Sp-1.7.4 1,9 217 Crosslinker 45-P 1,44x10-7 2 
SVp-1.7.5 1,9 217 P(HMS-co-MVPS)0.001 1,44x10-5 2 
SVp-1.7.6 2,0 217 P(HMS-co-MVPS)0.001 1,45x10-5 2 

Sp-1.19.6 3,1 161 Crosslinker 45-P 2,29x10-7 2 
SVp-1.19.10 3,1 161 P(HMS-co-MVPS)0.001 2,30x10-5 3 

Sp-1.20.13 3,1 215 Crosslinker 45-P 2,29x10-7 2 
Sp-1.20.14 3,1 215 Crosslinker 45-P 2,30x10-7 2 
SVp-1.20.23 3,1 215 P(HMS-co-MVPS)0.001 2,31x10-5 2 
SVp-1.20.24 3,1 215 P(HMS-co-MVPS)0.001 2,28x10-5 2 

Sp-1.23.3 3,1 430 Crosslinker 45-P 2,29x10-7 2 
SVp-1.23.5 3,1 430 P(HMS-co-MVPS)0.001 2,28x10-5 3 

Sp-1.26.6 3,9 214 Crosslinker 45-P 2,84x10-7 2 
SVp-1.26.9 3,9 214 P(HMS-co-MVPS)0.001 2,84x10-5 2 
a 
The samples with free pyrene as guest in the silicone matrix are made of polymer 164, crosslinker 45-P and    

  catalyst 2.2. Samples with the fluorophore covalently attached to the polymer chains are made of polymer    
  164, crosslinker p(HMS-co-MVPS)0.001 and catalyst 2.2.   
b
 Concentration of fluorophore in the whole silicone mixture.   

Steady-state fluorescence spectroscopy or wavelength scan was measured the Fluorescence 

spectrometer F-4500 described above. The temperature set in the thermostatted bath connected to 

the spectrometer was 90°C. The same cuvettes with the samples used for time-resolved scan were 

used for the measurements. The cuvettes were placed into the spectrometer for 10 minutes before 

each measurement. For samples with mobile pyrene as a guest in the polymer matrix, the 

excitation wavelength λEx= 330nm was used for measuring the emission spectra between 300 and 

600 nm. For samples with the fluorophore covalently attached to the networks, the excitation 

wavelength was λEx= 280nm and the emission spectrum was measured in the range from λex= 230 

to 600 nm. 

For post-curing measurements, the fluorescence intensity value at λEx= 330 nm / λEm= 380nm for 

samples with mobile pyrene as guest in the silicone samples, and the value at λEx= 280 nm / λEm= 

395nm for samples with the fluorophore covalently attached to the polymer chains, was taken out 

of the emission spectrum to study the behaviour of the fluorescence intensity within a month with 

days intervals. The fluorescence intensity values were relative to the fluorescence intensity 

obtained the first day after curing of the silicones. Table 6.2.7 contains the list of samples for 

fluorescence post-curing controlling and the frequency between the measurements.   
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Table 6.2.7 List of silicone samples measured in fluorescence steady-state modus for post-curing 
studies with the frequency between measurements.  

With free pyrene as guest Vinylpyrene covalently attached 

Sample Q 
[Pt] 

(ppm) 
t (days) Sample q 

[Pt] 
(ppm) 

t (days) 

Sp-1.7.4 1,9 217 
0, 1, 2, 3, 7, 9, 14, 16, 
21, 29 

SVp-1.7.5 1,9 217 0, 3, 4, 5, 11, 13, 19, 21 

Sp-1.19.6 3,1 161 
0, 1, 2, 3, 7, 9, 14, 16, 
21, 29 

SVp-1.19.10 3,1 161 
0, 1, 4, 5, 6, 12, 14, 20, 
22 

Sp-1.20.13 3,1 215 
0, 1, 2, 3, 7, 9, 14, 16, 
21, 29 

SVp-1.20.23 3,1 215 
0, 1, 3, 4, 7, 9, 15, 17, 
23 

SVp-1.20.24 3,1 215 0, 2, 3, 6, 8, 14, 16, 22 

Sp-1.23.3 3,1 430 
0, 1, 2, 3, 7, 9, 14, 16, 
21, 29 

SVp-1.23.5 3,1 430 
0, 1, 4, 5, 6, 12, 14, 20, 
22 

Sp-1.26.6 3,9 214 
0, 1, 2, 3, 7, 9, 14, 16, 
21, 29 

SVp-1.26.9 3,9 214 0, 3, 4, 5, 11, 13, 19, 21 

 

Differential scanning calorimetry (DSC): The measurements were performed with a Netzsch 

204 F1 Phoenix thermal analyzer equipped with a T-sensor and a Netzsch intracooler. The 

instrument was calibrated with cyclohexane, tin and indium standards for 10 K/min heating rate. 

Samples of the silicone mixtures of 10-20 mg prepared as mentioned in Section 6.2.5 were placed 

in aluminium pans of 25µL volume. Then, the pan was put inside the DSC device chamber in one 

of the temperature sensors. An empty aluminium pan was placed on the other sensor, which was 

used as the reference. The thermogram was obtained in a temperature range between 20 and 

150°C with heating ramp ± 10K/min. From the thermograms (heat vs. T), the exothermic resulting 

peak of the heating step was extracted for the analysis of reaction kinetics. Table 6.2.8 contains a 

list of the samples of the silicone systems 1 used for the DSC experiments. 

Table 6.2.8 List of samples of silicones used for DSC experiments. 

 Without 
Fluorophore 

With Pyrene 
as guest 

With vinylpyrene 
covalently attached 

 

 - - SVp-1.7.5 -  
 -  - SVp-1.19.9 SVp-1.19.10  
 S1.20.5

 Sp-1.20.22 SVp-1.20.24 -  
 - - SVp-1.23.5 -  
 S1.26.4 Sp-1.26.8 SVp-1.26.9 -  
 

Rheological measurements: An AR 2000 ex rheometer from TA instruments equipped with a 

Peltier system to control heating and cooling in a range between -40 and 160°C was used to 

measure the viscoelastic properties of polysiloxanes upon hydrosilylation reaction by placing 1.0-

1.5 mL of the precursors and catalyst mixture on the Peltier plate and using a stainless steel 

parallel plate geometry of 40 mm diameter. All parameters used for the measurement are enlisted 

in Table 6.2.9. The experiments were made in two steps at a constant frequency: A temperature 

ramp of ~7-10 °C/min (ramp depended on the temperature conditions of the samples while the 

fluorescence time-scan measurements, other parameters such as the controlled variables angular 

frequency and oscillation stress, initial (T0) and final temperature (T1) of the step are reported in the 

same table. 
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The second step was a time sweep made at constant temperature (T1) taken from the final achieved temperature of step 1. Both steps occurred 

during the crosslinking reaction of the silicones. The measurements followed the oscillation stress and strain along the time of reaction to 

calculate the dynamic moduli, i.e. shear storage modulus (G’) and the shear loss modulus (G’’). The data was processed and exported using 

the Rheology Advantage Data Analysis software from TA Instruments Company. The silicone samples with mobile pyrene were the same used 

in Chapter 5. 

Table 6.2.9 Parameters used for dynamic mechanical analysis during curing of PDMS samples of silicone systems 1 with mobile pyrene as a 
guest (Sp) and with the fluorophore attached covalently to the polymer chains (SVp). 
Sp: Polymer 164, crosslinker 45-P, catalyst 2.2. 
SVp: Polymer 164, crosslinker p(HMS-co-MVPS)0.001, catalyst 2.2. 

Sample 

Temperature ramp (1st step) Time sweep (2nd step) 

Controlled 
variable 

Value 
T0 

(°C) 
Ramp 

(K/min) 
T1 

(°C) 
Frequency 

(Hz) 
Controlled 

variable 
Value 

t 
(h:m:s) 

Frequency 
(Hz) 

gap 
(μm) 

Sp-1.7.4 Angular Velocity (rad/s) 6,283 24,1 8,25 74,2 1,0 Oscilation stress (Pa) 0,5 00:53:55 1,0 868 

SVp-1.7.5 Oscilation Stress (Pa) 0,5 23,6 5,61 68,8 1,0 Oscilation stress (Pa) 0,5 01:00:00 1,0 711 

Sp-1.19.6 Angular Velocity (rad/s) 6,283 29,8 5,83 71,3 1,0 Oscilation stress (Pa) 0,5 01:22:53 1,0 829 

SVp-1.19.10 Oscilation Stress (Pa) 0,5 22,9 6,66 72,8 1,0 Oscilation stress (Pa) 0,5 01:00:00 1,0 711 

Sp-1.20.13 Angular Velocity (rad/s) 6,283 25,4 7,48 72,2 1,0 Oscilation stress (Pa) 0,5 00:53:44 1,0 790 

SVp-1.20.23 Oscilation Stress (Pa) 0,5 25,4 4,61 65,7 1,0 Oscilation stress (Pa) 0,5 01:00:00 1,0 711 

Sp-1.23.3 Oscilation Stress (Pa) 30,00 27,2 6,69 72,2 80,0 Oscilation stress (Pa) 30,00 00:53:16 80,0 591 

SVp-1.23.5 Oscilation Stress (Pa) 0,5 28,2 6,12 71,5 1,0 Oscilation stress (Pa) 0,5 01:00:00 1,0 711 

Sp-1.26.6 Angular Velocity (rad/s) 6,283 27,4 7,89 74,1 1,0 Oscilation stress (Pa) 0,5 00:53:44 1,0 773 

SVp-1.26.9 Oscilation Stress (Pa) 0,5 30,0 5,01 68,8 1,0 Oscilation stress (Pa) 0,5 01:00:00 1,0 711 

 

Swelling: Samples of PDMS-Networks (~5 x 5 x 3 mm) containing the fluorophore covalently attached to the polymer chains were weighed and 

prepared in 10 mL glass flasks with a sealing lid, 2 ml of MEK (methyl ethyl ketone) were added. Then, the flasks were stored in a thermostatted 

bath at a constant temperature of 20°C and the sample weight was controlled for approximately 48h at the times reported in Table 6.2.10. 

Afterwards, the sample was extracted from the flask, rinsed with more solvent, and allowed to dry at 50°C in vacuum for other 48h. In the end, 

the weight of the dry sample md was measured.  
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The density of each silicone-network was also determined by cutting small cubes of the rubber of    5 mm side, placing them into a pycnometer. 

The weight of PDMS (mPDMS) was registered, then the pycnometer with the PDMS was filled with water and the weight of PDMS + water 

registered (mPDMS+H2O). The volume of the pycnometer was 10.225 cm3. 

 

Table 6.2.10 Experimental data from swelling measurements in system 1: Polymer 164, Crosslinker 
p(HMS-co-MVPS)0.001. 
mPDMS: mass of silicone sample, and mPDMS+H20: mass of silicone sample + water used to calculate 
silicone density; t: time of swelling; m: mass of swelling and the time t; md: mass of the dried sample 
after swelling. 
Sample SVp-1.7.5 SVp-1.19.10 SVp-1.20.24 SVp-1.23.5 SVp-1.26.9 
mPDMS (g) 2,2473 3,2378 2,4131 2,4683 2,6276 

mPDMS+H20 (g) 9,9389 9,8057 9,8585 9,8656 9,6987 

Measurement 
N° t (h:m) m (mg) t (h:m) m (mg) t (h:m) m (mg) t (h:m) m (mg) t (h:m) m (mg) 

0 0,00 35,846 0,00 39,550 0:00 43,698 0:00 45,308 0:00 47,590 
1 1:19 62,136 1:23 61,942 1:15 71,768 1:06 74,354 1:30 79,920 
2 2:23 64,160 2:38 63,032 2:27 72,826 2:14 72,168 2:26 81,444 
3 3:24 64,160 3:49 67,606 3:35 74,094 3:20 76,324 3:26 81,922 
4 20:14 63,624 20:48 67,604 20:41 74,686 20:17 76,236 20:29 81,798 
5 27:02 64,068 27:31 68,522 27:21 74,884 26:57 78,172 27:09 83,146 
6 47:06 64,674 47:29 67,984 47:22 75,184 46:59 77,492 47:10 82,224 

md (mg) 34,416 38,404 42,436 43,850 45,900 

 

The swelling experiments of the silicones with fluorophore covalently attached were compared with analogue silicones with mobile pyrene as 

guest and silicones without fluorophore. Therefore, the experiments performed in Chapter 4 and 5 respectively were taken. In Table 6.2.11 all 

the experimental data necessary for the calculation of the crosslinking density by means of the swelling method is presented. 
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Table 6.2.11 Silicone samples used in swelling measurements for the comparison of 
having fluorophore in the silicones as guest (Sp), covalently attached (SVp) and without 
fluorophore (S). q: SiH/Vinyl ratio; [Pt]: catalyst concentration in ppm. 

Sample q 
[Pt] 
ppm 

Density Swelling 

mPDMS 
(g) 

mPDMS+H20 
(g) 

m0 (mg) m1 (mg) m2 (mg) md (mg) 

S1.7.1 2,0 216 3,8311 9,7183 198,724 371,274 363,082 - 
S1.7.3 1,9 217 3,5588 9,9394 76,816 136,304 135,680 74,009 
SVp-1.7.5 1,9 217 2,2473 9,9389 35,846 64,137

a
 - 34,416 

S1.19.1 3,1 161 1,1231 9,8946 33,578 59,726 58,824 - 
S1.19.2 3,0 161 2,7217 9,8979 82,462 145,734 142,086 - 
S1.19.4 3,1 161 4,4559 9,8546 42,266 74,572 71,360 - 
SVp-1.19.10 3,1 161 3,2378 9,8057 39,550 67,929

b
 - 38,404 

S1.20.1 3,1 216 1,2190 9,8883 50,030 88,036 88,840 - 
S1.20.2 3,1 214 4,1712 9,5651 72,208 125,556 - - 
S1.20.3 3,0 215 3,7750 9,7910 158,964 281,818 279,044 - 
S1.20.4 3,1 215 4,8667 9,8469 30,972 52,930 51,462 - 
S1.20.6 3,1 215 3,8721 9,8906 64,458 111,246 111,696 62,773 
Sp-1.20.22 3,1 215 4,2238 9,7935 41,638 72,360 71,680 40,298 
SVp-1.20.23 3,1 215 3,0775 9,9464 58,380 102,377

a
 - 56,522 

SVp-1.20.24 3,1 215 2,4131 9,8585 43,698 74,712
b
 - 42,436 

S1.23.1 3,1 430 4,6650 9,8786 46,886 81,156 79,688 - 
SVp-1.23.5 3,1 430 2,4683 9,8656 45,308 77,056

b
 - 43,850 

S1.26.1 3,9 213 3,4431 9,7434 176,214 304,826 - - 
S1.26.3 3,9 214 4,9340 9,7962 48,632 82,514 82,768 - 
S1.26.5 3,9 214 4,1466 9,8301 68,2 122,122 120,632 66,367 
Sp-1.26.8 3,9 214 4,0667 9,6438 41,832 74,036 73,902 40,699 
SVp-1.26.9 3,9 214 2,6276 9,6987 47,590 82,107

a
 - 45,900 

mPDMS: mass of silicone sample, and mPDMS+H20: mass of silicone sample + water used to calculate 
silicone density; m0: initial mass of silicone sample; m1 and m2: mass of swollen sample after 24h 
and 48h. md: mass of the dried sample after swelling. 
a
 Average value from measurement N° 2-6 in Table 6.2.10 

b
 Average value from measurement N° 3-6 in Table 6.2.10 

 

Silicone coatings with the formulations S1.20.25 and SVp-1.20.26 were made at Laufenberg GmbH. The 

silicone was cast on a DIN A4 KS900 substrate with a Mathis lab coater LTE-secured from the 

company Werner Mathis AG, in which the silicone mixtures were placed on top of the substrate 

and then heated for 30 s at 160°C. The coatings had 1µm thickness. The coatings were used for 

the performance of the TW1, acrylates and extraction tests. 

Release force measurements (TW1): A red 4154 Tesa tape of 4 cm x 27 cm was placed on top 

of the coated sheets. The coated sheets with silicones S1.20.25 and SVp-1.20.26  were cover with the 

tape in stripes of 5 cm x 29 cm and stored at room temperature for 15 hours with a 10 Kg weight 

on top. Subsequently, the release forces were measured using a tensile testing machine from 

Zwick GmbH & Co with a release speed of 1000mm/min keeping an angle of 2x 90° peeling for 

both substrate and tape respect to the direction of the system tape-substrate. cf. Chapter 4, 

Scheme 4.2.1. The release force is reported in cN/4cm width. The test was performed at the 

company Laufenberg GmbH. 

Acrylates (Scotchcal): A scotchcal tape from the 3M company of 2.5cm x 15cm was cast on top 

of the coated sheets with the silicones S1.20.25 and SVp-1.20.26  and pressed with a roll of 1 Kg. The 

samples were cut in strips of 3.0cm x 17 cm and heated for 15 min into the oven at 150°C. 

Afterwards, the tape was taken out of the oven and let to cool down for 5 minutes before 
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measuring the release forces tensile testing machine from Zwick GmbH & Co with a release speed 

of 300mm/min, keeping an angle of 180° with the scotchcal tape subject to a clamp in the upper 

part of the tensile tester as shown in Scheme 6.2.1. The release force is reported in cN/2.5cm 

width. The test was performed at the company Laufenberg GmbH. 

 

Scheme 6.2.1 Scotchcal tensile test set up. 
   

Atomic Absorption Spectroscopy (AAS): The amount of un-crosslinked silicon after curing was 

determined by AAS with a device Agilent 280 Series AA from the company Agilent. The AAS had a 

flame atomizer operated with nitrous oxide and acetylene achieving 2700 °C. A calibration for the 

molten non-crosslinked silicone mixtures was performed with solutions of the samples S1.20.25 and 

SVp-1.20.26 i.e. 0.5 ml, 1.0 ml, 2.0mL, and 3 mL each in 100 mL of MIBK. The sample solution was 

aspirated by a pneumatic nebulizer and introduced it into a spray chamber where it was mixed with 

the flame gases. On top of the spray chamber, there was a burner head that produces a flame that 

is   10 cm long and only    3 mm width. The UV radiation beam passes through this flame at its 

longest axis. The electrons of the atomized samples absorb energy that is emitted at a determined 

wavelength specific for silicon λSi=251.6 nm [10]. To prepare the sample to be analyzed, a strip of 

silicone-coated paper (25cm x 5cm) containing silicones S1.20.25 and SVp-1.20.26 was placed in 20 ml 

of MIBK for one week, the concentration of silicon in the solution was measured by AAS and the 

software SpectrAA from Agilent gave the percentage of the silicon amount extracted. The 

measurements were performed at Laufenberg GmbH.  



Chapter 6                                                         Fluorescence of Covalently Labelled PDMS-Networks 

400 

6.3. Results and Discussion 

In order to attach pyrene moieties covalently to the PDMS networks, the pyrene molecule was 

functionalized with an attached vinyl group for posterior hydrosilylation reaction to form a 

fluorescent crosslinker. The crosslinker, a copolymer containing pyrene moieties and SiH groups 

along the linear polysiloxane chain was used to build up PDMS networks by hydrosilylation with 

vinyl terminated polysiloxanes. The covalently labelled networks were characterized, the course of 

reaction studied as well as the fluorescent behaviour. In the following subsections every step is 

presented.      

6.3.1.  Synthesis of 3-Vinylpyrene 

1st Step: Ylide formation 

P C

H

H

H

Li

+
N2, Ether

Troom, t=23h
P C

H

H

P C

H

H

+ +LiBr

 

2nd Step: Wittig’s reaction 

H

O

PC

H

H

N2, THF

Troom, t=2h

PO++

 

Scheme 6.3.1 Wittig reaction for the synthesis of 3-vinylpyrene from pyrene-3-carbaldehyde [1]-[2]. 

Different procedures could lead to the double bond functionalization of pyrene; they are described 

in Section 2.6.3.2. Although they were tried in the laboratory, only Wittig reaction was successful to 

obtain 3-vinylpyrene [1], [2]. The reaction presented in Scheme 6.3.1 consisted of two steps that 

required everything carefully done in an N2 atmosphere; the synthesis was based on the procedure 

described by Tanikawa and coworkers [3]. The first step consisted of the ylide preparation and the 

second step was the Wittig reaction. For the separation of the product 3-vinylpyrene, thin layer 

chromatography (TLC) with alumina using different mixtures as eluents was made. On the sheet, a 

spot with the pyrene-3-carbaldehyde, and the sample to be separated were placed. The tried 

eluent mixtures were 1° n-Hexane, 2° n-hexane: DCM 95:5, 3° n-hexane: diethyl ether 95:5, and 4° 
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n-hexane: THF 95:5. The mixture 3° (n-hexane: diethyl ether 95:5) was used as eluent for liquid 

column chromatography with alumina as the stationary phase (Rfsample= 0,50; Rf=pyrene-1-

carbaldehyde=0,25) cf. Section 6.2.2. Although the mixture to be separated showed the presence of 

some pyrene-3-carbaldehyde when TLC was performed, the separation went well with the column, 

since only 3-vinylpyrene was eluated in the collected fractions.  

Figure 6.3.1 and Figure 6.3.2 depict the 1H- and 13C-NMR spectra of the reagent pyrene-3-

carbaldehyde as well as 3-vinylpyrene. Within the 1H-NMR the biggest change from the aldehyde 

to the vinyl group is the disappearance of the aldehyde proton signal, a doublet at δ=  .41ppm to 

form three new signals at δ=7.81 ppm, a double of doublets belonging to the proton 2 coupled to 

the signals of the protons at δ=6.01and 5.64 ppm, each of them doublets. 

 

In the case of the 13C-NMR spectrum, the signal of the carbonyl carbon observed at δ=1 2. 7 ppm 

from the aldehyde disappeared. In the spectrum of 3-vinylpyrene, two new signals at δ=117.47 and 

134.52 ppm are observed, both belonging to the carbons of the vinyl group. Furthermore, all other 

16 carbons belonging to the pyrene ring can be assigned to the 16 signals in the rage between 

δ=132.70 to 123.31 ppm. The presented results for the 1H- and 13C-NMR were in good agreement 

with the literature for 3-vinylpyrene [5].   

Elemental analysis and the meting point of 3-vinylpyrene were measured, the results are found in 

Section 6.2.2, confirming the high purity of the product. A yield of 76% was obtained.
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a) 

 

b) 

 

Figure 6.3.1 1H-NMR spectrum of a) pyrene-3-carbaldehyde and b) 3-vinylpyrene. 
(CDCl3, 30°C). 
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a) 

 

b) 

 

Figure 6.3.2 13C-NMR spectrum of a) pyrene-3-carbaldehyde and b) 3-vinylpyrene. 
(CDCl3, 30°C). 
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6.3.2.  Synthesis of P(HMS-co-MVPS) 

The synthesis of the copolymer of hydromethylsiloxane and methylvinylpyrenesiloxane was made 

by means of hydrosilylation reaction based on the synthesis procedure from Rossi et al. [4]. 

Therefore, the homopolymer Crosslinker 45 and the 3-vinylpyrene synthesized in the previous 

section were used. Scheme 6.3.2 depicts the reaction used in this sysnthesis. 

Si
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[Pt]

p(HMS-co-MVPS)

 

Scheme 6.3.2 Synthesis of poly(hydromethylsiloxane-co-methylvinylpyrenesiloxane), p(HMS-co-
MVPS) by hydrosilylation reaction. 

In Chapter 5 the concentration of free pyrene in the crosslinkers was of the order of 10-5 M and in 

the silicone networks of the order of 10-7 M respectively. In this Chapter, analogous silicones are to 

be compared but using 10-3 M concentration of fluorophore in the crosslinker, and   10-5M for the 

silicones. These elevated concentrations were selected thinking ahead of the detection in thin films 

which is the intention or final application of these silicones i.e. release coatings on top of adhesive 

surfaces, and not the detection in bulk silicones. The detection of fluorescence in thin silicone films 

of 10-7M fluorophore concentration might lead to interference problems with the raw material 

bearing the silicone coating, in the case that it emits fluorescence. Another problem could be that 

there is no detection due to the very low concentration. 

The description of the synthesis process of p(HMS-co-MVPS)0.001 is found in Section 6.2.3. Special 

care has to be taken at the catalyst concentration used for this reaction. A concentration of the 

order of [Pt]= 100 ppm is very high and causes direct gel formation even when using toluene as 

solvent. Therefore, a diluted catalyst solution was prepared in toluene (0.00512 g catalyst/ mL of 

toluene). For the reaction the concentration of platinum was kept very low ([Pt]= 1ppm). After the 

reaction, the toluene was removed and thus the catalyst that remained at very low concentration 

([Pt]= 2 ppm) did not destabilize the crosslinker by causing a further reaction.  
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The copolymer obtained was characterized by means of 1H-, 29Si-, DOSY-NMR. However, the 

obtained spectra were basically the same as the one from crosslinker 45 already shown in Chapter 

3, Section 3.3.1. The 1H-NMR spectrum of p(HMS-co-MVPS)0.001 is found in Figure 6.3.3 a. It 

shows the signals of a mixture of the copolymer with some traces of toluene and hexane.  

The signals expected at the chemical shift of the protons belonging to the pyrene ring appeared 

very weak at δ= 8.31 to 7. 0 ppm, as well as the signal of one of the four protons conforming the 

hydrosilylation bond (polymer-CH2-CH2-pyrene) at δ=3.43 ppm. In the range between δ= 6.27 to 

5.64 ppm signals of the double bond protons of the vinylpolysiloxane in the catalyst 2.2 are 

observed. These signals were confirmed to belong to another molecule different than the 

copolymer since the DOSY NMR spectrum showed a diffusion coefficient for this double bonds 

higher than for the SiH and pyrene signals (Dvinyl in cat= 10-8.8 m2/s vs.   Dpyrene in copolymer= 10-9.6 m2/s). 

Unfortunately, due to the low intensity of the signals compared to the signals of protons in the 

methyl and SiH groups showing the adequate picture of the DOSY spectrum is complicated and 

thus, not shown in this work.  

In a further comparison of the 1H-NMR spectrum of the copolymer p(HMS-co-MVPS)0.001 and the 

analogous mixture of 3-vinylpyrene with the crosslinker 45, [3-vinylpyrene]=1x10-3 M cf. Figure 

6.3.3 b, the signals of the protons in the pyrene ring were already very weak for analysis due to the 

very low concentration. This made even more difficult to see the signals of the vinyl protons in the 

case that they did not react; besides in the copolymer, the signals can overlap with the ones from 

the polyvinylsiloxane in the catalyst. For the spectrum of the mixture of 3-vinylpyrene with the 

crosslinker 45, it appeared that the signals of two of the three protons belonging to the vinyl groups 

in 3-vinylpyrene were observed as a doublet at δ=6.02 ppm and another doublet at δ=5.65 ppm, 

with J=17.5 and 11 Hz respectively. The coupling constants are similar to the constants obtained 

for pure 3-vinylpyrene.  

The 29Si-NMR spectrum of p(HMS-co-MVPS)0.001 showed no difference to the 29Si-NMR spectrum 

of the crosslinker 45, suggesting that the concentration of the methylvinylpyrenesiloxane monomer 

is very low to be detected by this method.   

The previous results suggest that the reaction occurred. However, to confirm the success of the 

reaction, a higher concentration of vinylpyrene for the synthesis of the copolymer was used, as well 

as another less expensive vinyl molecule that can be easily attached to the crosslinker polymer. 
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a) 

 

b) 

 

Figure 6.3.3 1H-NMR spectrum of a) p(HMS-co-MVPS)0.001 full spectrum. b) p(HMS-co-MVPS)0.001 

compared to the mixture crosslinker 45 + 3-vinylpyrene without reaction in the range between δ= 
4.0 to 9.1 ppm. (CDCl3, 30°C). 

 

The synthesis of the copolymer poly(hydromethylsiloxane-co-methylstyrenesiloxane), p(HMS-co-

MSS)5.0 was made in the same manner as the vinylpyrenene copolymer p(HMS-co-MVPS)0.001, but 

this time the concentration was elevated in order to obtain a hydromethylsiloxane    HMS: MSS ratio 

= 50: 50. The concentration of [Pt] during the reaction was kept low [Pt] =2 ppm, and after 
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removing the solvent [Pt]=7 ppm, this concentration was allowing the crosslinker to stay stable, the 

viscosity of the mixture increased but it did not gel. 

A complete NMR characterization of the copolymer was made starting from the 1H-NMR spectrum 

depicted in Figure 6.3.4. The integration of the signals for protons of type 7 in the aromatic ring and 

the signal 8 of the SiH proton allowed the determination of the ratio between the 

hydromethylsiloxane monomer and the methyl styrene monomer (HMS: MSS = 47: 53). All peaks 

observed could be assigned to the copolymer structure after measuring the 29Si-NMR spectrum 

and the 1H-29Si HMBC correlation cf. Figure 6.3.5. Some traces of toluene were found (0.001 mol 

of toluene per mol of the copolymer). A DOSY-NMR measurement cf. Figure 6.3.6, confirmed that 

all peaks belonged to one molecule, Dp(HMS-co-MSS)5.0= 10-9.95 m2/s except for toluene that showed a 

diffusion coefficient of Dtoluene=10-8.7 m2/s. The results showed that using a small concentration of Pt 

catalyst for the reaction yields a 100% of hydrosilylation reaction even for the high amount of 

styrene used. Thus, it is expected that the previous synthesis of p(HMS-co-MVPS)0.001, all 

vinylpyrene reacted and it is attached to the crosslinker.           

 

Figure 6.3.4 1H-NMR spectrum of p(HMS-co-MSS)5.0. (CDCl3, 30°C) 
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Figure 6.3.5 1H-29Si HMBC NMR spectrum of p(HMS-co-MSS)5.0. Horizontal 1H spectrum, vertical 
29Si spectrum. (CDCl3, 30°C) 

29
Si-NMR described in GE notation for polysiloxanes. M: end group -Si(CH3)3, D

H
: hydromethylsiloxane 

monomer -SiHCH3-O-, D
St

: methylsytyrenesiloxane monomer -SiCH3(C6H5)-O-.   

 

Figure 6.3.6 DOSY-NMR spectrum of p(HMS-co-MSS)5.0.  
Horizontal 1H-NMR spectrum, vertical diffusion coefficient (m2/s). (CDCl3, 30°C) 
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The synthesis of the copolymer with vinylpyrene p(HMS-co-MVPS)0.8 with 0.8 M vinylpyrene 

concentration in the crosslinker was made to get a measurable concentration of the vinylpyrene 

monomer in NMR. For this synthesis, the concentration of Pt in the mixture before the reaction was 

[pt] = 2 ppm. The 1H-NMR spectrum of the synthesized copolymer is found in Figure 6.3.7. A 

calculation of the ratio of HMS monomer to MVPS monomer was made from the integral of the 

signals representing the protons 6 and 5. The ratio HMS: MVPS was 97: 3.  

 

Figure 6.3.7 1H-NMR spectrum of p(HMS-co-MVPS)0.8. (CDCl3, 30°C). 
 
A DOSY NMR cf. Figure 6.3.8 showed that the peaks in the 1H-NMR spectrum of the copolymer 

p(HMS-co-MVPS)0.8 belonged to one molecule (Dp(HMS-co-MVPS)0.8= 10-9.5 m2/s), some traces of 

toluene were also observed Dtoluene=10-8.6 m2/s. The 29Si-NMR spectrum measured (not shown) did 

not exhibit the signal for the silicon atom in the monomer methylvinylpyrenesiloxane in a way that it 

could be differentiated. Instead, it might be overlapping with the hydrogenmethylsiloxane monomer 

cf. Section 6.2.3. 
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Figure 6.3.8 DOSY-NMR spectrum of p(HMS-co-MVPS)0.8.  
Horizontal 1H-NMR spectrum, vertical diffusion coefficient (m2/s). (CDCl3, 30°C) 

Based on the results obtained for the last two syntheses i.e. p(HMS-co-MSS)5.0 and p(HMS-co-

MVPS)0.8, it can be assumed that the synthesis of the crosslinker containing the pyrene molecule 

attached to covalently in a concentration of 1x10-3M p(HMS-co-MVPS)0.001 was successful. 

Moreover, the conversion for the vinyl groups was in all cases 100% since in all NMR spectra no 

double bonds were observed. Thus, the crosslinker p(HMS-co-MVPS)0.001 can be used for the 

synthesis of fluorescent silicones. 

6.3.3.  Synthesis of Covalently Fluorescent-Labelled PDMS Networks 

The experiments conducted in this Chapter were made using the silicone system 1 already used in 

Chapters 4 and 5. The system consists of a base polymer, a crosslinker and a catalyst. The base 

polymer and the catalyst are polymer 164 (vinyl end groups, MviD217M
vi) and catalyst 2.2 (Pt = 2.2 

wt% + linear vinyl terminated-polysiloxane Mn= 8030 g/mol) respectively. In this Chapter special 

focus was made in the synthesis of the fluorescent copolymer poly(hydromethylsiloxane-co-

methylvinylsiloxane), p(HMS-co-MVPS)0.001, to be able to compare the behaviour of the fluorescent 

silicones against the silicones already studied in the previous Chapters 4 and 5 which contained 

crosslinker 45 (homopolymer SiH, MDH
72M) for normal silicones without fluorophore, and silicones 

with free pyrene embedded in the matrix using crosslinker 45-P (homopolymer SiH, MDH
72M mixed 

with pyrene 1x10-5M). The structures reported using the General Electric notation explained in the 

materials Section 2.1.1. 

The reactions taking place for the silicones without fluorophore and with free pyrene in the matrix 

were already shown in Scheme 4.3.1 and Scheme 5.3.1 respectively. The reaction to form the 
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covalently labelled fluorescent silicones is depicted in Scheme 6.3.3. The ratio of 

hydromethylsiloxane monomer to methylvinylpyrene monomer was HMS: MVPS =   6x105 : 1. 

  

Scheme 6.3.3 Hydrosilylation reaction scheme of covalently fluorescent labelled polysiloxanes. 
Vinylpyrene 1x10-3 M in crosslinker p(HMS-co-MVPS)0.001. 

The formulations without fluorophore used for the synthesis of PDMS networks in the present 

Chapter are found below in Table 6.3.1, Table 6.3.2 collects samples with non-covalently attached 

proves, and Table 6.3.3 contains formulations with the fluorophore attached to the silicone 

networks. For more detail about the silicones synthesis see Section 6.2.5. The systems are 

described by the variables (i) q denoting the SiH/Vinyl molar ratio that refers to the molar amount 

of reacting hydrosilane groups of the crosslinker compared to the molar amount of reacting vinyl 

groups contained in the polymer 164 and the vinyl terminated PDMS in the catalyst, and (ii) the 

platinum concentration [Pt] in parts per million (ppm) into the silicone formulation. To calculate the 

SiH/vinyl molar ratio q and the platinum concentration [Pt], the procedure described in detail in 

Section 4.3.1, Chapter 4 was used. The name of the silicone samples is described by the type of 

fluorophore used i.e. none cf. Table 6.3.1, pyrene (p) cf. Table 6.3.2 or 3-vinylpyrene (Vp) cf. Table 

6.3.3, the name of the silicone system (x), the formulation number denoted by the q and [Pt] 

variables (y), and the number of the sample for that formulation (z).  
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Table 6.3.1 List of silicone samples without fluorophore of system 1: polymer 164, crosslinker 
45, catalyst 2.2. (q: SiH/vinyl ratio; [Pt] platinum concentration in the formulation in ppm) 

S x. y. z 
↓ ↓ ↓ ↓ 

Silicone System 
N° 

Formulation 
N° 

Sample 
N° 

 

 Sample Q [Pt] (ppm)  Sample q [Pt] (ppm)  
 S1.7.1 2,0 216  S1.20.4 3,1 215  

 S1.7.3 1,9 217  S1.20.5 3,1 215  

 S1.19.1 3,1 161  S1.20.6 3,1 215  

 S1.19.2 3,0 161  S1.20.25 3,3 195  

 S1.19.4 3,1 161  S1.23.1 3,1 430  

 S1.20.1 3,1 216  S1.26.1 3,9 213  

 S1.20.2 3,1 214  S1.26.3 3,9 214  

 S1.20.3 3,0 215  S1.26.4 3,9 214  

     S1.26.5 3,9 214  

 
Table 6.3.2 List of silicone samples with non-covalent pyrene in system 1: polymer 164, 

crosslinker 45-P, catalyst 2.2. (q: SiH/vinyl ratio; [Pt] platinum concentration in the formulation in 
ppm) 

S p- x. y. z 
↓ ↓ ↓ ↓ ↓ 

Silicone Pyrene in 
crosslinker 

System 
N° 

Formulation 
N° 

Sample 
N° 

 

 Sample q [Pt] (ppm)  Sample q [Pt] (ppm)  
 Sp-1.7.4 1,9 217  Sp-1.20.22 3,1 215  

 Sp-1.19.6 3,1 161  Sp-1.23.3 3,1 430  

 Sp-1.20.13 3,1 215  Sp-1.26.6 3,9 214  

 Sp-1.20.14 3,1 215  Sp-1.26.8 3,9 214  

 
Table 6.3.3 List of silicone samples with covalently attached vinylpyrene to the silicones of 

system 1: polymer 164, crosslinker p(HMS-co-MVPS)0.001, and catalyst 2.2. (q: SiH/vinyl ratio; 
[Pt] platinum concentration in the formulation in ppm) 

S Vp- x. y. z 
↓ ↓ ↓ ↓ ↓ 

Silicone Vinylpyrene 
attached to 
crosslinker  

System 
N° 

Formulation 
N° 

Sample 
N° 

 

 Sample Q [Pt] (ppm)  Sample q [Pt] (ppm)  
 SVp-1.7.5 1,9 217  SVp-1.20.24 3,1 215  

 SVp-1.7.6 2,0 217  SVp-1.20.26 3,3 191  

 SVp-1.19.9 3,1 161  SVp-1.23.5 3,1 430  

 SVp-1.19.10 3,1 161  SVp-1.26.9 3,9 214  

 SVp-1.20.23 3,1 215      

The molten polymers mixture was used for the DSC comparison between the non-fluorescent 

silicones, the non-covalently fluorescent labelled silicones and the covalently labelled silicones. On 

the other hand, rheological and fluorescence studies were taken from Chapter 5 for comparison 

against the covalently fluorescent labelled silicones as well as the rubber fluorescence post-curing. 
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The silicone rubbers after curing were studied by swelling measurements, release forces for TW1 

and Scotchcal tapes, the extractable percentage of silicone. The silicones without fluorophore and 

with pyrene as guest in the polymers used for these studies were previously described in chapter 4 

and 5 but they are placed again to facilitate the reading. 

6.3.4. Fluorescence Behaviour of Covalently-Labelled PDMS Networks  

6.3.4.1. Setting Up the Parameters for Fluorescence Experiments with 3- 

Vinylpyrene  

Prior to the fluorescence studies during the hydrosilylation reaction of molten PDMS polymers 

forming a silicone network that was covalently-labelled with 3-vinylpyrene, the 3D-fluorescence 

spectrum, of 3-vinylpyrene under different conditions was measured. The 3D-spectrum allows the 

identification of the excitation and emission wavelengths where 3-vinylpyrene has the best 

absorption and emission of light. Table 6.3.4 contains the list of measurements necessary for this 

study with the peaks observed in the 3D-spectra and the respective fluorescence intensity of each 

peak.  

Table 6.3.4 Results from the 3D-spectra related to covalently labelled fluorescent silicones 
 

Sample 
Fluorecence Peaks  

 λEx (nm) λEm (nm) FI (counts)  

 3D-Tol 297 343 1436  

 3D-Pya 270 
330 

380 
380 

8495 
>10000 

 

 3D-Cro45a 270 360 1242  

 3D-Py_Cro45a 270 
330 

380 
380 

4498 
6890 

 

 3D-VpyTol1b 300 
 

385 

395 
410 
395 
410 

2863 
2989 

>10000 
>10000 

 

 3D-VpyTol2 c 290 
 

    345 

395 
410 

  3 5,   410 

>10000 
>10000 
>10000 

 

 3D-VpCro45d 300 
 

385 
 

395 
410 
395 
410 

3743 
4820 

>10000 
>10000 

 

 3D-P(HMS-co-MVPS)0.001 290 
370 

395 
395 

2647 
>10000 

 

 3D-85P(HMS-co-MVPS)0.001
e 290 

370 
395 
395 

1790 
>10000 

 

 3D- SVp-1.20.23 beforef 280 
 

345 

375 
395 
395 

3942 
4086 

>10000 

 

 3D- SVp-1.20.23 afterf 275 
 

345 

380 
395 
395 

3491 
3855 

>10000 

 

a
: Results taken from Chapter 5.   

b
: Vinylpyrene 1x10

-3
 M in toluene.   c: Vinylpyrene 1x10

-5
 M in toluene. 

d
: Vinylpyrene 1x10

-3
 M without reaction in crosslinker 45.  e: P(HMS-co-MVPS)0.001 at 85°C. 

f
: Silicone mixture SVp-1.20.23 using P(HMS-co-MVPS)0.001  before and after hydrosilylation. 
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Before the measurements with the fluorophore, the 3D-spectrum of toluene was measured to 

identify any emission that could interfere with the spectrum of the 3-vinylpyrene. Then the 3D-

spectrum of of 1x10-3 M 3-vinylpyrene in toluene was measured (3D-VpyTol1). The 3D-spectrum of 

3-vinylpyrene showed two excitation peaks at λEx= 300 and 385 nm with the emission of both at 

λEm= 395 and 410 nm which were away from the peak observed for toluene of low intensity at 

λEx/λEm= 297/343 nm. When the concentration of 3-vinylpyrene in toluene was decreased to 1x10-

5M (3D-VpyTol2), the peaks changed their location in the spectrum. Thus, the peak at λEx= 300nm 

switched to λEx= 290 nm but the location of the emission peaks was at the same emission 

wavelengths i.e. λEm= 395 and 410 nm and the fluorescence intensity increased beyond the 

capability of detection of the used spectrometer (10000 counts). Once the fluorescence intensity 

achieves that value, the equipment is “blind” and thus the spectrum does not show the maximum 

intensity. The second excitation peak also moved to a lower wavelength of   345 nm with an 

emission with a maximum expected at λEm= 3 5 and 410 nm. However, the spectrum was “blind” 

between a big range i.e. λEm= 385 and 445 nm. The fluorescence intensity increases excessively 

while decreasing the concentration of 3-vinylpyrene which conduce to the conclusion that 

concentration quenching occurs with 3-vinylpyrene. For pyrene it is known that the increase in the 

concentration leads to a decrease of the monomer emission λEm monomer= 380 nm and an increase 

of the excimer emission λEm excimer= 475 nm [7], [9]. However, for the concentrations used no peaks 

were observed at emissions over 450 nm. Moreover, silicones containing pyrene rings attached to 

the chains have been studied by Rossi et al. and the presence of the excimer is revealed by the 

peak at around λEm excimer   480 nm [4]. Thus, the decrease of the emission of 3-vinylpyrene due to 

the formation of excimer was dismissed. 

A similar procedure was made with crosslinker 45 when 3-vinylpyrene 1x10-3M was mixed with it 

without reaction between both compounds (3D-VpCro45 cf. Table 6.3.4). The 3D-fluorescence 

spectrum showed no interference of any emission observed for crosslinker 45 (3D-Cro45), since 

the spectrum of 3-vinylpyrene in crosslinker 45 exhibited the same peaks as 3-vinylpyrene in 

toluene but with higher fluorescence intensity: λEx= 300 nm, λEm=395 and 410 nm, with FI= 3743 

and 4820 counts in crosslinker 45 vs. FI= 2863 and 2989 counts in toluene, respectively.  

On the other hand, the 3D-fluorescence spectrum of the copolymer of hydromethylsiloxane and 

methylvinylpyrenesiloxane with covalently bound vinylpyrene in a concentration 1x  10-3M in the 

polymer p(HMS-co-MVPS)0.0001 showed different excitation and emission peaks in comparison to 

the unreacted vinylpyrene. There were two excitation wavelengths at λEx= 290 and 370 nm with a 

unique emission at λEm=395 nm cf. Figure 6.3.9 a. The fluorescence intensity showed a 

dependence on the temperature when the same measurement was performed at 85°C. The 

location of the peaks in the 3D-spectrum was at the same excitation and emission wavelengths but 

the intensity decreased from 2467 counts at room temperature to 1790 counts at 85°C in the case 

of the λEx/λEm= 290/395 nm peak cf. Table 6.3.4. However, the peak at 370 nm had a very high 

intensity that overcomes the limits of instrument detection. The decrease of the fluorescence 

intensity due to higher temperature is a known phenomenon attributed to the increase of non- 

radiative rate constants for the electronic excited state with the temperature [6]. 



Chapter 6                                                         Fluorescence of Covalently Labelled PDMS-Networks 

415 

a) 

 

b) 

 

Figure 6.3.9 Contour fluorescence spectra of a) crosslinker p(HMS-co-MVPS)0.001 with 1x10-3M  
vinylpyrene covalently attached to the crosslinker 45 at room temperature, b) Sample SVp-1.20.23 
before crosslinking using crosslinker p(HMS-co-MVPS)0.001 at room temperature.  

Other peaks are described in Table 6.3.4. 

The 3D-fluorescence spectrum of a silicone mixture was measured before and after crosslinking, 

using the polymer p(HMS-co-MVPS)0.001 as the crosslinker, with SiH/vinyl ratio= 3.1 and platinum 

catalyst concentration [Pt]=215 ppm (SVp-1.20.23). One more time the location of the excitation and 

the emission peaks depended on the media where the fluorophore is found. Before reaction, two 

excitation wavelengths were observed at λEx= 280 and 345 nm with emission at λEm= 375 and 395 

nm for the first excitation and λEm= 395 nm for the second excitation wavelength cf. Figure 6.3.9 b. 

After crosslinking reaction, a change was observed for the first excitation wavelength to λEx= 275 

nm with emission at λEm= 380 and 395 nm. The second peak was observed at the same location 

as before reaction cf. Table 6.3.4.  

After the analysis performed on each measurement, the excitation and emission wavelengths 

selected for the time scan measurements on covalently labelled silicones were λEx/λEm= 280/395nm 

which are different from the parameters used when mobile pyrene is a guest in the silicones 

(λEx/λEm= 330/380 nm cf. Table 6.3.4 3D-Py and 3D-Py_Cro45). Other excitations for 3-vinylpyrene 

located at higher wavelengths emitted fluorescence intensities that overcome the limits of detection 

of the instrument. On the other hand, this emission wavelength was independent of the excitation 

wavelength and always located at 395 nm. Other peaks, like the emission at 410 nm were only 

observed when 3-vinylpyrene was unreacted. 

In all cases, it appeared to be that the excitation wavelength was strongly dependent on the media, 

the concentration, and the type of interaction of the fluorophore with the media where it is found.  

λEx= 290 nm 
λEm=395 nm 
FI= 2467 

 

λEx= 280 nm 
λEm= 395 nm 
FI= 4086 
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6.3.4.2. Fluorescence Intensity Behaviour During the Curing by 

Hydrosilylation of Covalently-Labelled Polysiloxanes 

In Chapter 5, Section 5.3.2.3, it was discussed that the time-scan during the reaction using mobile 

pyrene as a fluorescent probe in the silicone mixture showed two peaks, the first peak maximum 

related to the gel point. The second observed peak was attributed to possible independent 

behaviour of pyrene in the networks after the hydrosilylation reaction has been finished, but also 

that there could be an influence on the fluorescence intensity due to network modifications after 

gelling since its location was proportional to the SiH/vinyl ratio. It is known that polysiloxanes 

undergo side reactions after hydrosilylation [11]-[13] (cf. Scheme 2.1.8) which could lead to the 

modification of the network conformation and hence, modify the fluorescence intensity of the 

pyrene moieties since the fluorescence behaviour responds to modifications of the media where 

the probe is found [14]. The use of fluorophores covalently attached to materials is common for 

sensing applications (cf. Section 2.6.7) [4], [6]-[7], [14]-[19] therefore, in order to prove the role of 

pyrene in the fluorescence time scan-curves observed during crosslinking reaction, the pyrene 

molecule was covalently attached to the networks.  

In Figure 6.3.10 the fluorescence time-scan curves of different crosslinking silicone formulations 

with variations in the catalyst concentration but keeping constant the SiH/vinyl ratio at q=3.1 is 

shown. A comparison between having the mobile pyrene and the immobilized pyrene probe 

moieties can be made. An analogous comparison is shown in Figure 6.3.11 with variations in the 

SiH/vinyl ratio, keeping constant the catalyst concentration at [Pt]=215 ± 2 ppm. Note that in both 

Figures continuous lines denote samples with mobile fluorescent probe, while dotted lines indicate 

the use of covalently labelled networks. 

 
Figure 6.3.10 Fluorescence intensity time-scan during curing of silicones with catalyst variations 
using pyrene ̴10-7M as probe (polymer 164, crosslinker 45-P, catalyst 2.2, λEx/λEm= 330/380 nm), 
and 3-vinylpyrene ̴10-5M covalently-attached to the polymer chains (polymer 164, crosslinker 
p(HMS-co-MVPS)0.001, catalyst 2.2, λEx/λEm= 280/395 nm). SiH/vinyl ratio = 3.1 
[Pt]= 161 ppm: ▬ Sp-1.19.6   with pyrene, ••• SVp-1.19.10 with p(HMS-co-MVPS)0.001  
[Pt]= 215 ppm: ▬ Sp-1.20.14 with pyrene, ••• SVp-1.20.23 and  ••• SVp-1.20.24 with p(HMS-co-MVPS)0.001 
[Pt]= 430 ppm: ▬ Sp-1.23.3   with pyrene, ••• SVp-1.23.5 with p(HMS-co-MVPS)0.001  

Gel 
point 

2nd max 
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Figure 6.3.11 Fluorescence intensity time-scan during curing of silicones with SiH/vinyl ratio 
variations using pyrene 1̴0-7M as probe (polymer 164, crosslinker 45-P, catalyst 2.2, λEx/λEm= 
330/380 nm), and 3-vinylpyrene ̴10-5M covalently-attached to the polymer chains (polymer 164, 
crosslinker p(HMS-co-MVPS)0.001, catalyst 2.2, λEx/λEm= 280/395 nm). [Pt]= 215 ± 2 ppm. 
SiH/vinyl= 1.9: ▬ Sp-1.7.4   with pyrene, ••• SVp-1.7.5 with p(HMS-co-MVPS)0.001  
SiH/vinyl= 3.1: ▬ Sp-1.20.14 with pyrene, ••• SVp-1.20.23  with p(HMS-co-MVPS)0.001 
SiH/vinyl=3,9: ▬ Sp-1.26.6   with pyrene, ••• SVp-1.26.9 with p(HMS-co-MVPS)0.001  

The fluorescence behaviour for both types of fluorescence labelling was similar until the end of the 

first peak in the fluorescence time-scans, confirming the ability of pyrene for sensing the gel point 

location during the reaction. However, for the second peak a difference in the fluorescence 

behaviour was observed. The fluorescence intensity of free pyrene increased much faster to a 

maximum, and then it decreased posteriorly levelling off to what appeared to be a constant value. 

For the reacting covalently-labelled silicones, the fluorescence intensity increased slower to a 

maximum or some times a point of inflexion and then practically remained constant. This difference 

suggests that the second peak observed for mobile pyrene as a guest in the silicones is due to a 

combination of both, network conformation modifications but also to free movements of pyrene, the 

latter having a stronger impact in the fluorescence intensity.       

Furthermore, it was observed in Figure 6.3.10 and Figure 6.3.11 that regardless the type of 

labelling i.e. covalent or non-covalent, the characterization and the quality control of the formulation 

(cf. Section 5.3.2.7) can be done by the location of the gel point which is characteristic of the 

catalyst concentration c.f. Figure 6.3.10. On the other hand, the time at which the second 

maximum is achieved is totally dependent on the q ratio i.e. amount of SiH groups in excess 

relative to vinyl groups cf. Figure 6.3.11, which confirms the occurrence of the second maximum 

due to side reactions after hydrosilylation modifying the network conformation such as SiH 

hydrolysis, catalytic reaction of hydrosilanes with silanols, and condensation of silanols [11]-[13].  

The reproducibility of the data when using a covalently-attached fluorophore was checked by 

repeating the silicone formulation SiH/vinyl= 3.1, [Pt]= 215 ppm cf. Figure 6.3.10 samples SVp-1.20.23 

and SVp-1.20.24. For samples with free pyrene see Chapter 5, Section 5.3.2.3 and Figure 5.3.11.  
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Fluorescence time-scan vs. dynamic moduli during the crosslinking reaction 

In Chapter 5, Section 5.3.2.4 and the in Appendix D, the fluorescence time-scan curves during the 

curing of silicones were compared to the dynamic moduli at similar temperature conditions. The 

obtained results allowed the prediction of the gel point located at the first maximum of the 

fluorescence intensity time-scan curves, which was coincident with the crosspoint of the storage 

modulus G’ and the loss modulus G’’ (cf. Section 2.5.3.3). However, this was not always clearly 

observed for all studied silicone formulations; a delay of the gel point obtained with fluorescence 

spectroscopy was sometimes observed. This was attributed to possible differences in the 

experimental conditions i.e. temperature, less diffusion of O2 in the cuvettes which co-catalyze the 

reaction (cf. Section 4.3.3.3), but also that it could be due to the free movement of pyrene 

embedded in the silicone matrix that may respond with a delay to changes in the local media 

where it is contained. Hence, the experiments comparing the fluorescence time-scan curves to the 

dynamic moduli from rheological measurements were repeated with covalently-attached 

fluorescent probe to investigate its response to changes in the environment. 

Table 6.3.5 contains the the times observed of the gel point measured with fluorescence (tgel) and 

with rheology (tgel rheo), the fluorescence intensity at the gel point (FIgel) as well as the absolute value 

for the difference between the gel point time of fluorescence and rheology. Graphical results are 

shown in Figure 6.3.12 for the silicone sample 1.20: SiH/vinyl ratio (q)=3.1, [Pt]= 215 ppm, and for 

the rest of the samples in Appendix E. 

Table 6.3.5 Results from fluorescence time-scans and rheology measurements during silicone 
curing when mobile pyrene embedded in the silicone matrix (Sp) is compared to vinylpyrene 
covalently attached to the silicone polymer chains (SVp).   
 

Sample q [Pt] ppm 
Fluorescence Rheology 

|      | (s) 
 

 tgel (s) FIgel (counts) tgel rheo (s)  

 Sp-1.7.4 1,9 

217 

1082 147,0 706 376  
 SVp-1.7.5 1,9 950 2121 639 311  
 SVp-1.7.6 2,0 830 1919 - 191  

 Sp-1.19.6 
3,1 161 

1503 248,3 941 562  
 SVp-1.19.10 1225 4527 550 675  

 Sp-1.20.13 

3,1 215 

999 182,2 800 199  
 Sp-1.20.14 985 179,9 - 185  
 SVp-1.20.23 967 3357 819 148  
 SVp-1.20.24 877 3297 - 58  

 Sp-1.23.3 
3,1 430 

433 95,7 539 106  
 SVp-1.23.5 373 496 418 45  

 Sp-1.26.6 
3,9 214 

832 281,4 687 145  
 SVp-1.26.9 839 3438 575 264  

 |      |: absolute value of the difference between the fluorescence tgel and the rheology tgel. For the 

samples: SVp-1.7.6, Sp-1.20.14, and SVp-1.20.24 the difference was calculated with the rheology results of 

similar samples above.  
For graphical comparison see the complete curves in fluorescence and dynamic moduli curves in 
Figure 6.3.12 and Appendix E. 

 

Most of the curves exhibited a reduced difference between the gelation times when using the 

covalent probe e.g. for the silicone formulation shown in Figure 6.3.12, the gel point time-difference 

was reduced for 26%. Repetitions of the fluorescence measurements showed reproducibility of the 

data, with some small variations (cf. Figure 6.3.12). However, the samples SVp-1.19.10 and SVp-1.26.8 did 
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not show a smaller gel-time difference. Although the time gap between the fluorescence and 

rheology method was reduced, the impact of attaching the fluorescent molecule to the silicones 

chains was not as significant as expected; this means that the time difference is still strongly 

dependent on the reaction conditions. The slight variations of the temperature profile during the 

reaction and the oxygen diffusion between one and the other method seem to have a significative 

impact on the gelling process. Nevertheless, in Chapter 5 it was demonstrated that the gel point 

definitely belongs to the first peak of fluorescence, and it is well known that the crosspoint of the 

dynamic moduli also marks the gel point [20], thus they should coincide when the experimental 

measurements are simultaneously made for the same sample. Due to the lack of a combined 

fluorescence/rheology equipment a direct test was not possible. However, the available 

experimental methods gave a fair approximation to the expected results. 

a) 

 

b) 

 

Figure 6.3.12 Comparison of the fluorescence time-scan curves (FI) to the dynamic moduli, G’ 
(storage modulus), G’’ (loss modulus), during crosslinking of silicones by hydrosilylation for the 
silicone formulation 1.20: q=3.1, [Pt]= 215 ppm. 
a) using mobile pyrene embedded into the silicone matrix, λEx/λEm= 330/380 nm. Sp-1.20.13 G’ (•••), 

G’’ (•••), FIpyrene (▬), Sp-1.20.14 FIpyrene (•••).  
b) using vinylpyrene covalently attached to the polymers, λEx/λEm= 280/395 nm. SVp-1.20.23 G’ (•••), 

G’’ (•••), FIvinylpyrene (▬), SVp-1.20.24 FIvinylpyrene (•••). 
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6.3.4.3. Fluorescence During the Post-curing State of Covalently-

Labelled PDMS Networks 

In Chapters 4 and 5 it was mentioned that the release forces of coatings made of silicones formed 

by hydrosilylation reaction do not always remain constant over post-curing periods of weeks. 

Chapter 5, Section 5.3.3.1 showed the fluorescence intensity of mobile probed networks to 

increase after the curing reaction for one month, until a constant value was found. This behaviour 

was attributed to modifications in the network conformation for such long periods, but also it was 

said that it could be due to an independent behaviour of the free pyrene diffusing throughout the 

matrix that may cause an increase of the fluorescence intensity. The covalently fluorescent-

labelled silicones offer an opportunity to investigate this subject. 

In Figure 6.3.13 post-curing fluorescence intensity of samples containing mobile pyrene and 

samples with covalent fluorophore is shown. The silicones formulations had the same SiH/vinyl 

ratio= 3.1 but different catalyst concentrations. At effective catalyst concentration below [Pt]   220 

ppm the fluorescence intensity of covalently-labelled samples increases much less (I20d/I0d= 0.9 to 

2.0) than that of networks with mobile probes (I20d/I0d= 4.0 to 6.0). The fluorescence intensity of the 

samples with covalent fluorophore and low catalyst concentrations [Pt]< 430 ppm did not exhibit 

such an extreme fluorescence increase as the samples with mobile pyrene did. However, for 

sample SVp-1.23.5, the fluorescence intensity behaviour was very similar for both used type of 

fluorophores. 

 

Figure 6.3.13 Fluorescence intensity post-curing with catalyst variations using pyrene  ̴10-7M as a 
guest (polymer 164, crosslinker 45-P, catalyst 2.2, λEx/λEm= 330/380 nm), and 3-vinylpyrene ̴ 10-5M 
covalently attached to the polymer chains (polymer 164, crosslinker p(HMS-co-MVPS)0.001, 
catalyst 2.2, λEx/λEm= 280/395 nm). SiH/vinyl ratio = 3.1 
[Pt]= 161 ppm: ─•─Sp-1.19.6   with pyrene, --X--SVp-1.19.10 with p(HMS-co-MVPS)0.001  
[Pt]= 215 ppm: ─•─Sp-1.20.13 with pyrene, --X--SVp-1.20.23 and  •-+•-SVp-1.20.24 with p(HMS-co-MVPS)0.001 
[Pt]= 430 ppm: ─•─ Sp-1.23.3   with pyrene, --X--SVp-1.23.5 with p(HMS-co-MVPS)0.001 

 
In Figure 6.3.14 the comparison between analogous samples containing both types of fluorophores 

but this time varying the SiH/vinyl ratio (q) and keeping the catalyst concentration at a constant 

value [Pt]= 215 ± 2 ppm is presented. It was observed that for small q ratios (q=1.9), the 
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fluorescence intensity post-curing  stayed constant regardless the type of fluorophore used, guest 

or covalent. For higher excesses of SiH groups, the fluorescence intensity barely increased in 

contrast with the fluorescence increase when pyrene was mobile. 

 

Figure 6.3.14 Fluorescence intensity post-curing with SiH/vinyl ratio variations using pyrene   ̴ 10-

7M as a guest (polymer 164, crosslinker 45-P, catalyst 2.2, λEx/λEm= 330/380 nm), and 3-
vinylpyrene  ̴ 10-5M covalently attached to the polymer chains (polymer 164, crosslinker p(HMS-
co-MVPS)0.001, catalyst 2.2, λEx/λEm= 280/395 nm). [Pt]= 215 ± 2 ppm. 
SiH/vinyl= 1.9: ─•─ Sp-1.7.4   with pyrene,  --X--SVp-1.7.5 with p(HMS-co-MVPS)0.001  
SiH/vinyl= 3.1: ─•─ Sp-1.20.13 with pyrene, --X--SVp-1.20.23  with p(HMS-co-MVPS)0.001 
SiH/vinyl=3,9:  ─•─ Sp-1.26.6   with pyrene, --X--SVp-1.26.9 with p(HMS-co-MVPS)0.001 

The observed results in both Figure 6.3.13 and Figure 6.3.14 suggest that the main fraction of 

increase of the fluorescence intensity was due to an independent behaviour of the mobile pyrene in 

the silicone and not due to modifications of the network conformation. However, special care must 

be taken when large concentrations of Pt are used, since it may catalyze the SiH hydrolysis and 

the reaction of hydrosilanes with silanols [11]-[13] long even after hydrosilylation. This might be 

one cause why the properties of the release coatings made out of these silicones may change 

post-curing.  

It is a hypothesis that after achieving the gel point, mobile pyrene may be trapped by the polymer 

chains. After the reaction is finished, the chains begin to relax allowing the demoulding of the 

pyrene molecules that may adopt an orientation with respect to the incident light favouring the 

absorption while diffusing through the network, and thus increasing the emitted fluorescence. 

Another possibility could be that pyrene is adsorbed by Pt-nanoparticles (Pt-Np) formed during and 

after hydrosilylation causing fluorescence quenching. Hence, after days post-curing the 

fluorescence may increase as pyrene is desorbed from the Pt-Np. The verification of these 

hypotheses was not performed in this work but is open for future research.  
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6.3.5.  Properties of Fluorescent and Non-Fluorescent PDMS-Networks 

In Chapter 5 and the previous sections of this chapter, the addition of fluorophores to molten 

silicones polymers that crosslink by means of the hydrosilylation reaction was proved to be a 

successful method for sensing the reaction progress using fluorescence spectroscopy. Moreover, 

the detection of activity in the networks during the post-curing state was also possible by this 

method showing evidence of side reactions that occur much longer after gelling of the silicones. 

However, the introduction of a fluorophore either mobile or covalent into the networks could lead to 

modifications in the reaction kinetics as well in the final properties of the silicones. In order to prove 

the impact of the method on the silicone production process and on their coating properties, a 

comparison between labelled and non-labelled networks by different methods was made. The 

kinetic of the reaction was analyzed  by measuring the heat of reaction against the temperature 

using DSC measurements. On the other hand, the crosslinking density was determined by means 

of swelling, the amount of non-crosslinked silicon after curing by ASS, and the release forces for 

silicone coatings were tested on some adhesives.    

Vinyl Conversion vs. Temperature 

DSC measurements have been performed with covalently-labelled silicones, their formulations 

varying either in the SiH/vinyl ratio or in the catalyst concentration. The results were analyzed 

using the procedure described in detail in Chapter 4, Section 4.3.3.1. The peaks obtained from the 

DSC curves were normalized and integrated to obtain conversion- temperature plots that are 

shown in Figure 6.3.15. In any case, the p(T) profiles showed a slow increase of the conversion at 

low temperatures with a sudden sharp increase of the conversion between p   0.05 and p   0.90 at 

an almost constant temperature, followed by levelling off, was suggesting that higher vinyl 

conversions, will requiere higher temperatures.  

In a similar manner as observed in Chapter 4 where samples without fluorophore were used, the 

samples with covalently-attached vinylpyrene exhibited only small variations in the p(T) curves 

when the SiH/vinyl ratio changed between q=1.9 to 3.9 at [Pt]=215 ± 2 ppm cf. Figure 6.3.15 a. 

However, the completion of the reaction for low q ratios (q=1.9) showed that at T   380 K the p 

increase levels off, thus higher temperatures were required to complete the reaction. On the other 

hand, when the catalyst was changed between [Pt]=161 to [Pt]=430 ppm keeping q constant at 

q=3.1, the p(T) curve showed a strong dependence on the catalyst concentration cf. Figure 6.3.15 

b. The p(T) profile had a similar shape however, the temperature at which most of the vinyl groups 

reacted moved to lower temperatures with the increase of catalyst, the same was observed in 

samples without fluorophore.  

A repetition of the silicone formulation  q= 3.1 and [Pt]= 161 ppm is shown in Figure 6.3.15 b (SVp-

1.19.9 and SVp-1.19.10) proving that the data are reproducible.  
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 a) b) 

  

Figure 6.3.15 Conversion–temperature p (T) plots for silicones of system 1 containing vinylpyrene 
convalently attached to the polymer chains (Polymer 164, crosslinker p(HMS-co-MVPS)0.001, 
catalyst 2.2). Heating rate β=10K/min. 
a) [Pt]= 215 ± 2 ppm with SiH/vinyl ratio variations: —q=1.9 (SVp-1.7.5),  —q=3.1 (SVp-1.20.24), —

q=3.9 (SVp-1.26.9). 
b) q= 3.1 with catalyst variation: —[Pt]=161ppm (SVp-1.19.9) and ---(SVp-1.19.10), —[Pt]= 215ppm (SVp-

1.20.24), —[Pt]= 430 ppm (SVp-1.23.5). 

 

a) b) 

  
Figure 6.3.16 Conversion–temperature p (T) plots for the comparison between using fluorophore 
covatently attached, pyrene as a guest, and non-fluorophore for the silicones of system 1 

(Polymer 164, crosslinker (), catalyst 2.2). Heating rate β=10K/min. 
e) q= 3.1, [Pt]= 215 ppm: —S1.20.5, —Sp-1.20.22, —SVp-1.20.24. 
f) q= 3.9, [Pt]= 214 ppm: —S1.26.4, —Sp-1.26.8, —SVp-1.26.9. 

  —  crosslinker 45 (without fluorophore) 

    —  crosslinker 45-P (with mobile pyrene) 
    —  crosslinker p(HMS-co-MVPS)0.001 (vinylpyrene covalently attached) 

The p(T) comparison between silicones without fluorophore, silicones with mobile pyrene and 

covalent-probed silicones at equal formulations are shown in Figure 6.3.16. For q= 3.1, [Pt]=215 cf. 

Figure 6.3.16 a, the p(T) profiles were almost identical. For q= 3.9, [Pt]=214 cf. Figure 6.3.16 b, the 

p(T) profiles showed a small variation of ± 2 K which is within the range of experimental accuracy 
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(cf. Section 4.3.3.1 and Appendix C). Thus, the use of fluorophores regardless the type of 

interaction with the polymer i.e. covalent or non-covalent in concentrations of the order of about 10-

5M or less does not affect the kinetics of the reaction when compared to analogue samples that are 

free of the fluorophores.  

Crosslinking density 

The crosslinking density of silicone rubbers bearing covalently-attached vinylpyrene was 

determined by means of swelling measurements as described in Section 6.2.6. The swelling ratio 

(Q) was repeatedly measured at different swelling times to observe the period of time needed for 

the swelling network-solvent to equilibrate. For the calculation of the swelling ratio or volume 

degree of swelling Eq. 6.3.1 was used.  

     (
      

  
 
  

  
) Eq. 6.3.1 

Where 

      : Swelling ratio or volume degree of swelling 

    : Mass of the swollen polymer 

     : Mass of the dried polymer 

      : Density of the polymer, it was determined experimentally 

      : Density of the solvent, 0.8049 g/cm3 at 20°C [22].   

In Figure 6.3.17 the swelling ratio evolution for all silicones with vinylpyrene analyzed in this 

chapter are shown. The results showed that the degree of swelling remained constant for these 

type of silicones after four hours, suggesting that the swelling experiments can be performed within 

a much shorter time interval than suggested by Dominguez et al. [6], [18] that assume two to three 

days to be necessary for reaching an equilibrium between the solvent and the swelling gel. 

 

Figure 6.3.17 Swelling ratio evolution of covalent-labelled fluorescent silicones of system 1 
(Polymer 164, crosslinker p(HMS-co-MVPS)0.001, catalyst 2.2).  
-•-SVp-1.7.5, -•-SVp-1.19.10,          -•-SVp-1.20.24, -•-SVp-1.23.5, -•-SVp-1.26.9.   
 

The crosslinking density for the three types of silicones i.e. no fluorescent label, mobile label and 

covalent label was compared by using the equations Eq. 4.3.15 and Eq. 2.3.8 established by Flory 
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and Huggins [21]. Eq. 4.3.15 computes   , the reciprocal of the swelling ratio (cf. Eq. 6.3.1) 

identical to the volume fraction of polymer in the gel, and    in  Eq. 2.3.8 is the crosslinking density 

(mol/cm3) of the polymer network.    is the Flory-Huggins polymer-solvent interaction parameter 

that is equal to 0.5 for PDMS in MEK at 20°C [22] and    is the molar volume of the solvent (89.68 

cm3/mol at 20°C) for MEK [22]. The crosslinking densities from the silicones without fluorophore 

were taken from the results obtained in Chapter 4, Section 4.3.2.2 for anologue samples to the 

ones unsed in this chapter.     

    
 

  (
      

  
 
  

  
)
 

Eq. 4.3.15 

                                                       
 [                 

 ]

     
   

      
 Eq. 2.3.8 

In Table 6.3.6 the crosslinking density (CN) values of silicones having fluorophore covalently 

attached, fluorophore as a guest and without fluorophore are shown. The results from silicones 

without fluorophore are reported as the average values of all samples with the same formulation 

that were studied in Chapter 4 cf. Table 4.3.8, p 219. The crosslinking density of fluorescent 

silicones was compared to the crosslinking density of samples free of fluorophore. It was found that 

the CN of samples with pyrene as a guest in the silicone matrix does not differ from the samples 

without fluorophore. This was expected since once the network is swollen, all trapped pyrene 

moieties are expected to leave the network and preferentially mix with the solvent. However, for 

samples with vinylpyrene covalently-attached to the silicones, the crosslinking density increased 

proportionally to the q ratio as well as the difference with the crosslinking density of non-fluorescent 

networks. For samples with constant q=3.1 and catalyst variations [Pt]=161, 215 and 430 ppm, the 

increase of catalyst concentration did not influence the crosslinking density of the silicone 

networks. 

Table 6.3.6 Comparison of the crosslinking density between analogue silicone covalently 
fluorescent-labelled, with pyrene as guest the fluorophore, and without fluorophore. 

q 
[Pt] 

(ppm) 

With vinylpyrene covalently 
attached 

With pyrene as a guest 
Without 

fluorophore
b
 

Sample 
CNfluo x 10

4
 

(mol/cm
3
) 

%diff 
CNnon-fluo

a
 

Sample 
CNfluo x 10

4
 

(mol/cm
3
) 

%diff 
CNnon-fluo

a
 

CNnon-fluo x 10
4
 

(mol/cm
3
) 

1,9 217 SVp-1.7.5 14,9667 -7,91 - - - 13,8702
c
 

3,1 161 SVp-1.19.10 18,6006 -10,52 - - - 16,8306
d
 

3,1 215 
SVp-1.20.23 15,8818 7,80 

Sp-1.20.22 17,1695 0,33 17,2262
e
 

SVp-1.20.24 19,4874 -13,13 

3,1 430 SVp-1.23.5 19,4590 -12,24 - - - 17,3376
f
 

3,9 214 SVp-1.26.9 19,7028 -15,42 Sp-1.26.8 17,1259 -0,32 17,0710
g
 

a
: percentage of difference between the crosslinking density (CN) of the silicones bearing fluorophores and  

    the crosslinking density of silicones without fluorophores %diff CNnon-fluo = [(CNnon-fluo-CNfluo)/CNnon-fluo]x100. 
b
: Average values of CN for samples without fluorophore used in Chapter 4, Table 4.3.8. 

c
: Samples S1.7.1 and S1.7.3. 

d
: Samples S1.19.1, S1.19.2 and S1.19.4. 

e
: Samples S1.20.1, S1.20.2, S1.20.3, S1.20.4  and S1.20.6. 

f
: Sample S1.23.1. 

g
: Samples S1.26.1, S1.26.3 and S1.26.5.

 

The difference between the crosslinking density behaviour of samples with fluorophore covalently-

attached and without fluorophore suggested that the properties of the release coatings made with 

these type of fluorescent silicones might be different. Therefore, the mechanical properties such as 
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release forces and the amount of non-crosslinked silicon often used in the release liners industry to 

asses the performance of release coatings were measured.   

Release forces, percentage of non-crosslinked silicon tests 

In the industry of silicone release coatings, the release force magnitude usually defines the 

characteristics of a product. The release force is a measure of the force required to separate a unit 

width of an adhesive tape from a silicone release liner at a determined angle and speed. In order to 

prove whether the presence of fluorophore covalently attached to the networks affects the 

performance of the release liners, coatings of A4 KS900 sheets were made with the fluorescent 

silicone mixture SVp-1.20.26, and with the silicone mixture without fluorescent labelling S1.20.25. Both 

samples had a SiH/vinyl ratio= 3.1 and a catalyst concentration [Pt]= 215 ppm. The TW1 and 

Scotchcal release forces tests were performed on the coatings as described in detail in Section 

6.2.6. The tests consisted of adhesive tapes placed and stored under different conditions on top of 

the silicone coatings. These tests allow the assessment of the state of the silicone curing since the 

acrylate groups present in the adhesive tapes react with unreacted SiH groups on the silicone. 

Thus the higher the concentration of SiH groups, the higher the release force measured. The 

results of the tests are shown in Table 6.3.7. There was no significant difference in the release 

forces, the difference observed was ≤ 3 , this is accepted in the release liners industry.  

Table 6.3.7 Comparison of the release forces and percentage of uncrosslinked 
silicone for silicones with vinylpyrene covalently attached and without fluorophore. 

Sample 
TW1 

(cN/4cm) 
Scotchcal 
(cN/2.5cm) 

Extraction 
(ASS) % 

S1.20.25 Without 
fluorophore 

5,43 7,25 4,34 

SVp-1.20.26 With covalent 
fluorophore 

5,63 7,28 4,30 

An extraction test was also performed by placing directly after curing the silicone coated sheets in 

MIBK. The percentage of silicon extracted was determined by means of the ASS method described 

in Section 6.2.6. Usually for the formulation tested, a silicon extraction of less than 5% is accepted. 

Thus, despite having a modification in the crosslinking density when adding the fluorophore 

covalently to the chains, the performance of the silicone coatings is not affected by the presence of 

fluorophore in the used concentrations i.e. [vinylpyrene]=   10-5M. In Chapter 5, the release forces 

and the extraction percentage of silicon were tested on silicones rubbers having mobile pyrene as 

a guest cf. Section 5.3.3. The release forces of such silicones [Pyrene]= 10-7M were also similar to 

the release forces of samples without fluorophore, thus the method of adding fluorophores to the 

silicones in the mentioned concentrations does not interfere with the performance of release 

coatings. On the contrary, the method allows the monitoring of the reaction and possible 

modification of the silicones network-conformation in post-curing stages by measuring the 

fluorescence intensity which is a non-invasive method of a fast response suitable to be installed on 

a silicone-liners production plant.  
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6.4. Conclusions 

The synthesis and characterization of 3-vinylpyrene were successfully done by using Wittig 

reaction from pyrene-3-carbaldehyde. The fluorophore was covalently incorporated into the silicone 

polymers by hydrosilylation reaction of 3-vinylpyrene with the homopolymer 

poly(hydromethylsiloxane) or crosslinker 45 using platinum catalyst in concentrations below 3 ppm. 

The new crosslinker p(HMS-co-MVPS)0.001 containing the pyrene ring covalently attached to the 

polymer chains in a concentration of 1x10-3M showed strong fluorescence under UV radiation. The 

fluorescence properties of the fluorophore attached to the polymer chains exhibited differences 

compared to the situation when the fluorophore was free in the silicone matrix (covalent pyrene: 

λEx/λEm= 280/395 vs. mobile pyrene: λEx/λEm= 330/380).   

The new fluorescent crosslinker was used for the synthesis of different silicones varying the 

reagents ratio and the catalyst content. The change of the fluorescence intensity of the silicones 

with covalently-attached fluorescent probe was studied during the crosslinking reaction by 

hydrosilylation at λEx/λEm= 280/395 nm. The obtained  time-scan curves were compared to curves 

for silicones containing the mobile probe. An improvement in the precision of the gel point 

localization was obtained for samples with covalent probe. Also, the second peak observed in the 

time-scan curves for mobile pyrene was no longer observed as a peak for curves with covalent 

probes. On the contrary, a slight increase of the fluorescence was observed but then it levelled off 

and stabilized. This lead to the conclusion that the second peak observed is mostly attributed to 

the behaviour of free pyrene in the networks but also in less impact due to modifications in the 

network conformation, e.g. side reactions to hydrosilylation that occur much slower. 

Regardless the type of fluorescence labelling i.e. covalent or non-covalent, it is possible to control 

the quality of the silicone formulations in the fluorescence time scan due to the location of the gel 

point maximum which was characteristic of the catalyst concentration and the location of the 

second maximum was dependent on the SiH/vinyl ratio i.e. reagents ratio. 

Further studies of the fluorescence intensity during three weeks after curing showed that the 

increase of the fluorescence intensity observed in Chapter 5 for samples with mobile probe is 

probably due to the diffusion of free pyrene throughout the silicones and not due to a significant 

change of the networks conformation.   

The comparison between the silicones without fluorophore, with mobile pyrene and with the 

covalent probe ([probe] ≤ 10-5M), showed that using fluorescent-labels does not modify the 

hydrosilylation reaction or the properties of coatings made with these silicones.   

The introduction of fluorophores to the silicones either covalently or non-covalently is a suitable 

procedure to monitor and control the crosslinking reaction by using the non-invasive fluorescence-

spectroscopy method. It allows the observation of different stages of curing without affecting the 

performance of the silicone release coatings when compared to non-fluorescent silicones.  



Chapter 6                                                         Fluorescence of Covalently Labelled PDMS-Networks 

428 

6.5.   References 

[1] Wittig, G., Angew. Chem. 53, 242, 1940. 

[2] Wittig, G., Geissler, G., Ann. 580, 44, 1953.  

[3] Tanikawa, K., Ishizuka, T., Suzuki, K., Kusabayashi, S., Mikawa, H., Bulletin of the 

Chemical Society of Japan, 41(11), 2719–2722, 1968. 

[4] Rossi, N. A. A., Duplock, E. J., Meegan, J., Roberts, D. R. T., Murphy, J. J., Patel, M., 

Holder, S. J. J. Mat. Chem. 19(41), 7674, 2009. 

[5] Katritzky A. R., Hitchings, G. J., King, R. W., Zhu, D. W., Magn. Reson. Chem. 29, 2-8, 

1991.  

[6] Dominguez, R. A., Pagotto-Yoshida, I. V., Zambon-Atvars T. D., J. of Polym. Sci. Part B: 

Polym. Phys. 48, 74-81, 2010. 

[7] Basu, B. J., Anandan, C., Rajam, K. S., Sens. Actuators, B, 94, 257–266, 2003.  

[8] Berezin, M. Y., Achilefu, S., Chem. Rev. 110, 2641-2684, 2010. 

[9] Bains, G., Patel, A. B., Narayanaswamy, V., Molecules, 16, 7909-7935, 2011. 

[10] B. Laufenberg GmbH, Release Test overview, Krefeld, Germany: document Nr: L.2190, 

2010. 

[11] Orlych, G. M., “Silicone–Adhesive Interactions in Release Liner Applications”, Akrosil, 

Menasha, Wisconsin. Article based on a paper presented at PSTC Tech XXVI, Orlando. 

2004. 

[12] Thomas, D.R., “Siloxane Polymers”, Chap 12, Carson, S.J., Semlyen, J.A. eds. Prentice-

Hall, New York, 1993. 

[13] Podoba, A. M., Goldovskii, E. A., Donstov, A. A., Intern. Polym. Sci. Tech., 14, 42-45, 1992.   

[14] Anandan, C., Basu, B. J., Rajam, K. S., Euro. Pol. J. 40(2), 335–342, 2004. 

[15] Anandan, C., Basu, B. J., Rajam, K. S., Euro. Pol. J. 40(8), 1833–1840, 2004.  

[16] Basu, B. J., Rajam, K. S. Sensors and Actuators, B: Chemical, 99, 459–467, 2004.  

[17] Sant, Y. Le, & Mérienne, M., Aeros. Sci. Technol. 9, 285–299, 2005.  

[18] Domingues, R. A., Yoshida, I. V. P., Atvars, T. D. Z., J. Photochem. Photobio. A: Chem., 217, 

347–355, 2011.  

[19] Roberts, D. R. T., Patel, M., Murphy, J. J., Holder, S. J., Sensors and Actuators, B: 

Chemical, 162(1), 43–56, 2012.  

[20] Winter, H.H, Chambon, F., J. Rheology, 30(2), 367–382, 1986. 

[21] Flory, P. J., Rehner, J., J. Chem. Phys. 11, 521, 1943. 

[22] Brandrup, J., Immergut E.H., Grulke E.A., “Polymer Handbook” 4th Ed. Vol.2.Wiley-

Interscience. New Jersey, USA. 1999.   



Summary and Outlook  

429 

Summary and Outlook 

Within this doctoral dissertation, a deep look into the chemistry implied in the industry of silicone 

release liners was made to optimize and control the whole production process. The release liners 

studied here were synthesized by the Pt-catalyzed hydrosilylation reaction of molten PDMS that 

form a uniform rubber layer on top of calendered papers and films.    

First, the components of three silicone systems were characterized by different methods in Chapter 

3 because a single method was insufficient to reveal the composition and the molecular weight of 

the precursors. The methods used for making the reverse engineering of the materials were 

variations of NMR experiments namely 1H-, 13C-, 29Si-, 1H-DOSY- and 1H-29Si-HMBC, FTIR, 

viscosity of polymer solutions, static and dynamic light scattering and high-temperature size 

exclusion chromatography. Additionally, liquid-liquid extractions were made to purify the 

components. The results showed that a silicone system is composed of three or four components. 

i) A polysiloxane base-polymer with vinyl functionalization located either at the end of the polymer 

chains or along them, that also contains an inhibitor in    0.2wt%. ii) A polysiloxane crosslinker that 

can be a homopolymer or a copolymer bearing SiH groups with variations in the locations of the 

SiH groups. iii) A catalyst that is a mixture of Karted’s catalyst in vinyl terminated polysiloxane with 

Pt concentration variable found in less than 3 wt %. iv) A control release additive (CRA) that is a 

mixture of PDMS with vinyl functionalized silica particles, not always added to the formulations of 

the silicones. 

In Chapter 4, a total of 136 formulations were studied using the three characterized systems. Two 

systems had the base-polymer, the crosslinker and the catalyst, while the third system also 

contained CRA. The variables of the formulations were the ratio of the SiH to vinyl groups, the 

platinum concentration and for the third system the content of CRA that is added by replacing 

partially or totally the content of base polymer in the system.  

The silicone formulations were allowed to react and the silicones obtained were characterized by 

solid-state-NMR where the conversion of the reacting groups was determined and by measuring 

the crosslinking density. It was found that steric effects play an important role in the achieved 

conversion. SiH groups should be added in a minimum excess of 2:1 to make all vinyl react in 

systems without CRA, but in systems with the additive, the excess of SiH increased proportionally 

with the CRA content. The crosslinking density was determined using Flory-Rehner theory from 

swelling measurements and by the concentration of the crosslinks in the network. Similar results 

were obtained from both methods qualitatively, however, the Flory-Rhener values were ten times 

higher than expected. The crosslinking density exhibited constant values for systems without CRA 

once SiH/vinyl ratio is high enough to achieve 100% vinyl conversion. For systems with CRA, solid 

NMR measurements showed a higher conversion of SiH than expected when SiH : vinyl reacts 1 : 

1. The SiH conversion was proportional to the CRA content. The effect of more reacted SiH was 

observed in the crosslinking density since it increased also linearly proportional with the CRA 

content. The higher SiH conversion than 1: 1 with vinyl was attributed to side reactions between 

the SiH groups. 
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The contact angles and the surface energies of silicone coatings with the variations of the CRA 

content were studied since this additive causes variations in the characteristics of the silicones i.e. 

release forces, SiH conversions, and crosslinking density. However, the contact angles and the 

surface energy of the silicones were CRA content-independent. Nevertheless, measuring the 

contact angles allowed to identify whether migration and anchorage of non-fully reacted silicones 

occur affecting the final properties of the release liners.  

In Chapter 4 also the kinetic studies of hydrosilylation were presented. From DSC measurements, 

the determination of conversion-temperature p(T) curves at a constant heating rate was made for 

the different formulations. The p(T) curves exhibited a “ʃ” shape caused at the beginning by the 

inhibitor evaporation followed by an increase of p that levels off at a determined point. The results 

showed that it is the SiH/vinyl ratio what determines the profile of the p(T) curves at the end stages 

but it does not have influence in the temperature for the onset of the reaction. The higher SiH 

excess, the faster the reaction finishes. However, depending on the silicone system, for a large 

excess of SiH, hydrosilylation can compete with other SiH side reactions and thus the main 

reaction slows down in end stages. On the other hand, the Pt concentration in the formulations did 

not exhibit any influence in the p(T) profile but it did in the onset of the reaction. Hence, increasing 

the catalyst concentration by e.g. 100 ppm decreases the temperature by   15 K in system 1. The 

CRA content did not show any influence on the reaction profile or temperature. 

From the DSC measurements, the analysis of the temperature at the maximum speed of reaction 

(Tpeak) and the temperature at the half-live of the vinyl groups (Tp=0,5) showed mostly dependence 

only on the catalyst concentration. The conversion at the maximum speed of reaction (pVmax) and 

heat of reaction (ΔHrx) were constant as long as the vinyl conversion achieved was 100%. For vinyl 

conversion under 100%, ΔHrx was linearly proportional to the number of reacted vinyl groups and 

was independent of the type of linear polymer. For systems with CRA, ΔHrx depended linearly-

proportional on the CRA content i.e. the type of polymer used, namely linear polymer or 

functionalized silica particles. On the other hand, the heat of reaction allowed the characterization 

of the silicone formulation, i.e. type of vinyl bearing polymer, vinyl conversion, q if pvinyl <1, and the 

CRA content if pvinyl =1. 

A stochastic model of An(fA) + Bm(fB) step-growth polymerizations was applied for describing the 

network formation during hydrosilylation. From the simulations run with this model, the gel point, 

the degree of polymerization, and the weight fraction of the sol and the gel phases were 

determined. The results were compared to experimental values of the gel weight fractions showing 

that in the curves with the model the increment of gel fraction occurs faster than in the 

experimental curves. Nevertheless, the gel points predicted with the model were not far away from 

the real values. The gel points occurred at vinyl conversions pvinyl<0.2. Hence, the model provides 

information about the network formation and changes in the network structure passed the gel point. 

However, an improvement of the algorithm considering the steric hindrance and unequal reactivity 

of functional groups remains open for future research. 
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The kinetics of the reactions performed in this thesis was described by using a mechanistic model 

B1G that consisted of oxidative Pt-nanoparticles formation from Karsted’s catalysts (K1),  

autocatalytic Pt-NP formation (K2) with fast adsorption of SiH groups on the Pt-NP surface, and 

hydrosilylation (K3). The model includes a decreasing effect on the kinetics due to steric hindrance 

caused as the gel fraction increases. With the p(T) experimental curves introduced in the program 

SUCHBRAV and also the equations of model B1G, calculated p(T) curves were obtained with an 

accuracy of less than SQ=0.001 compared to the experimental curves. The programs varied the 

kinetic parameters in model B1G i.e. the impact parameter and the energy of activation of the 

reactions 1 to 3 and the mobility parameter in the gel until the accuracy is achieved. A comparison 

between the rate constants in different silicone systems showed that they depended on steric 

effects and the location of the functional groups in the polymers. The oxidative Pt-nanoparticle 

formation step was found to be the rate-determining step for the analyzed reactions. However, the 

model assumed the presence of Pt-nanoparticles in the induction period. Future research can be 

done to determine their existence in this step and address this mechanism towards its validation. 

Another aspect to be investigated was to find a method to monitor the progress of the crosslinking 

of the silicones that is of fast response and non-invasive in order to use it in the large scale 

production of silicone release liners. At the end of Chapter 4, FITR was investigated. The method 

was successful to describe the conversion of SiH groups, but it did not provide information about 

the gelation progress. Therefore, fluorescence spectroscopy was studied in Chapters 5 and 6.  

In Chapter 5, pyrene was dissolved in the silicone formulations as a fluorescence probe to monitor 

the curing process while Chapter 6 presents investigations on the fluorescence characteristics of 

pyrene probes covalently attached to the silicone networks. Once the excitation and emission 

wavelengths where pyrene in the mixture exhibited the highest emission were found 

(λEx/λEm=330/380nm for pyrene and λEx/λEm=280/395nm for covalent-pyrene), the fluorescence 

intensity was monitored continuously during the crosslinking process. For samples with dissolved 

pyrene, the results exhibited a behaviour as the one presented in Figure S.1 that was divided into 5 

stages. Stage i fluorescence intensity (FI) decrease caused by the increase in the temperature of 

the mixture and slight decrease of the viscosity enhancing collisional quenching (CQ). Stage ii 

increase of FI since the viscosity begins to increase decreasing CQ. Rheological measurements of 

the dynamic moduli at the same heating conditions and low stresses i.e. σ=0.5 Pa showed that the 

maximum of the FI was coincident with the gel point location (tgel). The location of the tgel was 

catalyst concentration-dependent. Stage iii showed a fast FI decrease, caused by the temperature 

increase of the sample due to the heat of reaction released being CQ the main mechanism for the 

fluorescence behaviour. 

In Stage iv the FI increased to a second maximum t2 that was found to be coincident with the 

crossover of the dynamic moduli measured under similar heating conditions at high stresses i.e. 

σ=30. However, the viscosity continued to increase, meaning that a second transition of the 

silicones occurs at this point. The location of t2 moves to longer times upon increasing the SiH/vinyl 

ratio. Hence, side reactions involving unreacted SiH groups account for the observation of the 

peak. It was often mentioned that after hydrosilylation, slower processes with the excess of SiH 

groups occur such as SiH hydrolysis, condensation and SiH + SiOH reactions. However, the 
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sequence of occurrence and the kinetics of those side reactions are unknown. Further experiments 

to find out the kind of reaction occurring at a determined post-gelation stage and their impact on 

the network conformation would be interesting and remains for further investigation.  

The fluorescence intensity decreases again in Stage v, this was found to be a consequence of the 

independent behaviour of pyrene. Diffusion and evaporation of pyrene out of the PDMS rubbers 

could be occurring at this stage however, this remains open for those interested in the subject. 

Since the FI levels off in this stage on using a covalently bound, i.e. immobile fluorescence probe 

(cf. Chapter 6), the mentioned FI decrease observed can not be caused by lattice effects.  

The possibility of excimer formation was considered, but in no stage of the FI(t) curve of Figure S.1 

excimers were formed because of the used low concentrations. 

 
Figure S.1 Fluorescence intensity time-scan during the crosslinking by hydrosilylation of PDMS in 

a time interval of two hours at TSpectrometer=90°C. 

The fluorescence intensity during one-month post-curing was monitored for samples with mobile 

pyrene (Chapter 5) and with covalent pyrene (Chapter 6). The FI of samples with mobile pyrene 

increased from a determined SiH/vinyl ratio proper of each analyzed silicone system. This 

behaviour was independent of the network properties since they did not exhibit variations but it was 

proper of pyrene because in covalently labelled samples the FI remained practically constant.   

An attempt to measure the fluorescence emission on silicone coated PETP films that were pyrene 

labelled (Chapter 5), showed an analogous behaviour of the fluorescence post-curing in bulk-

rubbers. This demonstrated that the transition from bulk rubbers to thin films is possible and that 

the method can be installed in the production process of release liners. The angle of the excitation 

source and the detector is to be optimized but 45° showed fair results. The use of fluorescent 

labels on silicone coatings allowed also the identification of migration of the silicones to uncoated 

substrates.   

The comparison between the properties of silicones without fluorophore, with mobile pyrene and 

with the covalent pyrene ([pyrene or 3-vinylpyrene] ≤ 10-5M) was made in Chapter 5 and 6 
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respectively using DSC, release forces and Si% extraction methods. The results showed that the 

use of fluorescent-labels does not modify the hydrosilylation reaction or the properties of coatings 

made with these silicones. 

In conclusion, the introduction of fluorophores to the silicones is a suitable procedure to monitor 

and control the crosslinking reaction by using the non-invasive fluorescence-spectroscopy method. 

It allows the characterization of the formulations and the observation of different stages during the 

curing without affecting the performance of the silicone release liners. Moreover, it can be installed 

in the large scale production of the release liners. It is a simple approach that only requires the 

addition of the mobile fluorescence label to the formulations. There is no need to attach covalently 

the fluorophores since the behaviour of the fluorescence intensity was clearly understood in each 

stage after the presented studies in this thesis. This reduces significantly the costs of implementing 

the labelling technology in the production process of release liners.  
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Appendix A: 
1
H-DOSY-NMR 2D-Integration to 

Characterize Mixtures 

In order to prove the validity and accuracy of using two dimensional integration of 1H-DOSY-NMR 

signals, and to determine quantitatively the composition of mixtures specially when two or more 

signals are overlapping in the proton spectrum, three mixtures of known composition of deca 

methyltetrasiloxane “DMTS” Mn= 310 g/mol, and monocarbinol terminated polydimethyl-siloxane 

“MC-PDMS” Mn= 1700± 74 g/mol were prepared (cf. Chapter 3, Section 3.2.1). In Table A.1 the 

weight of each compound added to the mixture and the resulting integral of the signal peak at δ = 

0.09 ppm in the 1H-NMR (cf. Figure A.1) are found. The signal belongs to protons from methyl 

groups of the dimethylsiloxane monomers in both compounds. This integral value was determined 

when the peak at δ= 3.75 ppm representing the signal of the two protons of the first carbon 

attached to the hydroxyl group (1) of MC-PDMS was set to two.  

Table A.1 Real composition of the samples mixtures of DTMS and MC-PDMS and results of the 
1H-NMR integration at δ=0.09 ppm.  

 Sample Mixture Composition 1H-NMR Integral  

  mDTMS (mg) MC-PDMS (mg) (δ=0.09 ppm)  

 1 10,5 13,7 240,27  
 2 11,5 5,5 432,46  
 3 6,5 9,4 216,93  

 

 

Figure A.1 1H-NMR spectrum of sample 2 (10,8543 mol DMTS: 1 mol MC-PDMS) and MC-PDMS 
structure depicted with the assignment of proton signals for the integration of broad peak at δ= 0,3 to 
-0.1 ppm. (CDCl3, 30°C). 
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The next step was to calculate the mol ratio between both compounds from the real composition of 

the mixtures using Eq. A.1 and from the 1H-NMR measurements using Eq. A.2. The expected 2D-

integration values of the 1H-DOSY spectrum from the real composition of the mixture and from the 
1H-NMR results were calculated when both DMTS/MC-PDMS molar ratios were used. For the 

calculation, the total amount of protons when DMTS/MC-PDMS molar ratio was X/1 were 

estimated by using Eq. A.3. Then, the fraction of protons belonging to each compound were 

calculated. The results from the integration of the 1H-DOSY-NMR spectrum are presented 

graphically in Figure A.2. Table A.2 contains the values of the molar ratios from the real 

composition, the 1H-NMR measurements compared to the results from the 1H-DOSY-NMR 

measurements as well as the expected and obtained 2D-integrals from 1H-DOSY-NMR. 

     

                 
   

                 

                                    
 Eq. A.1 

     

              
        

                  

               
 Eq. A.2 

                 𝛿            ( 
     

        
                 )                         

 Eq. A.3 

(DTMS/MC-PDMS: mol ratio of decamethyltetrasiloxane to monocarbinol terminated PDMS;  𝑫    : mass of 
added DMTS (mg);      𝑫   : mass of added MC-PDMS (mg);    𝑫   = 310 mg/mmol: molecular weight 

of DMTS;        𝑫  = 1700 mg/mmol: molecular weight of MC-PDMS; Amixture: Integral value of peak at δ ̴ 
0.09 ppm of the 

1
H-NMR spectrum of the mixture when peak at δ= 3.75 ppm is set to two; AMC-PDMS= 106.83: 

Integral value of peak at δ ̴ 0.09 ppm of the 
1
H-NMR spectrum of pure MC-PDMS; N° protons DMTS= 30).  

 

 

Figure A.2 1H-DOSY NMR spectra of samples 1, 2, and 3 in the chemical shift range of the 1H-NMR 
spectrum between δ=0.3 ppm and δ= -0.1 ppm with integration values of each compound. a) sample 
1, 5.1244 mol DMTS: 1 mol MC-PDMS. b) sample 2, 9.6279 mol DMTS: 1 mol MC-PDMS. c) sample 
3, 4.3523 mol DMTS: 1 mol MC-PDMS. (CDCl3, 30°C). 
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Table A.2 Expected and measured 2D DOSY integrals from the mixture of DTMS and MC-PDMS 
using the real composition, 1H-NMR and 1H-DOSY-NMR methods. Calculated molar ratios of 

DTMS/MC-PDMS from the different methods. 

Method Real Composition 1H-NMR 1H-DOSY-NMR 

Sample 
Expected DOSY integrals Expected DOSY integrals Measured DOSY integrals 

DTMS MC-PDMS DTMS MC-PDMS DTMS MC-PDMS 

1 0,5413 0,4587 0,5554 0,4446 0,5900 0,4100 
2 0,7631 0,2369 0,7530 0,2470 0,7300 0,2700 
3 0,5157 0,4843 0,5075 0,4925 0,5500 0,4500 

Sample 
𝑫    

    𝑫             
 

𝑫    

    𝑫         
 

𝑫    

    𝑫      𝑫𝑶      
 

1 4,2029 4,4480 5,1244 
2 11,4688 10,8543 9,6279 
3 3,7915 3,6700 4,3523 

The molar composition of the mixtures determined by the three methods i.e. real composition, 1H-

NMR and 1H-DOSY-NMR is compared in Table A.3. The results showed that the 2D integration of 

1H-DOSY-NMR measurements is valid to determine an approximate composition of mixtures 

whose signals of the 1H-NMR spectrum are overlapping. However, the expected errors in the 

compositions are of the order of ± 2 to 18%. 

Table A.3 Comparison of the molar composition of the mixtures DTMS + MC-PDMS obtained from 
the real composition, 1H-NMR method and 1H-DOSY-NMR 2D integration method. 

Method 
Real 

Composition 
1H-NMR 1H-DOSY-NMR 

%E respect to 
Real 

composition 

%E respect to 
1
H-NMR 

Sample DTMS 
MC-

PDMS 
DTMS 

MC-
PDMS 

DTMS 
MC-

PDMS 
DTMS 

MC-
PDMS 

DTMS 
MC-

PDMS 

1 0,8078 0,1922 0,8164 0,1836 0,8367 0,1633 -3,58 17,70 -2,49 11,06 
2 0,9198 0,0802 0,9156 0,0844 0,9059 0,0941 1,51 17,33 1,06 10,63 
3 0,7913 0,2087 0,7859 0,2141 0,8132 0,1868 -2,77 10,49 -3,47 12,75 
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Appendix B: Attemps to Separate Silica particles of 
PDMS in CRA and Mass Balance 

 

The “control release additive”, CRA, was found to be a mixture of linear PDMS and functionalized 

silica-nanoparticles (cf. Chapter 3, Section 3.3.5). With the aim of separating the particles from the 

PDMS, five liquid-liquid extractions were made (cf. Table B.1). The extractions E1 to E5 used 

different extraction techniques and solvents. E1 to E4 were continuous liquid-liquid extractions and 

E5 a batch extraction made in a decantation funnel. In the experimental part of Chapter 3 Section 

3.2.3, a detailed explanation of the method is presented. From each extract, the 1H-, 29Si-, and 

DOSY-NMR spectra were recorded for all collected phases as well as the dry weight of each 

fraction, extract and residue.  

Table B.1 List of liquid-liquid extractions performed to characterize the compound CRA. 

Name Extraction method Solvents Fractions 

E1 Rotation perforator Ludwig Methanol N°1 Extract 
N°2 Residue 

E2 Inverse rotation perforator 
Ludwig 

H2O-Methanol 
40%v/v 

Hexane 

N°3 Extract 
 
N°4 Residue 

E3 Inverse rotation perforator 
Ludwig 

H2O-Methanol 
70%v/v 

Hexane 

N°5 Extract 
 
N°6 Residue 

E4 Inverse rotation perforator 
Ludwig 

Methanol 
Hexane 

N°7 Extract 
N°8 Residue 

E5 Batch Methanol 
 
Hexane 

N°  9 Extract 
N°10 Extract 
N°11 Residue 

 

 

In the 2D DOSY plot, the vertical axis represents the logarithm of the diffusion coefficient of 

molecules [1], while the horizontal axis depicts the 1H-NMR spectrum. NMR-signals of a mixture 

that are overlapping can be well separated in the diffusion spectrum [2], [3]. However, the 

resolution depends on the polydispersity of the species. The large polydispersity of the PDMS and 

the particle species caused the occurrence of several signal-groups per species along the logD-

axis as observed in Figure B.1. The resolution also depends on the composition of the mixture 

since previous studies demonstrated that diffusion coefficients can be affected by the solute 

concentration due to solvent-solute interactions or solute-solute interactions causing overlapping of 

the diffusion coefficients [4]. Unfortunately, this phenomenon was happening in almost all fractions 

of the extractions as seen in Figure B.1 a showing the DOSY spectra of samples N°9 to N°11 of 

extraction E5. The diffusion spectrum (Figure B.1 a) showed overlapped signals upon modification 

of the CRA composition. Therefore, separate integration of the compound-specific signals of the 

2D spectrum was not possible with most of the extracts using the peak representing the methyl 

groups in the chemical shift range of the 1H-NMR spectra between δ= 0.4 ppm and δ= -0.2ppm. 
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Hence, except from fraction N° 11, it was not possible to establish an equation like Eq. B.1 to relate 

the number of D units derived from PDMS with the number of D units from the particles from all 

fractions.  

E5 was an extraction made in a separation funnel where three different fractions were collected, 

namely the methanol phase (N°9) collected after washing the hexane phase in which the CRA was 

diluted for two times with methanol. N°11 was a hexane phase, collected after washing the hexane 

a second time with methanol, and N°10 was the methanol phase collected from the second 

extraction. The DOSY diffusion spectra of the three fractions are depicted in Figure B.1 a. N°9 was 

rich in PDMS since precipitation of PDMS from methanol was observed when a milky methanol 

phase was formed. But N°9 also contained silica particles. The diffusion spectrum of N°9 shows 

many overlapped broad peaks. Fraction N°11 contained PDMS and particles but in a good 

proportion to distinguish the compounds. Fraction N°10 did not contain much PDMS, thus the 

peaks of PDMS were lost in the spectrum due to the overlapping with the more intense particles 

peaks. Figure B.1 b is a full 1H-DOSY 2D spectrum of fraction N°11 where it was possible to 

integrate and calculate the percentage of the PDMS (D units) peak in the range between δ= 0.11 

and  δ=0.00ppm that belonged to the silica particles (silica contains short PDMS arms that end up 

with a vinyl group), and the percentage of D units that belonged to linear PDMS without vinyl 

functionalization. In Figure B.1 c, an enlarged area of the DOSY 2D spectrum of fraction N°11 

shows that 18.78% of the integral in the mentioned range belong to the particles. Despite the fact 

that two PDMS peaks were observed, the calculations of molar ratios between particles and PDMS 

were made assuming the presence of only one polymer of Mn= 3100 ± 173 g/mol determined by 

High-temperature size-exclusion –chromatography cf. Chapter 3, Section 3.3.5.      

The result of the integral of the 2D DOSY NMR spectrum allowed to establish the Eq. B.1 when 

18.78% of the D units belonged to the particles and the rest to PDMS. The equation relates the 

number of D units per mol of each compound with the mol amount of the compounds in the mixture.  

4 ⋅      

         ⋅           
 

      

    7 
 4   4  Eq. B.1 

(DPDMS: number of D units per mol of PDMS (DPDMS=40 units);   𝑫  : mol content of PDMS in the fraction; 

Dparticle: number of D units per particle;            : mol content of silica particles in the fraction.) 
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Figure B.1 DOSY NMR spectra of E5. a) Diffusion spectra (y-axis) of fractions N°9, 11 and 10. b) 
Full DOSY spectrum of fraction N°11.  c) Enlarged DOSY spectrum in the range of 1H δ= 0.4 to -
0.2ppm with integral values for D units of N°11. (CDCl3, 30°C). 

The intensities of the signals of all measured 29Si NMR spectra of all fractions from extraction E1 to 

E5 were scaled to the signal Mvi
D at δ= -4.185 ppm. Hence, integrated intensities are related to the 

theoretical vinyl units connected to a D-unit.  Figure B.2 depicts the 29Si NMR spectrum of fraction 

E5/N°11. The analysis of the spectrum followed the procedure described in Chapter 3, Section 

3.3.5 in connection to CRA. A system of equations was generated, its solution (Eq. B.2 and Eq. B.3) 

allowed to obtain the number average molecular weight of the particles (Mn particles) and the mol 

content of PDMS (xPDMS) in the fraction. The first term of Eq. B.2 is the contribution of the 11.4% of 

the M, Mvi
Q, Mvi

D, QEt and D units at the surface of the particles, while the second term represents 

Particles PDMS 

a) 
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the contribution of the core of the particle by Q units with 88.6% to the molecular weight.  

                   4  
    4 45     

     5 5      
   Eq. B.2 

                                                                       4 ⋅   
   Eq. B.3 

 

 

Figure B.2 29Si NMR spectrum of E5 fraction N°11.(CDCl3, 30°C). Integral signal intensities 
scaled to signal Mvi

D to become A=1.00. 

To determine   
   the diameter of the particles (Dp) of the original mixture (Dp=9.5 ±0.5 nm), a 

density of 2.4 g/cm3 [5] was used. (cf. Chapter 3, p 163). The value found for the amount of vinyl 

groups attached to D units (Mvi
D) of particles was Mvi

D = 41 units/mol which was a slightly higher 

value compared to the results found in the non-fractionated samples of Table 3.3.23 (Mvi
D = 35,88 ± 

3,42 units/mol), suggesting that probably the particles were modified during the extraction. 

To be aware of possible modifications of the particles the 29Si spectra of all extractions were 

analyzed. The integral values of the signals representing each silicon atom configuration were 

scaled to the signal of Mvi
D at δ=-4,185 ppm equalled to one i.e. AM

vi
D =1. The values of the 

integrals are summarized in Table B.2. A first inspection of the table suggests that several fractions 

contained particles that have been modified during the extraction process when compared to non-

extracted CRA samples shown on top of the table (see Fractions: N° 1, 3, 4, 5, 7, and 10) if the 

values of Q units are considered. The previous analysis is an indication that particles could have 

changed their size upon extraction which is possible as the listed fractions are the extracts rich in 

methanol.  

M 
M

vi
Q 

M
vi
D 

D 

M
vi
D 

Q
Et 

Q 
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Table B.2 Integral values of peaks representing different silicone atom configurations in the 29Si-
NMR spectra of CRA different samples and collected fractions N°1 to N°11 from extractions E1 to 
E5. Spectra calibrated to one Mvi

D unit. 

Extraction Fraction M Mvi
Q Mvi

D D QEt 1
 QT

2 Q3 

CRA 1 13,75 2,35 1,00 16,76 2,19 309,17 306,98 

CRA 2 12,47 1,40 1,00 17,18 1,64 266,24 264,60 

CRA Without inhibitor 11,63 1,57 1,00 15,92 1,72 257,37 255,65 

E1 N°1 16,41 1,94 1,00 8,59 1,88 467,37 465,49 

N°2 11,24 1,82 1,00 21,66 1,80 228,96 227,15 

E2 N°3 22,41 2,13 1,00 5,39 2,16 663,94 661,78 

N°4 11,62 2,28 1,00 21,35 2,21 448,29 446,08 

E3 N°5 30,51 4,42 1,00 6,15 3,55 451,12 447,57 

N°6 9,13 0,97 1,00 17,42 1,22 230,28 229,06 

E4 N°7 19,98 2,77 1,00 8,49 2,83 419,31 416,48 

N°8 7,40 0,80 1,00 22,92 1,07 266,80 265,73 

E5 N°9 7,18 0,95 1,00 22,65 1,12 241,11 239,98 

N°10 21,71 3,05 1,00 7,26 3,11 338,10 334,99 

N°11 13,50 1,66 1,00 11,27 1,85 235,94 234,09 

Ultracentrifugation 
supernatant methanol 

21,76 2,62 1,00 7,74 2,84 371,55 368,71 

1
Value determined from 

1
H-NMR spectrum of each fraction. 

2
 Total integral value of broad peak between δ=-60 ppm and δ=-150 ppm in the 

29
Si-NMR spectrum including 

Q
Et

. 
3 
Q units without a specific functionalization. Q= QT-Q

Et
.
 

For the extractions E1 to E4 a heating process of the extract was realized to recirculate the solvent 

to the extractor and hence, make a continuous extraction. For two of those extractions, E2 and E3, 

also water was added to the mixture. In the extractions, the conditions used to separate the 

particles from PDMS described previously were also suitable for modifying the particles as they are 

similar to conditions for the synthesis of the particles. The synthesis of silica particles involves 

hydrolysis and condensation cf. Eq. 3.3.26, Eq. 3.3.27, Eq. 3.3.28 [6]. A restructuration process 

involving modification of the size of the particles and Ostwald Ripening might have occurred due to 

the content of water, methanol and the heating (see discussion in Chapter 3, p 165-166). 

To prove the modification of the particles, the fractions N°3 and N°11 were selected for TEM 

measurements. Fraction N° 3 (Figure B.3 d) which had very different integral values of the 29Si-

NMR spectrum when compared to the CRA without extraction (cf. Table B.2, Dp= 9-10 nm), 

especially when the integral values of Q units were compared (QN°3= 661.78, QCRA= 275.74), and 

fraction N°11 (Figure B.3 c) which was showing similar values of the integrals to CRA but slightly 

smaller (QN°11= 234.09). In all cases, a modification of the size was observed. For fraction N°11, the 

particles were slightly smaller Dp= 7-8 nm than the initial state which is reflected in the values of 

the integrals of the 29Si-NMR spectrum in Table B.2. For fraction N°3, the size was Dp   13nm, which 

was expected as the integral value of Q units was larger than CRA without modifications. 

An attempt to concentrate the silica nanoparticles contained in CRA via ultracentrifugation was 

made at from a solution of CRA/methanol at 4°C (see experimental details in Chapter 3, Section 

3.2.2). After the centrifugation three phases were obtained. One was a PDMS precipitate due to 

the low solubility of PDMS in methanol, the second was a precipitate of particles, and the third 

phase was the supernatant solution of methanol/PDMS/particles. The collection of each phase was 
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complicated without mixing the first two phases. However, even when the two phases mixed, it was 

observed from a 29Si-NMR analysis (data not shown) that the mixture of the two precipitates was 

rich in PDMS. On the other hand, the supernatant solution of methanol was found to be rich in 

particles and very poor in PDMS showing integral values of the particles in the 29Si-NMR spectrum 

very large compared to CRA cf. Table B.2. TEM measurements performed on the supernatant cf.   

Figure B.3 e showed that the particles were modified exhibiting different shapes than spherical and 

had a larger size. Thus, Ostwald ripening of the particles was found to happen at any temperature 

when they get in contact with methanol.   

From the ultracentrifugation experiment it can be concluded that the colloidal silica particles of CRA 

are modified predominantly by changes in the concentration of the particles in the medium where 

they are dispersed and the medium itself. The mechanism of modification is Ostwald ripening by 

which larger particles are formed by dissolution-reprecipitation to get more stable particles, and 

thereby “consuming” small particles [7].   

 

Figure B.3 TEM images of silica particles before and after extractions E1 to E5. a) CRA before 
extractions. b) Enlarged particle from a). c) After E5 fraction N°11. d) After extraction E2 fraction 
N°3. d) Evidence of Ostwald ripening, silica particles in the supernatant after ultracentrifugation at 
4°C of CRA in methanol. 

 

Mass balance of the liquid-liquid extractions: 

The results of the characterization of CRA in Chapter 3, Section 3.3.5, showed a particle-diameter 

of Dp= 9.5 ±0.5 nm, in accordance to a molecular weight of Mn particles= 648816 ± 100000 g/mol, a 

content of vinyl groups in the CRA of Mvi
D=35.88 ± 3.42 units/mol and Mvi total=98.42 ± 9.01 

units/mol, and the ratio of moles of PDMS to moles of particles xPDMS/yParticles= 13.68 ± 1.22 (cf. 
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Table 3.3.23). To make a mass balance of the extractions, the equations system generated in 

Chapter 3, Section 3.3.5 (Eq. 3.3.12 to Eq. 3.3.24) needed to be solved. There were two possible 

paths to solve the system since there are two unknown variables, the size of the particles and the 

number of vinyl groups. One path was to assume that the size of the particles after the extraction 

remained constant with variable vinyl amounts. However, this path was not realistic since it was 

already observed in Figure B.3 that the size of the particles had changed after extraction. The 

second path of solving the mass balance was to assume that the number of vinyl groups per 

particle remained constant which implies that the Dparticles= 48.67 units/mol is also constant. Then 

the particle size varies, but it must be considered that the vinyl groups could have reacted during 

extraction. The second path was followed to solve the mass balance assuming Mvi
D=35.88 ± 3.42 

units/mol for all extractions.  

In Table B.3 the solution to the system of equations Eq. 3.3.12 to Eq. 3.3.24 to evaluate the 29Si-

NMR spectrum measured for the CRA samples and all fractions of the extractions are shown. The 

system of equations was solved following the procedure explained in Section 3.3.5, p 163. In Table 

B.3, the second and the third columns refer to the first and second term of Eq. 3.3.24 referent to 

the molecular weight of the particles at the surface level (Mn surface/M
vi

D) and of the main body (Mn 

body /M
vi

D) respectively in function of the number of units of vinyl groups Mvi
D attached to D units per 

mol of particles. In the same table, the calculated molecular weight of the particles Mn particles and 

the diameter of the particles Dp is found. 

Table B.3 Solution of the system of equations generated to evaluate 29Si-NMR spectra1 of 
extractions E1 to E5 when assuming a constant Mvi

D=35.88 units/mol and Dparticles=48.67 units/mol 
to determine the numerical terms of Eq. 3.3.24, the number average molecular weight of particles, 
the calculated diameter of the particles and the mol ratio of PDMS to particles. 

Extraction Fraction 
Mn surface / 

Mvi
D (g/mol) 

Mn body / 
Mvi

D (g/mol) 
Mn particles 

(g/mol) 
Dp (nm) xPDMS/yParticles 

CRA 1 1856 18419 648816 9,5 12,3142 

CRA 2 1582 15876 648816 9,5 14,6582 

CRA  without inhibitor 1531 15339 648816 9,5 14,0573 

E1 
N°1 2118 27929 1077999 11,5 5,6847 

N°2 1493 13629 542516 9,1 18,4048 

E2 
N°3 2793 39707 1524723 12,9 1,9751 

N°4 1701 26765 1021231 11,1 17,2341 

E3 
N°5 3838 26854 1101117 11,3 3,4476 

N°6 1165 13743 534866 8,9 14,6218 

E4 
N°7 2620 24989 990501 10,9 5,7487 

N°8 964 15944 606587 9,3 19,4254 

E5 

N°9 959 14399 550971 9,0 19,2806 

N°10 2814 20099 822040 10,3 4,9618 

N°11 1806 14045 563059 9,1 8,2099 
1
System of equations generated as in Eq. 3.3.12 to Eq. 3.3.24 from chapter 3 but using the values contained 

in Table B.2. 

The diameters reported from TEM measurements in Figure B.3 had the same tendency as the 

diameters calculated in Table B.3. For example, for E5/N°11 the TEM pictures showed the smallest 

particles of all fractions with Dp= 7-8nm and the results from the calculated diameter were not the 

same but were the smallest compared to other fractions (Dp=9.1 nm).  
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The ratio xPDMS/yParticles is also reported in Table B.3, those values were used for the mass balance 

as is described in the following procedure. 

The total mass of the fraction in terms of the mass of PDMS and particles is:     

 𝐹               Eq. B.4 

This equation can be rewritten in terms of molecular weight and mol amount as: 

 𝐹         ⋅                    ⋅              Eq. B.5 

The mol amount of PDMS in the collected fraction as a function of the molar ratio between PDMS 

and particles is described by: 

       
     

          
         ⋅            Eq. B.6 

By replacing Eq. B.6 in Eq. B.5 and simplifying, the mol amount of particles in the fraction is:    

            𝐹   [      ⋅  
     

          
                     ] Eq. B.7 

 

Equations Eq. B.6 and Eq. B.7 allowed calculating the molar fraction of each component of the 

mixture CRA  and of each fraction, namely particles and PDMS which are reported in Table B.4. 

Later the total mol amount of particles and the total mol amount of PDMS in each extraction were 

summed and the molar ratio xPDMS/yParticles for the initial extracted mixture was calculated. The 

values are reported in Table B.4 together with the absolute error when the mol ratios were 

compared with the CRA pure compound.  

Table B.4 Mass of each collected fraction and mass balance of extractions E1 to E5. Absolute 
error of the mass balance compared to CRA pure with xPDMS/yparticles=13.6766 ± 1.2175. 

Extraction Fraction Weight (g) 
yparticles x 106 

(mol) 
xPDMS x 106 

(mol) 

𝜮  𝑫  

𝜮          
 

E1 
N°1 1,6200 1,4786 8,4055 

15,6721 ± 1,9955 
N°2 3,2400 5,4039 99,4573 

E2 
N°3 1,1272 0,7363 1,4543 

14,4400 ± 0,7634 
N°4 3,5300 3,2848 56,6102 

E3 
N°5 0,6948 0,6249 2,1545 

13,1178 ± 0,5588 
N°6 2,3312 4,0180 58,7501 

E4 
N°7 2,1805 2,1625 12,4316 

14,4727 ± 0,7962 
N°8 2,5400 3,8092 73,9955 

E5 

N°9 1,2897 2,1117 40,7148 

11,4758 ± 2,2008 N°10 0,6805 0,8126 4,0321 

N°11 1,0069 1,7109 8,4461 

In extractions E2, E3, and E4 the error was of less than 6% justifying the assumptions made to 

keep the Mvi
D and Dparticles constant and equal to the values found for the pure CRA upon extraction 

(Mvi
D=35.88 units/mol and Dparticles=48.67 units/mol). Extractions E1 and E5 have a relatively high 

error of   13 to 20 % of the mol ratio compared to the raw CRA indicating that the particles were 

modified during the extraction process and that probably some mg of particles or PDMS have been 

lost during the experimental process.   
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As a conclusion to this Appendix B, no complete separation PDMS from the particles was achieved, 

instead, it was found that the stability of the particles was sensible to changes in the temperature, 

moisture, solvent. Dissolution, hydrolysis and condensation of particles were taking place and 

Ostwald ripening mechanism was evident. However, the achieved partial separation allowed to set 

up the mass balance to obtain the approximate composition of CRA. 
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Appendix C: Calorimetric Studies of Hydrosilylation 
Reaction for System 1, 2, and 3 

a) b) 

  

c) d) 

  

Figure C.1 Plots of the Conversion–temperature p(T) dependence on the SiH/vinyl (q) ratio at 
constant catalyst concentration for silicones of system 1 (Polymer 164, crosslinker 45, catalyst 
2.2). a) [Pt]= 108 ± 1 ppm; b) [Pt]= 215 ± 3 ppm ; c) [Pt]= 322 ± 2 ppm ; d) [Pt]= 431 ± 5 ppm ( — 
q= 0.7, — q= 1.3, — q= 1.9, — q= 2.2, — q= 2.3, — q= 2.6, — q= 3.1, — q= 3.3, — q= 3.9, — q= 
4.6). Heating rate β=10K/min. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

 

Figure C.2 Plots of the conversion–

temperature p(T) dependence on the Pt-

concentration at constant SiH/vinyl (q) ratios 

for silicones of system 2 (Polymer 116, 

crosslinker 40, catalyst 0.6). a) q=2,7; b) q=3,0; 

c) q=3,3; d) q= 3,7; e) q=4,3.   ( — 60 ppm, — 

120 ppm,  — 130 ppm, — 140 ppm, — 200 

ppm ),(… repetition of formulations). Heating 

rate β=10K/min. 
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a) 

 

b) 

 

c) 

 

Figure C.3 Plots of conversion-temperature 
p(T) dependence on the SiH/vinyl (q) ratio and 
the catalyst concentration for different CRA 
contents in formulations of silicones of system 
3 (Polymer 164, CRA, crosslinker 101, catalyst 
2.2). a) 25CRA (53 ppm: — q= 3.9, …q= 4.6, --- 
q=6.1; 105 ppm: — q= 3.9, …q= 4.7, --- q= 6.0; 
158 ppm: — q= 4.0, … q= 4.5, --- q= 6.1; 210 
ppm: — q= 3.9, … q= 4.5, --- q= 6.1; 312 ppm: -
-- q= 6,0); b) 50CRA (52 ppm: — q= 5.8, …q= 
6.7, --- q= 8.9; 103 ppm: — q= 5.8, …q= 6.6, --- 
q= 8.9; 154 ppm: — q= 5.8, … q= 6.6, --- q= 
8.9; 205 ppm: — q= 5.7, … q= 6.6, --- q= 8.9; 
304 ppm: --- q= 8.8); c) 100CRA (50 ppm: — q= 
9.1, …q= 10.5, --- q= 13.9; 98 ppm: — q= 
9.0, …q= 10.3, --- q= 13.9; 147 ppm: — q= 
9.0, … q= 10.4, --- q= 13.7 197 ppm: — q= 
9.0, … q= 10.3, --- q= 13.8; 289 ppm: --- q= 
13.7) (•-•- repetition of formulations). Heating 
rate β=10K/min. 
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Table C.1 List of temperature (Tpeak) and conversion (pvmax) at the maximum speed of 
reaction, the temperature at 50% of the total conversion achieved (Tp=0,5), and the heat of 
reaction (ΔHrx) of silicones synthesized by hydrosilylation reaction with formulations of 
system 1 (polymer 164, crosslinker 45, catalyst 2.2). β=10 K/min. 

 System 1  

 Sample q [Pt] 
(ppm) 

Tpeak (K) pvmax Tp=0,5 (K) ΔHrx 
(J/g) 

 

 S1.1.2 0,7 218 377,91 0,0618 377,90 -0,1061  
 S1.2.2 1,3 109 390,40 0,2842 390,70 -0,2175  
 S1.2.3 1,3 109 391,54 0,2791 391,84 -0,1979  
 S1.3.3 1,3 218 380,79 0,2949 381,09 -0,2159  
 S1.4.2 1,3 321 371,37 0,2727 371,85 -0,2117  
 S1.5.2 1,3 436 358,02 0,2560 358,90 -0,2482  
 S1.6.2 2,0 108 393,69 0,3718 394,12 -0,3316  
 S1.7.2 1,9 217 381,27 0,3887 381,65 -0,3180  
 S1.8.2 1,9 325 372,38 0,3999 372,84 -0,2745  
 S1.9.3 1,9 434 363,63 0,3745 364,29 -0,3163  
 S1.10.2 2,3 108 386,64 0,3879 387,00 -0,3673  
 S1.11.2 2,3 216 378,14 0,4562 378,33 -0,3873  
 S1.12.1 2,6 108 393,93 0,4275 394,19 -0,3474  
 S1.13.2 2,6 216 379,79 0,4242 380,03 -0,3750  
 S1.13.3 2,6 216 380,11 0,3932 380,40 -0,3555  
 S1.14.1 2,6 323 371,30 0,4137 371,59 -0,3526  
 S1.15.1 2,6 431 368,19 0,4523 368,46 -0,3574  
 S1.16.1 2,2 215 379,10 0,4207 379,36 -0,3616  
 S1.17.1 3,1 53 396,44 0,4681 396,53 -0,3874  
 S1.18.3 3,1 107 388,81 0,4457 388,94 -0,2854  
 S1.18.4 3,2 109 390,36 0,4071 390,59 -0,4945  
 S1.19.1 3,1 161 380,78 0,4735 380,87 -0,4158  
 S1.20.5 3,1 215 380,24 0,4229 380,43 -0,3738  
 S1.21.1 3,1 265 373,30 0,4496 373,44 -0,3930  
 S1.22.3 3,1 321 371,65 0,4490 367,77 -0,3673  
 S1.23.1 3,1 430 365,73 0,4719 365,82 -0,3698  
 S1.23.2 3,1 430 367,23 0,4460 367,39 -0,3711  
 S1.24.1 3,3 214 380,12 0,4414 380,29 -0,3373  
 S1.25.1 3,9 107 389,85 0,4573 389,97 -0,3631  
 S1.26.4 3,9 214 378,38 0,4279 378,54 -0,3742  
 S1.27.1 3,9 320 374,69 0,4640 374,85 -0,3732  
 S1.28.1 3,8 427 363,25 0,4540 363,38 -0,3664  
 S1.29.1 4,6 212 371,79 0,4214 372,03 -0,5466  
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Table C.2 List of temperature (Tpeak) and conversion (pvmax) at the maximum speed of 
reaction, the temperature at 50% of the total conversion achieved (Tp=0,5), and the heat of 
reaction (ΔHrx) of silicones synthesized by hydrosilylation reaction with formulations of 
system 2 (polymer 116, crosslinker 40, catalyst 0.6) 

 System 2  

 Sample q [Pt] 
(ppm) 

Tpeak (K) pvmax Tp=0,5 (K) ΔHrx (J/g)  

 S2.1.1 2,3 60 389,10 0,3053 390,36 -0,6258  
 S2.2.1 2,3 120 376,39 0,3077 378,17 -0,6050  
 S2.3.1 2,3 130 376,07 0,3077 377,69 -0,5301  
 S2.4.2 2,3 140 375,36 0,2772 377,32 -0,5655  
 S2.5.2 2,4 200 367,43 0,2695 370,02 -0,6100  
 S2.6.1 2,7 60 389,05 0,3104 390,19 -0,5103  
 S2.7.1 2,7 120 376,89 0,3011 378,51 -0,6876  
 S2.8.1 2,7 130 375,72 0,2983 377,39 -0,6808  
 S2.9.1 2,7 140 371,41 0,2867 373,48 -0,6629  
 S2.10.1 2,7 200 366,90 0,2916 368,98 -0,6440  
 S2.11.1 3,0 60 390,07 0,3241 391,11 -0,7034  
 S2.12.2 3,0 120 377,18 0,3135 378,45 -0,6359  
 S2.13.1 3,0 130 376,52 0,3235 377,79 -0,7106  
 S2.14.1 3,0 140 371,89 0,3370 373,12 -0,7013  
 S2.15.1 3,0 200 364,19 0,3275 365,83 -0,6835  
 S2.16.1 3,3 60 388,35 0,3561 389,08 -0,6771  
 S2.16.2 3,3 60 389,35 0,3406 390,10 -0,6303  
 S2.17.2 3,3 120 376,40 0,3490 377,29 -0,6408  
 S2.18.2 3,3 130 373,94 0,3466 374,91 -0,6619  
 S2.19.2 3,3 140 373,01 0,3440 374,01 -0,6584  
 S2.20.1 3,4 200 363,81 0,3505 365,05 -0,6801  
 S2.20.3 3,4 200 366,22 0,3581 367,23 -0,6575  
 S2.21.1 3,4 131 373,43 0,3579 374,35 -0,7111  
 S2.21.2 3,4 131 374,86 0,3464 375,78 -0,6558  
 S2.22.1 3,7 60 387,94 0,3988 388,39 -0,6807  
 S2.23.1 3,7 120 375,38 0,4420 375,65 -0,6897  
 S2.24.1 3,7 130 374,66 0,3784 375,29 -0,6596  
 S2.25.1 3,7 140 371,19 0,4134 371,68 -0,6944  
 S2.26.1 3,7 200 362,39 0,3930 363,21 -0,6752  
 S2.27.1 4,0 60 386,33 0,4246 386,64 -0,6715  
 S2.28.1 4,0 120 375,44 0,4450 375,69 -0,7172  
 S2.29.1 4,0 130 374,29 0,4110 374,76 -0,6760  
 S2.30.1 4,0 140 372,12 0,4254 372,50 -0,6937  
 S2.31.1 4,0 200 364,33 0,4592 364,58 -0,7146  
 S2.32.1 4,3 60 386,82 0,4571 386,98 -0,7094  
 S2.33.2 4,3 120 376,26 0,4707 376,37 -0,6529  
 S2.34.2 4,3 130 374,08 0,4628 374,23 -0,6590  
 S2.35.1 4,3 140 368,79 0,4674 368,96 -0,6754  
 S2.36.1 4,3 200 365,05 0,5268 364,93 -0,6981  
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Table C.3 List of temperature (Tpeak) and conversion (pvmax) at the maximum speed of 
reaction, the temperature at 50% of the total conversion achieved (Tp=0,5), and the heat of 
reaction (ΔHrx) of silicones synthesized by hydrosilylation reaction with formulations of 
system 3 (polymer 164, CRA, crosslinker 101, catalyst 2.2). 

 System 3  

 Sample CRA 
parts 

q [Pt] 
(ppm) 

Tpeak 

(K) 
pvmax Tp=0,5 (K) ΔHrx 

(J/g) 

 S3.1.1 0 2,0 54 403,72 0,3087 404,19 -0,3275 

 S3.2.1 0 2,0 108 390,96 0,3844 391,35 -0,3030 

 S3.3.1 0 2,0 162 382,86 0,3818 383,24 -0,2901 

 S3.4.1 0 2,0 216 381,23 0,3947 381,63 -0,2772 

 S3.5.1 0 2,3 54 399,93 0,3894 400,33 -0,3066 

 S3.6.1 0 2,3 107 386,54 0,3866 386,91 -0,3140 

 S3.6.2 0 2,3 108 394,49 0,3532 394,90 -0,2995 

 S3.8.1 0 2,4 215 379,65 0,3863 380,05 -0,3478 

 S3.8.2 0 2,3 215 382,30 0,3631 382,76 -0,2897 

 S3.9.1 0 3,1 53 396,07 0,5870 395,82 -0,3751 

 S3.10.2 0 3,1 107 392,85 0,3905 393,12 -0,3511 

 S3.11.1 0 3,1 161 381,42 0,4145 381,66 -0,3660 

 S3.12.1 0 3,0 212 378,06 0,4158 378,29 -0,3632 

 S3.13.1 0 3,0 321 368,83 0,4790 368,90 -0,3181 

 S3.14.1 25 3,9 53 403,57 0,3262 404,06 -0,5605 

 S3.15.1 25 3,9 106 390,41 0,3477 390,80 -0,5409 

 S3.16.1 25 4,0 159 386,11 0,3519 386,53 -0,5707 

 S3.17.1 25 3,9 212 381,11 0,3642 381,51 -0,5541 

 S3.18.2 25 4,6 53 403,67 0,3339 404,08 -0,5779 

 S3.19.1 25 4,7 105 388,30 0,3525 388,70 -0,6047 

 S3.20.1 25 4,5 158 383,38 0,3637 383,78 -0,5825 

 S3.21.1 25 4,5 211 377,92 0,3707 378,27 -1,1147 

 S3.22.2 25 6,1 52 402,82 0,3843 403,07 -0,6325 

 S3.23.2 25 6,0 104 388,14 0,4036 388,36 -0,6403 

 S3.24.1 25 6,1 156 381,48 0,3901 381,75 -0,6533 

 S3.25.1 25 6,1 208 377,18 0,4224 377,39 -1,5820 

 S3.26.1 25 6,0 312 369,35 0,5998 369,10 -0,6397 

 S3.27.1 50 5,8 52 401,87 0,3192 402,28 -0,8040 

 S3.28.1 50 5,8 104 390,36 0,3289 390,74 -0,7860 

 S3.29.1 50 5,8 156 385,96 0,3394 386,34 -0,8031 

 S3.30.1 50 5,7 208 381,73 0,3306 382,19 -0,7604 

 S3.31.1 50 6,7 52 400,66 0,3235 401,23 -0,8465 

 S3.32.1 50 6,6 103 388,78 0,3691 389,10 -0,8813 

 S3.33.1 50 6,6 155 384,00 0,3349 384,43 -0,8149 

 S3.34.2 50 6,6 206 381,50 0,3523 381,83 -0,8395 

 S3.35.1 50 8,9 51 400,83 0,6651 400,52 -0,8369 

 S3.36.2 50 8,9 101 389,45 0,3910 389,69 -0,9475 

 S3.37.2 50 8,9 152 385,60 0,3962 385,82 -0,9191 

 S3.38.2 50 8,9 202 380,46 0,3925 380,69 -0,9135 

 S3.39.1 50 8,8 304 368,29 0,4344 368,48 -0,8915 

 S3.40.1 75 7,5 51 403,16 0,2993 403,57 -0,9954 

 S3.41.1 75 7,5 102 390,40 0,2995 390,80 -1,0058 

 S3.42.1 76 7,4 153 386,32 0,3016 386,74 -1,0309 

 S3.43.1 76 7,4 204 381,93 0,3106 382,36 -1,0259 
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 Sample CRA 
parts 

q [Pt] 
(ppm) 

Tpeak 

(K) 
pvmax Tp=0,5 (K) ΔHrx 

(J/g) 

 S3.44.1 75 8,6 51 401,10 0,3147 401,52 -1,1122 

 S3.45.1 75 8,6 101 389,53 0,3467 389,88 -1,0971 

 S3.46.1 76 8,6 152 383,41 0,3397 383,82 -1,0359 

 S3.47.1 76 8,6 202 377,92 0,3584 378,27 -1,1147 

 S3.48.1 75 11,6 49 403,22 0,7471 402,75 -0,9883 

 S3.49.1 75 11,5 99 388,43 0,3478 388,78 -1,2008 

 S3.49.2 75 11,5 99 389,12 0,4047 389,33 -1,1589 

 S3.50.2 76 11,5 148 383,00 0,3898 383,24 -1,1563 

 S3.51.1 76 11,5 197 378,66 0,3955 378,90 -1,1954 

 S3.52.1 76 11,4 296 370,00 0,4007 370,27 -1,1396 

 S3.53.1 100 9,1 50 401,98 0,3674 402,28 -1,2300 

 S3.54.1 100 9,0 101 391,93 0,3205 392,33 -1,0824 

 S3.55.1 100 9,0 151 385,38 0,3197 385,76 -1,2027 

 S3.56.1 100 9,0 201 381,55 0,3190 381,95 -1,2316 

 S3.57.1 100 10,5 50 401,25 0,3179 401,64 -1,3138 

 S3.58.1 100 10,3 99 391,78 0,3165 392,15 -1,3711 

 S3.59.2 100 10,4 148 383,33 0,3315 383,78 -1,0238 

 S3.60.1 100 10,3 198 379,16 0,3307 379,55 -1,3286 

 S3.61.2 100 13,9 48 399,85 0,3397 400,13 -1,3886 

 S3.62.1 100 13,9 96 391,98 0,3204 392,31 -1,4696 

 S3.63.1 100 13,7 143 382,98 0,3484 383,32 -1,4160 

 S3.64.1 100 13,8 192 377,13 0,3881 377,42 -1,4476 

 S3.65.1 100 13,7 289 369,05 0,4034 369,31 -1,4435 

 S3.66.1 25 4,7 126 386,39 0,3444 386,78 -0,6029 

 S3.66.2 25 4,7 137 388,30 0,3612 388,62 -0,6203 

 S3.67.1 50 6,2 145 384,63 0,3510 384,99 -0,8108 

 S3.67.2 50 6,2 145 387,73 0,3321 388,20 -0,8322 

 S3.68.1 76 7,5 153 386,28 0,3426 386,74 -0,8131 

 S3.68.2 76 7,6 153 385,62 0,3612 386,04 -1,0052 

 S3.69.1 100 8,9 161 382,69 0,3359 383,20 -1,2264 

 S3.69.2 100 8,9 160 386,76 0,3029 387,32 -1,1721 
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a) b) 

  
c) d) 

  
e) 

Figure C.4 Plots of conversion-temperature 
p(T) dependence on the catalyst concentration 
at constant SiH/vinyl ratio =3.3 determined at 
different heating rates (β) for silicone 
formulations of system 2 (polymer 116, 
crosslinker 40, catalyst 0.6). — β= 5 K/min,  — 
β= 10 K/min, — β= 15 K/min. Repetitions of 
formulations in dotted lines.  
a) [Pt]= 60 ppm 
b) [Pt]= 120 ppm 
c) [Pt]= 130 ppm 
d) [Pt]= 140 ppm 
e) [Pt]= 200 ppm 
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a) b) 

  
c) d) 

  
e) 

Figure C.5 Plots of conversion-temperature 
p(T) dependence on CRA content with 
variations of the heating rate (β) for silicone 
formulations of system 3 (polymer 164, CRA, 
crosslinker 101, catalyst 2.2). — β= 5 K/min,  — 
β= 10 K/min, — β= 15 K/min. Repetitions of 
formulations in dotted lines.  
a) 0 CRA 
b) 25 CRA 
c) 50 CRA 
d) 75 CRA 
e) 100 CRA 
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Table C.4 List of data obtained from different heating rates (β) for the temperature (Tpeak) and 
conversion (pvmax) at the maximum speed of reaction, the temperature at half live of the vinyl 
groups (Tp=0,5), The integrated DSCB = β*ΔHrx signal, and the heat of reaction (ΔHrx) of silicones 
synthesized by hydrosilylation reaction with formulations of system 1, 2, and 3. Atypical data in 
red. 

Sample 
CRA 
parts 

q 
[Pt] 

(ppm) 
β 

(K/min) 
Tpeak 
(K) 

pVmax 
Tp=0,5 
(K) 

β*ΔHrx 

(mW/mg) 
ΔHrx (J/g) 

System 1: Polymer 164, crosslinker 45, catalyst 2.2 

S1.18.3 - 3,1 107 10 388,81 0,4457 388,94 -2,8544 -0,2854 

S1.18.4 - 3,2 109 
5 384,80 0,4578 384,87 -1,8526 -0,3705 

10 390,36 0,4071 390,58 -2,4945 -0,2494 
15 395,30 0,3794 395,68 -5,6362 -0,3757 

S1.19.1 - 3,1 161 10 380,78 0,4735 380,86 -4,1579 -0,4158 

S1.19.5 - 3,1 161 
5 377,02 0,4601 377,09 -1,8515 -0,3703 

15 388,27 0,3899 388,62 -5,6413 -0,3761 

S1.20.5 - 3,1 215 
5 375,44 0,4738 375,49 -1,9282 -0,3856 

10 380,24 0,4229 380,43 -3,7380 -0,3738 
15 384,95 0,3948 385,28 -5,6263 -0,3751 

S1.21.1 - 3,1 265 10 373,30 0,4496 373,44 -3,9303 -0,3930 

S1.21.3 - 3,1 268 
5 370,27 0,4755 370,32 -1,8500 -0,3700 

15 380,64 0,3981 380,99 -5,5333 -0,3689 

S1.22.3 - 3,1 322 
5 365,89 0,4836 365,92 -1,8554 -0,3711 

10 371,65 0,4490 371,78 -3,6731 -0,3673 
15 376,90 0,4004 377,24 -5,6567 -0,3771 

S1.23.1 - 3,1 430 10 365,73 0,4719 365,82 -3,6983 -0,3698 

S1.23.2 - 3,1 430 
5 360,15 0,5137 360,12 -1,9591 -0,3918 

10 367,23 0,4460 367,38 -3,7108 -0,3711 
15 370,85 0,4177 371,14 -5,5613 -0,3708 

System 2: Polymer 116, crosslinker 40, catalyst 0.6 

S2.16.1 - 3,3 60 10 388,35 0,3561 389,08 -6,7712 -0,6771 

S2.16.2 - 3,3 60 
5 381,50 0,3155 382,32 -3,0967 -0,6193 

10 389,35 0,3406 390,10 -6,3031 -0,6303 
15 392,53 0,3446 393,42 -9,6804 -0,6454 

S2.17.2 - 3,3 120 
5 369,22 0,3228 370,15 -3,1330 -0,6266 

10 376,40 0,3490 377,29 -6,4081 -0,6408 
15 378,67 0,3443 379,80 -9,7126 -0,6475 

S2.18.2 - 3,3 130 
5 369,22 0,3228 367,54 -3,2501 -0,6500 

10 376,40 0,3490 374,91 -6,6188 -0,6619 
15 378,67 0,3443 398,62 -10,1123 -0,6742 

S2.19.2 - 3,3 140 
5 366,72 0,3171 367,72 -3,1453 -0,6291 

10 373,01 0,3440 374,01 -6,5843 -0,6584 
15 377,36 0,3572 378,35 -9,9389 -0,6626 

S2.20.1 - 3,4 200 10 363,81 0,3505 365,04 -6,8006 -0,6801 

S2.20.3 - 3,4 200 
5 358,71 0,3164 359,93 -3,2963 -0,6593 

15 369,94 0,3621 371,07 -9,9267 -0,6618 

System 3: Polymer 164, CRA, crosslinker 101, catalyst 2.2 

S3.10.2 0 3,1 107 
5 386,98 0,4220 387,10 -1,7815 -0,3563 

10 392,85 0,3905 393,12 -3,5106 -0,3511 
15 396,80 0,3556 397,25 -5,2404 -0,3494 

S3.66.1 25 4,7 126 
5 384,19 0,3661 384,44 -2,9451 -0,5890 

10 386,39 0,3444 386,87 -6,0287 -0,6029 
15 388,87 0,3238 389,54 -8,6887 -0,5792 

S3.66.2 25 4,7 137 10 388,30 0,3612 388,70 -6,2034 -0,6203 

S3.67.1 50 6,2 145 10 384,63 0,3510 384,99 -8,1078 -0,8108 

S3.67.2 50 6,2 145 
5 381,13 0,3736 381,37 -4,1248 -0,8250 

10 387,73 0,3321 388,20 -8,3216 -0,8322 
15 391,73 0,3085 392,40 -12,1978 -0,8132 
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Sample 
CRA 
parts 

q 
[Pt] 

(ppm) 
β 

(K/min) 
Tpeak 
(K) 

pVmax 
Tp=0,5 
(K) 

β*ΔHrx 

(mW/mg) 
ΔHrx (J/g) 

S3.68.1 76 7,5 153 10 386,28 0,3426 386,74 -8,1311 -0,8131 

S3.68.2 76 7,6 153 

5 381,15 0,3576 381,43 -4,9773 -0,9955 

10 385,62 0,3613 386,04 -10,0521 -1,0052 

15 391,67 0,2928 392,41 -15,0966 -1,0064 

S3.69.1 100 8,9 161 10 382,69 0,3359 383,20 -12,2642 -1,2264 

S3.69.2 100 8,8 160 
5 379,97 0,3458 380,28 -5,9312 -1,1862 

10 386,76 0,3042 387,32 -11,7210 -1,1721 
15 390,65 0,2805 391,46 -17,1705 -1,1447 

 

 

a) b) 

  
Figure C.6 Plots of the results extracted from the p(T) curves obtained by DSC measurements at 
different heating rates (β) for a) the temperature at the maximum speed of reaction (TPeak), b) the 
temperature at the half-live of the vinyl groups (Tp=0,5) for formulations of systems 3 (polymer 164, 
CRA, crosslinker 101, catalyst 2.2) with variation in the CRA content (● 5 K/min, ■ 10 /K/min, ▲ 15 
/K/min). OAtypical data. 
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Appendix D: Fluorescence Studies in non-Covalently 
Labelled Silicones 

 

Table D.1 Summary of all fluorescence intensity time-scan results for samples with and without 
pyrene for the gel point tgel, FIgel, the second maximum t2, FI2, the results of the temperature peak 
simultaneously measured, and the time of the gel point and the second maximum observed in 
rheology experiments tgel rheo, t2 rheo respectively. 
ND: Non distinguishable. Nob: Not observed. – Not measured. 

System 1: polymer 164, crosslinker 45 or 45-P, catalyst 2.2 

 Time-scan fluorescence experiments Thermometer Rheometer 

sample tgel (s) 
FIgel 

(counts) 
t2 (s) 

FI2 
(counts) 

Peak 
onset 

Peak 
tgel rheo 

(s) 
t2 rheo 

(s) 
With pyrene 1x10

-5
M in crosslinker 45-P 

Sp-1.3.5 1284 107,7 ND ND ND ND 894 - 

Sp-1.4.3 688 82,3 1920 100,9 ND ND 673  1348 

Sp-1.6.3 3253 204,0 5647 1240,0 ND ND 993 - 

Sp-1.7.4 1082 147,0 1827 588,1 1195 1360 706 - 

Sp-1.8.3 614 108,3 1025 299,9 672 788 583 1044 

Sp-1.11.4 913 171,8 1756 641,9 821 1167 799 - 

Sp-1.12.2 3108 287,4 6214 1593,0 3016 3368 3031 6366 

Sp-1.13.8 929 196,3 2212 617,0 1008 1129 879 - 

Sp-1.14.2 648 130,3 1573 193,0 684 806 680 1130 

Sp-1.16.2 859 209,7 2586 402,7 945 1062 875 - 

Sp-1.18.5 2296 288,5 6974 1119,0 2367 2521 1031 - 

Sp-1.19.6 1503 248,3 4677 556,5 1690 1840 941 - 

Sp-1.19.7 1623 217,0 4736 514,2 1690 1890 970 - 

Sp-1.20.8 708 431,7 3522 327,4 - - - - 

Sp-1.20.9 FI> 10000 Counts - - - - 

Sp-1.20.10 869 1995,0 - - - - - - 

Sp-1.20.12 999 188,2 3453 358,1 - - - - 

Sp-1.20.13 999 182,2 3496 357,9 1072 1243 800 - 

Sp-1.20.14 985 179,9 3705 399,0 - - - - 

Sp-1.21.4 657 148,9 3226 234,2 692 893 636 - 

Sp-1.22.4 581 124,9 2934 166,1 624 737 589 - 

Sp-1.23.3 433 95,7 Nob Nob 482 543 539 - 

Sp-1.23.4 404 106,7 Nob Nob 426 488 443 - 

Sp-1.24.3 937 214,9 3160 197,9 999 1180 793 - 

Sp-1.25.2 2212 354,8 13295 1413 - - - - 

Sp-1.26.6 832 281,4 3684 201 859 1023 687  

No pyrene 

S1.11.5 883 41,27 Nob Nob - - - - 

S1.13.10 885 33,71 Nob Nob - - - - 

S1.18.7 2152 53,01 Nob Nob - - - - 

S1.19.8 1030 65,25 Nob Nob - - - - 

S1.20.18 874 15,23 Nob Nob - - - - 

S1.20.19 890 39,10 Nob Nob - - - - 

S1.20.20 874 39,50 Nob Nob - - - - 

S1.21.5 691 32,75 Nob Nob - - - - 

S1.22.5 559 32,01 Nob Nob - - - - 

S1.26.7 761 42,82 Nob Nob - - - - 
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System 2: polymer 116, crosslinker 40 or 40-P, catalyst 0.6 

 Time-dependent fluorescence experiments Thermometer Rheometer 

sample tgel (s) 
FIgel 

(counts) 
t2 (s) 

FI2 
(counts) 

Peak 
onset 

Peak 
tgel rheo 

(s) 
t2 rheo 

(s) 
With pyrene 1x10

-5
M in crosslinker 40-P 

Sp-2.11.2 1283 656,3 - - - - - - 

Sp-2.12.3 611 579,8 2261 2485 - - - - 

Sp-2.16.3 938 727,4 - - - - - - 

Sp-2.17.3 322 612,1 - - - - - - 

Sp-2.21.3 615 553,3 3430 1404 - - - - 

Sp-2.21.4 590 634,2 3338 1501 613 762,8 474,8 - 

No Pyrene 

S2.21.5 382 124,8 3584 79,46 - - - - 

 
System 3: polymer 164, CRA, crosslinker 101 or 101-P, catalyst 2.2  

 Time-dependent fluorescence experiments Thermometer Rheometer 

sample tgel (s) 
FIgel 

(counts) 
t2 (s) 

FI2 
(counts) 

Peak 
onset 

Peak 
tgel rheo 

(s) 
t2 rheo 

(s) 
With pyrene 1x10

-5
M in crosslinker 101-P 

Sp-3.1.3 ND ND ND ND - - - - 

Sp-3.2.2 2300 164,1 Nob Nob - - - - 

Sp-3.3.2 1334 123,0 Nob Nob - - - - 

Sp-3.10.4 1962 291,0 - - - - - - 

Sp-3.15.2 2165 368,5 1807 3813 - - - - 

Sp-3.16.2 1179 303,6 1868 2611 - - - - 

Sp-3.28.2 2082 611,6 2988 5716 - - - - 

Sp-3.29.2 1070 503,3 1347 3665 - - - - 

Sp-3.41.2 2186 844,3 2505 7021 - - - - 

Sp-3.42.2 1182 718,2 1348 4461 - - - - 

Sp-3.54.2 2112 1102,0 2502 8929 - - - - 

Sp-3.55.2 1255 993,3 1343 5297 - - - - 

Sp-3.56.2 997 904,1 1070 4563 - - - - 

Sp-3.56.3 - - - - 1009 1126 947 - 

Sp-3.58.2 2979 1065,0 3130 7292 2925 3140 1354 - 

Sp-3.59.3 1624 1077,0 1693 4965 - - - - 

Sp-3.60.2 1023 969,7 1072 3022 982 1115 846,5 - 

Sp-3.62.2 2243 1698,0 3914 3093 2042 2352 923,8 - 

Sp-3.63.2 1381 1604,0 1920 2190 - - - - 

Sp-3.64.4 1034 1105,0 1655 1319 1004 1120 595 - 

Sp-3.66.4 1456 476,5 2205 2582 - - - - 

Sp-3.67.4 1010 600,8 1286 3868 - - - - 

Sp-3.68.4 732 687,3 969 4394 - - - - 

Sp-3.69.4 1254 919,9 1594 6416 - - - - 

No pyrene 

S3.10.5 1949 30,11 - - - - - - 

S3.66.5 1431 34,07 2186 32,81 - - - - 

S3.67.5 1234 37,12 1447 45,52 - - - - 

S3.68.5 1128 27,79 1333 42,19 - - - - 

S3.69.5 1090 57 1346 69,2 - - - - 
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a) 

 

b) 

 
 

c) 

 

d) 

 

e) 

 

Figure D.1 Comparison of fluorescence time 
scan during curing of system 1 silicones 
(polymer 164, crosslinker 45-P or crosslinker 45, 
catalyst 2.2) for samples with pyrene (1—) and 
without pyrene (2—). 

a) q=3.1 [Pt]=107 ppm: 1: Sp-1.18.5, 2: S1.18.7.  
b) q=3.1 [Pt]=162 ppm: 1: — Sp-1.19.6,                    
    2: • Sp-1.19.7,  3: — S1.19.8.    
c) q=3,1 [Pt]=270 ppm: 1: Sp-1.21.4, 2: S1.21.5.  
d) q=3.1 [Pt]=322 ppm: 1: Sp-1.22.4, 2: S1.22.5.  
e) q=3.9 [Pt]=214 ppm: 1: Sp-1.26.6, 2: S1.26.7.  
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a) b) 

  

c) d) 

  

Figure D.2 Time-dependency of rheology and fluorescence intensity upon crosslinking by 
hydrosilylation of silicones of system 1 (Polymer 164, crosslinker 45-P and catalyst 2.2) at 
oscilation stress 0,5 Pa and frequency 1 Hz. q=SiH/vinyl ratio. 

(●G’ (Pa), ●G’’ (Pa), —Tmeasured (°C), —Trheo (°C) used for rheological measurements, — 
fluorescence intensity (counts)) 

a) Sp-1.7.4, q=1,9 [Pt]= 217 ppm.  
b) Sp-1.11.4, q=2,3 [Pt]= 216 ppm. 
c) Sp-1.13.8, q=2,6 [Pt]= 216 ppm. 
d) Sp-1.16.2, q=2,8 [Pt]= 215 ppm. 
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a) b) 

  

Figure D.3 Time-dependency of rheology and fluorescence intensity upon crosslinking by 
hydrosilylation of silicones of system 1 (Polymer 164, crosslinker 45-P and catalyst 2.2) at 
oscilation stress 0,5 Pa and frequency 1 Hz. q=SiH/vinyl ratio. 

(●G’ (Pa), ●G’’ (Pa), —Tmeasured (°C), —Trheo (°C) used for rheological measurements, — 
fluorescence intensity (counts)) 

a) Sp-1.24.3, q=3,4 [Pt]= 214 ppm.  
b) Sp-1.26.6, q=3,9 [Pt]= 214 ppm. 
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a) b) 

  

c)  

 

Figure D.4 Time-dependency of rheology and fluorescence intensity upon crosslinking by 
hydrosilylation of silicones of system 1 (Polymer 164, crosslinker 45-P and catalyst 2.2) at 
oscilation stress 0,5 Pa and frequency 1 Hz. q=SiH/vinyl ratio. 
a) Sp-1.18.5, q=3,1 [Pt]= 107 ppm.  ●G’ (Pa), ●G’’ (Pa), —Tmeasured (°C), —Trheo (°C), — FI.  

Sp-1.18.6, q=3,1 [Pt]= 107 ppm.  ●G’ (Pa), ●G’’ (Pa). 
b) Sp-1.19.6, q=3,1 [Pt]= 161 ppm.  ●G’ (Pa), ●G’’ (Pa), —Tmeasured (°C), —Trheo (°C), — FI. 

Sp-1.19.7, q=3,1 [Pt]= 161 ppm.  ●G’ (Pa), ●G’’ (Pa), ••••Tmeasured (°C), ••••Trheo (°C), •••• FI. 
c) Sp-1.20.13, q=3,1 [Pt]= 215 ppm, ●G’ (Pa), ●G’’ (Pa), —Tmeasured (°C), —Trheo (°C), — FI. 

Sp-1.20.14, q=3,1 [Pt]= 215 ppm,  •••• FI. 
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Figure D.5 Fluorescence intensity time-scan during hydrosilylation of pyrene-labelled silicones of 
system 2 (polymer 116, crosslinker 40-P, catalyst 0.6) with variations in the formulations.  
[Pt] = 60 ppm    — q=3.0 Sp-2.11.2; --- q= 3.4 Sp-2.16.3.  
[Pt] = 120 ppm  — q=3.0 Sp-2.12.3; --- q= 3,4 Sp-2.17.3.  
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a) 

 
b) 

 
c) 

 
Figure D.6 Effect of the catalyst concentration at constant SiH/vinyl ratio and 100 parts CRA 
concentration in the time-dependent fluorescence spectra of silicones of system 3 (polymer 164, 
CRA, crosslinker 101, catalyst 2.2).  
a) q=9.0, (—)Sp-3.54.2, [Pt]=101ppm; (—)Sp-3.55.2, [Pt]=151ppm; (—)Sp-3.56.2, [Pt]=199ppm. 
b) q=10.4, (—)Sp-3.58.2, [Pt]=99ppm; (—)Sp-3.59.3, [Pt]=150ppm; (—)Sp-3.60.2, [Pt]=197ppm. 
c) q=13.8, (—)Sp-3.62.2, [Pt]=96ppm; (—)Sp-3.63.2, [Pt]=145ppm; (—)Sp-3.64.4, [Pt]=190ppm.      
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a) b) 

  

  

  
Figure D.7 Post-curing behavior of bulk silicone-rubbers of  system 1 (polymer 164, crosslinker 45-
P, catalyst 2.2) with SiH/vinyl ratio variations at constant catalyst concentration. Top: Fluorescence 
intensity relative (Frel) to the day of the curing t=0 days at 90°C, λEx/λEm= 330/380 nm. Middle: 
Release forces with acrylate tape (cN/cm). Bottom: Percentage of silicon extracted with MIBK. 

a) [Pt]= 107 ± 1 ppm:    
  ─■─  q=2.0 Sp-1.6.3;    ─▲─ q=2.6 Sp-1.12.2;      
  ─◄─ q=3.1 Sp-1.18.5. 

b) [Pt]= 325 ± 2 ppm:  ─•─   q=1.3 Sp-1.4.3;   
    ─■─  q=2.0 Sp-1.8.3;  ─▲─ q=2.6 Sp-1.14.2;     
      ─◄─ q=3.1 Sp-1.22.4. 

 



Appendix D                                                                                           Xihomara Lizzet Casallas Cruz 

470 

a) 

 

b) 

 

c) 

 

Figure D.8 Post-curing behaviour of bulk silicone-rubbers of  system 1 (polymer 164, crosslinker 
45-P, catalyst 2.2) with catalys concentration variations at constant SiH/vinyl ratio q= 3.1. 
[Pt]= ─•─  107 ppm Sp-1.18.5;   ─■─ 161 ppm Sp-1.19.6;   --x-- 161 ppm Sp-1.19.7; 
        ─♦─  215 ppm Sp-1.20.13; ─▲─ 269 ppm Sp-1.21.4;  ─▼─ 322 ppm Sp-1.22.4;  
        ─◄─ 430 ppm Sp-1.23.3 ;  --+--  430 ppm Sp-1.23.4. 
a) Fluorescence intensity relative (Frel) to the day of the curing t=0 days at 90°c, λEx/λEm= 330/380 

nm. 
b) Release forces with acrylate tape. 
c) Percentage of silicon extracted.  
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a) b) 

  
Figure D.9 Fluorescence intensity post-curing of bulk silicone-rubbers of system 3 (Polymer 164, 
CRA, crosslinker 101-P, catalyst 2.2) at constant catalyst concentration. 90°C, λEx/λEm= 330/380 
nm. 
   a) Pt]= 105 ± 3 ppm;  b) [Pt]= 156 ± 4 ppm 
─•─     0 CRA, q= 2.0, Sp-3.2.2; Sp-3.3.2. 
─♦─   25 CRA, q= 3.9, Sp-3.15.2; Sp-3.16.2. 
─▲─   50 CRA, q= 5.9, Sp-3.28.2; Sp-3.29.2. 
─▼─   75 CRA, q= 7.5, Sp-3.41.2; Sp-3.42.2. 
─x─ 100 CRA, q= 9.0, Sp-3.54.2; Sp-3.55.2. 
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a) b) 

  

c) d) 

  

e) 
Figure D.10 Relative post-curing fluorescence 
intensity (FIrel) comparison between pyrene-
labelled silicone-coatings on PETP films and 
bulk silicone-rubbers with the same 
formulation of system 3 (Polymer 164, CRA, 
crosslinker 101-P, catalyst 2.2) at different 
CRA contents. FI measured at 90°C, λEx/λEm= 
330/380 nm and 45° angle coating-detector c.f 
Scheme 5.3.2. 
a)     0 CRA Sp-3.10.6;     b) 25 CRA Sp-3.66.6;  
c)   50 CRA Sp-3.67.6;     d) 75 CRA Sp-3.68.6;  
d) 100 CRA Sp-3.69.6.   
FIrel of PETP films with --•--1µm and --▲--2µm 
silicone-coating thickenss; --x-- FIrel of bulk 
silicone-rubbers. 
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Appendix E: Comparison of the Fluorescence Time-Scan 
curves and the Dynamic Moduli from Rheology Measurements 

during the Crosslinking Reaction of Covalent and non-
Covalent Fluorescent-Labelled Silicones 

 

a) b) 

  

Figure E.1 Comparison of the fluorescence time-scan curves (FI) to the dynamic moduli, G’ 
(storage modulus), G’’ (loss modulus), during crosslinking of silicones by hydrosilylation for the 
silicone formulation 1.7: q=1.9, [Pt]= 217 ppm. 
a) using mobile pyrene embedded into the silicone matrix, λEx/λEm= 330/380 nm. Sp-1.7.4 G’ (•••), G’’ 

(•••), FIpyrene (▬). 
b) using vinylpyrene covalently attached to the polymers, λEx/λEm= 280/395 nm. SVp-1.7.5 G’ (•••), G’’ 

(•••), FIvinylpyrene (▬), SVp-1.7.6 FIvinylpyrene (•••). 

 

a) b) 

  
Figure E.2 Comparison of the fluorescence time-scan curves (FI) to the dynamic moduli, G’ 
(storage modulus), G’’ (loss modulus), during crosslinking of silicones by hydrosilylation for the 
silicone formulation 1.19: q=3.1, [Pt]= 161 ppm. 
a) using mobile pyrene embedded into the silicone matrix, λEx/λEm= 330/380 nm. Sp-1.19.6 G’ (•••), 

G’’ (•••), FIpyrene (▬). 
b) using vinylpyrene covalently attached to the polymers, λEx/λEm= 280/395 nm. SVp-1.19.19 G’ (•••), 

G’’ (•••), FIvinylpyrene (▬). 
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a) b) 

  

Figure E.3 Comparison of the fluorescence time-scan curves (FI) to the dynamic moduli, G’ 
(storage modulus), G’’ (loss modulus), during crosslinking of silicones by hydrosilylation for the 
silicone formulation 1.23: q=3.1, [Pt]= 430 ppm. 
a) using mobile pyrene embedded into the silicone matrix, λEx/λEm= 330/380 nm. Sp-1.23.3 G’ (•••), 

G’’ (•••), FIpyrene (▬). 
b) using vinylpyrene covalently attached to the polymers, λEx/λEm= 280/395 nm. SVp-1.23.5 G’ (•••), 

G’’ (•••), FIvinylpyrene (▬). 

 

a) b) 

  

Figure E.4 Comparison of the fluorescence time-scan curves (FI) to the dynamic moduli, G’ 
(storage modulus), G’’ (loss modulus), during crosslinking of silicones by hydrosilylation for the 
silicone formulation 1.26: q=3.9, [Pt]= 214 ppm. 
c) using mobile pyrene embedded into the silicone matrix, λEx/λEm= 330/380 nm. Sp-1.26.6 G’ (•••), 

G’’ (•••), FIpyrene (▬). 
d) using vinylpyrene covalently attached to the polymers, λEx/λEm= 280/395 nm. SVp-1.26.8 G’ (•••), 

G’’ (•••), FIvinylpyrene (▬). 

 


