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Abstract 

 

Silicones are unique polymers with inorganic backbones that, in part, afford properties 

that cannot be matched by organic polymers. A short list of their many attractive properties 

includes thermal stability, chemical resistance, hydrophobicity, and physiological 

inertness. Such an intriguing combination of properties lends itself to an abundant and 

diverse array of applications ranging from aerospace sealants to automotive molding 

release agents to marine anti-corrosion/fouling coatings to medical prosthetic devices. 

Despite, and in some cases because of, their excellent properties there are challenges 

associated with this important class of polymers. This dissertation aims to explore some of 

these opportunities and offer new solutions. 

First, we focus on using fluoride ion (F-) catalyzed rearrangement of siloxane and 

silsesquioxane bonds as a new route to synthesize multi-functional and highly cross-linked 

silicone resin networks. The resulting monoliths and coatings exhibit high thermal and 

oxidative stability, up to >460°C. Our approach also allows for the typically difficult 

combination of hydrophobicity and wear resistance. 

Thereafter, we employ a mixed phenyl/methyl silicone resin synthesized via F- 

catalyzed rearrangement as a model system for our new recycling technique. Silicones, 

especially resins, are some of the most challenging polymers to recycle. Not only are they 

cross-linked thermosets, but their high temperature stability and inertness make them even 

more difficult to degrade by conventional recycling methods, such as pyrolysis. Here, we 

present the facile recycling of highly cross-linked silicones at ambient temperature and 

pressure via F- catalyzed rearrangement in solvent. Rigid virgin silicone resin cured at 

250°C becomes soluble in less than 24 h in the presence of F- and can be reapplied or cast 

easily. The recycled silicones maintain nearly 100% of key properties such as thermal and 

wear resistance. 



xxi 
 

We also show this technique works for commercially relevant silicone rubber and resin 

made by conventional means. In some cases, the properties of the recycled material is 

higher than the virgin material, which suggests the potential for up-cycling. 

Lastly, we explore a discovered opportunity presented by the nature of our recycling 

process. When the fully cured silicone resin dissolves in the presence of F-, the ratio of 

starting materials can be adjusted by the addition of new silicone building blocks. For 

example, increasing the phenyl content and cross-link density yields a silicone resin with 

a thermal stability of >530°C. The introduction of wholly new functionalities can modify 

the virgin silicone such that the recycled material can be used in a different, and possibly 

more demanding, application. For example, the introduction of 10 wt% of a phenyl 

functionalized silsesquioxane to a recycled commercial silicone resin via F- catalyzed 

rearrangement increased the Tg and thermal stability by 115°C and 30°C, respectively. 
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Chapter 1 

 

Introduction 

 

This dissertation describes our work on the synthesis, recycling, and modification of 

silicone resins and the characterization of their properties. This chapter contains 

background information on objectives, general concepts, and a review of pertinent 

literature as a foundation for the topics discussed in this dissertation. Section 1.1 provides 

an overview of the motivation for this research and project objectives. Section 1.2 provides 

background information on the structure, synthesis, and properties of silicones. Section 1.3 

provides a brief overview of silsesquioxanes. Section 1.4 describes the general chemical 

reactions used throughout this work. Lastly, section 1.5 provides a brief overview on the 

current status of polymer recycling. 

 

 

1.1 Research Motivation and Objectives 

 

Silicones or polysiloxanes are unique polymers with inorganic backbones of alternating 

silicon and oxygen atoms. Their low glass transition temperature, thermal stability, 

chemical inertness, and low coefficient of friction make silicones useful in many 

applications in the automotive, aerospace, cookware, and medical industries. Despite their 

many attractive properties, applications of silicones can be limited by mechanical property 

demands and environmental consciousness. Filling these gaps is the impetus of the work 

described in this dissertation. 

The primary research objectives were to develop facile routes to synthesize, recycle, 

modify, and optimize silicone resins. In Chapter 3, we demonstrate that fluoride ion 

catalyzed rearrangement reactions of silicone building blocks including silanes, siloxanes, 

and silsesquioxanes can be used as a new polymerization technique to form silicone resins 
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and their subsequent application as hydrophobic coatings that also exhibit wear resistance 

and high thermal and oxidative stabilities. Chapter 4 explores using the same facile route 

to solubilize and recycle highly cross-linked thermoset silicone resins and the retention of 

properties in the 2nd generation materials. In Chapter 5, we demonstrate the modification 

of silicone resins during the recycling dissolution reaction to introduce new functionalities 

that drastically change the properties of the resin from one generation to the next. Finally, 

in Chapter 6 we discuss potential future work for designing, synthesizing, recycling, and 

modifying not only silicone resins, but also other thermoset polymers based on the results 

of this dissertation. 

 

 

1.2 Introduction to Silicones 

 

The term silicone was coined by Kipping in 1901, but it is actually a misnomer. Kipping 

was using an analogy to ketones when describing polydiphenylsiloxane because he first 

thought there was an O doubled bonded to a Si and called it a silicoketone, which he 

shortened to silicone. Kipping was a silicon, silane, siloxane chemistry pioneer and the 

ACS Silicon Chemistry Award is named in his honor. The correct term for polymers with 

alternating Si and O atoms in their backbone is polyorganosiloxanes or polysiloxanes. 

However, the much more widely used term, silicone, will be used throughout this 

dissertation. Silicones have a low glass transition temperature, high thermal stability, 

chemical inertness, and low coefficient of friction making them useful in many applications 

in the automotive, aerospace, cookware, and medical industries. 

 

1.2.1 Definition, Structures, and Nomenclature 

 

As stated above polysiloxanes or silicones consist of an O-Si-O or siloxane backbone. 

Silicones can be in the form of fluids, elastomers (rubbers), or resins depending on their 

structure (Table 1.1). There are four types of monomer units used to build silicones with 

the letter designations M (monofunctional), D (difunctional), T (trifunctional), and Q 

(tetrafunctional), which can be used to define a so called MDTQ formula.  



3 
 

 

Table 1.1 Symbol, formula, and uses of polysiloxane (silicone) structural units1 

Valency Symbol General Formula Uses 

Mono M R3SiO1/2 

Chain end in silicone 

fluids 

Di D R2SiO2/2 

Linear polysiloxanes for 

silicone fluids and 

elastomers 

Tri T RSiO3/2 Silicone resins 

Tetra Q SiO4/2 Silicone resins 

 

D units can be linked together to form linear polysiloxanes of low to high molecular 

weight and take the form of silicone fluids. The most industrially important polysiloxane, 

polydimethylsiloxane (PDMS), is formed when both functional R groups in the linear 

polymer are methyl groups. If the functional groups in the D unit are cross-linkable then 

silicone elastomers can be formed. Silicone fluids and elastomers are based on linear 

polysiloxanes, but silicone resins are highly branched due to large amounts of T and Q 

units. Silicone resins can also contain D units to add flexibility as well as M units. 

 

1.2.2 Silicone Polymerization Techniques 

 

The commercial production of silicones begins with the Direct Process, which was 

developed independently in the early 1940s by Eugene Rochow in the United States and 

Richard Müller in Germany. The reaction (Scheme 1.1) is carried out in a fluidized bed of 

ground silicon metal with a copper catalyst, which is exposed to chloromethane gas at 

300°C under pressure. The major product of the reaction is dichlorodimethylsilane, the 

principal precursor to making silicones. 
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Scheme 1.1 The Direct Process to synthesis silicone precursor dichlorodimethylsilane 

 

Linear and cyclic polyorganosiloxanes are formed by hydrolysis or methanolysis of 

organodichlorosilanes, typically dimethyldichlorosilane.2 Control of the process favors 

formation of cyclic siloxanes, such as octamethylcyclotetrasiloxane (D4 or MeD4) in 

Scheme 1.2, or linear oligomeric dimethylsiloxanes typically terminated with hydroxyl 

groups, Scheme 1.3. Polysiloxanes can then be formed either by equilibrating ring opening 

polymerization of cyclic organosiloxanes (Scheme 1.4) or by anionic catalyst (cationic 

catalysis is also possible). Polysiloxanes can also be formed by the polycondensation of 

linear oligomeric dimethylsiloxanes (Scheme 1.5; acid catalyzed).1,3 It is also possible to 

make siloxane based copolymers by copolymerizing D4 with another cyclosiloxane with a 

different functionality such as phenyl, vinyl, alkyl, or trifluoropropyl.4 

 

 

Scheme 1.2 Formation of octamethylcyclotetrasiloxane (D4) via hydrolysis of 

dimethyldichlorosilane 

 

 

Scheme 1.3 Formation of hydroxyl-terminated oligomeric dimethylsiloxanes via 

hydrolysis of dimethyldichlorosilane 
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Scheme 1.4 Ring opening polymerization of D4 to PDMS 

 

 

Scheme 1.5 Polycondensation of hydroxyl-terminated oligomeric dimethylsiloxanes to 

PDMS 

 

1.2.3 Types and Properties of Silicones 

 

Silicone fluids are uncross-linked and branch free linear polysiloxanes that have a 

MDTQ formula of MDxM where x = 2 - 4000. The functional groups on the D unit can be 

methyl (PDMS), phenyl, a mix of methyl and phenyl, a mix of methyl and hydrogen, a mix 

of methyl and alkyl, or trifluoropropyl. These high thermal stability fluids perform well at 

low temperatures and have good hydrophobic, release, antifriction, lubricating, dielectric, 

and damping properties.1 Due to the excellent combination of properties silicone fluids 

have applications as heat transfer media, refrigerants, waterproof coatings, lubricants, and 

cosmetics (odorless, tasteless, physiologically inert).  

Linear polysiloxanes with cross-linkable functional groups in the backbone or on the 

chain ends can be cured to form silicone elastomers in several different ways. These cross-

linkable unsaturated C=C bonds can undergo radical polymerization with heat in the 

presence of a peroxide initiator and produce acid byproducts.5 Unsaturated C=C bonds 

from incorporated vinyl groups can also undergo hydrosilylative curing (in the presence of 

metal catalysts) with Si-H bonds in either the backbone or with short sidechain cross-

linkers (i.e. methylhydrogensiloxanes), which does not form byproducts like radical curing 

with peroxides.1 Increased cross-link density increases the modulus and hardness of the 

elastomer, but typically silica is also incorporated as a reinforcing filler, which increases 
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the tensile strength.6,7 Low cross-link densities can also be targeted to achieve very soft 

materials or gels.  

Silicone elastomers can also be cross-linked by ambient moisture at room temperature 

in so called one component and two component RTV (room temperature vulcanizing) 

silicones. These systems typically use a tin catalyst to achieve complete cure. One 

component RTV silicones are formulated from hydroxyl terminated polysiloxanes with an 

excess amount of methyltriacetoxysilane, which first reacts with the hydroxyl group to 

create reactive end groups (Scheme 1.6).8 The excess silane serves two purposes. First, the 

excess reduces the probability of two chain ends reacting with the same silane molecule. 

Second, the chain ends are blocked by two acetoxy groups which suppress cross-linking 

allowing the liquid to be sealed in containers for later use.  

 

 

Scheme 1.6 Hydroxyl terminated polysiloxane reacting with methyltriacetoxysilane cross-

linker to form end blocked intermediate for one component RTV silicone elastomer 

 

On opening the container, the excess methyltriacetoxysilane and reactive chain ends 

are hydrolyzed by ambient moisture forming SiOH, which then reacts with remaining 

acetoxy groups to create the cross-linked elastomer and acetic acid byproduct (Scheme 

1.7).8 Other hydrolyzable silanes can be used as cross-linkers, but all form byproducts such 

as alcohols, amines, or oximes. The corrosive nature of acetic acid, the condensation 

byproduct, can limit the use of RTV silicones.  

Two component RTV silicones require the mixing of a hydroxyl functionalized 

polysiloxane and silane cross-linker at the time of use. They also use tin catalysts and 

produce byproducts, but do forego the intermediate end blocking reaction. 
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Scheme 1.7 Cross-linking of RTV silicone elastomer upon exposure to humidity 

 

The final properties of silicone elastomers vary depending on cross-link density, filler 

type/amount, copolymerization, backbone structure, etc., which lead to very diverse 

applications. High thermal stability, hot air resistance, oxidation resistance, and flame 

retardancy make silicone elastomers ideal for tubing, gaskets, fixtures, sealants, and 

coatings in automotive and aerospace applications.9-11  

Due to their physiological inertness, silicone elastomers are used in food contact 

applications as well as medical applications such as prosthetics, implants, catheters, and 

heart valve seals.12-13 Silicone elastomers have strong adhesion to metal and glass 

substrates and provide a low surface energy, low friction, non-stick, hydrophobic surface 

suitable for applications in casting, mold making, mold release, water repellant coatings, 

anti-graffiti coatings, cookware, and the paper industry.14-16 

Unlike silicone fluids and elastomers, which are linear polysiloxanes comprised of only 

D and M units, silicone resins also contain T and Q units. These tri- and tetra- functional 

units are used to create highly branched and cage-like networks with a high cross-link 

density. A combination of units is typically used to balance properties, for example, pure 

T-resins can be brittle, but adding D or M units increases elasticity and adhesion.1 Similar 

hydrolysis and alcoholysis processes to those mentioned above are used to produce silicone 

resins. Silicone resins are also cured by the mechanisms mentioned above, with the most 

common method being metal catalyzed condensation.1 A 2-D idealized silicone resin 

containing all four monomer units is shown in Figure 1.1 
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Figure 1.1 An idealized silicone resin structure, where R = methyl, phenyl, etc.; Orange Si 

= M unit, Green Si = D unit, Red Si = T unit, Blue Si = Q unit 

 

Silicone resins combine high temperature, oxidation, and UV stability as well as 

resistance to acids, oils, and water making them ideal for many coating applications 

including release, hydrophobic, oleophobic, abrasion resistance, chemical resistance, anti-

corrosion, protective, decorative, insulating, anti-fouling, sealants, and paints.1,14-16  

 

 

1.3 Introduction to Silsesquioxanes 

 

The word silsesquioxane can be broken up into four terms that provide the general 

formula (RSiO1.5)n: sil- (silicon), -sesqui- (one and a half), -ox- (oxygen), and -ane 

(hydrocarbon R group). Thus, the name itself indicates that silsesquioxanes (SQs) are 

comprised of T units (RSiO1.5) where the ratio of R group to silicon to oxygen is 1:1:1.5. 

The R groups can be hydrogen or many different alkyl, alkenyl, aryl, arylene, or siloxy 

groups. This combination of organic R groups and inorganic Si-O-Si framework make SQs 

organic-inorganic hybrid materials with properties intermediate of ceramics and polymers. 

The inorganic component provides inertness and thermal and oxidative stability while the 

organic components can provide reactivity, polymer miscibility, and a wide range of 

functionalities.  
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These hybrid materials have unique and tailorable multi-functional properties that offer 

utility for a plethora of applications including components in polymer nanocomposites, 

catalyst, models for silica surfaces and heterogeneous catalysts, low-k dielectrics, 

antimicrobial agents, emitting layers in organic light-emitting diodes, and coatings.17-39 In 

particular, SQs have been used to enhance the mechanical and thermal properties of many 

common polymers40,41 including  PDMS as nanofillers and cross-linkers.7,42-45
 Vinyl42-44 or 

epoxy45 functionalized T8 SQs were used as cross-linkers for vinyl or epoxy terminated 

linear PDMS chains to create cross-linked silicone rubbers.  

SQs can have random, ladder, partial cage, or cage structures (Figure 1.2).46-64 Random 

SQs are polymeric and have no long-range order. Ladder structured SQs have been made 

on an oligomeric scale, but polymeric forms have not.47 Partial cage structures are not fully 

condensed meaning they contain silanol groups at one or more cage corners. Cage 

structures, as well as random and ladder structures, are completely condensed without any 

-OH groups.  

 

 

Figure 1.2 Silsesquioxane (SQ) structures47,65,66 
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Typical SQ syntheses are by acid or base catalyzed hydrolysis and condensation of 

trichloro- or trialkoxy-silanes as shown in Scheme 1.8. This general route is a complex 

multi-step process where the structure of the final product is interdependent on the various 

reaction conditions and is slow with low yields.58-61 

 

 

Scheme 1.8 Traditional hydrolytic condensation reaction to produce SQs 

 

 

1.4 Introduction to Fluoride Ion Catalyzed Rearrangement Reactions 

 

The inspiration for the silicone polymerization (Chapter 3), recycling (Chapter 4), and 

in situ modification (Chapter 5) methods developed for this dissertation come from the 

fluoride ion (F-) catalyzed rearrangement reaction developed by the Laine Group as a facile 

synthetic route to silsesquioxanes.65-70 Unlike traditional hydrolytic condensation reactions 

this route has much higher yields, > 98% in many cases, for T10 and T12 SQs. 

The first example of F- catalyzed rearrangement from our group used 1-2 mol% of 

tetrabutylammonium fluoride (TBAF) to convert polymeric SQs into discrete T10 and T12 

SQ cages (Scheme 1.9).65,67 The cages were recovered by capturing the F- with CaCl2 to 

form insoluble CaF2, filtering out the solid, and collecting the product by either solvent 

removal or precipitation. SQs with mixed vinyl/methyl and vinyl/phenyl were synthesized 

by rearranging polyvinylsilsesquioxane [vinylSiO1.5]n and polymethylsilesquioxane 

[MeSiO1.5]n or polyphenylsilsesquioxane [PhSiO1.5]n in solution with the F-. The ratio of 

functional groups was statistically controlled by the ratio of starting materials. 
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Scheme 1.9 F- catalyzed rearrangement of polymeric SQ into T10 and T12 SQ cages 

 

Our group also showed that two mono-functional T8 SQs rearrange in the presence of 

F- to form T10 and T12 cages with statistically controlled mixed functionality (Scheme 

1.10).68 In this work, octaaminophenylsilsesquioxane [aminophenylSiO1.5]8 and 

octaphenylsilsesquioxane [phenylSiO1.5]8 were rearranged to create bifunctional SQs that 

were then reacted with a di-epoxy to create beads on a chain polymers. 

 

 

Scheme 1.10 F- catalyzed rearrangement of T8 SQ into T10 and T12 SQ cages 

 

The mechanism of the F- catalyzed rearrangement reaction was mostly unknown until 

recently when Furgal et al. conducted an exhaustive experimental and computational 

analysis of likely reaction pathways.70 This work focused on forming phenyl T10 SQ, 

decaphenylsilsesquioxane [PhSiO1.5]10, from different starting materials including 

[PhSiO1.5]8 and oligomeric or polymeric [PhSiO1.5]n. Yields up to 50% were achieved for 

the difficult to isolate [PhSiO1.5]10. The F- catalyzed rearrangement mechanism was found 

to be highly complicated with many intermediate steps and the equilibration of many 

different soluble intermediate species, some of which are shown in Figure 1.3. The most 

likely pathway at RT based on activation energies was suggested to be a hybrid mechanism 

involving both F- and water. 
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Figure 1.3 Soluble intermediate species during F- catalyzed rearrangement of T8 SQ, 

spheres represent capped corners70 

 

 

1.5 Overview of Polymer Recycling 

 

A brief overview of the current status of plastic recycling provides perspective for the 

motivation and importance of work described later in Chapters 4 and 5. Large scale 

production of polymers only began in the 1950s, but today they are ubiquitous in modern 

society.  Not only can polymers be found in an endless list of products essential to everyday 

life, but they can also be found in most aquatic and terrestrial ecosystems.  

A recent study estimated that approximately 8.3 billion metric tons of plastic was 

produced globally between 1950 and 2015.71 The rate of plastic production continues to 

increase rapidly and nearly half of the total plastic production occurred in the last 13 years 

of the study’s timeframe. After the start of commercial plastic production essentially all 

polymer products were discarded until 1980 when incineration and recycling techniques 

began to come online (Figure 1.4). Since then, the rates of incineration and recycling have 

increased to 24% and 18%, respectively, in 2014. 
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Figure 1.4 Global rates for recycling, incineration, and discard of all plastic waste71 

 

In addition to, or perhaps in light of, understanding the history of plastic waste 

production and final destination, it is imperative that we look at what will happen in the 

future. The same study by Geyer et al. used historical trends to make the future projections 

shown in Figure 1.5. The cumulative plastic waste generated by 2050 was estimated to 

reach 26 billion metric tons (plus an additional 8 billion metric tons in fibers and additives 

not shown in the graph) with 12 billion metric tons discarded.71 In this context it is 

important to note that the term “discarded” means both landfilled and discarded into the 

environment where the polymers can be consumed by or kill animals and leach compounds 

into soil or water thereby creating numerous pathways for harmful substances to ultimately 

end up in human bodies as well. 
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Figure 1.5 Cumulative global plastic waste generation and disposal, historical data and 

future projections represented by solid and dashed lines respectively71 

 

The only plastic waste streams recycled on an industrial scale are thermoplastic 

polymers because they have a melting point at which they begin to flow. Heating a 

thermoplastic polymer adds thermal energy that allows for thermal motion of the polymer 

chains transforming it from a solid to a viscous liquid. Thus, a virgin thermoplastic product 

can be melted, reshaped, and cooled to hold a new shape for a new product. The most 

commonly recycled thermoplastics are: polyethylene terephthalate (PET), high density 

polyethylene (HDPE), low density polyethylene (LDPE), polypropylene (PP), polystyrene 

(PS), and polyvinylchloride (PVC). 

Thermosetting polymers or thermosets account for 18% of all polymers produced 

annually72 and are difficult to recycle because they do not have a melting point. Thermosets 

have cross-links between the polymer chains that prevent the chain movement necessary 

for the material flow with heat (Figure 1.6). Therefore, thermosets are used in applications 

that require high operating temperatures instead of thermoplastics. At sufficiently high 

temperatures thermosets will degrade. Silicone resins, which are highly cross-linked, have 

high thermal stability for polymeric materials due to the cross-links as well the inorganic 
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siloxane, rather than organic carbon, backbone or network. The high thermal and oxidative 

stability makes recycling silicone rubbers and resins especially difficult as discussed later 

in Chapter 4. 

 

 

Figure 1.6 Schematic of thermoplastic and thermoset polymer behavior upon heating 

 

One of the biggest obstacle to higher recycling rates of plastic waste is generally agreed 

to be the collection (and sorting) of plastic waste.73,74 However, as logistical, technological, 

and economic factors drive plastic waste collection forward, the scientific community 

needs to provide low cost, low energy, and easy to scale ways to recycle all plastic waste 

including difficult to recycle polymers like thermosets and specifically silicones.  

Our research described in this dissertation presents a new technique for recycling 

silicones (Chapter 4) inspired by the F- catalyzed rearrangement reaction used to synthesize 

SQs. This method is low energy, easy to scale, and allows for near 100% retention of key 

properties. Our new approach also presents an opportunity for the in situ modification of 

the recycled silicone (Chapter 5), thus providing the ability to enhance or modify key 

properties to potentially expand the applications of the recycled silicone. 
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Chapter 2 

 

Experimental Techniques 

 

2.1 Materials 

 

Phenyltriethoxysilane, octamethylcyclotetrasiloxane (D4), (tridecafluoro-1,1,2,2-

tetrahydrooctyl)triethoxysilane (PFS), methacryloxypropyltrimethoxysilane (MAS), 

vinyltrimethoxysilane, and fumed silica (12-20 nm) were purchased from Gelest, Inc. 

Acetone and tetrahydrofuran (THF) were purchased from VWR. Tetrabutylammonium 

fluoride (TBAF, 1.0 M in THF) and azobisisobutyronitrile (AIBN) were purchased from 

Sigma-Aldrich. SILRES REN 50 and ELASTOSIL E10 silicones were provided free from 

Wacker Chemie. All chemicals were used as received without further purification. 

Dodecaphenylsilsesquioxane (DDPS) was synthesized using previously reported 

methods.1-11 All reactions were conducted at room temperature in the presence of air. 

 

 

2.2 Analytical Techniques 

 

Thermal Gravimetric Analyses (TGA) 

Thermal stability evaluated via a Q600 SDT simultaneous differential scanning 

calorimetry / TGA instrument (TA Instruments Inc., New Castle, DE). Thin monoliths 

were cast from solution. Samples (5-10 mg) were cut from the monoliths, loaded into 

alumina pans and ramped at 10°C/min to 1000°C in either a N2 or air flow of 100 ml/min. 

 

Differential Scanning Calorimetry (DSC) 

Calorimetry studies were performed using a Q20 DSC instrument (TA Instruments Inc., 

New Castle, DE) with a N2 flow rate of 50 ml/min. Samples (5-10 mg) were placed in a
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crimped Tzero pan. Samples were heat at 20 °C/min and cooled at 10 °C/min to various 

desired temperatures. 

 

Dynamic Mechanical Analyses (DMA) 

All DMA experiments were performed using a Q800 DMA instrument (TA Instruments 

Inc., New Castle, DE) equipped with a single cantilever stage and in the presence of air. 

DMA sample bars were cut from cast monoliths to approximately 7 x 35 x 2 mm. Cured 

samples were polished on a wet polishing wheel with increasing grit 400 - 1600. Samples 

were ramped at 3 °C/min to various desired temperatures. 

 

Thermomechanical Analyses (TMA) 

All TMA experiments were performed using a Q400 TMA instrument (TA Instruments 

Inc., New Castle, DE) equipped with an expansion probe and under a N2 flow rate of 50 

ml/min. Cured samples were cut to approximately 2 x 5 x 5 mm. Heating and cooling ramp 

rates were 5 °C/min. 

 

Scanning Electron Microscopy (SEM) 

SEM was performed with a Hitachi S-3400N scanning electron microscope in variable 

pressure mode (15-50 Pa) with the backscatter electron detector set in composition mode 

and with an accelerating voltage of 5-10 kV. 

 

Energy Dispersive X-ray Spectroscopy (EDS) 

EDS was performed with a Bruker Nano X-Flash detector (410-M) equipped on the 

SEM with an accelerating voltage of 10-15 kV. 

 

Gas Chromatography - Mass Spectrometry (GC-MS) 

GC-MS analyses were done on a Thermo Scientific TRACE 1310 system equipped 

with a Thermo Scientific TG-5MS column (60 m length, 0.25 mm I.D., 0.25 µm film 

thickness, 5% diphenyl-/95% dimethylpolysiloxane stationary phase) and an ISQ LT single 

quadrupole mass spectrometer (electron impact ionization). Thermal desorption was 
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performed using a CDS Analytical Pyroprobe 5000 with a Tenax TA trap by heating ≈15 

mg samples at 10°C/min to 50°C above cure temperature and holding for 15 min. 

 

Water Contact Angle Measurement 

Droplets (10 µL) of distilled water pipetted onto a coated surface were photographed 

edge-on and measured with the aid of PowerPoint. WCA measurements were repeated on 

three different areas of each coating and reported as an average with the standard deviation. 

 

Wear Resistance 

A 25 x 75 mm strip of the coating was abraded by rubbing a 100 g weighted (2 kPa) 

piece of 2000 grit silicon carbide sandpaper back and forth at a rate of approximately 50 

mm/s (Figure 2.1). A combined back and forth motion was considered one wear cycle and 

WCAs were measured after 50, 100, 150, and 200 cycles. Wear tests were repeated on 

three different areas of each coating and an average WCA was reported with the standard 

deviation. This type of weighted sandpaper abrasion test has been used to test wear 

resistance on polymeric coatings and Milionis et al. recently reported in a review that a 

linear abrasion test method had the most potential as a universal standard for testing the 

durability of superhydrophobic coatings.12-14 

 

 

Figure 2.1 Linear wear test set up with 2000 grit sandpaper and 100g weight (2kPa) 
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Coating Adhesion 

Standard tape adhesion tests were performed on coated substrates using an Elcometer 

107 cross-hatch cutter to score a cross-hatch pattern into and through the coating thus 

exposing the substrate in the cuts. ASTM adhesive tape was then pressed onto the cross-

hatch and peeled according to ASTM D3359 and evaluated on a 0B-5B scale from poor to 

excellent adhesion. 

 

 

Figure 2.2 Coating tape adhesion test scale according to ASTM D335915 
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Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR spectra in the range 4000 - 400 cm-1 were recorded with a Bruker Alpha Platinum 

Attenuated Total Reflection Infrared (ATR-IR) spectrometer. Samples were either thin 

films or cast monoliths with smooth surfaces for adequate contact. 

 

 

2.3 Synthetic Methods           

 

2.3.1 Synthesis of Dodecaphenylsilsesquioxane (DDPS) 

     

Dodecaphenylsilsesquioxane (DDPS) was synthesized using previously described 

methods.1-11 To a dry single neck 1000 ml round bottom flask equipped with magnetic 

stirring was added 100 g phenyltriethoxysilane, 400 ml THF, 44 ml distilled water, and 20 

ml TBAF (1.0M in THF). After 48 h a white precipitate started to form. The reaction was 

allowed to stir at RT in air for 4 weeks. The precipitate was filtered and washed with THF. 

The white powder was dried at 75°C for 18 h. The yield was 52.80 g (98%).  

 

2.3.2 Synthesis of Silicone Resins 

        

Fluoride Ion Catalyzed Rearrangement of DDPS and D4 (1 Ph : 1 Me) 

 DDPS (2.50 g, 1.613 mmol), D4 (0.718 g, 2.420 mmol), and TBAF 0.01 M in THF 

(28.96 g) were added to a dry single neck 250 ml round bottom flask equipped with 

magnetic stirring and stirred at RT for 7 d. Coating concentration was 10 wt % and the ratio 

of functional groups was 1 Ph : 1 Me.  

 

Fluoride Ion Catalyzed Rearrangement of DDPS and D4 (1 Ph : 4 Me) 

DDPS (2.5 g, 1.613 mmol), D4 (2.87 g, 9.676 mmol), and TBAF 0.01 M in THF (48.33 

g) were added to a dry single neck 250 ml round bottom flask equipped with magnetic 

stirring and stirred at RT for 7 d. Coating concentration was 10 wt % and the ratio of 

functional groups was 1 Ph : 4 Me. 
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Fluoride Ion Catalyzed Rearrangement of DDPS and D4 (2 Ph : 1 Me) 

DDPS (10.0 g, 6.452 mmol), D4 (1.435 g, 4.841 mmol), and TBAF 0.04 M in THF 

(102.92 g) were added to a dry single neck 250 ml round bottom flask equipped with 

magnetic stirring and stirred at RT for 7 d. Coating concentration was 10 wt % and the ratio 

of functional groups was 2 Ph : 1 Me. 

 

Fluoride Ion Catalyzed Rearrangement of DDPS, D4, and PFS (1 Ph : 1 Me : 1 PFS) 

DDPS (2.50 g, 1.613 mmol), D4 (0.718 g, 2.420 mmol), PFS (9.879 g, 19.356 mmol), 

and TBAF 0.01 M in THF (117.87 g) were added to a dry single neck 250 ml round bottom 

flask equipped with magnetic stirring and stirred at RT for 7 d. Coating concentration was 

10 wt % and the ratio of functional groups was 1 Ph : 1 Me : 1 PFS. 

 

Fluoride Ion Catalyzed Rearrangement of DDPS, D4, PFS, and MAS (1 Ph : 1 Me : 1 PFS 

: 1 MAS) 

DDPS (2.50 g, 1.613 mmol), D4 (0.718 g, 2.420 mmol), PFS (9.879 g, 19.356 mmol), 

MAS (4.807 g, 19.356 mmol), AIBN (159 mg, 0.968 mmol), and TBAF 0.01 M in THF 

(162.57 g) were added to a dry single neck 250 ml round bottom flask equipped with 

magnetic stirring and stirred at RT for 7 d. Coating concentration was 10 wt % and the ratio 

of functional groups was 1 Ph : 1 Me : 1 PFS : 1 MAS. 

 

Fluoride Ion Catalyzed Rearrangement of DDPS, D4, PFS, and MAS + 3 wt % silica 

nanoparticles 

DDPS (2.50 g, 1.613 mmol), D4 (0.718 g, 2.420 mmol), PFS (9.879 g, 19.356 mmol), 

MAS (4.807 g, 19.356 mmol), AIBN (159 mg, 0.968 mmol), SiO2 (0.542 g , 9.021 mmol), 

and TBAF 0.01 M in THF (167.45 g) were added to a dry single neck 250 ml round bottom 

flask equipped with magnetic stirring and stirred at RT for 7 d. Coating concentration was 

10 wt % and the ratio of functional groups was 1 Ph : 1 Me : 1 PFS : 1 MAS. Coating 

solution was sonicated in a sealed vial using a Bransonic ultrasonic bath (40kHz) for 30 

min prior to application. 
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2.3.3 Recycling of Silicone Resins 

 

Silicone resin monoliths were cast from 10 wt % solutions in open aluminum or Teflon 

dishes (i.d. = 75 mm). The solvent was allowed to evaporate in a fume hood overnight 

followed by heating to 50°C for 4 h, 100°C for 4 h, and the final temperature (up to 250°C) 

for 18 h. Cured resin pieces (2.0 g) were added to a dry single neck 250 ml round bottom 

flask equipped with magnetic stirring. TBAF/THF (18.0 g) solution at molar 

concentrations of either 0.1 M, 0.01 M, or 0.002 M was added to the flask and stirred until 

all solids dissolved. Recycled resins were spray coated or cast into monoliths and cured in 

the same manner as virgin resin as described below.  

 

2.3.4 In situ Modification During Recycling of Silicone Resins 

 

Monoliths of virgin silicone resin cured at 250°C were first recycled as described in 

section 2.3.3. Once all of the resin dissolved then DDPS, D4, or PFS was added to the 

stirring solution to modify the ratio of functional groups as described below. 

 

Fluoride Ion Catalyzed Recycling of 1 Ph : 1 Me Silicone Resin and Modification to 2 Ph 

: 1 Me Silicone Resin 

To a dry single neck 250 ml round bottom flask equipped with magnetic stirring was 

added 1 Ph : 1 Me silicone resin (2.0 g, cured at 250°C) and TBAF 0.04 M in THF (18.0 

g). The solid resin pieces were stirred for 7 days at ambient and were completely dissolved. 

DDPS (1.554 g, 1.002 mmol) was added along with additional TBAF 0.04 M in THF 

(13.99 g) to maintain a 10 wt % concentration of resin. All solids were dissolved after an 

additional 7 days stirring at RT in the presence of air. 

 

Fluoride Ion Catalyzed Recycling of 1 Ph : 1 Me Silicone Resin and Modification to 1 Ph 

: 4 Me Silicone Resin 

To a dry single neck 250 ml round bottom flask equipped with magnetic stirring was 

added 1 Ph : 1 Me silicone resin (2.0 g, cured at 250°C) and TBAF 0.01 M in THF (18.0 
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g). The solid resin pieces were stirred for 7 days at ambient and were completely dissolved. 

D4 (1.338 g, 4.511 mmol) was added along with additional TBAF 0.01 M in THF (12.04 

g) to maintain a 10 wt % concentration of resin. All solids were dissolved after an additional 

7 days stirring at RT in the presence of air. 

 

Fluoride Ion Catalyzed Recycling of 1 Ph : 1 Me Silicone Resin and Modification to 1 Ph 

: 4 Me : 1 PFS Silicone Resin 

To a dry single neck 250 ml round bottom flask equipped with magnetic stirring was 

added 1 Ph : 1 Me silicone resin (2.0 g, cured at 250°C) and TBAF 0.01 M in THF (18.0 

g). The solid resin pieces were stirred for 7 days at ambient and were completely dissolved. 

D4 (1.338 g, 4.511 mmol) and PFS (4.604 g, 9.021 mmol) was added along with additional 

TBAF 0.01 M in THF (53.48 g) to maintain a 10 wt % concentration of resin. All solids 

were dissolved after an additional 7 days stirring at RT in the presence of air. 

 

Fluoride Ion Catalyzed Recycling of SILRES Silicone Resin and Modification with 10 wt 

% DDPS 

To a dry single neck 250 ml round bottom flask equipped with magnetic stirring was 

added SILRES silicone resin (2.0 g, cured at 250°C) and TBAF 0.01 M in THF (18.0 g). 

The solid resin pieces were stirred for 7 days at ambient and were completely dissolved. 

DDPS (0.20 g, 0.129 mmol) was added along with additional TBAF 0.01 M in THF (1.8 

g) to maintain a 10 wt % concentration of resin. All solids were dissolved after an additional 

7 days stirring at RT in the presence of air. 

 

 

2.4 Coating Application 

 

Coating solutions, 10 wt % resin in THF, were used throughout this work along with 

standard spraying conditions to maintain consistent coating thicknesses. Aluminum alloy 

2024 coupons (0.81 x 76.2 x 152.4 mm) were cleaned with an aqueous alumina slurry to 

remove the oxidation layer, rinsed with distilled water, rinsed with acetone, and dried with 

an air flow. Clean and dry coupons were spray coated using a DeVilbiss gravity HVLP 
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spray gun with 10-15 psi of air flow. Coated samples were allowed to dry at ambient for 5 

minutes before curing up to 250°C for 18 h. Coated samples were allowed to rest at ambient 

for at least 24 h before testing. 

 

 

2.5 Monolith Casting 

 

Thin (< 1 mm) monoliths of resin for TGA, DSC, FTIR, GC-MS, and EDS were cast 

from 10 wt % solutions in open aluminum or Teflon dishes (i.d. = 48 mm). The solvent 

was allowed to evaporate in a fume hood overnight followed by heating to 50°C for 4 h, 

100°C for 4 h, and the final temperature (150°C, 200°C, or 250°C) for 18 h. Thicker (2-3 

mm) monoliths for DMA and TMA studies were cast in larger (i.d. = 73 mm) Teflon dishes 

and required longer drying times at lower temperatures with slower ramps up to 100°C 

before heating to final a cure temperature of 250°C. Sample surfaces were polished smooth 

using a wet polishing wheel by increasing the grit from 400 to 1600. 
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Chapter 3 

 

Silicone Resin Coatings via Fluoride Ion Catalyzed Rearrangement 

 

Published: Krug, D. J.; Laine, R. M. ACS Appl. Mater. Interfaces 2017, 9, 8378-8383.  

 

There have been many successful efforts to enhance the water shedding properties of 

hydrophobic and superhydrophobic coatings, but durability is often a secondary concern. 

Here we describe durable and hydrophobic coatings prepared via fluoride catalyzed 

rearrangement reaction of dodecaphenylsilsesquioxane [PhSiO1.5]12 (DDPS) with 

octamethylcyclotetrasiloxane (D4). Hydrophobic properties and wear resistance are 

maximized by incorporating both low surface energy moieties and cross-linkable moieties 

into the siloxane network. Water contact angles as high as 150° ± 4° were achieved even 

after 150 wear cycles with SiC sandpaper (2000 grit, 2 kPa). These silicone resin coatings 

also have high thermal stabilities after curing at 250°C (Td5% ≥ 340°C in air) due to the 

siloxane network with a maximum Td5% of > 460°C measured for the system with the 

highest silsesquioxane content. The coating systems presented here offer a unique 

combination of hydrophobicity and mechanical/thermal stability and could greatly expand 

the utility of water repellent coatings. 
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3.1 Introduction 

 

Hydrophobic and superhydrophobic surfaces continue to attract much attention due to 

their numerous potential applications including non-wetting,1,2 self-cleaning,3-5 anti-

fogging,6,7 and low-adhesion properties.8,9 Hydrophobic and superhydrophobic surfaces 

are typically characterized as having static water contact angles (WCAs) of >90° and 

>150°, respectively, as shown in Figure 3.1. The WCA of a smooth surface has been shown 

to be limited to ≈120° for low surface energy materials like fluoropolymers, e.g. 

poly(tetrafluoroethylene), due to the small atomic radius and high electronegativity of 

fluorine.10,11  

 

 

Figure 3.1 Schematic of water contact angles from hydrophilic to superhydrophobic 

 

The surface of the lotus leaf has inspired researchers to explore nanoscale roughness to 

achieve higher WCAs in synthetic materials by mimicking the leaf’s nanoscale wax 

covered microscale protrusions.12 The lotus leaf WCA is about 160° (Figure 3.2), which 

provides self-cleaning properties as water rolling off the surface carries contaminants with 

it.3,13 This phenomenon, “the lotus-leaf effect,” arises from the surface morphology, which 

can be described by the Cassie-Baxter model (Figure 3.2) where air pockets are trapped 

between micro- and nano-structured features.14,15 The surface roughness maximizes the 

contact between water and air, which has a WCA of 180°.  
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Figure 3.2 Water on a lotus leaf17 (left) and a schematic of the Cassie-Baxter model (right)  

 

Many research groups have mimicked the lotus-leaf effect to successfully create 

surfaces with hierarchical scale roughness.16,17 Li et al. generated a WCA of 158.5° on an 

aligned, densely packed carbon nanotube (dia. ≈ 60 nm) array, which increased to 166° 

after coating with fluoroalkylsiloxane.18 Shang et al. made superhydrophobic silica films 

(average particle size, APS ≈ 100 nm) via sol-gel processing Si(OEt)4 followed by a self-

assembled monolayer of a fluoroalkylsilane, which resulted in a 165° WCA.19 Bravo et al. 

used layer-by-layer processing to stack layers of 20 and 50 nm (APS) silica nanoparticles 

on top of adhesive layers of a polysulfonate to make a superhydrophobic (160°) coating 

with high transparency on glass (Figure 3.3).20 Qu et al. used nitric acid/hydrogen peroxide 

to etch metal alloys to create nano-scale roughness with WCAs of 150-160° after surface 

treating with fluoroalkylsilane.21  

 

 

Figure 3.3 Superhydrophobic coating containing silica nanoparticles on glass20 
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Perfluoroalkylsilane coatings offer very low surface energies, typically 14 mN/m 

(Table 3.1).20,22,23 Polydimethylsiloxane (PDMS) is also used extensively offering 

comparable low surface energy (20 mN/m),24 good thermal and oxidative stability, low Tg, 

and biocompatibility.25,26 However, silicones are well known to exhibit poor mechanical 

properties and susceptibility to tearing as coating thicknesses increase. 

 

Table 3.1 Surface energy of common polymers, aluminum, and glass 

Material Surface Energy (mN/m) 

Polytetrafluoroethylene 14 

Silicone 20 

Polyethylene 31 

Polyvinyl chloride 39 

Nylon 66 43 

Aluminum ≈ 500 

Glass ≈ 1000 

 

We too were able to make superhydrophobic coatings with the combination of silicone, 

perfluoroalkylsilane, and silica nanoparticles. Octamethylcyclotetrasiloxane (D4) and 

(tridecafluoro-1,1,2,2-tetrahydrooctyl)triethoxysilane (PFS) along with a small amount of 

vinyltrimethoxysilane and 3 wt % silica nanoparticles (20 nm) were stirred in THF in the 

presence of fluoride ion. This fluoride rearrangement reaction as a pathway to silicone resin 

polymerization, described above in section 1.4 and in more detail below, was used to make 

as series of superhydrophobic coatings on aluminum substrates (Figure 3.4). An angled 

stream of water from a lab squeeze bottle onto the coated substrate bounces off at a 

deflected angle. Water droplets bounce off the surface and/or roll away. However, all 

efforts yielded highly friable coatings that could be easily worn away with a single rub of 

the finger. 
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Figure 3.4 Water bounces off superhydrophobic silicone resin coating on Al substrate due 

to high WCA (top), but coating is easily worn away with a single finger rub (bottom)  

 

Durability is often a secondary concern to the WCA when designing non-wetting 

biomimetic materials. Reviews on the topic identify the need to maximize durability and 

develop consistent methods for testing wear resistance in addition to high WCAs as a 

necessary requirement for widespread acceptance.1,2,23 Simple weighted sandpaper 

abrasion of coated surfaces has been used to test wear resistance and Milionis et al. recently 

reported in a review that a linear abrasion test like the method (section 2.2) used in this 

dissertation had the most potential as a universal standard for testing the durability of 

superhydrophobic coatings.27-29  

One possible mechanism to improve the properties of silicones is with silsesquioxanes. 

SQs have been the subject of numerous review articles and are inorganic-organic hybrid 

nanocomposite materials with the empirical formula RSiO1.5, where R can be a myriad of 

organic functional groups, and can have random, cage, or partial cage structures.30-48 The 

inorganic -Si-O-Si- cage or backbone provides thermal and oxidative stability while the 

attached organic moieties allow for polymer miscibility and functionalization. SQs have 

been shown to increase the mechanical and thermal properties of common polymers49,50 
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including PDMS51-54 as reinforcing nanofillers and cross-linkers for increased polymer 

network integrity. 

Recently, our research group has devised a facile synthetic route to mono and mixed 

functionality SQs afforded by a fluoride ion (F-) catalyzed rearrangement of either 

polymeric SQ or T8 SQs to create mono and mixed functionality T10 and T12 SQs as 

described in section 1.4.55-60 These functionality combination reactions occur at room 

temperature in THF with trace amounts of water and in high yields.60 The capture of F- is 

necessary to form discrete, isolable cage compounds. However, leaving F- in solution and 

removing the solvent suspends the rearrangement of moieties and freezes them in place 

creating a scrambled silicone network. Final properties of these highly tailorable hybrid 

materials are controlled by the starting ratio of functional groups. The simplified suggested 

reaction pathway is shown in Figure 3.5. 

 

 

Figure 3.5 F- catalyzed rearrangement reaction as a route to silicone resins 

 

In this chapter, we describe the use of the patented61 fluoride rearrangement reaction 

descried above for fabricating mixed functionality silicone resins for durable and 

hydrophobic coatings. The relationship between chemical composition, hydrophobicity, 

and durability is explored and discussed in the following sections in an effort to better 

understand and optimize these multifunctional materials. 
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The use of F- as a catalyst rapidly equilibrates all RSiO1.5 units in the coating system. 

These units are present in the form of silsesquioxane cage compounds.55-61 The coating 

system is not polymeric as applied, it only forms a polymer on drying (solvent evaporation) 

driven by the equilibration of all the RSiO1.5 units. A further aspect of this system is that if 

the coating does not meet target properties in a first trial, the coating solution can be 

modified simply by changing one or two components that are anticipated to lead to better 

properties and the system allowed to equilibrate before the next application. This type of 

in situ modification is explored in Chapter 5. 

 

 

3.2 Experimental Procedures 

 

The synthetic methods, processing techniques, and characterization procedures are 

described above in Chapter 2. 

 

 

3.3 Results and Discussion 

  

In the following sections, we first confirm the presence of the multiple functionalities 

successively added to the coating systems by FTIR. We then discuss the thermal stability 

of the coating systems following a typical curing temperature of 250°C. Thereafter we 

discuss coating properties, property optimization studies, and surface characterization 

followed by selected conclusions. It is important to note that dodecaphenylsilsesquioxane 

[PhSiO1.5]12 (DDPS) is insoluble in THF without the presence of fluoride ion catalyst. 

Rearrangement of the SQ, siloxanes, and silanes into soluble hybrid species only occurs 

with fluoride ion catalyst and results in a clear coating solution.  

In addition to the model silicone compound comprised only of methyl (from D4) and 

phenyl (from DDPS), systems with the addition of (tridecafluoro-1,1,2,2-

tetrahydrooctyl)triethoxysilane (PFS) and methacryloxypropyltrimethoxysilane (MAS) 

were made to increase hydrophobicity and crosslink density, respectively (Figure 3.6). An 

additional coating system was made with 3 wt % silica nanoparticles to further increase 
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hydrophobicity and wear resistance. An initial coating solution concentration study was 

conducted to ensure adequate coverage of Al substrates during spray coating. Coating 

concentrations of 5 to 25 wt % were examined by SEM (Figures A.1 - A.4) and 10 wt % 

was found to be the minimum concentration necessary for uniform, complete coverage. 

 

 

Figure 3.6 Structures of PFS and MAS added to coating systems for multi-functionality 

 

3.3.1 FTIR Study 

 

FTIR spectra of the coatings after 200 wear cycles (Figure 3.7) were identical to their 

respective spectra before wear testing. This indication of robustness helps explain the 

retention of high WCAs after wear resistance testing as described later. Benzene ring 

stretches at 1596 and 1432 cm-1 confirm the presence of phenyl groups in all four coatings. 

The symmetric C‒H deformation vibrations of Si‒CH3 at 1261 cm-1 in the DDPS + D4 

coating confirms the presence of methyl groups from the D4. This signal is partly obscured 

and appeared as a slight shoulder on the strong C‒F stretch at 1236 cm-1 in the three 

coatings that have PFS; C‒F was also observed at 1192 cm-1. However, Si‒CH3 rocking at 

804 cm-1 was detected in all coatings.  

All spectra have Si‒O‒Si antisymmetric stretching peaks at 1131 and 1010-1030 cm-1, 

which indicates the formation of a siloxane network. Absence of signals for Si‒OH 

stretching at 920 cm-1 and O‒H stretching at 3300 cm-1 indicates the elimination of silanols 

and that the siloxane network is well condensed. Both coatings polymerized with MAS 

show the C=O stretch at 1735 cm-1 from the ester group. 
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Figure 3.7 FTIRs of silicone resin coatings with successive incorporation of functionalities 

 

3.3.2. Thermal Behavior 

 

Thermal stabilities (Table 3.2) of the cured hybrid coatings were measured as the 

temperature at 5% mass loss (Td5%) via TGA in N2 (Figure 3.8) and air (Figure 3.9). All 

cured coatings exhibited high thermal stability, ≥ 340°C in air. The DDPS + D4 coating 

had the highest thermal stability (Td5%) of 464°C in air. This is attributed to the high 

inorganic content from the silica core of the DDPS and siloxane ring of the D4. The amount 

of PFS added to the system was relatively large to achieve a 1:1:1 ratio of functional 

groups: phenyl, methyl, and perfluoroalkyl. This results in a coating with a higher organic 

content and lower thermal stability (Td5% = 340°C in air). Thermal stability increases to 

Td5% = 343°C in air with the addition of MAS. The ratio of functional groups is maintained 

at 1:1:1:1 (phenyl, methyl, perfluoroalkyl, methacrylate) and so there is less PFS than MAS 

by mass. MAS has fewer carbons per molecule compared to PFS and the methacrylate 

groups free radical polymerize to form crosslinks. Both of these factors increase thermal 
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stability. The subsequent addition of 3 wt % silica increases the Td5% to 350°C in air due 

to the increased inorganic content.  

 

Table 3.2 Thermal stability of hybrid coatings (T at 5% mass loss via TGA) 

Coating System Avg. Td5% (N2) Avg. Td5% (Air) 

DDPS + D4 473 ± 5 °C 464 ± 1 °C 

DDPS + D4 + PFS 351 ± 1 °C 340 ± 2 °C 

DDPS + D4 + PFS + MAS 368 ± 2 °C 343 ± 1 °C 

DDPS + D4 + PFS + MAS + SiO2 384 ± 4 °C 350 ± 3 °C 

 

 

Figure 3.8 Typical TGAs of silicone resins in N2 
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Figure 3.9 Typical TGAs of silicone resins in air 

 

3.3.3 Wear Resistance 

 

Initial WCAs of 90-100° indicate all silicone resin coatings are inherently hydrophobic 

(Figure 3.10, Table 3.3). The DDPS + D4 coating maintains a relatively constant WCA of 

95° during the wear resistance test indicating it is robust and not prone to surface 

roughening. Such a durable coating would be well suited for high temperature applications 

where smoothness is critical over a lifetime of wear.  

The other three coatings exhibit increases in WCA with increases in wear cycles. This 

is attributed to surface roughening of the added polymeric functionalities. The 

perfluoroalkyl chains added to the coating (DDPS + D4 + PFS) are softer than the phenyl 

groups from the DDPS or the Me groups from the D4 and can therefore be roughened by 

the sandpaper wear cycles, but are not worn away to any significant degree because they 

are part of the polymer network via the siloxane linkages. The surface roughness of the 
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DDPS + D4 + PFS reaches a steady plateau with a WCA of 115° maintained after 150 and 

200 wear cycles. 

Subsequently, methacrylate groups were added to further increase wear resistance at 

higher wear cycles by increasing crosslink density via free radical polymerization. These 

rigid crosslinks enhance the mechanical properties of the baseline silicone coatings 

developed here. The resulting coating (DDPS + D4 + PFS + MAS) offers WCA increases 

(≈ +20°) compared to the DDPS + D4 + PFS coatings after 100 and 150 cycles because 

although the coating is roughened by wear, the improved network integrity enhanced by 

the increased crosslink density prevents complete degradation of the coating. The addition 

of 3 wt % silica nanoparticles (APS = 20 nm) to the coating system (DDPS + D4 + PFS + 

MAS + SiO2) shows a larger increase in WCA, which peaks at 150° after 150 wear cycles. 

Silica introduces a nano-scale roughness that likely creates a hierarchical structure not 

present in the other coatings. Silica also increases the wear resistance (i.e. 143° after 200 

wear cycles) due to its inherent hardness and higher modulus. As wear continues 

throughout the test and new surfaces are created, more silica nanoparticles are exposed 

resulting in a maximum WCA of 150° after 150 wear cycles. 

 

 

Figure 3.10 WCA of silicone resin coatings cured at 250°C versus wear cycles with 100 g 

weighted 2000 grit sandpaper 
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Table 3.3 WCA versus wear cycles on silicone resin coatings 

  Wear Cycles 

Coating System 0 50 100 150 200 

DDPS + D4 90 ± 0.5° 97 ± 2° 95 ± 2° 95 ± 5° 95 ± 1° 

DDPS + D4 + PFS 97 ± 3° 110 ± 2° 111 ± 4° 115 ± 3° 115 ± 2° 

DDPS + D4 + PFS + MAS 93 ± 2° 109 ± 6° 128 ± 2° 137 ± 3° 131 ± 4° 

DDPS + D4 + PFS + MAS + SiO2 99 ± 2° 137 ± 2° 148 ± 0.5° 150 ± 4° 143 ± 3° 

 

SEM-EDS analyses (Figure 3.11) show that all coating systems are uniform except 

DDPS + D4 + PFS. The low surface tension and relatively high concentration of PFS (75 

wt % of coating) causes the coating to de-wet from the Al alloy surface forming islands 

(Figure 3.11e). The addition of MAS provides a coating (DDPS + D4 + PFS + MAS) that 

adequately wets the Al alloy surface during application and spreads uniformly. The PFS 

concentration with respect to the coating is reduced from 75 to 55 wt %, which raises the 

surface energy and allows better wetting during coating application (Figure 3.11i). 

 

 

Figure 3.11 SEM-EDS images with WCA photo insets of coatings before and after 200 

wear cycles. (a-d) DDPS + D4, (e-h) DDPS + D4 + PFS, (i-l) DDPS + D4 + PFS + MAS, 
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(m-p) DDPS + D4 + PFS + MAS + SiO2. Magnification 100x, scale bar 300 µm. EDS map 

colors: Red = Al, Blue = C, Green = Si, Light Blue = F. 

 

The integrity of the DDPS + D4 coating (Figure 3.11a-d) remains intact from 0 to 200 

wear cycles, in agreement with the observed steady WCA (ca. 95°) versus wear. Even after 

200 wear cycles the EDS spectra of the DDPS + D4 coating showed no Al from the 

substrate. The DDPS + D4 + PFS coating showed the most wear (Figure 3.11e-h) as seen 

by the exposure of the Al alloy in the SEM images and EDS (Al = red on elemental map 

overlay) after 200 wear cycles. This coating loss is attributed to lower adhesion to the 

substrate due to poor wetting during application. Despite the obvious wear, enough DDPS 

+ D4 + PFS coating remains adhered to the surface to achieve a WCA of 115° after 200 

wear cycles. As discussed above, wear resistance increases with inclusion of MAS to the 

coating system (DDPS + D4 + PFS + MAS) due to higher crosslink density. The SEM-

EDS analysis offers further evidence for this improved wear resistance from the 

preservation of coating integrity after 200 wear cycles (Figure 3.11i-l) due to better wetting 

and adhesion. Figure 3.11m-o shows that addition of silica nanoparticles further increased 

the coating integrity as expected due to their abrasion resistance properties and the results 

of the wear resistance test.  

Overall, the EDS mapping suggests uniform distribution of functional groups because 

even low surface energy perfluoroalkyl chains are detected (as F, light blue) in all areas 

where the coating is present before and after wear (Figure 3.12). The F- rearrangement 

reaction scrambles the SQ, siloxane, and silanes randomly and does not favor local 

aggregation of moieties or phase separation despite surface energy differences. This 

suggests that not only are the low surface energy moieties uniformly distributed, but so are 

the methacrylate crosslinks that enhance wear resistance. Combination of wear and heat 

resistance along with a high WCA creates many opportunities for these materials where 

common weak superhydrophobic coatings fail. Possible applications include coated fabrics 

that resist laundering wear, easy to clean surfaces in hospitals and kitchens, and non-stick 

or anti-fouling coatings on metal and ceramic surfaces. 
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Figure 3.12 SEM-EDS images of a silicone resin coating (DDPS + D4 + PFS + MAS) after 

200 wear cycles suggests uniform distribution of functional groups: SEM, EDS maps 

where a) Al = red and b) C = blue, c) Si = green, d) F = light blue. Magnification 100x, 

scale bar 300 µm. 

 

 

3.4 Conclusions 

 

Hydrophobic or superhydrophobic properties of coatings are often maximized with the 

sacrifice of wear resistance and vice versa. Here we have developed a simple route to 

making multifunctional silicone resin coatings via a fluoride catalyze rearrangement 

reaction that affords the possibility to maximize both durability and water repellency. 

These silicone-methacrylate copolymers exhibit high WCAs, up to 150°, even after being 

worn with sandpaper. The robustness is in part attributed to the silicone network formed 

from when solvent is removed and the F- scrambled network is frozen in place. This 

siloxane network gives these materials high thermal stabilities of ≥ 340°C and even up to 

460°C when the organic composition is minimized.  
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The possible applications for a low surface energy, wear resistant, and thermally stable 

coating are wide ranging from automotive and aerospace to medical and energy generation. 

Perhaps more exciting is that this work demonstrates a facile route to multifunctional 

silicones where the final properties are limited only by the imagination put into the 

functionalities of the silicone building blocks a formulator uses.  

We reiterate again that the coating system is not polymeric as applied and only forms 

a polymer on drying (solvent evaporation) driven by the equilibration of all RSiO1.5 units. 

Furthermore, the coating system can be modified “on the fly” because of this rapid 

equilibration process before application, which will be explored in Chapter 6. Very few 

other coating systems allow in situ modification. 
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Chapter 4 

 

Recycling Silicone Resins 

 

Published: Krug, D. J.; Asuncion, M. Z.; Laine, R. M. ACS Omega 2019, 4, 3782-3789.  

 

Silicone resins are traditional thermoset polymers with an inorganic backbone 

affording chemical inertness and high thermal stability, which also makes them inherently 

difficult to recycle by traditional methods. Here we demonstrate that catalytic amounts of 

fluoride ion (F-) at room temperature solubilize highly cross-linked silicone resins initially 

cured up to 250°C. After solubilization equilibria are achieved, solvent is removed to 

reform the polymer network. Coatings on aluminum substrates and monoliths of virgin and 

recycled silicone resins were evaluated for hydrophobicity, wear resistance, substrate 

adhesion, and thermal stability. Silicones recycled under optimized conditions retained 

nearly 100% wear resistance, thermal stability, and adhesion properties. In some instances, 

the recycled coatings offer properties superior to the virgin materials. 
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4.1 Introduction 

 

Polysiloxanes (polyorganosiloxanes) are commonly referred to as silicones. 

Commercial silicones are used as fluids, elastomers, or in resin forms with properties based 

on structural differences that rely on various compositions of mono-, di-, tri- and tetra-

valent units with the respective symbols and general formulas: M = R3SiO1/2 (siloxy), D = 

R2SiO2/2 (siloxane), T = R1SiO1/2 (silsesquioxane), and Q = SiO4/2 (silicate). 

Their low glass transition temperatures, thermal stabilities, chemical inertness, and low 

coefficients of friction make silicones useful in many applications in the automotive, 

aerospace, cookware, and medical industries.1 D units can be linked to form linear 

polysiloxane (silicones) as low to high molecular weight fluids. The R groups are typically 

methyl (most commercially useful silicone: polydimethylsiloxane, PDMS, Figure 4.1), 

phenyl, a mix of methyl and phenyl, a mix of methyl and hydrogen, a mix of methyl and 

alkyl, or trifluoropropyl. 

 

 

Figure 4.1 Structure of PDMS 

 

Linear polysiloxanes with cross-linkable functional groups along the backbone or on 

the chain ends cure to form silicone elastomers. Increasing the cross-link density increases 

the moduli and hardness from soft gels to hard rubbers, which lead to very diverse 

applications. High thermal stability, hot air resistance, oxidative resistance, and flame 

retardancy make silicone elastomers ideal for tubing, gaskets, fixtures, sealants, and 

coatings in automotive and aerospace applications.2-4  

Due to their physiological inertness, silicone elastomers are used in food contact 

applications as well as medical applications such as prosthetics, implants, catheters, and 

heart valve seals.5,6 Silicone elastomers exhibit strong adhesion to metal and glass 

substrates and provide a low surface energy, low friction, non-stick, hydrophobic surface 
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suitable for applications in casting, mold making, mold release, water repellant coatings, 

anti-graffiti coatings, cookware, and the paper industry.7-9 

Unlike silicone fluids and elastomers, silicone resins also contain T and Q units. These 

tri- and tetra- functional units create highly branched and cage-like networks with high 

cross-link densities, especially compared to silicone elastomers. Combinations of units are 

typically used to balance properties. For example, pure T-resins can be brittle, but adding 

D or M units increases elasticity and adhesion.1 Silicone resins combine high temperature, 

oxidation, and UV stabilities as well as resistance to acids, oils, and water making them 

ideal for many coating applications including release, hydrophobic, oleophobic, abrasion 

resistance, chemical resistance, anti-corrosion, protective, decorative, insulating, anti-

fouling, sealants, and paints.1,7-9 

Many of silicone’s favorable properties are attributed to their robust inorganic siloxane 

backbones and crosslinks. However, since thermosets do not melt like thermoplastics, it 

makes it much more difficult to recycle and reuse them. Thermoset polymer recycling is 

classified into three categories: mechanical, thermal, and chemical recycling (Figure 4.2).  

 

 

Figure 4.2 Three types of thermoset polymer or composite recycling 
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Mechanical recycling involves grinding the thermoset to a powder and using a low 

loading as filler in a chemically similar polymer, which often results in a reduction of 

mechanical properties.10,11 Thermosets can be thermally recycled (burned) to generate 

energy and recover fillers, but the process is energy intensive due to silicone’s high thermal 

stability and creates unwanted greenhouse gases. In fact, when recycling multi-material 

systems, such as electronic waste (cell phones), silicone components are removed from the 

system prior to thermal recycling due to its high decomposition temperature and 

decomposition products (silica) that favor char formation from the organic containing 

components.12 

Chemical recycling of silicones has focused on depolymerizing silicone fluids and 

cross-linked silicone rubbers into monomers that subsequently need to be repolymerized 

as a route to only partial replacement of virgin materials. Early research focused on 

aminolysis to cleave Si-O bonds to create silylamines and alcohol (Figure 4.3).13,14 Cast 

films of silicone rubber recycled in n-butylamine showed a 40% loss of tensile strength 

and 20% loss in percent elongation at break.  

 

 

Figure 4.3 Aminolysis of silicone rubber yields 20-40% loss in mechanical properties13 

 

Okamoto et al. explored alcoholysis of PDMS oils and cross-linked rubbers in a 

pressure reactor with the aid of metal halide catalysts and dimethyl carbonate.15 The metal 

halide polarizes the siloxane bond at the chain end as methanol attacks the Si-O to form 

methoxysilane and a shorter polysiloxane chain (Figure 4.4). Dimethyl carbonate reacts 

with the water co-product to form methanol and carbon dioxide. Depolymerization times 

are long because the reaction progresses only at the chain ends by cleaving one monomer 
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at a time. The use of pressure reactors in bulk recycling is also an economical and 

scalability challenge. 

 

 

Figure 4.4 Alcoholysis of silicone oil/rubber requires a pressure reactor15 

 

Enthaler and coworkers used iron and zinc catalysts to activate Si-O bonds in PDMS 

and cleave them with benzoyl fluoride, benzyl chloride, or acetic anhydride to make silicon 

containing monomers.16-19 These depolymerization reactions typically require high 

temperature, high pressure, long reaction times, and produce acid byproducts with low 

yields. The same researchers later used boron trifluoride etherate (BF3OEt2) to 

depolymerize PDMS at lower temperatures.20,21 Large quantities of BF3OEt2 (0.75 - 2 

equivalents per polymer repeat unit) and complex isolation techniques were required to 

generate 75-87% yields of monomers that require further reaction to become useful 

products. 

Researchers have also built-in recyclable crosslinks to polysiloxanes to promote de-

crosslinking as opposed to depolymerization of siloxanes units. Guo et al. modified 

tetramethyltetravinyl-cyclotetrasiloxane with furan by thiol-ene reaction forming 

thermally reversible crosslinks via Diels-Alder reactions with bismaleimide (Figure 4.5).22 

De-crosslinking took place at 120°C via the retro Diels-Alder reaction forming a liquid that 

was reshaped and cooled to a solid. The low de-crosslinking temperature may be useful in 

some applications, but limits the thermal stability usually expected of silicones.  
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Figure 4.5 Thermally reversible cross-links incorporated into silicone22 

 

Disulfide bonds with dynamic covalent behavior incorporated into a silicone provides 

photo-reversible cross-links (e.g. sunlight, Figure 4.6).23 Mechanical property retention of 

≈ 80% was achieved by first pulverizing the cross-linked silicone and then pressing and 

irradiating it for up to 48 h with a xenon lamp or natural sunlight. Both studies employed 

polymers structurally designed to be depolymerizable limiting usefulness to niche 

applications and does not address recycling common and widely used silicones. 

 

 

Figure 4.6 Silicone rubber with disulfide bond containing cross-links that are reversible 

with sunlight23  

 

Presently, chemical recycling efforts with silicones have mainly focused on 

depolymerizing silicone fluids, linear silicones, and some cross-linked silicone rubbers into 

monomers that subsequently need to be repolymerized as a partial replacement of virgin 
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materials.13-23 Studies on recycling silicone resins directly are lacking. Silicone resins are 

more challenging to recycle than silicone rubber due to the presence of T and Q units, 

which significantly increases the crosslink density compared to rubber elastomers. Re-use 

of the collected monomers requires traditional, mutli-step silicone polymerization and 

curing techniques, thus they require the same amount of energy, reagents, etc. as in the 

production of virgin silicones.  

This type of down cycling usually re-uses recovered materials in lower demanding or 

lower value products. A chemical recycling approach for silicone fluids, rubbers, and resins 

that is low energy/cost with ≈ 100% yields and ≈ 100% retention of properties would be 

very attractive for the widespread silicone industry. More valuable yet would be to create 

a closed loop recycling process where the recycled silicone can be reused for the same 

application. 

In this chapter, we report an entirely new method to recycle traditionally difficult to 

process thermosetting silicone resins, with mixed phenyl/methyl functionality recycled in 

one step by fluoride ion catalyzed rearrangement at ambient temperature and pressure and 

show near 100% retention of measured properties. Our research group has previously 

demonstrated fluoride (F-) ion catalyzed rearrangement of polymeric silsesquioxanes (or 

T-resins), T8 silsesquioxane (SQ) cages, or RSi(OEt)3 into T10 and T12 cages on removal 

of F-.24-29  

These facile reactions occur at room temperature in THF with trace amounts of water 

and a F- source such as tetrabutylammonium fluoride (nBu4NF, TBAF) and form discrete 

SQ cages. Furgal et al. has proposed possible mechanistic pathways for these F- mediated 

rearrangement reactions based on exhaustive experimental analyses and modeling 

studies.29 Rearrangement of T (and D and Q) silicon units involve complex, multiple 

intermediate processes leading to equilibria among many intermediate species.29 Reaction 

intermediates continue to reorganize and eventually lead to discreet cages with mixed 

functionalities upon fluoride removal.  

As discussed above in Chapter 3, we showed that leaving F- in solution with D and T 

silicone units and removing the solvent generates random polysiloxane networks forming 

hydrophobic and wear resistant coatings with mixed functionalities based on starting 

materials.30 In this work we reintroduce F- to cured thermoset silicone resins to solubilize 
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them in one step under ambient conditions, recast/recoat, and evaluate the retention of key 

properties. These studies are performed with the model mixed phenyl/methyl silicone resin 

made from DDPS and D4 from the previous chapter. The simplified proposed reaction 

scheme is shown in Figure 4.7. Thereafter, commercially available silicone rubber and 

resin are also recycled with our new method. 

 

 

Figure 4.7 F- catalyzed rearrangement as a new method for recycling silicones 

 

 

4.2 Experimental Procedures 

 

The synthetic methods, processing techniques, and characterization procedures are 

described above in Chapter 2. 

 

 

4.3 Results and Discussion 

 

In the following sections, we first investigate the influence of cure temperature on the 

key properties (hydrophobicity, wear resistance, adhesion, and thermal/oxidative stability) 

of the prime (virgin) silicone resin to establish a baseline. We then explore the influence of 
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fluoride ion concentration in the recycling reaction solution on final properties of recycled 

silicone resins. This work focuses on the model mixed phenyl/methyl silicone resin 

synthesized from DDPS and D4 via F- catalyzed rearrangement. Thereafter, we employ 

optimized recycling conditions to recycle commercially relevant silicone resin. 

 

4.3.1 Prime Silicone Resin Properties vs Cure Temperature 

 

The model silicone resin made from DDPS and D4 has a 1 Me : 1 Ph ratio and 2 T 

units : 1 D unit. At this ratio of T:D units the cross-link density of the resin is very high as 

each T unit creates a crosslink, especially compared to silicone rubber elastomers, which 

have far fewer cross-linkable functionalities. Consistent solution concentrations (10 wt % 

silicone) in TBAF/THF ensured uniform thickness of spray coatings on Al 2024 coupons. 

Wear resistance was evaluated by a linear abrasion test method where the change in water 

contact angle (WCA) is measured after 50 wear cycle increments (back and forth = one 

cycle) with a 100 g weighted 2000 grit sandpaper. This simple wear resistance test (detailed 

in Chapter 2) has been used often and is considered a reliable technique for evaluating 

polymer thin films.31-33 

All prime coatings had consistent initial average WCAs between 90-92° with little 

deviation (Figure 4.8), but after 50-200 wear cycles coatings cured at 150°C and 200°C 

had higher and more variable WCAs. The WCA increase, attributed to surface roughening 

from the sandpaper, indicates the coatings were not as hard and abrasion resistant as 

coatings cured at 250°C, which exhibit steady and consistent WCA after 200 wear cycles. 

Higher cure temperatures decrease plasticizing volatiles and increase crosslink densities as 

will be evidenced later. 

SEM-EDS images of prime silicone resin coatings before and after wear resistance and 

after tape adhesion testing are very similar (Figures 4.9 - 4.11). Little to no wear shows on 

the surface. However, the coating cured at the lowest temperature, 150°C, appears to have 

a non-uniform thickness based on the variation in color of the image. In BSE composition 

mode heavier elements are lighter on the grayscale, which indicates the dark areas are 

carbon rich from the coating and the light areas have less coating and more of the substrate 
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(Al) reads through. Adhesion test results vs temperature are all the highest rating (5B) with 

no coating removal.   

 

 

Figure 4.8 Effect of cure temperature on wear resistance of prime silicone resin coatings 

 

 

Figure 4.9 SEM-EDS images of prime silicone resin coatings cured at 150°C before and 

after 200 wear cycles and cross-hatch tape adhesion test. Wear micrograph magnification 

100x, scale bar 300 µm. Cross-hatch magnification 35x, scale bar 800 µm, EDS map: 

yellow = Si, blue = Al. 
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Figure 4.10 SEM-EDS images of prime silicone resin coatings cured at 200°C before and 

after 200 wear cycles and cross-hatch tape adhesion test. Wear micrograph magnification 

100x, scale bar 300 µm. Cross-hatch magnification 35x, scale bar 800 µm, EDS map: 

yellow = Si, blue = Al. 

 

 

Figure 4.11 SEM-EDS images of prime silicone resin coatings cured at 250°C before and 

after 200 wear cycles and cross-hatch tape adhesion test. Wear micrograph magnification 

100x, scale bar 300 µm. Cross-hatch magnification 35x, scale bar 800 µm, EDS map: 

yellow = Si, blue = Al. 
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The thermal stability of the prime silicone resin, identified as the average temperature 

at 5% mass loss (Td5%) via TGA in air, also increased with an increase in cure temperature 

(Figure 4.12). This confirms the highest cure temperature is optimal with a maximum Td5% 

of 483 ± 7 °C. Td5% of the resin cured at 200°C was slightly lower, 470 ± 6 °C, but both 

resins exhibit two main mass losses between 400-575°C and 575-700°C, attributed to the 

methyl/phenyl groups and char, respectively. Resin cured at the lowest temperature of 

150°C had a 130°C lower Td5% (353 ± 5 °C) due to a third mass loss below 400°C attributed 

to volatiles, which were elucidated by gas chromatography – mass spectrometry (GC-MS). 

 

 

Figure 4.12 Typical TGAs in air of prime silicone resins cured at increasing temperatures 

 

A sample of silicone resin cured at 150°C was heated to 200°C in a closed thermal 

desorption system to evolve only the volatiles that would come off from increasing the cure 

temperature from 150°C to 200°C (Figure 4.13a), which were then injected into the GC-

MS. The most abundant compound detected was tributylamine (413 ppm, 46% of total 

volatiles), which has a boiling point of 214°C and is the main decomposition product of 
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TBAF. The second most abundant compound was butylated hydroxytoluene (BHT, 123 

ppm, 14% of total volatiles), which has a boiling point of 265°C and was the inhibitor in 

the THF. These and other TBAF and BHT decomposition products (Figure D.1) accounted 

for 93% of the total volatiles detected. These byproducts can act as plasticizing impurities 

that lower network integrity, cross-link density, thermal stability, wear resistance, and 

adhesion. Cyclic siloxanes D3, D4, and D5, which are common silicone degradation 

products, were detected in small quantities totaling 2.5% of volatiles. 

 

 

Figure 4.13 GC-MS of prime silicone resin a) cured at 150°C and tested at 150°C – 200°C, 

and b) cured at 200°C and tested at 200°C – 250°C to determine volatile content at different 

cure temperatures. 

 

Silicone resin cured at 200°C was heated to 250°C under similar conditions to evolve 

only the volatiles that would come off from increasing cure from 200°C to 250°C (Figure 

4.13b), which were then analyzed by GC-MS. Total amount of tributylamine, BHT, and 

TBAF/BHT decomposition products decreased to 116 ppm, 86% less than the resin cured 

at 150°C. Cyclic siloxane oligomer degradation products accounted for 10% of total 

volatiles. The primary compound detected was benzene (243 ppm), which accounted for 

59% of all volatiles. Benzene was only detected from the resin on heating to 250°C.  
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A widely accepted free radical sequence (Scheme 4.1) first proposed by Sobolevski 

accounts for benzene evolution from mixed methyl/phenyl polysiloxanes.34-36 Si-C scission 

generates a phenyl radical (C6H5) that abstracts a hydrogen from a methyl group to form 

benzene (boiling point = 80°C). This also forms a methylene groups that attacks another Si 

atom creating a cross-link and displacing another phenyl radical. The process generates 

benzene while increasing cross-link density. Continuation of the process creates 

degradation products of small sections of the silicone network like 

bis[di(trimethylsiloxy)phenylsiloxy]trimethylsiloxyphenylsiloxane (Figure 4.13b). As the 

silicone resin is heated its cross-link density increases further increasing its thermal 

stability. The large Td5% increase from raising the cure temperature up to 250°C shown 

above can be explained by the GC-MS findings of decreased total volatile species, 

increased cross-link density, and reduced organic content from benzene generation. 

 

 

Scheme 4.1 Free radical sequence of phenyl/methyl silicones at elevated temperature34-36 
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This high degree of cross-link density for the model mixed phenyl/methyl silicone resin 

cured at 250°C can be calculated from the dynamic mechanical analysis (DMA) 

thermogram (Figure 4.14) using the rubber elasticity theory: 

 

𝐸𝑟
3𝑅𝑇𝑟

= 𝛾𝑒 

 

where Er is the storage modulus in the rubbery plateau, R is the universal gas constant, T 

is the temperature in the rubbery plateau taken at 30°C above the glass transition 

temperature (Tg), and γe is the cross-link density as cross-linked points per unit volume. 

The Tg, 237°C, taken from the peak of the tan δ curve is quite high for a silicone, but this 

is expected for a highly cross-linked silicone resin. The high cross-link density, 1630 

mol/m3
, is a result of the high amount of T units, which is 2 T : 1 D. A second smaller peak 

in the tan δ curve was observed at a lower temperature, which is likely a β transition 

attributed to side chain movement and small localized movements in the backbone.37 

 

 

Figure 4.14 DMA of the model mixed phenyl/methyl silicone resin 
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The Tg of polymers are often measured by DSC and TMA as well. However, TMA is 

one to two orders of magnitude less sensitive to this transition than DMA and DSC is even 

less. Therefore it is not surprising that the Tg was not detected by DSC (Figure B.1). A Tg 

was detected in the first heat of the TMA thermogram (Figure 4.15) around 233°C, which 

is in agreement with the DMA results. However, there was not a Tg in the second heat after 

enthalpic relaxation occurred during the first heat and the transition had become so broad 

it was undetectable. The TMA also measures the dimensional change upon heating from 

which the coefficient of linear thermal expansion (CLTE) is calculated. It is interesting to 

note that the CLTE of the model silicone resin at high temperatures is 240 µm/(m°C), which 

is relatively low for a silicone as will be seen later. 

 

 

Figure 4.15 TMA of the model mixed phenyl/methyl silicone resin 

 

4.3.2 Effect of Fluoride Ion Concentration on Recycled Silicone Resin Properties 

 

Thin monoliths of resin were cast and cured at 250°C to produce enough material for 

recycling reactions. The cured resin was insoluble in THF without an F- source. Three 
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concentrations were tested by controlling the molarity of the TBAF/THF: 0.002 M, 0.01 

M, and 0.1 M. Dissolution time decreased with increasing F- concentration (Table 4.1).   

Dissolution of resin in 0.001 M TBAF/THF was attempted, but after stirring for 7 d the 

solution remained cloudy with solids. After increasing the [F-] to 0.002 M TBAF/THF the 

solution became clear within 24 h thus identifying the minimum threshold of F- necessary 

to disassociate the silicone network into soluble species. The reaction was repeated with 

0.002 M TBAF initially and the resin dissolved in approximately 6 d. The recycled resins 

were spray coated, cast, and tested in the same manner as described previously for prime 

resin samples. 

 

Table 4.1 Cured (250°C) silicone resin dissolution time vs [F-] 

TBAF/THF Molarity Dissolution Time (h) 

0.002 M 144 

0.01 M 18 

0.1 M 6 

 

Figure 4.16 shows the influence of [F-] in the recycling solution on the wear resistance 

of the recycled silicone resin coatings cured at 250°C. The initial WCA of the resin 

recycled in 0.01 M TBAF was similar to the prime coating. The coating of resin recycled 

with the highest [F-] solution, 0.1 M TBAF, was hydrophilic with an initial WCA < 90°. 

The coating was non-uniform with patches of Al substrate exposed and exhibited a 

significant loss of coating after 200 wear cycles (Figure 4.17). The high [F-] could have 

resulted in the formation of many Si-F bonds in the polymer that readily converted to 

hydrophilic Si-OH in the presence of adventitious water and were continually replenished 

as wear created new surfaces. Formation of Si-F bonds would also prevent formation of 

Si-O3/2
 or SQ linkages thus reducing the cross-link density and wear resistance. F was not 

detected by EDS in any of the thin films or in monoliths of resin recycled with 0.002 or 

0.01 M TBAF, but F was present in the monolith cast from resin recycled with 0.1 M TBAF 
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solution (Figure 4.18). Thus, the fluorine remains in the recycled resin, but under optimal 

recycling conditions, 0.01M TBAF, the amount is too low to be detected by EDS. 

 

 

Figure 4.16 WCA vs number of wear cycles at various [F-] 

 

 

Figure 4.17 SEM-EDS images of recycled (0.1M TBAF/THF) silicone resin coatings 

cured at 250°C before and after 200 wear cycles and cross-hatch tape adhesion test. Wear 
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micrograph magnification 100x, scale bar 300 µm. Cross-hatch magnification 35x, scale 

bar 800 µm, EDS map: yellow = Si, blue = Al. 

 

 

Figure 4.18 EDS shows F in silicone resin recycled with 0.1 M TBAF/THF  

 

As stated above, the minimum [F-] required to dissolve the highly cross-linked silicone 

resin was 0.002 M TBAF/THF. The coating from this recycled resin was also non-uniform 

(Figure 4.19), hydrophilic both initially and after 200 wear cycles (Figure 4.16), and soft 

enough to roughen after 50 wear cycles as suggested by the WCA increase from 87° ± 2° 

to 106° ± 3°. An F- deficient system may lead to an insufficient number of active Si atoms 

necessary to reform the highly cross-linked network upon solvent removal resulting in poor 

wear resistance. The coating system also displayed the worst substrate adhesion of all 

experiments due to the inadequate reformation of the resin network.  
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Figure 4.19 SEM-EDS images of recycled (0.002M TBAF/THF) silicone resin coatings 

cured at 250°C before and after 200 wear cycles and cross-hatch tape adhesion test. Wear 

micrograph magnification 100x, scale bar 300 µm. Cross-hatch magnification 35x, scale 

bar 800 µm, EDS map: yellow = Si, blue = Al. 

 

The optimal [F-] for recycling the model phenyl/methyl silicone resin was determined 

to be 0.01 M TBAF/THF. SEM-EDS images of these recycled resin coatings after 200 

wear cycles show an intact and complete coating layer with no exposure of Al coupon 

substrate (Figure 4.20). The coating integrity and adhesion appears to be very similar to 

the prime coatings (Figure 4.11). Coating adhesion test results also indicated excellent 

adhesion to the Al substrate. When cured at 250°C, this model silicone resin forms a hard, 

adherent, wear resistant, and hydrophobic coating that can be easily recycled and reapplied 

with retention of key mechanical properties. 
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Figure 4.20 SEM-EDS images of recycled (0.01M TBAF/THF) silicone resin coatings 

cured at 250°C before and after 200 wear cycles and cross-hatch tape adhesion test. Wear 

micrograph magnification 100x, scale bar 300 µm. Cross-hatch magnification 35x, scale 

bar 800 µm, EDS map: yellow = Si, blue = Al. 

 

Resins recycled with 0.01 M TBAF had nearly the same Td5% as the prime resin 

indicating no significant loss of thermal stability (Figure 4.21, Table 4.2). GC-MS showed 

similar levels of volatiles in both the prime and 0.01 M TBAF recycled resin cured at 250°C 

(Figure 4.22). This evidence suggests that the dissolution and reformation of the silicone 

under these conditions sufficiently rebuilds a robust network. However, the Td5% of silicone 

resin recycled with 0.1 M TBAF decreased 51°C to 432 ± 6 °C due to a mass loss event 

below 400°C. This is attributed to the order of magnitude increase in TBAF concentration, 

which resulted in a 5x increase in TBAF degradation products (Figure 4.23). In addition, a 

2x increase benzene detected suggests the F- promotes benzene evolution. The presence of 

F in the silicone network would create less steric hindrance, compared to a phenyl group, 

for the phenyl radical to abstract an H from a neighboring methyl group per the free radical 

mechanism described above (Scheme 4.1). 
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Figure 4.21 Typical TGAs in air of prime and recycled silicone resins with increasing [F-] 

 

Table 4.2 Silicone resin thermal stability vs [F-] 

TBAF/THF Molarity Avg. Td5% Δ Avg. Td5% 

Prime 483 ± 7 °C - 

0.002 M 472 ± 2 °C - 11°C 

0.01 M 478 ± 2 °C - 5 °C 

0.1 M 432 ± 6 °C - 51 °C 

 

A study of cure temperature versus recycled silicone resin properties at the optimal F- 

concentration was also conducted and is provided in Appendix C. The trends were similar 

to the cure temperature study for the prime silicone resin essentially confirming 250°C is 

the optimal cure temperature. 
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Figure 4.22 GC-MS of a) prime and b) recycled (0.01 M TBAF/THF) silicone resins cured 

at 250°C and tested at 250°C – 300°C to determine volatile content 

 

 

Figure 4.23 GC-MS of recycled (0.1 M TBAF/THF) silicone resins cured at 250°C and 

tested at 250°C – 300°C to determine volatile content 

 

4.3.3 Recycling Commercial Silicones under Optimized Conditions 

 

Optimized recycling conditions (0.01 M TBAF/THF at RT) were used to evaluate our 

technique on a commercial mixed phenyl/methyl silicone resin. A monolith of SILRES 

REN 50 (Wacker Chemie) was cured to 250°C in the same manner as the model 

phenyl/methyl silicone resin as described above. SILRES has a phenyl to methyl ratio of 
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0.82 : 1 and is typically used in heat and weather resistant coatings due to its combination 

of hydrophobicity, anti-corrosion, and thermal stability properties. The ratio of T : D (or Q 

or M) is unknown, but the DMA (Figure 4.24) indicates it is lower than the model 

phenyl/methyl silicone resin. This can be concluded by the lower Tg (104°C) and calculated 

cross-link density (γe = 60 mol/m3). Further confirmation was provided by the TMA (Figure 

B.2), which shows SILRES has a lower Tg and higher CLTE at both ambient and high 

temperature ranges compared to the model silicone. Similar to the model silicone resin, the 

Tg could not be detected by DSC (Figure B.3) 

 

 

Figure 4.24 DMA of SILRES compared to the model mixed phenyl/methyl silicone resin 

 

Pieces of SILRES cured at 250°C stirred at RT in 0.01 M TBAF/THF completely 

dissolved in 55 min (Figure 4.25). The cured resin is insoluble in THF alone as well as 

toluene and xylene. A 10 wt % solution of recycled SILRES was spray coated on clean Al 

coupons and cured at 250°C. Thin monoliths were cast for TGA and GC-MS. A coating 

and monolith of prime SILRES were also prepared for baseline properties and comparison.  
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Figure 4.25 SILRES cured at 250°C dissolves in 55 min in presence of F- 

 

The initial WCAs for both the prime and recycled coatings were 90° (Figure 4.26). 

After 50-200 wear cycles the prime coating was roughened and then significantly worn 

away as indicated by the abrupt increase in WCA to 116 ± 4° after 50 cycles followed a 

decline. The SEM analysis (Figure 4.27) confirms that much of the prime coating was worn 

away after 200 wear cycles. The SEM image of the initial prime coating also showed small 

areas of substrate indicating the coating is not uniform as applied. 

The recycled SILRES coating showed little WCA change over 200 wear cycles varying 

only by ≤ 5°. SEM analysis confirmed the recycled coating had better retention of the 

coating after 200 wear cycles (Figure 4.28). After the recycling reaction, the reformed 

network was more wear resistant. The results of the tape adhesion test showed no 

significant difference between the prime and recycled SILRES coatings. 
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Figure 4.26 WCA versus number of wear cycles for prime and recycled SILRES 

 

 

Figure 4.27 SEM-EDS images of prime SILRES coatings cured at 250°C before and after 

200 wear cycles and cross-hatch tape adhesion test. Wear micrograph magnification 100x, 

scale bar 300 µm. Cross-hatch magnification 35x, scale bar 800 µm, EDS map: yellow = 

Si, blue = Al. 
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Figure 4.28 SEM-EDS images of recycled (0.01M TBAF/THF) SILRES coatings cured at 

250°C before and after 200 wear cycles and cross-hatch tape adhesion test. Wear 

micrograph magnification 100x, scale bar 300 µm. Cross-hatch magnification 35x, scale 

bar 800 µm, EDS map: yellow = Si, blue = Al. 

 

The thermal stability of the SILRES was also significantly improved after recycling via 

the optimized F- rearrangement reaction. The Td5% of the recycled SILRES was 73°C 

higher compared to the prime resin (Figure 4.29). The mechanical and thermal property 

improvement after recycling are attributed to the formation of a more cross-linked network 

as evidenced by GC-MS spectra (Figure 4.30) and DMA curves (Figure 4.31).  The GC-

MS spectrum showed 13x less silicone network degradation products evolved from the 

recycled SILRES compared to the prime resin between 250 and 300°C. The spectrum of 

the recycled SILRES also showed the evolution of benzene, which induces further cross-

linking upon heating as described above. No benzene evolved from the prime SILRES, 

which also supports the concept that the presence of Si-F in the network promotes benzene 

evolution at lower temperatures as previously stated. The butanol detected in the prime 

SILRES comes from the solvent carrier and could act as a plasticizer contributing to lower 

wear and thermal resistance. 
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Figure 4.29 Typical TGAs of prime and recycled SILRES in air 

 

 

Figure 4.30 GC-MS of a) prime and b) recycled (0.01 M TBAF/THF) SILRES cured at 

250°C and tested at 250°C – 300°C to determine volatile content 
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The storage modulus curve (solid blue, Figure 4.31) of the recycled SILRES is similar 

in shape versus temperature compared to the that of the model 1 Ph : 1 Me silicone resin 

shown above in Figure 4.24. This suggests that similar soluble species were formed during 

the F- catalyzed rearrangement, which led to a similar network structure after the removal 

of solvent. The Tg of the recycled SILRES was not detected due to the gradual and 

continuous increase of the tan δ curve with temperature and therefore the cross-link density 

could not be calculated. However, the SILRES is clearly much stiffer after recycling. The 

storage modulus of the prime SILRES in the rubbery plateau is 0.6 MPa and at the same 

temperature, 134°C, the storage modulus of the recycled SILRES is three orders of 

magnitude higher. The storage modulus near room temperature is also higher after 

recycling by 22%. 

 

 

Figure 4.31 DMAs of prime and recycled SILRES silicone resins 

 

Our technique also works for silicone rubbers, which is unsurprising since rubbers have 

lower cross-link densities than resins. A common, flexible room temperature cured silicone 

rubber, ELASTOSIL E10 (Wacker Chemie), dissolved in less than 15 minutes when stirred 
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in 0.01 M TBAF/THF at RT (Figure 4.32). Thus, our new technique for recycling silicones 

with a catalytic amount of F- under ambient conditions not only works for the lab-made 

model phenyl/methyl silicone resin, but commercially relevant silicone resin and rubber as 

well. 

 

 

Figure 4.32 Dissolution of RTV silicone ELSATOSIL in the presence of F- in 15 min 

 

 

4.4 Conclusions 

 

Wear resistance, adhesion, and thermal stability of the methyl/phenyl silicone resin 

were maximized after curing at 250°C. The cured resin was insoluble in THF and common 

silicone solvents (toluene, xylene), but in the presence of F- all D and T units equilibrate to 

solubilize the resin in THF at room temperature. This solubility equilibrium provides the 

opportunity to add new silicone structural units and functionality to the system if desired, 

which will be explored in Chapter 5. The polymeric network then reforms after and only 

after solvent removal. 

Under optimized recycling conditions (0.01 M TBAF) second generation coatings and 

monoliths retain pertinent mechanical and thermal properties. Room temperature chemical 

recycling techniques for thermosets are rare and non-existent for silicone resins with only 

catalytic amounts of reagent to the best of our knowledge. Furthermore, the process can be 

considered closed-loop because of the nearly 100% retention of wear and thermal 

properties making it more sustainable than mechanical/thermal recycling or landfilling. 

 Most importantly, we have shown our method also works for a widespread commercial 

silicone resin and rubber. Other silicone recycling techniques that do not rely on large 
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amounts of harmful reagents, high temperature, high pressure, etc. for depolymerization 

rely on the construction of niche silicones with reversible cross-links. These de-

crosslinking techniques result in the loss of key properties such as thermal stability or 

mechanical properties. Here, we have demonstrated not only the retention of pertinent 

properties of a commercial silicone resin, but also the possibility of up-cycling due to 

improved wear and thermal resistance after recycling. 
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Chapter 5 

 

In situ Modification of Recycled Silicone Resins 

 

Fluoride ion (F-) catalyzed rearrangement of highly cross-linked phenyl/methyl 

silicone resin provides an opportunity for in situ modification of the thermoset polymer. In 

the presence of F- in THF all RSiO3/2 and R2SiO2/2 units equilibrate to form soluble species. 

While the resin is in solution the ratio of starting materials can be altered to tailor target 

properties. Thermal stability was increased by 50°C via the addition of phenyl-SiO3/2 to 

increase cross-link density and phenyl content. In another in situ modification reaction, 

flexibility was increased via the addition of dimethyl-SiO2/2. Entirely new functionalities 

can be introduced as well, for example, the addition of a perfluoroalkysilane to silicone 

resin increased the hydrophobicity by 15°. This recycling and modification reaction offers 

a new technique for handling end-of-life silicone products with the potential for closed 

loop and even up-cycling. The adjustment or introduction of functionalities allows one to 

repurpose a low grade waste stream feedstock into second generation materials for more 

demanding applications. 
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5.1 Introduction 

 

As described in Chapter 4, highly cross-linked thermoset silicone resins can be recycled 

in a THF solution containing catalytic amounts of fluoride ion.1 The insoluble resin 

becomes soluble in solution by equilibrating all RSiO3/2 and R2SiO2/2 units in the resin.1-9 

This recycling loop is represented by the green arrows in Figure 5.1. The solubilization of 

the resin presents a unique opportunity for in situ modification of a thermoset polymer. 

Once the silicone resin is dissolved new functionality can be introduced by the addition of 

functionalized silanes, siloxanes, or silsesquioxanes to the recycling solution (Figure 5.1). 

 

 

Figure 5.1 Silicone resin recycling loop and in situ modification after resin dissolution 
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In situ modification allows for adjustment of virgin materials based on their first use 

performance. For example, if the model mixed phenyl/methyl silicone resin (1 Ph : 1 Me) 

from Chapter 4 was first used in a high temperature application, but a new application 

required an increased use temperature, the thermal stability of the resin could be increased 

by increasing the phenyl to methyl ratio (Scheme 5.1). The first generation resin (1 Ph : 1 

Me) could be recycled and modified (2 Ph : 1 Me) or unused resin solution could be 

modified directly. 

 

 

Scheme 5.1 Modification of model 1 Ph : 1 Me silicone resin with DDPS to increase ratio 

phenyl/methyl ratio to 2 Ph : 1 Me and increase thermal stability 

 

The flexibility of the resin, which is directly related to the D : T unit ratio, can also be 

modified in situ during recycling. The model phenyl/methyl silicone resin has a 2 T : 1 D 

unit ratio and is stiff and brittle after curing at 250°C. The addition of cyclic siloxane 
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tetramers like D4 or Ph8D4 (octaphenylcyclotetrasiloxane) to the dissolved model 

compound will increase the number of D units and therefore the flexibility. Flexibility is 

ideal for many applications including tubing, medical prosthetics, catheters, and cookware. 

Entirely new functionalities can also be incorporated during recycling. For example, a 

perfluoroalkylsilane, such as the PFS used in Chapter 3, can be incorporated to increase 

the hydrophobicity of a silicone resin for use in non-stick and anti-fouling applications. 

Multiple properties can be modified at once, which will also be shown below, to tailor the 

performance of the silicone for a wide variety of applications. 

 

 

5.2 Experimental Procedures 

 

The synthetic methods, processing techniques, and characterization procedures are 

described above in Chapter 2. 

 

 

5.3 Results and Discussion 

 

In the following sections we demonstrate the in situ modification of the model mixed 

phenyl/methyl silicone resin. First, the thermal and oxidative stability is increased by the 

addition of dodecaphenylsilsesquioxane (DDPS). Second, the flexibility of the resin is 

increased by the addition of D4. Third, the hydrophobicity is increased by the addition of 

PFS.  And lastly, we show an example for the in situ modification of the commercial 

silicone resin SILRES to increase stiffness and thermal stability. 

 

5.3.1 In situ Modification of Recycled Silicone Resin for Increased Thermal Stability 

 

The cured model compound, 1 Ph : 1 Me silicone resin, dissolves in 0.01 M TBAF/THF 

in approximately 18 h. However, the additional DDPS required to achieve the desired 2 Ph 

: 1 Me ratio for enhanced thermal and oxidative stability did not dissolve at the same TBAF 

molarity. Therefore, a study was conducted to find the [F-] necessary to dissolve DDPS in 
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a 10 wt % solution with D4 at the concentrations required to attain the functional group 

ratio of 2 Ph : 1 Me. TBAF molarities in THF of 0.01, 0.02, 0.03, and 0.04 M were used to 

make prime coatings rather than expend cured recycled materials. 

All DDPS dissolved after stirring at RT for 3 d in 0.04 M TBAF and thus was used for 

subsequent in situ modification reactions. Ultimately, the 0.01 M TBAF solution only 

dissolved 80% of the DDPS even after stirring for 112 d (Figure 5.2). For comparison, 89% 

of the DDPS dissolved in the 0.02 M TBAF solution after 91 d; and 96% of the DDPS 

dissolved in the 0.03 M TBAF solution after 76 d. 

 

 

Figure 5.2 Increased [F-] (TBAF molarity) is necessary to dissolve extra DDPS required 

to produce a 2 Ph : 1 Me silicone resin 

 

The [F-] necessary to fully dissolve the DDPS to produce a mixed phenyl/methyl 

silicone resin with a functional group ratio of 2 Ph : 1 Me required a TBAF/THF molarity 

of 0.04 M. For the in situ modification reaction cured (250°C) 1 Ph : 1 Me silicone resin 

and the additional DDPS were stirred in 0.04 M TBAF/THF at RT and dissolved in 2 d. 

The reaction was allowed to stir for a full 7 d like previous reaction solutions. Then, a 

coated Al coupon and thin monolith were prepared and cured to 250°C. 
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The thermal stability of the silicone resin increased significantly after recycling and 

increasing the phenyl content to 2 Ph : 1 Me. The average Td5% measured by TGA in air 

increased by 50°C from 483 ± 7°C to 533 ± 9°C (Figure 5.3).  

 

 

Figure 5.3 Typical TGAs in air of prime 1 Ph : 1 Me silicone resin and after recycling and 

in situ modification to 2 Ph : 1 Me silicone resin with higher thermal stability 

 

This increase in thermal and oxidative stability is expected for several reasons. Since 

the phenyl groups come from a SQ the resin has an increased T:D unit ratio from 2:1 to 

4:1. This increases the ratio of higher energy Si-O bonds to Si-C bonds, 452 and 318 

kJ/mol, respectively, and thus more energy (heat) is required for disassociation of network 

bonds. The phenyl groups also strengthen Si-O bonds and their steric factors hinder chains 

from approaching each other, which suppresses exchange reactions.10
 At high temperatures 

the increased phenyl content would also lead to more cross-linking via the mechanism 

described in Chapter 4 (Scheme 4.1) where the formation of a phenyl radical leaves a 

methylene group that attacks a Si atom to form another radical and a cross-link. 

The high ratio of T:D also makes the modified silicone resin very brittle, which 

prevented casting a monolith large enough for DMA analysis. However, at low thicknesses, 
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i.e. a thin film, the silicone resin forms a uniform coating. The initial WCA (Figure 5.4) of 

the recycled and modified silicone resin (2 Ph : 1 Me) coating is slightly lower than the 

model compound (1 Ph : 1 Me). This decrease from 91° to 89° is slight and it is expected 

given that methyl groups are more hydrophobic than phenyl groups. Initial wearing of the 

modified coating with sandpaper showed a pronounced increase in WCA after 50 - 100 

wear cycles accompanied by a higher variation in sample measurement, 97 ± 5° and 94 ± 

6°, respectively. This suggests that the increase in brittleness allowed for easier roughening 

or damage to the coating surface. After 200 wear cycles the WCAs of the two systems are 

similar indicating the overall wear resistance is similar. 

 

 

Figure 5.4 WCA vs number of wear cycles before and after recycling and in situ 

modification of a 1 Ph : 1 Me silicone resin to a 2 Ph : 1 Me silicone resin 

 

The model mixed phenyl/methyl silicone resin already has a high thermal and oxidative 

stability. Nonetheless, if the thermal stability can be increased by 50°C without a 

significant loss in other key properties such as wear resistance, as shown above, the range 

of possible applications widens. Many automotive applications in or near engines have 

high temperature demands and aerospace environments can be even more severe. A 
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silicone resin with a thermal stability of near 500°C would be useful in both fields for 

protective or nonconductive coatings, sealants, adhesives, gaskets, lubricants, etc. High 

temperature silicones are also desirable as binders or vaporizable components in non-

porous or porous ceramics, respectively. 

 

5.3.2 In situ Modification of Recycled Silicone Resin for Increased Flexibility 

 

Pure T-resins are seldom used because of their extreme brittleness due to high cross-

link density. Such silicones have low energy absorption limiting their applications. 

Typically, the addition of D or M units are used to balance the stiffness of a silicone resin. 

As seen in the previous section, increasing the T:D from 2:1 to 4:1 resulted in a silicone 

resin that was too brittle to cast monoliths from solution. Here, the cured model compound 

(1 Ph : 1 Me) is recycled and modified with additional D4 to adjust the T:D ratio from 2:1 

to 1:2. The in situ modified silicone resin has a functional group ratio of 1 Ph : 4 Me and 

is flexible (Figure 5.5). 

 

 

Figure 5.5 Recycled 1 Ph : 1 Me silicone resin after recycling and in situ modification to 

left) 1 Ph : 4 Me has right) increased flexibility 

 

Lowering the T:D ratio also increases the molecular weight between cross-links, which 

lowers the cross-link density. More D units in the resin create longer linear sections in the 

random polymer network. This change in the network structure results in a significant 

decrease in the Tg (Figure 5.6) as measured by DSC. The Tg of the model compound (1 Ph 

: 1 Me) was not detectable by DSC (Figure B.1), which is often the case for highly cross-
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linked polymers, but was detected by DMA at 237°C. DMA is 10-100 times more sensitive 

to the transition. However, the Tg of the recycled and in situ modified silicone resin (1 Ph 

: 4 Me) was detected by DSC at -31 ± 1°C. Decreasing the T:D from 2:1 to 1:2 resulted in 

a 200°C decrease in the Tg. Thus, our new in situ modification technique can be used to 

tailor the Tg and flexibility of a silicone resin over a very wide range. 

 

 

Figure 5.6 Typical DSC of recycled 1 Ph : 1 Me silicone resin modified to a 1 Ph : 4 Me 

silicone resin shows a Tg at -31 °C 

 

Lowering the cross-link density and phenyl content also has an obvious effect on the 

thermal stability of silicone resins. A TGA study showed that the 200°C decrease in Tg is 

accompanied by a 70°C decrease in the thermal stability to 411 ± 4°C (Figure 5.7). 

Nonetheless, the thermal stability is still relatively high compared to other common 

polymers and is similar to the commercial silicone resin, SILRES (Td5% = 417 ± 4°C), used 

throughout this dissertation, which is not flexible at RT. 
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Figure 5.7 Typical TGA of prime 1 Ph : 1 Me silicone resin compared to after recycling 

and in situ modification to a 1 Ph : 4 Me silicone resin 

 

5.3.3 In situ Modification of Recycled Silicone Resin for Increased Hydrophobicity 

 

The previous two sections show how our new recycling and in situ modification 

technique can be used to easily tailor key thermal properties over a wide range to create 

new applications for second generation use. Here, we show how the addition of a new 

moiety can enhance hydrophobicity to make the system multi-functional. While recycling 

the model compound (1 Ph : 1 Me), a perfluoroalkylsilane was added to imbue the silicone 

resin with a low surface energy component. This silane, (tridecafluoro-1,1,2,2-

tetrahydrooctyl)triethoxysilane, is essentially a T-unit building block and would increase 

the cross-link density of the overall system. Additional D4 was added during in situ 

modification based on the previous observation (Chapter 3) that a spray coating with the 

ratio of 1 Ph : 1 Me : 1 PFS leads to the formation of islands upon spraying due to the low 

surface energy of PFS (Figure 3.11). Additional D4 will also counteract any brittleness and 

potential steric hindrance between large phenyl rings and perfluoroalkyl chains. 
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The final ratio of functional groups in the recycled and modified silicone resin was 1 

Ph : 4 Me : 1 PFS. The initial WCA of the modified silicone resin coating cured at 250°C 

increased by about 15° to 108 ± 2° (Figure 5.8). Only a slight increase in WCA, 110 ± 4°, 

after 150 wear cycles indicates minimal surface roughening and that the polymer network 

can withstand a fair amount of wear. The standard deviation of the WCAs measured after 

200 wear cycles is quite high, 10°, suggesting that the coating is beginning to wear and 

become non-uniform. Again, the combination of wear resistance and hydrophobicity is a 

difficult structure-property relationship to balance as discussed in detail in Chapter 3. 

 

 

Figure 5.8 Typical initial WCA of 1 Ph : 1 Me silicone resin in a) prime condition and b) 

after recycling and in situ modification to 1 Ph : 4 Me : 1 PFS silicone resin 

 

 

Figure 5.9 WCA vs number of wear cycles before and after recycling and in situ 

modification of a 1 Ph : 1 Me silicone resin to a 1 Ph : 4 Me : 1 PFS silicone resin 
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5.3.4 In situ Modification of Recycled Commercial Silicone Resin 

 

As a final demonstration of our new in situ modification technique we show that a 

commercial silicone resin made via conventional synthesis, as opposed to F- catalyzed 

rearrangement, can also be recycled and modified to target the enhancement of desired 

properties. The thermal properties of the SILRES have been shown to be inferior to the 

model compound (Table 5.1). SILRES has a lower Tg, thermal stability, and stiffness and 

a higher CLTE. The target and/or balance of these properties are dependent upon the 

application, but here we aim to increase the Tg, Td5%, and stiffness as well as lower the 

CLTE. 

 

Table 5.1 Thermal properties of SILRES and the model silicone resin (1 Ph : 1 Me) 

Property SILRES Model Silicone 

Tg 104 °C 237 °C 

Td5% 417 ± 4 °C 483 ± 7 °C 

Storage Modulus (30°C) 1040 MPa 1240 MPa 

Storage Modulus (150°C) 0.4 MPa 248 MPa 

CLTE (15 - 35°C) 165 ppm/°C 131 ppm/°C 

CLTE (150 - 200°C) 386 ppm/°C 208 ppm/°C 

 

The ratio of phenyl to methyl in the SILRES is 0.82 Ph : 1 Me, hence some of the  

model compound’s higher properties can be attributed to its higher phenyl content (1 Ph : 

1 Me). The T:D structural unit ratio of the SILRES silicone network is unknown and could 

not be obtained from the manufacturer. Nonetheless, the strategy to improve the desired 

properties of SILRES was to simply increase the phenyl and T unit content by in situ 

modification with a small amount of DDPS (phenyl-T12 SQ). Pieces of SILRES cured at 

250°C readily dissolved in 0.01M TBAF/THF while stirring at RT. After the SILRES 
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dissolved, 10 wt % DDPS was added, which dissolved in approximately 36 h yielding a 

transparent solution. 

Coatings and monoliths of the 10 wt % DDPS modified SILRES were prepared as 

detailed previously and cured at 250°C. TGA of the cured clear silicone resin showed an 

increase in thermal stability (Td5%) by about 30°C from 417 ± 4° C to 448 ± 2° C (Figure 

5.10). The improvement is attributed to the increases in both the phenyl and T-unit 

contents. 

 

 

Figure 5.10 Typical TGAs in air of prime SILRES and after recycling and in situ 

modification to add 10 wt % DDPS for higher thermal stability 

 

The CLTE of polymeric materials is an important property, especially in multi-material 

systems where CLTE mismatch can lead to delamination between layers. The CLTE may 

need to be minimized when joining to a low CLTE material like a metal or ceramic. Or the 

CLTE may need to be minimized at elevated temperatures to prevent loss of a low tolerance 

seal. The prime SILRES has a relatively high CLTE compared to the model silicone resin, 

which has a higher cross-link density due to the large number of T-units in the polymer 
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network. By increasing the number of cross-links with the 10 wt % addition of DDPS, the 

CLTE at elevated temperatures, 150-300°C, decreased by approximately 140-160 ppm/°C 

(Figure 5.11). The overall dimensional change across the temperature range of the modified 

silicone resin is less, which is useful for design considerations since the accommodation of 

large volume changes of a part (tubing, gasket, seal, etc.) could be problematic. 

 

 

Figure 5.11 TMAs of prime SILRES and after recycling and in situ modification to add 

10 wt % DDPS for lower CLTE 

 

The mechanical properties of SILRES also benefit from a 10 wt % addition of DDPS 

as shown in Figure 5.12. The storage modulus at 30°C increased by 16% from 1040 MPa 

to 1211 MPa. This was expected due to the increase in T-units and therefore cross-link 

density. After the in situ addition of DDPS the shape of the storage modulus curve also 

changed, showing a more gradual decrease from 30-100°C. Around 100°C the storage 

modulus of prime SILRES plateaus at about 0.5 MPa, whereas the rate of decrease in the 

storage modulus of the recycled and modified SILRES becomes more gradual. The 

modified SILRES maintains a storage modulus above 100 MPa up to about 200°C. 
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This preservation of stiffness upon heating, by 3 orders of magnitude, is attributed to 

the increase in cross-link density from the increase in T-units during in situ modification 

with DDPS. The cross-link density was calculated from the storage modulus in the rubbery 

plateau (defined at Tg + 30°C) as defined by the rubber elasticity theory, which was 

described in Chapter 4. The cross-link density increased by nearly 55x from 60 mol/m3 to 

3,290 mol/m3.  

The Tg after modification is also significantly higher due to the higher cross-link 

density. An increase of about 115°C from 104°C to 221°C was measured from the tan δ 

peak.  The second smaller peak at a lower temperature in the tan δ curve of the modified 

SILRES is likely a β transition attributed to side chain movement and small localized 

movements in the backbone.11 

 

 

Figure 5.12 DMAs of prime SILRES and after recycling and in situ modification to add 

10 wt % DDPS for higher stiffness 

  

The increase in cross-link density and phenyl content also improves the wear resistance 

of this commercial silicone resin when applied as a coating on an Al substrate and cured at 

250°C as evidence by the WCA versus wear cycle study (Figure 5.13). The prime SILRES 
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coating has an initial WCA of 90°, but after just 50 wear cycles with sandpaper the WCA 

increases abruptly to 116°. This is caused by roughening of the silicone due to the minimal 

polymer network integrity brought on by the low cross-link density. With continued wear 

the prime coating begins to wear away and the WCA decreases. The high standard 

deviation of WCA measurements also indicates non-uniformity of the diminishing thin 

film as it wears away.  

The recycled and modified SILRES coating, however, maintains a relatively steady 

WCA, between 90-95°, throughout the entire wear test. This indicates, as has been shown 

throughout this dissertation, a more structurally robust silicone resin network, which is 

attributed to the increase in cross-link density.  

 

 

Figure 5.13 WCA vs number of wear cycles before and after recycling and in situ 

modification of SILRES to add 10 wt % DDPS 
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5.4 Conclusions 

 

Highly cross-linked thermoset silicone resins cured at 250°C were easily modified in 

situ while recycling via an F- catalyzed rearrangement reaction. The normally insoluble 

mixed phenyl/methyl model silicone resin was dissolved in the presence of catalytic 

amounts of F- in THF while stirring at RT by equilibrating all D and T units into soluble 

intermediates. With the intermediate species of the prime resin in solution, an opportunity 

arises to change the ratio of starting materials or add new functionalities. The cross-linked 

silicone resin network then reforms on removal of the solvent with the adjusted or new 

properties. 

Four examples of in situ modification were presented to demonstrate the ease and 

versatility of our new technique. The thermal stability of the model silicone resin was 

increased by 50°C by adding more of one of the starting material, DDPS, to increase the 

phenyl content and cross-link density. The flexibility was increased and the Tg was lowered 

200°C by adding more of the other starting material, D4. The hydrophobicity of the model 

silicone resin was increase by 15° by the addition of PFS, which introduced a new low 

surface energy functionality. Lastly, a widespread commercial silicone resin, SILRES, was 

modified with DDPS to increase cross-link density and phenyl content leading to better 

thermal stability and wear resistance. 

The ability to use F- catalyzed rearrangement to first synthesize a silicone resin upon 

solvent removal and then dissolve it by re-introduction of F- in solution creates an 

opportunity for the inclusion of more of a starting silicone building block and/or entirely 

new functionalities. This type of in situ modification of a coating system is rare and 

especially unique for a highly cross-linked thermoset polymer.  

End-of-life silicone products could not only be recycled with property retention 

(Chapter 4), but could be tailored (Chapter 5) for use in new applications with wholly 

different requirements. A silicone used in a low demand environment could be recycled 

and modified to be used as a high temperature hydrophobic protective coating. Or a stiff 

silicone gasket could be recycled and modified for a second generation use in flexible 

tubing. 
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Chapter 6 

 

Future Work 

 

6.1 Discussion 

 

In Chapter 3 we demonstrated the synthesis of silicone resins via the F- catalyzed 

rearrangement of siloxane, silsesquioxane, and triethoxysilanes. A main objective was to 

combine hydrophobicity and wear resistance. The low surface energy perfluoroalkylsilane 

provided an increase in the initial WCA, but it was relatively small, 7°. This was attributed 

to non-uniform coating observed by SEM as the formation of islands due to the low surface 

energy of the perfluoroalkylsilane. Other ratios or lengths of perfluoroalkylsilane should 

be investigated for the optimization of initial WCA. Additional increases in WCA are 

possible with other siloxane building units, for example the replacement of D4 with (3,3,3-

trifluoropropyl)methylcyclotrisiloxane (CF3-D3) along with DDPS and PFS (functional 

group ratio 2 Ph : 1 Me : 1 CF3 : 1 PFS, 250°C cure on Al substrate) has an initial WCA of 

110° (Figure 6.1), which is about 20° higher than the model compound. The -CF3 group 

has been shown to have the lowest surface energy and pristine CF3 surfaces are required 

for the theoretical maximum WCA, 120°, for a smooth surface.1,2 

 

 

Figure 6.1 left) CF3-D3 structure, right) initial WCA of coating with CF3-D3 
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The wear resistance of the model silicone resin was found to be excellent with little 

change in the WCA over after 200 wear cycles and little to no wear observed via SEM. 

Other wear resistance testing should be conducted including taber abrasion for comparison 

to commercially available silicone coatings. The inclusion of adhesion promoting 

functionalities should be investigated to further increase the wear resistance of these 

coating systems. Hydrolyzable alkoxysilanes are used extensively for the functionalization 

of surfaces with oxides, but in the F- catalyzed coating system Si-O bonds are rearranging 

in solution. An alternative would be to include an isocyanate functionalized silane such as 

3-isocyanatopropyltriethoxysilane. The Si-O bonds in the silane facilitate integration to the 

silicone network and the isocyanate group can covalently bond with hydroxyl groups on 

oxide surfaces (Figure 6.2).3 

 

 

Figure 6.2 Schematic of isocyanate bonding to reactive aluminum oxide surface 

 

Another approach to improving both the hydrophobicity and wear resistance is to build 

layered systems using these silicone resin coatings. Spray application of successive layers 

could be laid down on a substrate at RT or even after curing in between layers since the 

TBAF/THF solvent carrier of a new layer allows for some partial dissolution of the surface 

of the previous layer allowing for Si-O bond rearrangement between the two layers or 

networks. For proof of principle of the concept two layered systems were made and tested 

for wear resistance (Figure 6.3). The first system consisted of three layers. The base layer 

was the model silicone resin (DDPS + D4), which exhibited good adhesion to an Al 

substrate. The coating from Chapter 3 with the highest WCA (143°) after 200 wear cycles 
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was used as the middle layer, which was DDPS + D4 + PFS + MAS with 3 wt % silica 

nanoparticles. The top layer was a thin layer of the model compound. Basically, the concept 

was to sandwich a layer containing silica nanoparticles between two layers of the model 

silicone resin. As shown in Figure 6.3b, Layered System 1 showed less roughening with 

wear and a steady WCA of about 125° after the first 50 wear cycles indicating relatively 

good wear resistance.  

 

 

Figure 6.3 Schematics and WCA vs wear cycles with pertinent coatings for comparison of 

Layered System a-b) 1 and c-d) 2 

  

The second layered system was designed to ascertain if a base layer of silicone highly 

filled with silica nanoparticles could be protected by a thin layer of the model silicone 

without sacrificing hydrophobicity. A purposely high loading of NPs, 50 wt %, was chosen 

to either exacerbate or highlight the wear resistance of Layered System 2. For comparison, 

the same silicone resin coating (DDPS + D4 + PFS + MAS + 50 wt% SiO2) was spray 

coated on an Al substrate without a protective top layer and cured at 250°C. As shown in 

Figure 6.3d, the addition of a 2 wt % layer of the model silicone resin provided some 

protection against wear resistance as indicated by the 15° higher WCA after 200 wear 
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cycles. Keeping the protective top layer thin (2 wt %) eliminated a decrease the initial 

WCA, which was 150°. 

Other reaction parameters to consider for silicone resin synthesis, recycling, and in situ 

modification are the temperature, solvent, and fluoride ion source. All experiments were 

conducted at RT in THF with TBAF. The effects of temperature on the dissolution rate of 

insoluble starting materials like DDPS and perhaps more importantly the fully cured 

systems should be investigated. The balance between the costs of energy versus time would 

need to be determined for synthesis or recycling scale up. THF is relatively non-toxic, 

comparable to acetone, but other green solvent alternatives should be explored. Recycling 

difficult to recycle cross-linked thermosetting silicone resins has a positive environmental 

impact, but the endeavor is futile if it requires non-environmentally friendly reagents. 

Alternatives such as 2-methyltetrahydrofuran and cyclopentyl methyl ether should be 

investigated. 

This dissertation and previous work by our group has shown that TBAF is a suitable F- 

source for Si-O bond rearrangement reactions. When targeting discrete SQ cages the F- 

must be captured as CaF2 by treating with CaCl2, then the remaining tetrabutylammonium 

chloride (depending on work up) can be washed off the product. When making or recycling 

silicone resins the opportunity to remove the TBAF is eliminated because the polymer only 

forms with removal of the solvent and capturing the TBAF first leads to formation of 

discrete SQ cages rather than polymers. The primary thermal decomposition product of 

TBAF was found to be tributylamine (Figures 4.13, 4.22, 4.23, D.1). Trace amounts were 

found even after curing to 250°C, due to its high boiling point (214°C), and could act as a 

plasticizer. The tributylamine also imparts a yellow/brown color in prime and recycled 

silicone resins, which may be undesirable. Other F- sources may prevent these issues. In 

particular, alkali-metal fluorides (NaF, KF) should be explored. NaF and KF have limited 

solubility in THF, but solvent blends could be considered and the presence of crown ethers 

have been shown to increase their solubility.4  

The model silicone resin made from DDPS and D4 had a high thermal stability, Td5% > 

480°C in air. The Td5% increased by 50°C by adjusting the Ph:Me ratio from 1:1 to 2:1 

(Figure 5.3), however, the resulting resin was very brittle and difficult to process (other 

than as a thin film) because the T:D unit ratio increased from 2:1 to 4:1. The balance of 
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flexibility and thermal resistance should be explored by lowering or possibly eliminating 

all methyl groups by replacing D4 with Ph8D4 (Figure 6.4). It should be possible to 

formulate a silicone resin with a thermal stability higher than reported here, > 530°C, with 

better processing/flexibility by adjustment of the cross-link density (i.e. T:D ratio). 

 

 

Figure 6.4 Structure of octaphenylcyclotetrasiloxane 

 

Under optimized conditions, our novel technique worked well for recycling two 

commercial silicones. Dissolution time at RT for a mixed phenyl/methyl resin was about 

an hour and only 15 minutes for a RTV silicone rubber. These two materials suffice as the 

proof of principle that our method works for commercially relevant products, not just niche 

lab-made materials. However, other types of silicones should be trialed to demonstrate our 

method’s full potential, such as high temperature vulcanized (HTV) silicone rubber. Real 

world silicone waste streams should be evaluated and perhaps the mixture of both rubber 

and resin end-of-life products to achieve a balance of properties such as stiffness. Our 

method should work for any silicone material because it attacks Si-O bonds.  

 In a recent review5 on thermosets designed to be recyclable with labile bonds or 

linkages, Ma et al. noted that instead of designing thermosets with weak bonds, such as the 

di-sulfide6 silicone systems described in Chapter 4, that inherently lower the 

conventionally high properties of a thermoset, the use of catalysts that cleave common 

strong bonds is an attractive alternative. Since the F- catalyzed rearrangement reaction 

attacks and cleaves siloxane bonds, our recycling technique could be extended to other 

difficult to recycle thermosets via incorporation of siloxane bonds in cross-links and/or 

monomer repeat units. The review by Ma et al. made no mention of siloxanes bonds being 
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considered for the route of catalyst driven cleavage of strong bonds suggesting this is an 

entirely unexplored sector of the field. 

There are many di-functional siloxanes that could replace traditional thermoset 

building blocks to create recyclable epoxy-amines, polyurethanes, polyureas, cross-linked 

unsaturated polyesters and vinyl esters, etc. Introduction of the siloxane linkages to the 

polymer network should also increase thermal stability. Examples of such systems are 

shown in Schemes 6.1 - 6.4. The structures shown are all commercially available. In 

addition to exploring such siloxane based systems, appropriately functionalized SQs 

(Figure 6.5) could also be used to construct recyclable thermosets with even higher cross-

link densities because of the T units. 

 

 

 

Scheme 6.1 Pathway to siloxane containing epoxy-amine thermoset susceptible to F- 

catalyzed recycling 

 

 

 

 

Scheme 6.2 Pathway to siloxane containing polyurethane thermoset susceptible to F- 

catalyzed recycling 
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Scheme 6.3 Pathway to siloxane containing polyurea thermoset susceptible to F- catalyzed 

recycling 

 

 

 

 

Scheme 6.4 Pathway to siloxane containing cross-linked unsaturated polyester thermoset 

susceptible to F- catalyzed recycling 
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Figure 6.5 Examples of octafunctional SQ cages as building blocks for various thermoset 

polymers susceptible to F- catalyzed recycling 
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Lastly, the short dissolution time for silicones like the commercially relevant SILRES 

presents an opportunity for easy repair, patterning, or modifying of cured coatings. As a 

demonstration, a cotton swab soaked with 0.01M TBAF was used to selectively remove a 

portion of prime SILRES cured at 250°C (Figure 6.6). Thus, a damaged area could be 

removed and then sprayed over with new silicone resin (Figures A.5 and A.6). Adhesion 

between the base-layer and repair-layer is expected to be good since the base-layer will be 

partially solubilized by the F-/solvent of the repair-layer as mentioned above regarding 

layered systems. 

 

 

Figure 6.6 Cured (250°C) SILRES pattern a) before and b) after selective removal with 

0.01M THF/TBAF; magnification 27x, scale bar 1000 µm 
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Appendix A 

 

Supplemental SEM Images 

 

 

 

Figure A.1 SEM of 5 wt % silicone resin coating; magnification 100x, scale bar 500 µm  
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Figure A.2 SEM of 10 wt % silicone resin coating; magnification 100x, scale bar 300 µm  

 

 

Figure A.3 SEM of 15 wt % silicone resin coating; magnification 100x, scale bar 500 µm  
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Figure A.4 SEM of 25 wt % silicone resin coating; magnification 100x, scale bar 500 µm  

 

 

Figure A.5 SEM of patterned SILRES coating; magnification 25x, scale bar 2 mm  
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Figure A.6 SEM of reapplication of SILRES coating over patterned (or “damaged”) 

coating; magnification 27x, scale bar 2 mm  
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Appendix B 

 

Supplemental Thermal Analyses 

 

 

 

Figure B.1 DSC of model mixed phenyl/methyl silicone resin (1 Ph : 1 Me) 
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Figure B.2 TMA of commercial SILRES silicone resin 

 

 

Figure B.3 DSC of commercial SILRES silicone resin 
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Figure B.4 DSC of 1 Ph : 4 Me silicone resin 

 

 

Figure B.5 DSC of 1 Ph : 4 Me : 0.2 PFS silicone resin 
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Figure B.6 TMA of 1 Ph : 4 Me silicone resin 

 

 

Figure B.7 TMA of ELASTOSIL E10 commercial RTV silicone rubber 
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Appendix C 

 

Cure Temperature Effect on Recycled Silicone Resin Properties 

 

 

 

Figure C.1 WCA vs wear cycles on recycled model silicone resin (1 Ph : 1 Me) cured at 

increasing temperatures 
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Figure C.2 SEM-EDS images of recycled (0.01M TBAF/THF) model silicone resin 

coatings cured at 150°C before and after 200 wear cycles and cross-hatch tape adhesion 

test. Wear micrograph magnification 100x, scale bar 300 µm. Cross-hatch magnification 

35x, scale bar 800 µm, EDS map: yellow = Si, blue = Al. 

 

 

Figure C.3 SEM-EDS images of recycled (0.01M TBAF/THF) model silicone resin 

coatings cured at 200°C before and after 200 wear cycles and cross-hatch tape adhesion 

test. Wear micrograph magnification 100x, scale bar 300 µm. Cross-hatch magnification 

35x, scale bar 800 µm, EDS map: yellow = Si, blue = Al. 
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Figure C.4 SEM-EDS images of recycled (0.01M TBAF/THF) model silicone resin 

coatings cured at 250°C before and after 200 wear cycles and cross-hatch tape adhesion 

test. Wear micrograph magnification 100x, scale bar 300 µm. Cross-hatch magnification 

35x, scale bar 800 µm, EDS map: yellow = Si, blue = Al. 

 

 

Figure C.5 Typical TGAs in air of prime and recycled model silicone resin with increasing 

cure temperature 
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Table C.1 Thermal stability of prime and recycled model silicone resin (1 Ph : 1 Me) with 

increasing cure temperature 

 

Cure Temp. 
Prime Resin 

Td5% 

Recycled Resin 

Td5% 

Δ Avg. 

Td5% 

150°C 353 ± 5 °C 349 ± 4 °C - 5 °C 

200°C 470 ± 6 °C 467 ± 3 °C - 3 °C 

250°C 483 ± 7 °C 478 ± 2 °C - 5 °C 
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Appendix D 

 

Supplemental GC-MS 

 

 

 

Figure D.1 GC-MS of 0.01M TBAF in BHT stabilized THF accounts for decomposition 

products found in silicone resin systems synthesized via F- catalyzed rearrangement 

 

 

Figure D.2 GC-MS of D4 
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Figure D.3 GC-MS of Al dishes used for casting some samples shows dish coated with 

grease release agent as a source of potential contamination 


