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ABSTRACT 

 

Silicones are ubiquitous polymers containing a silicon-oxygen backbone and a variety of 

functional groups that can be tailored to very specific applications. Their flexibility, 

biocompatibility and relative inertness make them the ideal choice in materials as diverse as 

cosmetics, defoaming agents in food and medical implants. This thesis will focus on three 

separate projects, each one a silicone-based composite. Chapter 1 is an overview that includes a 

brief history, background, synthesis, applications, chemical structure, and any other relevant 

information regarding silicones.  

Chapter 2 describes the successful fabrication of a sprayable omniphobic coating that 

contains a polydimethylsiloxane binder and nanoparticle ZnO. A coating, or any other surface, is 

considered omniphobic if it is both water-repellent (i.e. hydrophobic) and oil-repellant (i.e. 

oleophobic). The coating herein was sprayed on a variety of different surfaces, such as metal 

mesh, filter paper and bare aluminum, rending them resistant to liquid contamination. The 

desired application of this coating is to promote efficient heat transfer in condensing pipes by 

preventing insulating oily films from forming on their interior. By keeping the surface free of 

films, more heat may be available for transport to the ambient environment. 

Chapter 3 describes the synthesis of silicone microspheres via ultrasonic spray pyrolysis. 

A viable route to silicone microspheres has eluded researchers for many years, in large part due 

to the very low surface energy of silicone polymers. This prevents a simple emulsion route; the 

surface energy promotes agglomeration, a problem which cannot be combatted effectively by 

common surfactants. Microfluidic devices are expensive and afford only low yield and even 

lower throughput. Thus, we have developed a simple route which nebulizes silicone precursors 
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into micron-sized aerosol droplets and flows the droplets through a furnace tube, where curing 

and solvent evaporation take place. Since each droplet is its own micro-reactor, each produces a 

well-formed microsphere with ano observable agglomeration. Furthermore, we can tune the size 

and composition of these microspheres simply by altering the concentration and components of 

the precursor. 

Chapter 4 describes a series of experiments on silicone-based plastic explosives. There is 

a paucity of literature regarding the controlled shock impact and subsequent detonation of 

commonly used explosives. What reports exist rely on computer-modelling and idealized 

assumptions to make conclusions about the thermomechanical and chemical nature of these 

events. When an actual explosive is used, it is often loosely packed powder which is of low 

density and contains many pores and defects. We have devised a method that uses mild-impact 

sources to generate explosions in a very small amount of explosive material. We incorporate 

instrumentation that allows us to see, with nanosecond resolution, the temperature and spectral 

emission of this explosive, under real-life impact conditions. 
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CHAPTER 1: SILICONES: BACKGROUND, SYNTHESIS AND APPLICATIONS 

 

Silicones are polymers that have repeat units of substituted silicon-oxygen bonds. The 

most widely used silicone is polydimethylsiloxane (PDMS). Its properties, such as 

biocompatibility, flexibility, transparency, gas permeability and chemical resistance make it the 

ideal material in a variety of applications such as medical devices, implants, microfluidic 

channels, food additives and lubricating oils.1-6 This chapter will include an overview of the 

chemical structure and properties of silicones, their industrial production, and the most relevant 

silicone-based materials. 

 

1.1 Background  

The word ‘silicone’ is derived from an analogy to ketones, which contain a similar 

structure with a carbon center instead of a silicon center. The generalized chemical formula is 

shown in Figure 1.1, with R groups corresponding to simple alkyl groups, alkoxy groups, 

hydride groups, vinyl groups, fluoroalkyl groups, and phenyl groups among others (Figure 1.2a-

f). While the formula shown is of a linear nature, there are many possibilities for branching and 

cross-linking, as will be demonstrated in the synthesis section of this chapter. 

 

Figure 1.1 Generic structure of silicone backbone. 
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The most commonly used and widely available polymer in the silicone family is 

polydimethylsiloxane (i.e., PDMS, Figure 1.2a). The polymer used in the bulk of the research 

that encompasses this thesis is PDMS, thus, the bulk of this chapter will focus on the production 

and applications of PDMS.  

Figure 1.2 Examples of PDMS (a) and a variety of substituents from (b) alkoxy-, (c) hydride-, 
(d) vinyl, (e) trifluoropropyl- and (f) phenylsiloxanes. 

 

A siloxane unit, which refers to the monomer from which the polymer is derived, can 

then be considered to have one of the following formulas and corresponding functionalities: 

mono-, di-, tri- or tetrafunctional, (M, D, T and Q respectively).  Table 1.1 on the following page 

gives an overview of the chemical nature of each of these starting siloxanes. 

 

 

 

 

 

a  b  c  

d  e  f  
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Table 1.1 Origin, functionality, and fields of application of silicone structural units7 

 

 

It is the ability to combine multiple siloxane functionalities that gives rise to a near infinite 

combination of co-polymers with distinct reactivity, thermal properties, chemical properties and 

physical resistance.8 For instance, simply polymerizing a trifunctional (T) monomer, the cage 

structures are the most commonly synthesized product (Figure 1.3), and not a linear chain, as 

may be expected with carbon-based analogs.  
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Figure 1.3 A polyhedral organic silsesquioxane, formed by polymerizing a type T monomer.9 

 

1.2 The Origin of Silicones 

The history of silicone synthesis begins in 1824,10 with the reduction of potassium silicon 

hexafluoride to neutral silicon.  

4 K + K2SiF6 → Si + 6 KF 

Upon reaction with chlorine gas, silicon tetrachloride is formed. 

Si + 2 Cl2 → SiCl4 

Years later in 1863, Friedel and Crafts11 were able to convert silicon tetrachloride in to 

tetraethylsilane, by using diethylzinc as an alkylating agent, the first example of an organosilane 

compound. 

2 Zn(C2H5)2 + SiCl4 → Si(C2H5)4 + 2 ZnCl2 

The next advance came in 1901 with the work Frederic Stanley Kipping, who is often referred to 

as the father of organosilicon chemistry. Much of his research entailed the use of Grignard 

reagents to prepare halogenated organosilanes. Upon the heat-catalyzed condensation of a 
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phenyl-derived monomer, he describes a ‘vitreous yellow mass’ named diphenyl silicone, which 

coined the term.12  

 

Figure 1.4 Possible reaction discovered by Kipping, where Ph = Phenyl and X = OH, Cl. 

While we do not know for certain, he may have obtained the product in Figure 1.4, which has 

the same stoichiometric formula and properties as described by him and his colleagues. 

All the previously described methods entailed laboratory scale syntheses which did not 

lend themselves to industrial viability. It was not until Rochow, et. al. developed a process for 

directly making halogenated organosilanes using elemental Si and alkyl chlorides as shown 

below.13 

x MeCl + Si → Me3SiCl, Me2SiCl2, MeSiCl3 

In the reaction above, methyl chloride is reacted with fine Si particles in a sealed vessel at 250-

350 C with a copper catalyst. The temperature and conditions can be optimized to give the 

desired value of n, which is generally 2, in industrial manufacture. No matter what conditions are 

selected, a mixture of all possible products is obtained, and distillation, fractionation and other 

processes are generally required to separate the products.14  

Upon isolation of dichlorodimethylsilane, hydrolysis can be used to generate polysiloxane 

products.15 
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m(CH3)2SiCl2 + (m+1)H2O → HO[(CH3)2SiO]mH+ 2mHCl  

n(CH3)2SiCl2 + nH2O → [(CH3)2SiO]n + 2nHCl  

The chloride group is replaced by a hydroxyl group, yielding linear (m = ~50) and cylic 

oligomeric dimethylsiloxanes (n = 3,4,5). HCl is recovered as a byproduct. As in the production 

of dichlorodimethylsilane, the temperature and reaction conditions can influence the yield of the 

products obtained. The cyclic product is mostly the 4-membered ring, 

octamethyltetracyclosiloxane, and it can also under go base-catalyzed ring-opening to produce 

linear hydroxyl-terminated PDMS, after post-treatment stripping and neutralization.  

x (Me2SiO)4 + KOH → (Me2SiO)y + KO(Me2SiO)zH 

KO(Me2SiO)zH → HO(Me2SiO)zH + KOH 

Unlike many of the carbon based polymers, which become solids and plastics of varying rigidity 

dependent on their chain-length, linear PDMS is never a solid. The shortest polysiloxanes are 

liquids, and as the chain length increases, the viscosity increases, i.e., long chains of linear 

PDMS are merely viscous oils. Shown below (Table 1.2) is the relationship between viscosity 

and molecular weight. 

Table 1.2 Linear polysiloxane Molecular weight vs. Viscosity4 

Molecular 
Weight (g/mol) 

3,600 17,000 30,000 88,000 143,000 

Viscosity (cSt) 60 440 1,440 50,000 300,000 
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1.3 Synthesis of Industrially Relevant Oligomers and Polymers 

1.3.1 Synthesis of Silicone Oligomers 

 A variety of silicone oligomers can be made from their chlorinated precursors, giving rise 

to synthetic routes which yield silicones with diverse properties. Silicones can be polymerized 

via condensation, hydrosilylation, dehydrogenative coupling, peroxidation and UV curing. This 

section will cover how each of these oligomers is produced. The following section will cover 

how their polymers are produced.  

 

Figure 1.5 Relevant Reactions of chlorosilane monomers (R1 and R2 = H or CH3). 

Figure 1.5 above shows the synthetic routes to some common oligomers. Silicones that 

are made by condensation proceed from alkoxy-monomers and oligomers. These can be readily 

produced by reacting chlorosilanes with an alcohol. Methanolysis of dimethyldichlorosilane, for 

example, produces dimethoxydimethylsilane, an important precursor.16  
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m(CH3)2SiCl2 + 2mCH3OH → HO[(CH3)2SiO]mH+ 2mCH3Cl + mH2O 

n(CH3)2SiCl2 + 2nCH3OH → [(CH3)2SiO]n+ 2nCH3Cl + nH2O   

Condensation reactions can be carried out using alkoxy-silanes in much the same way as their 

chlorinated analogues. Acid or base catalyzed hydrolysis and subsequent condensation17 yields 

the same products as shown on page 5 (m and n also have the same values). Alkoxy-silanes 

exhibit slower reactivity than chlorosilanes, and the rate of reactivity for all silanes follows the 

general trend of Cl > MeO > EtO.  

 MeHSiCl2, a product of the Rochow process as shown in Table 1.1, is also a very 

important precursor to platinum-catalyzed silicones, which are perhaps the most widely used 

silicone product and most widely used in this thesis. It can be polymerized into 

polymethylhydrosiloxane (PMHS) (Figure 1.2c), a cross-linking agent for Pt-cured PDMS. 

MeHSiCl2 is also reacted with acetylene to introduce vinyl-groups (Vi) via hydrosilylation.18   

MeHSiCl2 + HC≡CH → MeViSiCl2 

The Pt catalyst employed in hydrosilylation reactions has the following structure. 

 

 

Figure 1.6 Platinum divinyltetramethylosiloxane, which is six-coordinate Pt (0) complex bound 
by three siloxane units. 
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This catalyst was first discovered by Karstedt in 197319 and is still used today in 2-part room-

temperature vulcanizing (RTV) silicones.20, 21 

 

1.3.2 Platinum-Catalyzed Polymerization of PDMS 

 The silicone that is most prevalently used in this thesis is Pt-cured PDMS. The basic 

catalytic scheme that governs its synthesis is shown below, in which the hydride group of one 

silicone chain forms a bond with the vinyl group of another silicone chain via addition.  

 

Figure 1.7 Chalk-Harrod catalytic cycle for hydrosilylation of vinyl silanes with hydrosilanes 
using a Pt catalyst.22 
 

 

This idealized mechanism, first proposed by Chalk and Harrod in 1965,23 can be described as 

such. A trisubstituted silyl hydride undergoes oxidative addition with the metal catalyst center. 

Then, a vinyl-substituted silane couples with the metal center, and the hydride group shifts to the 
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vinyl group in a migratory insertion step. Finally, the Si-C bond is formed via reductive 

elimination.  

 As is the case with condensation reactions, linear products of Pt-cured PDMS are merely 

oils of varying viscosities. A crosslinked 3-dimensional network is necessary for obtaining a 

solid elastomeric product. Dichloromethylhydrosilane can be polymerized into 

polymethylhydrosiloxane (PMHS), while the corresponding vinyl monomer can be polymerized 

into polymethylvinylsiloxane (PMVS). It is these two polymers which can then be crosslinked 

into the elastomer, as shown in the reaction below.  

 

Figure 1.8 Pt-catalyzed crosslinking of two vinyl-PDMS chains and a PMHS-PDMS 
copolymer.24 

 

Commercially available 2-part cures of this type include PMHS and PMVS, but also block 

copolymers of PMHS-PDMS and PMVS-PDMS, with the mole % of the reactive hydride and 

vinyl functionalities ranging from 1-50. The relative ratio of the two polymers used in the cure 

affects the swelling properties and flexibility of the resultant product. More details on the 

properties of silicone elastomers will be discussed in a later section.  
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1.3.3 Tin-Catalyzed Polymerization of PDMS 

Another route to PDMS involves the dehydrogenative coupling of a hydroxyl-terminated 

silicone with a hydride-terminated silicone (Figure 1.9), which forms a Si-O-Si linkage, along 

with hydrogen gas as a byproduct. This is in contrast to Pt catalysts, which form Si-C bonds.25, 26  

 

Figure 1.9 Dehydrogenative coupling catalyzed by an organotin salt. Wavy lines are a truncation 
of the rest of the polymer chain. 
 
Typical catalysts used in this type of cure are tin octanoate and dibutyltin dilaurate, as shown in  

      

Figure 1.10 The chemical structure of tin octanoate (left) and dibutyltin dilaurate (right), 
important catalysts in PDMS production. 

 

The organotin salts will also catalyze the crosslinking of a hydroxyl-terminated PDMS 

with a multi-substituted alkoxy monomer, such as tetraethyl orthosilicate (TEOS). It is important 

to note that the following reaction (Figure 1.11) is a simplification which ignores the hydrolysis 

of TEOS as a necessary step; this is evidenced by the fact that the reaction requires moisture to 

proceed.27 
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Figure 1.11 Hydroxyl-terminated PDMS (1) crosslinks with TEOS (2) to generate a crosslinked 
product (3) and ethanol. 

 

Unlike Pt catalysts, which can be used at concentrations as low as 1.5 ppm, tin catalysts 

must be used at fairly high concentrations of >50 ppm. Thus, concerns of toxicity and adverse 

reaction have precluded their widespread use in biological and medical applications. Secondly, 

because alcohol is a byproduct of the reaction, some shrinkage of the final product can be 

expected, precluding the fabrication of precise objects; this is not so with Pt-catalyzed PDMS. 

Moreover, while the mechanism for Pt-catalyzed PDMS has been generally understood, the 

mechanism for Sn-catalyzed pathways has been a source of contention for many years. It is, 

however, accepted that hydrolysis of the catalyst and Sn-O-Si formation occur as shown in 

Figure 1.12. Severnyi and van der Weij pioneered studies regarding these pathways.28, 29  

 

Figure 1.12 Hydrolysis of tin catalyst, formation of Sn-O-Si linkage and polymerization of a 
siloxane unit.29 
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Tin catalysis also plays the same role in one-part RTV cures, in which all of the reactive 

species are combined in a vessel and sold as uncured reactants. This is made possible by the fact 

that tin catalysts do not react under anhydrous conditions. Such PDMS precursors generally 

contain acetoxy-functionalized prepolymers, which crosslink in the presence of moisture, as 

described by the following reaction.25 

 

Figure 1.13 Reaction pathway for an acetoxy-cured PDMS. OAc = CH3COO group. Wavy lines 
are a truncation of the rest of the polymer chain.2 
 
 
1.3.4 Peroxide and UV Cure 

While industrially important, these types of silicones are not used in this thesis, and so 

will only be briefly discussed. Peroxide cured silicone involves the coupling of a methyl group 

on one silicone chain to the vinyl group on an adjacent chain, as shown in Figure 1.x. This is 

generally accomplished by combining high molecular weight (upwards of 500,000) 

polyvinylmethylsiloxane-polydimethylsiloxane copolymers with an appropriate peroxide at a 

loading of 0.2-1.0%.30, 31 These cures require heat so the reaction is carried out at ~130 degrees 

Celsius. UV cured silicones utilize epoxide and acrylate functionalities which are radicalized and 

polymerized in the presence of a photoinitiator. 
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Figure 1.14 Radical polymerization pathway. Vinyl-terminated oligomer reacts with methyl-
terminated oligomer, extending the radical chain.32 

 

1.4 Properties of Bulk Silicone  

As mentioned in the abstract, silicones have properties that are widely desirable for a 

variety of applications. This section will briefly discuss those properties and their importance. 

Table 1.3 shows the various thermal, electrical, rheological and chemical properties of bulk 

PDMS. A majority of these properties are values given for Dow Sylgard (Dow Corning, Inc.). 

Sylgard is a commercially available 2-part RTV silicone that was used for a majority of this 

thesis. Its major constituent is cross-linkable PDMS elastomer, thus it will be used to represent 

the properties typically found in bulk PDMS. 

Table 1.3 General properties of a Silicone Elastomer34-36 

Property Value 

Density 1.03 g/cm3 

Glass Transition Temperature (Tg) 146 K 

Rotation Energy 13.3 kJ/mol 

Critical Wetting Energy 24 mN/m 

Dielectric Strength 500 kV/mm 

Thermal Conductivity 0.27 W/mK 

Gas permeability 600-800 Barrer 

Resistivity 2.9 x 1014 ohm*cm 

Refractive Index 1.42 

Tensile Strength 6.7 MPa 
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Polydimethylsiloxane (PDMS) is interesting because it contains both polar Si-O bonds, 

and highly non-polar methyl groups. In addition, the energy barrier to rotation around a Me2Si-O 

group is only 3.3 kJ/mol. Organic polymers such as polyethylene may have a rotational energy of 

over 13 kJ/mol. Thus, depending on the environment, PDMS may adopt many more 

configurations than carbon based polymers. Indeed, PDMS can be easily molded into various 

shapes and it exhibits excellent adhesion depending on the interface to which it is fixed. To 

elaborate, because there is a low energy cost to changing its orientation, there is greater 

opportunity for favorable interactions, i.e., between a polar surface and the polar Si-O bonds, and 

between a non-polar surface and the non-polar methyl groups. PDMS has a glass transition 

temperature far lower than any hydrocarbon polymer; this gives a very broad working 

temperature range for PDMS (-50 to 150 °C).  

 

1.4.1 Surface Properties 

Exposed to air, PDMS will generally orient its methyl groups towards the surface to 

minimize surface tension, since air can be considered non-polar. This is in sharp contrast to a 

rigid polymer, which would have a fixed orientation and correspondingly higher surface energy 

as a result. As Table 1.4 shows, at ~20 mN/m, PDMS have the lowest surface energy of almost 

all known polymers, comparable to that of polytetrafluoroethylene. The surface energy of PDMS 

is so low that it is less than its own critical surface tension of wetting, meaning that it can evenly 

coat itself and form good films. The low surface energy and facile film formation of PDMS 

ensure that it is an ideal material for protecting surfaces and preventing penetration by liquid 

water and some other liquids. By contrast, PDMS also has high oxygen permeability and water 

vapor permeability, which means that PDMS coatings will have some degree of breathability.  
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Table 1.4 Surface Tensions of Common Polymers37, 38 

Polymer Surface Tension 
(mN/m) 

Polytetrafluoroethylene (PTFE) 19.4 
Polydimethylsiloxane (PDMS) 20.1 
Polytrifluoroethylene 26.5 
Polyisobutylene (PIB, butyl rubber) 27 
Polybutadiene 29.3 
Poly n-butyl methacrylate (PnBMA) 29.8 
Polypropylene (PP) 30.5 
Polychlorotrifluoroethylene (PCTFE) 30.8 
Polyethylene (PE) 31.6 
Polyvinylidene fluoride (PVDF) 31.6 
Nylon 10,10 32 
Polyvinyl fluoride (PVF) 32.7 
Nylon 8,8 34 
Nylon 9,9 34 
Polystyrene (PS) 34 
Polyvinyl acetate (PVA) 35.3 
Nylon 11 35.6 
Polyvinyl alcohol (PVOH) 37 
Nylon 12 37.1 
Polymethyl methacrylate (PMMA)  37.5 
Polyvinyl chloride (PVC) 37.9 
Polyphenylene sulfide (PPS) 38 
Acrylonitrile butadiene styrene (ABS) 38.5 
Polyethylene terephthalate (PET) 39 
Polyvinylidene chloride (PVDC, Saran) 40.2 
Polysulfone (PSU) 42.1 
Nylon 6,6 42.2 
Nylon 7,7 43 
Polyethylene oxide (PEO, PEG) 43 
Nylon 6 (polycaprolactum, aramid 6) 43.9 
Polycarbonate (PC) 44 
Epoxies 44.5 

 

1.4.2 Bond Enthalpy of Silicones  

It is also useful to examine the enthalpy of each of the bonds in PDMS, and in particular, 

to compare them to bond enthalpies in other polymers. As Table 1.5 shows, a silicon-oxygen 

bond, has a bond enthalpy of 110 kcal/mol. This is ~25 kcal/mol higher than that of a carbon-

https://www.accudynetest.com/polymer_surface_data/polyhexafluoropropylene.pdf
https://www.accudynetest.com/polymer_surface_data/ptfe.pdf
https://www.accudynetest.com/polymer_surface_data/other_polymers.pdf
https://www.accudynetest.com/polymer_surface_data/polytrifluroethylene.pdf
https://www.accudynetest.com/polymer_surface_data/butyl_rubber.pdf
https://www.accudynetest.com/polymer_surface_data/polybutadiene_rubber.pdf
https://www.accudynetest.com/polymer_surface_data/pnba.pdf
https://www.accudynetest.com/polymer_surface_data/polypropylene.pdf
https://www.accudynetest.com/polymer_surface_data/pctfe.pdf
https://www.accudynetest.com/polymer_surface_data/polydimethylsiloxane.pdf
https://www.accudynetest.com/polymer_surface_data/polyvinylidene_fluoride.pdf
https://www.accudynetest.com/polymer_surface_data/other_polymers.pdf
https://www.accudynetest.com/polymer_surface_data/polyvinyl_fluoride_pvf.pdf
https://www.accudynetest.com/polymer_surface_data/other_polymers.pdf
https://www.accudynetest.com/polymer_surface_data/other_polymers.pdf
https://www.accudynetest.com/polymer_surface_data/polystyrene.pdf
https://www.accudynetest.com/polymer_surface_data/polyvinyl_acetate_pva.pdf
https://www.accudynetest.com/polymer_surface_data/nylon11.pdf
https://www.accudynetest.com/polymer_surface_data/polyvinyl_alcohol_pvoh.pdf
https://www.accudynetest.com/polymer_surface_data/nylon12.pdf
https://www.accudynetest.com/polymer_surface_data/pmma_polymethylmethacrylate.pdf
https://www.accudynetest.com/polymer_surface_data/polyvinyl_chloride_pvc.pdf
https://www.accudynetest.com/polymer_surface_data/polyphenylene_sulfide.pdf
https://www.accudynetest.com/polymer_surface_data/abs.pdf
https://www.accudynetest.com/polymer_surface_data/pet.pdf
https://www.accudynetest.com/polymer_surface_data/polyvinylidene_chloride.pdf
https://www.accudynetest.com/polymer_surface_data/polysulfone.pdf
https://www.accudynetest.com/polymer_surface_data/nylon66.pdf
https://www.accudynetest.com/polymer_surface_data/other_polymers.pdf
https://www.accudynetest.com/polymer_surface_data/polyethylene_oxide.pdf
https://www.accudynetest.com/polymer_surface_data/nylon6_polycaprolactum.pdf
https://www.accudynetest.com/polymer_surface_data/polycarbonate.pdf
https://www.accudynetest.com/polymer_surface_data/epoxy.pdf
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oxygen single bond. The strength of the Si-O backbone may partially explain PDMS’s resistance 

to chemical attack. Indeed, only very strong acids such as conc. sulfuric acid can “unzip” the 

polymer chain by breaking this bond. Even then, this process has been shown to take several 

days in some instances.  

Table 1.5 Bond enthalpies for bonds commonly found in polymers 39, 40 

Bond Type Bond Enthalpy (kcal/mol) 

C-C 83 

C-H 99 

C-O 84 

C=O 171 

C-N 70 

C-F 116 

Si-C 69 

Si-O 110 
 

On the other hand, C-Si single bonds are weaker than the C-C single bonds present in 

polyethylene, polypropylene, etc. This gives PDMS another useful property, which is that it can 

be plasma etched. The methyl groups on the surface can be replaced with silanol groups, 

rendering the surface highly hydrophilic.41-43 It also allows for the surface functionalization of 

PDMS, or if necessary, grafting of PDMS to another polar surface such as glass or another 

polymer.44-46 

 

1.4.3 Swelling Properties and Solvent Compatibility 

 Of incredible importance to all polymers, but especially PDMS, is their behavior when in 

contact with liquids. As is expected, PDMS has low affinity for water and the more polar 
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alcohols due to its surface chemistry being dominated by the methyl groups. It follows that 

PDMS should have high affinity for hydrocarbons and oils. Depending on a solvent’s properties, 

it might penetrate the crosslinked PDMS matrix, provided that the solvent has some degree of 

solubility in PDMS.47-49 If penetration does occur, it may also result in a degree of swelling, 

since the crosslinked matrix of PDMS must expand to accommodate the solvent molecule. The 

energy required to separate the PDMS chains so that the solvent molecule may penetrate is 

described by the following equation: 

−
𝑈
𝑉

= 𝑐 

In which U is the internal molar energy of PDMS, V is the molar volume of PDMS and c is the 

cohesive energy density. Using this term, Hildebrand and Scatchard then developed an 

equation50 which governs the solubility of two non-polar liquids by relating the enthalpy change 

that occurs upon their mixture (subscript p is for PDMS, s is for solvent): 

∆𝐻𝑚 = 𝑉𝑚(𝛿𝑝 − 𝛿𝑠)2𝜑𝑝𝜑𝑠   

Given that 𝛿 = 𝑐
1
2.  δ is commonly referred to as the Hildebrand value or the solubility 

parameter.  ∆𝐻𝑚 is the enthalpy of mixture, Vm is the volume of the mixture, and φ is the volume 

fraction of the component. Since 

1) ∆𝐺𝑚 =  ∆𝐻𝑚 − 𝑇∆𝑆𝑚 

2) ∆𝐻𝑚 ∝ (𝛿𝑝 − 𝛿𝑠)2 

∆𝐺𝑚 is favored when ∆𝐻𝑚 is zero. The implication is then that solubility is maximized when 

𝛿𝑝 =  𝛿𝑠. This is intuitive since it means there is no enthalpic cost to the molecular exchange of 

solvent p into solvent s, or in the case of PDMS, to the penetration of the solvent into the matrix.  
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In 2003, Whitesides et. al. quantified the swelling properties and solvent compatibility of 

PDMS by immersing a small slab of the polymer (with known dimensions) into a variety of 

solvents.51 By measuring the volumetric change of the PDMS slab, they were able to determine 

the degree to which the chosen solvent had swollen the PDMS. Since swelling and solubility are 

correlated, they could then statistically determine a “solubility ratio” S, which they define as 

𝑆 =
𝐷
𝐷0

 

in which D is the swollen length of the PDMS slab, and D0 is the unswollen length. A truncated 

table of values for the solubility ratio, solubility parameter and dipole moments for various 

solvents is given in Table 1.6. 

Table 1.6  Solubility Parameters, Swelling Ratios, and Dipole Moments of Various Solvents 
Used in Organic Synthesis51 
 

Solvent δ S μ (D) 
perfluorotributylamine 5.6 1.00 0.0 
perfluorodecalin 6.6 1.00 0.0 
pentane 7.1 1.44 0.0 
poly(dimethylsiloxane) 7.3 ∞ 0.6−0.9 
diisopropylamine 7.3 2.13 1.2 
hexanes 7.3 1.35 0.0 
n-heptane 7.4 1.34 0.0 
triethylamine 7.5 1.58 0.7 
ether 7.5 1.38 1.1 
cyclohexane 8.2 1.33 0.0 
trichloroethylene 9.2 1.34 0.9 
dimethoxyethane (DME) 8.8 1.32 1.6 
xylenes 8.9 1.41 0.3 
toluene 8.9 1.31 0.4 
ethyl acetate 9.0 1.18 1.8 
benzene 9.2 1.28 0.0 
chloroform 9.2 1.39 1.0 
methylene chloride 9.9 1.22 1.6 
acetone 9.9 1.06 2.9 
ethyl alcohol 12.7 1.04 1.7 
methanol 14.5 1.02 1.7 
water 23.4 1.00 1.9 
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As a general trend, it appears that non-polar solvents swell PDMS to a greater degree than polar 

solvents, though the amines are an outlier. This may be due to favorable interactions between the 

polar nitrogen component and the polar Si-O bonds in addition to the favorable interactions 

between the alkyl groups on both compounds; most solvents only have a non-polar or a polar 

moiety. Its dipole moment is also fairly modest compared to acetone and water. In addition to a 

table, a semi-log plot of solubility parameter to swelling ratio is provided as shown below. 

 

Figure 1.15 Correlation between solubility parameter and swelling. Solvents are ranked from 1 
(most swelling) to 38 (least swelling). The closer the solubility parameter is to that of PDMS, the 
greater the swelling.51 

 



21 
 

As is expected, both solubility and swelling increase as the solubility parameter of the solvent 

approaches that of PDMS, highlighted by the dashed line in Figure 1.15. Perfluorodecalin and 

perfluorotributylamine appear to be outliers, but their inability to swell PDMS makes sense. The 

C-F bonds in these solvents have almost no van der Waals forces, due to the strongly 

electronegative fluorine atom. As a result, they are completely immiscible with PDMS and 

interact very weakly with PDMS. 

 

1.4.4 Effects of Cross-Linking on Swelling Properties 

 The results obtained by Whitesides, et al. only apply to the specific composition of the 

PDMS they used. It should be of no surprise that the cross-linking density has a profound effect 

on the ability of the PDMS matrix to accommodate a solvent molecule. A denser matrix, after 

all, will give fewer opportunities for a solvent molecule to penetrate and consequently decrease 

the amount of swelling that the PDMS undergoes. 

 Flory and Rehner52 quantified the relationship between crosslinking density of a polymer 

the swelling of that polymer in a solvent through the following equation: 

𝑀𝑐 =  
−𝜌𝑉1𝑣2

1
3�

−𝑋𝑣2 + ln(1 − 𝑣2) + 𝑣2
 

Where Mc is the molecular weight between two crosslinks, ρ is the density of PDMS, V1 is the 

molar volume of the solvent, v2 is the volume fraction of PDMS in the polymer-solvent complex, 

and X is the interaction parameter between PDMS and the solvent. The interaction parameter is 

derived from the idealized mixing of polymer and solvent by modelling the polymer as a lattice 

which has “sites” available for interaction.  
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1.5 Applications of Silicones 

 Whether they are in the form of oils, elastomers, pastes, resins, gums, etc., silicones are 

ubiquitous in industrial, household and medical products. This section will present a broad 

overview of silicone products, as well as composites and formulations that make prominent use 

of silicones. The introduction of silicone to the modern industrial world begins with the work of 

James Franklin Hyde, who in the 1940s noticed that the polymer had a remarkably high electrical 

resistance and thermal stability. While at Corning Glass Works, he was able to formulate a 

silicone composite for insulation in motors and aeronautical equipment.53, 54 Since then, a variety 

of commercial products have been developed. Figure 1.16 shows some of the most common 

industrial applications for silicones, which will be discussed in detail in the following section.  

 

 

Figure 1.16 Silicone as industrial tubing*, vacuum grease*, wire insulation* (* = public domain) 
and antifoaming agent (® Mirachem, LLC). 
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1.5.1 Silicones in Industry 

 The high temperature stability and low toxicity of silicone make them the material of 

choice in a number of industries.55 Silicone oils, which are linear-chain polymers of varying 

length and viscosity, find application as lubricants in the food processing industry due to their 

compatibility with bearings, plastic and rubber parts as well as metallic gears.56 In the textile 

industry, spinnerets must maintain high rpm without wear or tear in order to produce fibers at 

high production capacity.57, 58 Silicone oil is used as a lubricant here as well, due to its thermal 

properties. In the automotive and chemical industries, silica-thickened PDMS finds use as 

vacuum grease, with the ability to form airtight connections between joints and other 

components.59, 60 

 In food/beverage processing, as well as pulp and paper processing, a large amount of 

foam is generated. The generation of foam reduces the efficiency with which the manufacturing 

process can proceed, therefore it is undesirable. For instance, foam that arises during the 

delignification of pulp61 can cause overflows and present hazards, due to the fumes of the harsh 

chemicals that are used. Fermentation in food and beverages produces a large amount of foam, 

due to various gaseous byproducts.62 In both these cases, silicone finds use as an anti-foaming 

agent. The exact composition will vary from depending on the nature of the foam, but generally 

the anti-foaming agent is silicone oil in which hydrophobic particles are dispersed.63 These have 

the ability to destabilize foams64 due to the low surface tension of the silicone.65 Figure 1.17 

shows a simplified schematic of how the anti-foaming process is thought to work.66 
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Figure 1.17 Animated representation of the de-foaming process with an idealized spherical 
antifoam droplet (blue) immersed in a film (gray).67 

 

Initially, the anti-foaming droplet is suspended in a foam film (A), but due to its lower surface 

tension migrates to the surface (B). Once the droplet forms an interface with the surrounding air, 

it also bridges the foam film (C). Finally, the foam film begins the de-wetting process as it is 

energetically unfavorable for it to interact with the anti-foaming agent (D). This initiates 

rupturing of the foam film.67 

 In construction, ideal sealants and adhesives should have a number of optimal 

parameters. Chief among these are thermal stability, chemical resistance, UV resistance, 

flexibility and high gas permeability. Due to their low glass transition temperature and strong 

bonds, silicones play a prominent role in the construction industry.68-70 As a structural sealant, 

silicones have proven to be incredibly durable under the conditions that are ordinarily 

experienced due to weathering.71, 72 One part curing RTVs provide a simple method of 

application, while the low surface tension of silicones ensures that they permeate and completely 

wet the surface they are applied to, regardless of pores and cracks in the surface. Such sealants 

have found prominent use in ship construction as marine anti-fouling coatings.73, 74 
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1.5.2 Silicones in Household Products and Personal Care Applications 

 Household items and personal care products that prominently feature silicones as a 

constituent are shown in Figure 1.18. In paints, silicones are added in small quantities as 

performance-enhancers that promote the even wetting and adhesion of paints to substrate.75 They 

can also be the major component of other paints in the form of resins, where long-term water 

repellency and wear resistance is a concern.76 In fabrics, silicones can give anti-static properties77 

due to the fact that they are electrical insulators. Since it cures in air, is water-repellent and also 

discourages the growth of bacteria, silicone caulking is a very popular choice for preventing 

leaks in the bathroom, especially near the bathtub or sink.78 

 

Figure 1.18 Silicones prominently featured in products such as spatulas, sealants, children’s 
toys, paint, cosmetics and personal care products. All images are public domain. 

 



26 
 

Silicones were likely first introduced to the average customer when they were used in a 

skin application in the 1950s, but it was not until their use in deodorants in 1970s that the market 

began to rapidly expand.79 The cyclosiloxane oils, shown in Figure 1.19 are some of the most 

important compounds in beauty care, cosmetics, and personal care products. 

 

Figure 1.19 Octamethylcyclotetrasiloxane (left) and Decamethylcyclopentasiloxane. Two 
commonly used silicone oils in the cosmetics industry. 

 
 These compounds are notable because of the feel that they provide to things like creams, 

moisturizers and shampoos.80 They often provide the smoothness and even spreading that is 

necessary when applied to skin.81 For instance UV-protective lotions are only effective when all 

of the skin is coated and covered by it.82, 83 Additionally, these products need to be resistant to 

sweat and contact with water so they work for extended periods of time; silicones complete this 

task by affording a degree of hydrophobicity. When in shampoo formulations, silicones leave a 

glossy, silky feel that is desired by customers, and it gives hair a certain sheen and brightness. 

 

1.5.3 Medical Applications of Silicones 

 Silicones are used in medical devices in all of their forms, be it as oils, gels, elastomers, 

etc.1, 84-86 The reason they excel in these roles is due to their biocompatibility. Biocompatibility is 
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defined as “the ability of a material to perform with an appropriate host response in a specific 

situation.”87 This section will briefly cover both the most common applications of silicones in 

medical technology. 

 The first use of an organosiloxane in the medical field can be traced to 1946, when 

methylchlorosilane-treatment of glassware was shown to prevent blood clotting.88 Surface silanol 

groups on the glass can condense with chlorosilane, leading to the formation of silicone oil that 

is bonded to the glass. A possible explanation for the anti-clotting property is that the low surface 

energy of PDMS stabilizes platelets and inhibits aggregation (a necessary step for clotting to 

occur). Shortly after this report, biliary surgery was performed using silicone tubing for the 

repair of damaged gastrointestinal ducts.89 Ever since, silicones have played a prominent role in 

the medical field. 

 
 

Figure 1.20 Silicones in some common medical devices such as catheters, drains, tubes and 
cannulae.3 
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Shown in Figure 1.20-21 are examples of silicone based medical implants that are 

currently in use. Figure 1.20 shows a variety of silicone-based short-term medical implants and 

devices such as a thoracic drain, cannula and a catheter. Silicone coatings on catheters reduce 

encrustation from bodily mineral salts due to the non-wettability of the surface.3 Figure 1.21 

shows a hydrocephalic shunt for long-term implantation. Hydrocephalus is a condition where 

fluid buildup in the brain causes swelling and compression of the brain stem.90  

 

Figure 1.21 The Sphera Duo hydrocephalus shunt system, made from transparent medical grade 
silicone. Permission obtained from Spiegelberg. 

 

As pharmaceutical ingredients, silicones play both a passive and active role. In topical ointments 

and creams, ‘cyclomethicone’ (i.e., the volatile cyclosiloxanes) is commonly used as skin 

protectant and aids in preventing dryness and moisture loss. PDMS fluids are listed as 

‘dimethicone’ are found as an active pharmaceutical ingredient (API) in formulations as diverse 

as diaper rash cream91 (in conjunction with zinc oxide) and anti-flatulents (in conjunction with 

finely divided silica).92 In the form of an elastomer, silicones can be used as pressure-sensitive 

adhesives in transdermally delivered drugs.93 This allows for the slow and steady delivery of 

compounds such as fentanyl.94, 95 Silicones are ideal for this process since they are permeable to 

small hydrophobic molecules, which encompass a large number of pharmaceutical compounds. 
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1.5.4 Functionalized Silicone Materials 

 It is no surprise that several research groups around the world have dedicated research to 

developing silicone materials. This section will briefly cover some of the more promising 

literature reports of potential applications of silicone composites. Since this thesis is particularly 

focused on silicone composites with respect to biomedical applications and low surface energy 

materials, the examples provided will highlight ongoing research into these two areas. 

1.5.4.1 Biomedical Research 

 

Figure 1.22 Silicone microdroplets shown above (black dots). Average size is 1.5 µm.96 

Silicone’s ability to uptake pharmaceutical agents is of interest in the biomedical field.97 

Thus, research has been invested in developing micro-materials that could enter the human body. 

Silicone-derived microcapsules, for instance, traditionally begin with the polymerization of 

alkoxy-monomers of PDMS via condensation. The monomers used are methyltriethoxysilane 

(MTES) and dimethyldiethoxysilane (DMDES). By adding these monomers to a basic or acidic 

aqueous solution, Obey, et. al obtained well-formed PDMS droplets, shown on the previous page 

(Figure 1.22).96  
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Obey reported that the viscoelastic properties of the obtained PDMS droplets could be 

varied by changing the concentration of the two monomers. As noted earlier in the chapter, using 

type D and T monomers will generally result in cyclics and viscoelastic PDMS, as opposed to 

the fully cross-linked solid. Indeed, Obey noted that the product obtained is a “silicone oil 

microgel”. PDMS obtained from this Stober-like process is a stable emulsion in water, but 

destabilizes when an alcohol such as ethanol is added.  

 Oil-core microcapsules have long been in use in the food/beverage industry and the 

cosmetics industry.98 Thus, the next advance in functionalized PDMS droplets came when it was 

noted that PDMS droplets could serve as the oil core and the shell could be made by bonding 

tetraethylorthosilicate (TEOS, Q-type monomer) to the surface. This is made possible by surface 

silanol groups, which remain unbonded.99 TEOS reacts and cross-links around the oil core to 

form a silica shell. Figure 1.23 shows an SEM of the product obtained, which contains broken 

shells as well as unbroken shells. The liquid interior has evaporated and additionally, it appears 

that agglomeration has occurred, either during synthesis or upon drying. 

 

Figure 1.23 Scanning electron micrograph of broken and unbroken shells of PDMS-silica core-
shell microparticles, synthesized by Goller.99 
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Years later, the Imhof group discovered a process to make well-formed monodisperse silica-shell 

PDMS microspheres (Figure 1.24) by adding a polyvinylpyrrolidone surfactant.100 These core-

shell particles can be size-tuned, and it was found that the core could be exchanged with 

surrounding media. Thus, it is possible that the PDMS core of these particles could be loaded 

with a drug.   

 

Figure 1.24 Light scattering fit of PDMS droplets (left) and silica-shell PDMS microspheres 
(right).100 

 

 1.5.4.2 Low Surface Energy Materials 

 PDMS is the ideal polymer for producing low surface energy materials: it adheres well to 

a variety of substrates, it is easy to functionalize, and it coats almost all surfaces evenly and with 

ease. Thus, much research has been dedicated to producing low-surface energy materials using 

PDMS. For instance, by using lithography, any type of repeating pattern can be etched onto a 

PDMS surface. As will be discussed in the next chapter, patterned surfaces prevent the wetting 

of liquids by introducing air pockets that are hard to displace. Three examples are shown below 

in Figure 1.25. The Senez group utilized a mushroom type geometry (Figure 1.25a) to obtain 

flexible liquid-repellent surfaces,101 while Tuteja used a pillar morphology in conjunction with a 
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fluorosilicone (Figure 1.25b).102 The latter surface has the advantage of being transparent, which 

could enable use in windshields, touchscreens, etc. However, obvious drawbacks to using 

lithography are its cost-ineffectiveness and multistep procedures required to fabricate complex 

architectures. 

 

Figure 1.25 a) Micro-mushroom PDMS surface made using lithography and functionalized with 
a fluorosilane. b) Transparent pillar surface coated with fluorinated silicone on a touchscreen 
display, repelling ethanol water, coffee, vegetable oil and hexadecane. Scale bar is 500 µm. c) 
Glass slide coated with linear PDMS. The toluene droplet (red) slides across with no streaking. A 
hexane droplet slides across the same surface even at a tilt of 1°.101-103     

 

Another rapidly emerging technology for liquid-repellency is the lubricant-infused 

surface. Instead of a solid coating, a liquid coating is applied to a surface, providing a low-

friction interface that is impermeable to a contaminating liquid. The contaminating liquid droplet 

slides off easily keeping the surface clean. Recently, McCarthy has developed a simple 

condensation route to bonding silicone oil to glass103 (Figure 1.25c). This surface was found to 

repel water as well as several oils. Since the glass and silicone are bonded via the strong Si-O 
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bond, there is little possibility for physical removal of the oil, though chemical degradation via 

hydrolysis is possible. One drawback is that this technique is limited to substrates which have a 

sufficiently high affinity for forming siloxane bonds as well as a high enough surface hydroxyl 

ratio for forming those bonds. 

 

1.6 Summary 

 Silicones are an important polymer in a variety of applications, ranging from 

manufacturing, food processing, pharmaceuticals, healthcare, cosmetics, biomedical implants, 

microfluidics and coatings. Biocompatibility, inertness, chemical resistance and flexibility are 

among the key properties that enable their use in such diverse technologies. Due to the numerous 

types of silicones available, the ease of chemically functionalizing them and the control over 

their final composition, any number of silicone-based materials can be pursued. As will be seen 

in this thesis, radically different functionalized composites can be produced, each with PDMS as 

a part of their formulation. 
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CHAPTER 2: SPRAYABLE OMNIPHOBIC COATINGS 

 

2.1 Introduction 

This chapter is taken in large part from the following reference: 

Neelakantan, N. K.; Weisensee, P. B.; Overcash, J.W.; Torrealba E.J.; Suslick, K. S.; King, W. 
P. Spray-On Omniphobic ZnO coatings. RSC Advances 2015, 5, 29643-29650. 

 

 
 The water-shedding property of the Lotus plant (i.e. the “Lotus effect”) is the most well-

known example of liquid repellency.1-3 The underpinnings behind this phenomenon require an 

understanding of the physical forces that govern interfacial interactions between liquids, surfaces 

and air. Young originally described the contact angle4 of a liquid droplet for an ideal flat surface 

using the following equation:  

sgsl gθgg =+ coslg  

Where θ is the contact angle (also called the Young contact angle), and:   γsl, γlg, γsg are the 

solid/liquid, liquid/gas and solid/gas interfacial energies respectively. Figure 2.1 illustrates the 

force balance of the tensions and the standard protocol for measuring contact angles. 

 

Figure 2.1 Force balance showing Young contact angle of a droplet on an ideal, flat surface. 
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Thus, surfaces can be described as hydrophilic (θ <90) or hydrophobic (θ >90) for a 

water droplet. For even the lowest energy smooth surfaces, the largest water contact angles 120°. 

However, water droplets form a nearly 150° contact angle with the lotus plant. Furthermore, 

these droplets slide off the lotus leaf with ease. It is, in fact, the micro-roughness of the lotus 

leaf5 that sustains these unusually high contact angles (Figure 2.2). Air pockets occupy the voids 

where a liquid droplet cannot penetrate, as the energetic cost is too high to do so, enhancing the 

contact angle of the liquid.  

 

Figure 2.2 Scanning electron micrograph of a lotus leaf surface showing roughened papules. 
Scale bar is 20 µm.5 

 

Wenzel6 first described contact angles of droplets on rough surfaces using the following 

equation: 

θθ coscos rW =  

Where θW is the Young contact angle and r is the roughness of the surface, that is, the projected 

surface area divided by the nominal surface area. This equation applies to droplets in which the 

liquid penetrates the voids, meaning that roughness increases the contact angle of water if the 
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surface is hydrophobic, but decreases it if it is hydrophilic. Cassie and Baxter7 then developed 

the following equation: 

1coscos −+= ffrfCB θθ  

where θCB is the apparent contact angle in the Cassie-Baxter state, rf is the roughness of the 

wetted surface, and f  is the fraction of the solid in contact with the liquid.  The preceding 

equations presented describe droplets (Figure 2.3) in the following states: the Wenzel state, in 

which rough cavities are penetrated by the liquid, and the Cassie-Baxter state, in which voids are 

filled with air that are not penetrated by liquid. The Cassie-Baxter equation and droplet state 

accurately describe a water droplet on a lotus leaf, (droplets in the Wenzel state tend to pin to the 

surface). 

 

Figure 2.3 (a) Wenzel droplet (blue) with apparent contact angle θ∗. The droplet is penetrating a 
textured surface (black). (b) Cassie-baxter droplet (blue) with apparent contact angle θ∗. The 
droplet cannot displace air voids and as a result, the textured surface (black) is unwet. 
 

 

2.1.1 Omniphobic Surfaces 

Synthetic surfaces that mimic the lotus leaf8-10 rely on hierarchical roughness to prevent 

wetting by water. Due to their low surface tension, most oils cannot form contact angles greater 

than 90° on flat surfaces or those with nano- and microstructures with positive or vertical slopes. 
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Re-entrant structures with overhanging slopes are necessary to repel these kinds of liquids.11-13 

So-called ‘superomniphobic’ surfaces14, 15 repel both water and a variety of oils and other low 

surface- tension liquids and are characterized by high droplet mobility. Superomniphobic 

surfaces have been prepared by a number of methods: e.g., lithographically patterned roughness, 

low surface energy coatings, metal oxide nanoparticle coatings, electrodeposition, and 

electrospun textured polymers.16-24 

 A key challenge for omniphobic surfaces remains: facile and scalable fabrication. Many 

of the methods used to fabricate omniphobic surfaces are tedious, multi-step procedures 

requiring specialty equipment and chemicals, and in many cases are simply too expensive to 

implement at large scale. In the same vein, silicon wafers are commonly used as the substrate,13, 

15, 18 but these are not often relevant to industrial or real-world applications. There is a need for 

methods that are compatible with a wide variety of substrate materials, including glass, metals 

and polymers. Of the many ways for making omniphobic surfaces, spray-coating25-28 has 

significant advantages: an aerosol from a precursor solution containing the necessary chemical 

components can coat a surface evenly regardless of its dimensions, geometry, or substrate 

material. Spray-coating is also inexpensive and easily scaled-up. Nanoparticle zinc oxide (ZnO) 

is a suitable precursor, as it is non-toxic, commercially available, and controllaly textured. 
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Figure 2.4 Photographs of a water droplet (containing red dye) on spray coated surfaces of (a) 
aluminium, (b) silicon wafer, (c) cellulose filter paper and (d) copper mesh. All surfaces were 
spray-coated with a 2:1 solution of ZnO:PDMS. Scale bars represent 1 mm. 

 

Using a polydimethylsiloxane (PDMS) binder, we report a simple method of fabricating a 

hierarchically roughened surface with intrinsic re-entrant microstructures that can be easily 

modified with a low surface-energy overcoating (Figure 2.4). Qualitative relationships between 

the surface chemistry, surface roughness, and wettability for various ZnO:PDMS mass ratios and 

surface coatings are presented. Given the interest in making superomniphobic surfaces that favor 

drop-wise condensation over film-wise condensation and thus improve the efficiency of 

condensers, we have examined quantitatively the wetting behavior of these surfaces with both 

water and a common refrigeration lubricant (RL).  To that end, we have characterized the 

performance of these surfaces by measuring the static contact angles (SCA) and sliding angles 

(α) of water (surface tension = 72.6 mN/m) and RL-68H (from Emkarate Corp., surface tension 

= 27.7 mN/m).29 RLs are generally polyol esters miscible with hydrofluorocarbon (HFC) 

refrigerants that cycle through a refrigerator and keep all moving parts properly lubricated. The 

goal of the present work is to prevent film formation of RL on refrigeration piping and condenser 
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surfaces as a first step towards designing coatings that could improve the performance of heat 

transfer equipment. 

 

2.2 Experimental 

2.2.1 Materials 

Four materials were tested as substrates for the omniphobic coatings.  Silicon wafers (150 

mm diameter, 675 µm thick, type P, <100>) were purchased from Ted Pella, Inc. and cut into 

8x10 mm pieces. Other substrate examined include stock aluminium sheet (alloy 6061, .063”, 

McMaster-Carr, 12x25 mm), copper wire mesh (wire diameter 50 µm, mesh opening 75 µm, 

TWP Inc., 8x10 mm) and cellulose filter paper (qualitative grade, Whatman #1001, 70 mm 

diameter). Zinc oxide powder (NanoGard), particle diameter 40-100 nm, was used as received 

from Alfa Aesar. Sylgard 182 (Dow Corning), perfluorodecyltrichlorosilane (Gelest), and 

hexanes (Fisher Scientific) were used as received. RL-68H (Emkarate), Teflon AF 1600 

(DuPont) and Fluorinert FC-770 (3M) were used as received. 

2.2.2 Solution Preparation 

First, a stock solution of 0.25 g Sylgard 182 (PDMS) /mL hexanes was prepared. In a 

scintillation vial, 0.5 g ZnO was added; this was the standard amount used in fabricating all 

samples. The stock PDMS solution was added to the ZnO at mass ratios of 1:2, 1:1 and 2:1 

ZnO:PDMS, i.e., 4 mL, 2 mL and 1 mL respectively. Hexane was added to these solutions until 

the final volumes were ~20 mL. Then, the solutions were manually agitated to disperse the ZnO 

and PDMS evenly. This process was expedited by the use of an ultrasonication bath when 
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necessary. Higher ratios of ZnO:PDMS (i.e., 3:1, 4:1) resulted in dispersions that were 

insufficiently stable to permit spray deposition. 

2.2.3 Spray Procedure 

For spraying procedure, aerosols were produced using a Badger 250 airbrush attached to 

a compressed air tank. Substrates were placed on a hot plate set to the lowest heat setting to 

facilitate solvent evaporation during spraying. The airbrush outlet is roughly 0.5 mm in diameter, 

and the air pressure used for spraying was 20 psi, corresponding to a flow rate of ~10 mL/min. 

The airbrush was held 15-20 cm from the substrate to ensure complete coverage and avoid any 

pooling of liquid on the surface. Coated samples were then cured in a Lindberg/Blue M 

programmable oven at 70 °C for 24 hours. 

2.2.4 Teflon Coating 

After samples were removed from oven and cooled, a 5:1 v/v solution of Fluorinert FC-

770 to Teflon AF was prepared. The amount necessary per sample is 100 μL FC-770 to 20 μL 

Teflon AF. Samples were dipped in a petri dish of the Teflon solution for 10-20 seconds so that 

the entire surface was coated. They were then placed in an oven and cured according to the 

manufacturer’s instructions:  105°C for 5 min, ramped over 5 min to 160°C and held for 5 min, 

ramped over 5 min to 330°C and held for 15 min. 

2.2.5 Fluorosilane Deposition 

Alternatively, a liquid-phase deposition method similar to one previously reported in the 

literature was used to functionalize uncoated ZnO:PDMS surfaces with a commercial 

fluorosilane. Samples were placed in a vial with 20 mL of hexanes, and then cooled to -10 °C. 50 

μL of perfluorodecyltrichlorosilane (FDTS) were then added, and the reaction proceeded for 24 
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hours at -10°C. The samples were then dried and rinsed with ethanol to remove any unwanted 

byproducts. 

Plasma-etchng: Some samples were also pre-treated with oxygen plasma for 1 min at 70 

W and immediately submerged in 10 mL of toluene in a scintillation vial; 50 μL of FDTS were 

then added and allowed to react for 1 hour at room temperature. 

2.2.6 Characterization 

Electron microscope images of Teflon-coated samples were taken using a JEOL 7000F 

and a Philips XL30 ESEM-FEG scanning electron microscope. Samples were sputter-coated 

with Au/Pt for 25 sec (a thickness of 7-8 nm) prior to image acquisition. 3D images and 

roughness data were acquired using an Alicona Infinite Focus 3D microscope, also after coating 

to reduce the diffuse scattering of the white ZnO and to enhance the image quality. The lateral 

resolution was 2 μm and the vertical resolution was 100 nm. On each sample, the data from a 

projected area of 1.04 x 0.54 mm² was measured and analyzed with the internal software 

provided by Alicona for surface roughness. It is important to note that the 3D microscope’s 

resolution is much larger than the average nanoparticle size, thus, the calculations for roughness 

and conclusions derived from these calculations pertain to differences in microstructure only and 

not in the underlying nanostructure. 

A Canon T3i camera with a Sigma 70-300 mm lens and a Raynox DCR-150 macro lens 

was used to capture photographs of droplets on various surfaces. For contact angle 

measurements, a KSV CAM200 goniometer was employed. Water contact angle measurements 

used a 15 μL droplet size, whereas oil droplets were 5 μL in volume, the smallest dispensable 

quantities from the goniometer’s custom micropipette, respectively. Static contact angle (SCA) 

was measured immediately after droplet deposition. Measurements are an average based on 10 
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images of a sample (acquisition rate: 1 image per second), for 3 different samples of each type 

made. This was done to ensure consistency in the spraying method and reproducibility across 

samples. The sliding angles were measured on a ThorLabs Goniometer stage by placing the 

droplet on the sample and then slowly tilting the stage until the droplet started moving. The angle 

was recorded and the measurement repeated for a minimum of 4 times to determine sliding 

angles. The droplet volumes were similar to those reported above for contact angle 

measurements. 

Attenuated-total reflectance infrared spectroscopy (ATR-IR) was carried out using a 

Perkin Elmer 100 IR Spectrometer. A coated silicon wafer was placed facing the sample 

window. A pressure of 80-90 N was applied to each sample and 10 scans were averaged to 

ensure high signal-to-noise ratio. 

X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos Axis ULTRA 

photoelectron spectrometer using a monochromatic Al Kα source. Survey spectra were collected 

at a constant pass energy of 160 eV. Spectra of the C(1s), Si(2p), and F(1s) core levels were 

collected at a pass energy of 40 eV and used to determine the relative atomic percentage of each 

of those elements. 

 

2.3 Results and Discussion 

Spray-coating is a simple and effective method of coating a substrate because it is 

inexpensive, easily scalable, and applicable to a variety of surfaces.30 The versatility of this 

approach permits any number of treatments to be applied to a single type of roughened surface. 

The spraying procedure employed in these experiments used a range of ZnO to PDMS ratios in 
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order to investigate the effects of roughness on the contact angles of water and the refrigeration 

lubricant, RL-68H. Nanoparticle ZnO was to confer roughness to the surface, and PDMS acted 

as a polymer binder and hydrophobic contact surface.  As a control, contact angles were also 

measured on a flat silicon wafer sprayed with PDMS. Since the flat PDMS coated wafer is 

relatively smooth, changes in contact angle of the ZnO modified surfaces can be attributed 

purely to changes in roughness.  

 Our coating process can be applied to a wide variety of substrates, including flat silicon 

wafer, stock aluminium sheet, copper mesh, and cellulose filter paper. Silicon wafers are not an 

essential substrate, but were examined in detail in order to make comparisons to prior studies of 

omniphobic coatings.13, 15, 18 As shown in Figure 2.4, superhydrophobic behavior is observed for 

all four substrates with the same ZnO nanoparticle/PDMS coating. 

 The effect of modifying the surface energy was investigated by comparing ZnO:PDMS 

surfaces on silicon wafers to fluorocarbon over-coated counterparts. By comparing the liquid 

contact angles, we can compare the effects of surface roughness to the effects of changes in 

surface energy due to the over-coating for substrates of comparable roughness. For such 

comparisons, Teflon AF and perfluorodecyltrichlorosilane (FDTS) were each deposited from the 

liquid-phase onto ZnO:PDMS surfaces. Although FDTS has a lower critical surface energy (γc) 

than Teflon AF (12 mN/m vs. 16 mN/m), it only reacts with surface hydroxyl groups, forming a 

siloxane bond. Because the density of surface hydroxyl groups on the ZnO is limited, there is a 

trade-off with FDTS between the density of the total surface coverage vs. a lower γc. To improve 

the surface coverage, we plasma-oxidized samples before silanization to maximize the number of 

hydroxyl groups available for bonding. Examination of the Teflon AF and the FDTS surfaces 
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permits comparison between a non-covalent vs. covalent over-coating procedures in terms of 

contact angles and sliding angles. 

 One might be tempted to incorporate low surface energy fluorochemicals into the initial 

polymeric binder rather than apply them as a second overcoat. Such an approach has two 

problems: First, bulk incorporation of a fluorocarbon does not guarantee that the fluorocarbon is 

actually present at the exposed surface. Second, large loadings of fluorochemicals into the 

polymeric binder would be necessary and the resulting composite may be dispersible only in 

expensive fluorinated solvents.31-33 In addition, excessive use of fluorocarbons in general can be 

problematic because many fluorochemicals are precursors to perfluorooctanoic acid, a known 

toxic bioaccumulant.34 By separating the spray-coating and top-coating steps, the fluorocarbon is 

inherently on the contact surface and the amount of fluorocarbons necessary to coat the surface is 

greatly reduced. 

 

 

 

 

 

 

 

 

 



54 
 

2.3.1 SEM and 3D Microscope Characterization 

 

Figure 2.5 SEM images of spray coatings of ZnO:PDMS at ratios of 1:2 (a and d), 1:1 (b and e) 
and 2:1 (c and f). Note the texturing at both the micro- and nano-scale. SEM images of spray 
coatings of ZnO:PDMS with a top-coating of Teflon AF at ratios of 1:2 (g and j), 1:1 (h and k) 
and 2:1 (i and l). 

 

  

Figure 2.5a-f shows SEM images of all ratios of ZnO:PDMS without a Teflon AF coating. As 

the relative amount of PDMS decreases compared to ZnO, an increase in texturing, due to 

increasing exposure of ZnO nanoparticles, can clearly be seen (e.g., Figure 2.5a vs. b vs. c). At a 

2:1 ratio of ZnO:PDMS (Figure 2.5 c,f), individual nanoparticles protrude from the PDMS film, 

and a hierarchical roughness is observed that can best be described as micro-scale ZnO:PDMS 

globules which themselves consist of nano-scale ZnO papules. These hierarchical structures 

(Figure 2.5 c,f,i,l) produce an intrinsic multi-scale roughness with characteristic re-entrant 

structures necessary for omniphobicity with high contact angles and low roll-off  angles.35  
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Figure 2.5g-l shows the same samples after they have been coated with Teflon AF and 

oven- cured. The same trend is observed as for the non-over-coated samples: higher relative 

ratios of ZnO produce a more textured surface and give a hierarchical structure. Compared to the 

samples without Teflon coating, more nano-scale ZnO papules emerge at the surface and 

increase the surface roughness (e.g., compare Figure 2.5f vs 2.5l). The high heat treatment 

necessary to cure the Teflon AF alter the topographical appearance of PDMS, as confirmed by 

separate heat treatment of non-fluorinated samples. 

 

 

Figure 2.6 Cross-sectional SEM of a 2:1 ZnO:PDMS spray-coated silicon wafer. (a) Cavities are 
formed by the spraying process showing re-entrant curvature. (b) Close-up of such a cavity. 
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The initial aerosol droplets from the airbrush, which are tens of microns in diameter, 

deposit on the smooth Si surface. As the solvent evaporates, the ZnO nanoparticles and uncured 

PDMS coalesce. The PDMS then forms crosslinks as it cures and the final coating is produced. 

The emergence of hierarchical structures in the coating derives from the very different scales of 

the initial aerosol droplets (tens of µm) vs. the agglomeration of the ZnO nanoparticles-polymer 

composite as solvent evaporates (tens of nm). The spray process results in the formation of 

micro-scale re-entrant cavities, as can be seen in Figure 2.6a. A close-up of one of these cavities 

(Figure 2.6b) shows micro-scale globules with individual ZnO nanoparticles protruding from 

them, revealing the hierarchical roughness.  

 

Figure 2.7 (a) 3D microscopic image of a 2:1 ZnO:PDMS surface coated with Teflon taken on 
an InfiniteFocus 3D microscope; the area scanned was 0.58 mm x 1.04 mm; the scale bar is 200 
µm. (b) SEM image of the same area and (c) insert showing detailed micro- and nanostructures. 
Optical image of a (d) water droplet and (e) RL-68H droplet on the same surface. 
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 Figure 2.7 shows a 3D micrograph with a colored z-gradient of a Teflon AF coated 2:1 

ZnO:PDMS surface, with an accompanying SEM images of the same sample section with a 

projected area of 1.04 mm x 0.58 mm and a detailed view from  the center of the section. Peaks 

and valleys ranging from 30-200 µm are formed by the spray procedure contributing to the 

micro-scale roughness of the surfaces. The SEM images reveal additional nano-scale roughness 

that cannot be captured by the InfiniteFocus optical microscope. The z-gradient mapping allows 

for a qualitative comparison of surface roughness between the different ZnO:PDMS mass ratios 

and over-coating procedures.  

 We are not limited to flat surfaces in our coating process.  The spray deposition can be 

used to effectively coat complex textured surfaces.  For example, the coating of a copper mesh is 

shown in Figure 2.8. The ZnO:PDMS coating forms the same hierarchically roughened 

structures discussed earlier (i.e. micro-globules of ZnO and PDMS on Si wafer). Similar 

structures are observed using the spray coating process on stock aluminium and cellulose filter 

paper as well (Figure 1). 

 

Figure 2.8 SEM of a copper mesh spray coated with a 2:1 solution of ZnO:PDMS. 
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2.3.2 Contact Angle Results 

Table 2.1 Static contact angles of water and RL-68H on ZnO : PDMS coatings 

ZnO : PDMS ratio Top coat θ, H2O (°) θ, RL-68H (°) 

PDMS on flat Si — 105 ± 2 Wetted, ∼0 

1 : 2 — 119 ± 11 Wetted, ∼0 

1 : 1 — 155 ± 2 60 ± 4 

2 : 1 — 152 ± 6 Wetted, ∼0 

 

Table 2.1 shows the static contact angles of water and RL-68H the samples without 

Teflon AF coating. The ‘PDMS on flat Si’ sample, made by spraying a 25 mg/mL solution of 

PDMS onto a silicon wafer, acted as a flat reference sample with a similar surface chemistry as 

the samples with nanoparticles to study the effect of surface roughness on the contact angles. 

PDMS is intrinsically hydrophobic (surface energy = ~22 mN/m36), which leads to a SCA for 

water of 105°. RL-68H completely wets the surface. As the roughness of the samples increases, 

so does the water contact angle. In all cases, the de-wetting of water is improved by the spray-

coating procedure when compared to the flat reference sample. On the 1:1 and 2:1 ZnO:PDMS, 

water contact angles of over >150° are achieved, indicating that the surfaces are highly 

hydrophobic, even without a fluorinated over-coating. The droplets are in the non-wetting 

Cassie-Baxter state.37  

It is interesting to note that a non-zero contact angle for the refrigeration lubricant is 

obtained for a 1:1 ratio, yet the surfaces are completely wetted for the 2:1 and 1:2 ratios. This can 

be ascribed to a balance between the low surface energy from the PDMS (which would favor a 

lower ratio of ZnO to PDMS) versus the surface roughness from ZnO (which would favor a 

higher ratio). As will later be shown, the 1:1 ZnO:PDMS surfaces have a higher micro-scale 
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roughness than either the 2:1 or 1:2 mixtures. At either extreme, there is either not enough 

roughness and re-entrant structure (1:2) or not enough PDMS (2:1) to sustain droplet formation. 

Additionally, it is known that PDMS swells in the presence of many hydrocarbons,36 which 

could explain the RL’s affinity for the surface and the wetting at the low nanoparticle 

concentration. 

 
Table 2.2 Static contact angles of water and RL-68H on ZnO : PDMS coatings with fluorinated 
overcoatings 

ZnO : PDMS ratio Top coat θ, H2O (°) θ, RL-68H (°) 

Flat Si Teflon AF 120 ± 6 75 ± 3 

1 : 2 Teflon AF 117 ± 3 79 ± 3 

1 : 1 Teflon AF 156 ± 2 72 ± 4 

2 : 1 Teflon AF 157 ± 2 137 ± 2 

2 : 1 FDTS 126 ± 6 146 ± 5 

2 : 1 FDTS, plasma-treated 144 ± 2 148 ± 2 

  

Table 2.2 shows contact angles for Teflon-coated and fluorosilane-coated samples. The 

static contact angles on a smooth reference sample coated with Teflon AF are 120° for water and 

75° for the lubrication oil. At a 1 : 2 ratio of ZnO : PDMS, the contact angles are almost identical 

to those of the smooth reference sample (i.e., Teflon coated Si wafer), confirming that roughness 

is minimal. Water contact angles on the 1 : 1 and 2 : 1 samples are similar to those without the 

Teflon AF coating. Unlike on the non-fluorinated samples, RL-68H contact angles increase 

dramatically with increasing ZnO : PDMS ratios, reaching a SCA > 135° at the 2 : 1 ratio. By 

changing the overcoating to FDTS, the contact angles of RL-68H were increased even more. 

Table 2.3 presents the sliding angles of water and RL-68H droplets. Water droplets do 

not slide on surfaces that were sprayed at ratios of 1:2 ZnO:PDMS, with or without a Teflon 
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overcoat. The low roughness and the few extruding nanoparticles on these samples pin the three-

phase contact line and act as barriers to the movement of the droplet.38 At 1:1 and 2:1 

ZnO:PDMS ratios, both uncoated and Teflon-coated surfaces have sliding angles of 5° or less for 

water droplets. These surfaces are thus superhydrophobic. 

 

Table 2.3 Sliding angles (α) of water and RL-68H on ZnO : PDMS coatings 

ZnO : PDMS ratio Top coat α, H2O (°) α, RL-68H (°) 

2 : 1 FDTS, plasma treated 5 17 

2 : 1 FDTS 20 Pinned 

2 : 1 Teflon AF 5 Pinned 

2 : 1 None 2 Wetted 

1 : 1 Teflon AF 5 Pinned 

1 : 1 None 3 Pinned 

1 : 2 Teflon AF Pinned Wetted 

1 : 2 None Pinned Wetted 

 

FDTS-coated samples, however, have a sliding angle with water of 20°. This is consistent 

with only partial coverage of the surface with FDTS, as noted earlier. When the 2:1 ZnO:PDMS 

sample is plasma-oxidized prior to silanization with FDTS, however, the water sliding angle 

achieve again sliding angles of 5°. RL-68H droplets were pinned (i.e., even when the surface was 

tilted by 90°, the droplet was immobile) on all surfaces except on the plasma-oxidized, silanized 

sample. Oil droplets slide off easily at an angle of 17°. RL-68H droplets move across this surface 

and leave no oily stains behind, indicating a highly de- wetted state (Figure 2.9). 
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Figure 2.9 Images of an oil droplet sliding across a 2:1 ZnO:PDMS coated surface that was 
plasma-oxidized and functionalized with FDTS. Images were taken at 0 ms, 250 ms, 500 ms, and 
750 ms from left to right, respectively. 

 

Table 2.4 Contact (θ) and sliding (α) angles of milk on ZnO:PDMS samples 

Sample 
(ZnO:PDMS) 

Top Coat θ, Milka (°) α, Milk (°) 

1:2 None 87 ± 5 Pinned 

1:1 None 120 ± 2 22 

2:1 None 145 ± 4 3 

1:2 Teflon 96 ± 6 Pinned 

1:1 Teflon 125 ± 3 21 

2:1 Teflon 147 ± 5 4 

2:1 FDTSb 122 ± 15 See note 

2:1 FDTS, plasma-treated 148 ± 2 3 
aSurface tension of milk = 54 mN/m 
bThis sample produced erratic contact and sliding angles (α =>45, droplets pinned sometimes) 

 

To provide further information on mechanism and scope of the surface interactions, we 

have also examined our surface interactions with milk, whose surface tension39 (γ=54 mN/m) is 

intermediate between water and oil.  Milk was used as an example of a more complex fluid and a 

good choice to show omniphobicity.  Milk contains fats, proteins, sugars, and importantly its 

morphology is hydrophobic colloidal suspension in water. The results of surface contact angle 

measurements are shown in the table above and are generally close to those with water. 
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2.3.3 Surface Characterization 

Table 2.5 Average height (Sa), maximum feature height (Sz), root-mean-squared gradient (Sdq) 
and roughness (r) of ZnO:PDMS samplesa  

Sample 
(ZnO:PDMS) 

Sa (average 
height) [μm] 

Sz (maximum feature 
height) [μm] 

Sdq (rms 
gradient)b 

r = 
A/A

flat
c 

1:2 – as-is 6.6 75 1.3 1.2 

1:2 – Teflon 9.6 115 2.3 1.4 

1:1 – as-is 32.5 255 11.1 3.3 

1:1 – Teflon 33.1 239 11.0 3.3 

2:1 – as-is 27.4 224 10.0 3.0 

2:1 – Teflon 18.9 151 7.9 2.6 

2:1 – Silane 18.2 146 4.7 2.3 

2:1 – Silaned 10.3 92 3.2 2.0 

ZnO only 10.0 83 3.8 2.0 

PDMS onlye 0.1 12 0.1 1.0 

aNumbers represent the roughness values for an area of 0.58x1.04 mm² on each sample. Given 
the method of sample fabrication by random spraying, the roughness at other points of the 
sample might deviate from the reported values by up to ± 20%. The general trend between the 
samples, however, remains the same. 
bSdq refers to the root means squared change in slope of the area of the sample scanned.  
cA / Aflat is the total area A of the rough sample divided by the projected area Aflat, (i.e. that of a 
flat silicon wafer). 
dPlasma-oxidized before silanization. 
eNumbers are based on very few data points, image acquisition was not possible due to high 
sample reflectance, and high flatness. 

 

The surfaces of each of the spray coating formulations were characterized in several 

ways, as discussed in this section. The table above shows values for various parameters that were 

calculated from 3D microscope images that were taken over a cross-section of the spray 

coatings. The images used for calculating these values are shown below. As is expected, the 

roughness tends to increase as the amount of ZnO increases relative to PDMS. However, it is 
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interesting to note that the 1:1 samples gave higher roughness values than their 2:1 counterparts 

in all cases. The roughness captured is only on the micro-scale, as the 3D microscope does not 

have the resolution necessary to evaluate roughness due to individual ZnO nanoparticles. It is 

possible that the 2:1 samples have higher nano-roughness, but similar or lower micro-roughness 

(note that all values do have a reasonable error). Si The 3D images of the 1:1 and 2:1 samples 

look fairly similar (Fig 2.10), but the SEM images shown earlier qualitatively show an increase 

in roughness. The contact angle data further supports this conclusion, since the 2:1 samples gave 

higher contact angles for each of the liquids examined. As a final piece of evidence, when ZnO 

nanoparticles are sprayed onto a Si wafer with no PDMS at all, the roughness values are still 

lower than the 1:1 sample. 
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Figure 2.10a Topographical images taken with the Alicona 3D microscope of samples with a 
ratio of 1:2 ZnO:PDMS (top) and 1:2 ZnO:PDMS, Teflon overcoated (bottom). The white areas 
in the bottom image are data points that could not be picked up by the lens. These do not 
significantly affect the average roughness measurements given in Table 2.5.  
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Figure 2.10b Topographical images taken with the Alicona 3D microscope of samples with a 
ratio of 1:1 ZnO:PDMS (top) and 1:1 ZnO:PDMS, Teflon overcoated (bottom). The white areas 
in the images are data points that could not be picked up by the lens. These do not significantly 
affect the average roughness measurements given in Table 2.5. 
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Figure 2.10c Topographical images taken with the Alicona 3D microscope of samples with a 
ratio of 2:1 ZnO:PDMS (top) and 2:1 ZnO:PDMS, Teflon overcoated (bottom). The white areas 
in the images are data points that could not be picked up by the lens. These do not significantly 
affect the average roughness measurements given in Table 2.5. 
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Figure 2.10d Topographical images taken with the Alicona 3D microscope of silanized samples 
with a ratio of 2:1 ZnO:PDMS, the bottom image was treated with O2 plasma before silanization. 
The white areas in the images are data points that could not be picked up by the lens. These do 
not significantly affect the average roughness measurements given in Table 2.5. 
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Figure 2.10e Topographical images taken with the Alicona 3D microscope of samples sprayed 
with ZnO nanoparticles only. The white areas in the images are data points that could not be 
picked up by the lens. These do not significantly affect the average roughness measurements 
given in Table 2.5. 

 

2.3.3.1 ATR-IR Spectroscopy 

IR spectroscopy shows that all of the surfaces are indeed very similar, though they 

behave very differently when in contact with liquid. A surface coated only with PDMS has the 

same IR peaks as a surface with ZnO, a Teflon over-coat or both. ZnO has no IR signal, and 

small Teflon peaks can be seen emerging at 1145 and 1245 wavenumbers. Other than that, the 

only major change occurs when an FDTS treatment is used instead of Teflon. 

Interestingly, we saw in Table 2.3 and 2.4 that the FDTS-treated sample has lower water 

and milk contact angles than RL-68H contact angles, despite the fact that the oil has a much 

lower surface tension than either. This may be due to hydroxyl groups present on the surface, 
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which can be a result of partially hydrolyzed silanes (i.e. Si-OH formation). OH stretches are 

visible in the broad 3500 band in the IR of this sample (Figure 2.11c). Polar OH groups raise the 

surface tension of the surface, but are compensated by the low surface energy of the FDTS itself. 

It is very important to note though, that polar groups tend to raise the polar component of surface 

tension as opposed to the dispersive (Van der Waals) component. Non-polar liquids, such as oils, 

tend to interact with the dispersive component,40 whereas polar liquids, such as water and milk, 

interact strongly with polar groups via hydrogen bonding. Recent work has even exploited this 

idea by infusing ionic liquids into surfaces that can repel oils.41 This does not occur when the 

sample is plasma-oxidized before silanization, evidenced by the lack of OH stretches (Figure 

2.11c). Plasma oxidation generates OH groups for the silane to react with so that it can bond to 

the surface. Additionally, water molecules are very small compared to the RL-68H or FDTS, 

meaning that they may be able to align themselves favorably to unreacted hydroxyl groups. 

 

Figure 2.11a ATR-IR of ZnO:PDMS coatings and that of PDMS only. 
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Figure 2.11b ATR-IR of ZnO:PDMS coatings that were overcoated with Teflon AF. 

 

Figure 2.11c ATR-IR of ZnO:PDMS coatings and that were overcoated with FDTS. 
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2.3.3.2 XPS Data 

Table 2.6 Relative atomic percentages (at. %) of C, Si and F on the surface of ZnO:PDMS 
samples, as determined by x-ray photoelectron spectroscopy. O and H components are not 
accounted for in these analyses. 

Sample 
(ZnO:PDMS) 

Top Coat C (rel. at. %) Si (rel. at. %) F (rel. at. %) 

1:2 None 68 32 0 

1:1 None 68 31 1 

2:1 None 73 26 1 

1:2 Teflon 53 20 27 

1:1 Teflon 44 11 45 

2:1 Teflon 43 11 46 

2:1 FDTS 54 6 39 

2:1 FDTS, plasma-treated 36 3 61 

 

 Liquid-repellent behavior is correlated first and foremost with surface energy, and then 

with roughness. This is corroborated by the fact that the FDTS-coated samples (which have 

lower surface energy) are more omniphobic than their Teflon-coated counterparts (which were 

on average, rougher, see Table 2.5). Surface energy itself seems to highly correlate with the 

amount of fluorocarbons present on the surface, as evidenced by Table 2.6. Our most 

omniphobic sample also contained the highest fluorine content. This is also corroborated by the 

IR data, which show more prominent peaks for C-F stretches than their Teflon-counterparts. The 

roughness, while correlated to the ZnO:PDMS ratio, does not affect the actual composition of the 

surface, which consists mostly of PDMS (Figure 2.11a).  
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2.3.4 Comparison to Literature Reports 

Table 2.7 Literature Reports of Liquid-Repellent Nanoparticle and Spray Coatings 
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Previous publications report progress omniphobic ZnO-based coatings32, 42-44 as given in 

Table 2.7. Steele and coworkers pioneered the fabrication of an omniphobic surface based on a 

sprayable solution of nanoparticle ZnO with a perfluorinated methacrylic copolymer (PMC) 

dispersed in acetone.43 When comparing contact angle data, they achieved results similar to ours 

but no sliding angle data was reported.  

In subsequent work, however, Steele and coworkers noted that their PMC/ZnO solution 

cured in an uneven coating when applied to a micro-molded PDMS substrate and sometimes left 

hydrophilic regions on the surface.44 This multistep process required (1) prior fabrication of 

micro-posts of PDMS, (2) followed by fluorosilane deposition, (3) modified with dispersion onto 

the surface of a surfactant solution containing nanoparticle ZnO, and (4) completed with a final 

treatment with fluorosilane deposition. The contact and sliding angle data for water droplets are 

similar to our data, but neither oils nor low surface- tension liquids were tested.  

 Perry and co-workers synthesized ZnO nanostructures using a chemical bath deposition 

on a silicon wafer, which was then functionalized either with a C4F8 plasma or by treatment with 

FDTS.42 They achieved high contact angles and low sliding angles for water droplets and 

aqueous ethanol droplets; aqueous ethanol has significantly higher surface tensions than RL-68H 

and no tests were reported for alkanes, oils or other low surface-tension liquids.  

 Lastly, Campos et al. used fluoroalkyl-functionalized silica instead of ZnO nanoparticles 

in an ETP-600S fluoropolymer matrix to study the effect of the particle mass fraction on contact 

angles and sliding angles of water, diiodomethane, rapeseed oil and hexadecane.32 Hexadecane 

(similar surface tension to RL-68H) showed similar contact angles as the oil in our study, 

however, the sliding angles were somewhat higher than that obtained in the present study. The 
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present work improves upon both the fabrication of omniphobic surfaces as well as their 

application to oils. 

 

2.4 Conclusions 

In conclusion, we have developed a sprayable ZnO-PDMS composite that make surfaces 

superhydrophobic. In addition, an overcoating of Teflon AF or FDTS increases liquid repellency 

of the sprayed surfaces and renders them omniphobic. The ease of use, and scalability of this 

procedure make it an attractive option for a variety of surfaces that would otherwise be difficult 

to coat. We report static contact angles of ~150° for water and the refrigeration oil RL-68H. 

Water droplet mobility is excellent on the superhydrophobic surfaces with a ratio of ZnO to 

PDMS of at least 1:1. Highest contact angles with the oil are achieved with a 2:1 ZnO:PDMS 

mixture. By functionalizing the surface with plasma oxidation and silanization, oil sliding angles 

as low as 17° were achieved. Future work aimed at promoting droplet condensation in 

refrigeration condensers, however, will need to focus on fabricating surfaces that repel liquids 

with even lower surface tensions. 
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CHAPTER 3: SILICONE MICROSPHERES VIA ULTRASONIC SPRAY PYROLYSIS 

 

3.1 Introduction 

This chapter is taken in part from the following references: 

Rankin, J. M.; Neelakantan, N. K.; Lundberg, K. E.; Grzincic, E. M.; Murphy, C. J.; Suslick, K. 
S. Magnetic, Fluorescent, and Copolymeric Silicone Microspheres. Advanced Science 2015, 2, 
1500114. 

Suslick, K. S.; Neelakantan, N. K.; Rankin, J. M. Methods of Producing Silicone 
Microspheres. U. S. Patent Appl. 15/004016; 2016. 

 

 Silicones are an ideal polymer for use in biomedical applications due to their 

biocompatibility, inertness and chemical resistance. Interestingly, very few reports of the 

synthesis of PDMS microspheres exist in the literature even though they are promising materials 

for drug delivery or carriers for pharmaceutical agents.1-8 Problems with current synthetic 

methods (Figure 3.1) include particle agglomeration, emulsion instability, and low product 

yield. This is due to the low surface energy of PDMS as well as the high temperatures necessary 

for polymerization to occur.  

 

Figure 3.1 Highly agglomerated PDMS microspheres, produced via an emulsion route.5 
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Figure 3.2 PDMS microspheres made from a heptane-water emulsion. Note the polydispersity 
and large size (>50 µm) of most microspheres.9 

 

For instance, the above attempt relied on heptane-water emulsion to stabilize spherical 

PDMS colloids in solution9 (Figure 3.2). A lipophilic surfactant acts to prevent agglomeration of 

PDMS colloids. These colloids would then cure with heating and stirring. As seen above, the 

wide range of microsphere sizes renders this method nonviable for many applications. Supposing 

one were to use PDMS microspheres as part of an injectable, they would need to pass through 

blood vessels and capillaries, which means they need to be around the same size as a blood cell, 

which is about 7 µm in diameter. 

 Other groups have attempted to use microfluidics with or without ferrofluids, for 

instance, to control the size of the cured PDMS particles. Two examples are shown on the 

following page.7, 10 
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Figure 3.3 a) Schematic for microfluidic production of fluorescent PDMS microbeads for 
oxygen sensing. b) Optical microscope images of cured PDMS microbeads from (a). c) 
Schematic for microfluidic production of magnetically responsive microspheres, using a similar 
multi-flow strategy. D) Optical image of the resultant core-shell product.7, 10 

 

In the first example10 (Figure 3.3 a,b), a sodium dodecylsulfate solution was flowed 

through a microfluidic channel along two outer channels, while the inner channel injected 

uncured PDMS droplets. These droplets could be cured into highly monodisperse microspheres. 

In addition these microspheres could be made fluorescent. In the second example (Figure 3.3 

c,d), a magnetic core is coated by PDMS gel, and guided through a microfluidic channel.7 The 

composite sphere is then cured in a heat bath. In both cases, the product is 30 µm in diameter at 
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best, far larger than usable for most practical medical applications. Additionally, the throughput 

is effectively limited to a one-at-a-time production per microfluidic channel. As we will see, the 

work described in this chapter produces far smaller functionalized microspheres with far higher 

throughput and yield, by using a simple spray pyrolysis technique, be they magnetic, fluorescent, 

etc.11, 12 

3.1.1 Ultrasonic Spray Pyrolysis (USP) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Ultrasonic spray pyrolysis setup with inset of an ultrasonic fountain.13 
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USP is a low cost, continuous flow method (Figure 3.4) that is easily scalable, and has 

been used to successfully synthesize porous carbon, quantum dots, and metal oxides among other 

materials.14-22 A piezoelectric transducer (PZT) generates an ultrasonic fountain that forms 

aerosol microdroplets of precursor solution. The aerosol is then carried by gas flow through a 

furnace tube, where the precursor reacts. Then, the product is collected in a series of bubblers. 

This method is advantageous as it is a one-pot synthesis and the size and composition of the 

product is easily adjusted by altering the identity and concentration of the reactants. 

In 1962, Lang23 equated the droplet size generated by an ultrasonic mist as follows: 

3/1

2
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πγ

 

Where Dd is the droplet diameter, γ is the surface tension of the liquid being nebulized, ρ is the 

density of the liquid, and f is the frequency of the ultrasonic vibrations. Using water as the liquid, 

and 1.65 MHz as the frequency (which is the same frequency as used in this thesis): the average 

droplet diameter is approximately 3 µm, with most ultrasonically generated aerosols being 

between 3-5 µm.  

Since the droplets must undergo evaporation, curing, annealing, etc. depending on the 

precursor, the final particle diameter can be calculated24 by the following equation: 

3/13

1000 









=

p

d
p

CMDD
ρ

 

Where Dp is the particle diameter, M is the molecular mass of the precursor in solution, C is the 

molarity of the precursor in solution and ρp is the density of the precursor. The implication here 

is that particle size can be controlled by adjusting the precursor concentration. 
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Figure 3.5 Schematic of an aerosol droplet undergoing a typical USP reaction. 

The figure above describes a reaction taking place in the furnace tube of a USP cell. A droplet 

containing a precursor dissolved in solution undergoes solvent evaporation, and subsequent 

decomposition of the precursor (e.g., loss of water, CO2). The removal of gaseous byproduct 

initially gives a porous material, which may undergo further densification. The Suslick group has 

made extensive use of ultrasonic spray pyrolysis; the figure below shows exemplary 

microspheres produced by this technique.25-28 

 

Figure 3.6 (a) SEM of titania microspheres, (b) TEM of porous MoS2 microspheres, TEM of 
iron oxide microspheres (c), and (d) SEM of poly(ethylene-dioxythiophene) microspheres. 
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3.2 Experimental 

3.2.1 Ultrasonic Spray Pyrolysis Apparatus 

 All the syntheses described in this chapter use the vertical setup shown in Figure 3.6. All 

of the glassware, excluding the furnace tube, was fabricated by the University of Illinois School 

of Chemical Sciences Glass Shop. The nebulizer consists of an electronic board (APC 

International, Inc., #50-1011) that has a piezoelectric transducer operating at 1.65 MHz (Figure 

3.7).  This generates approximately 2 µm droplets for water. The wave intensity of the transducer 

is controlled by a variable AC transformer (variac).   The maximum intensity of the nebulizer 

was used for all work. As seen in the corresponding figure, the board/transducer sits at the base 

of what is essentially a household humidifier.  Above the base is a water bath, which is in direct 

contact with the nebulizer. The water level sensor is a small buoy that acts as a killswitch in case 

the water level is below the cutoff for safe use; this is ~ 1L for the apparatus used in the 

following experiments. The four alignment pegs ensure that nebulization cell is positioned 

directly above the center of the nebulizer. 

 

Figure 3.7 Photographs of (A) the home-built nebulizer and (B) the front and back of the 
piezoceramic nebulizer board.  Image adapted from 
http://www.americanpiezo.com/products_services/nebulizers.html. 
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The nebulization cell is a custom-made 1L 3-neck round bottom flask. The bottom is 

fitted with a 57 mm flange with grooves for use with a Teflon O-ring. All neck types and 

dimensions are 24/40 ground glass joints. In order to separate the water bath from the 

nebulization cell, a 2 mil polyethylene or polytetrafluoroethylene film was used a membrane. 

This membrane was fixed in place between the O-ring and a custom clamp fabricated by the 

School of Chemical Sciences Machine Shop. The clamp consists of the following parts 

assembled in the following order:  a brass ring (9 cm outer diameter, 6 cm inner diameter, 2 mm 

thick) with six equally spaced holes (1/4 in diameter), a polytetrafluoroethylene (PTFE) ring of 

similar dimensions, a second PTFE ring (5.6 cm outer diameter, 2.8 cm inner diameter, 7 mm 

thick) with an O-ring groove (4 mm wide, 1.5 mm deep). The O-ring sits between the groove and 

the membrane, on top of which sits the flange of the nebulization cell (Figure 3.9). Two semi-

circular PTFE rings and then two semi-circular brass rings (with the same dimensions as the first 

brass and PTFE rings) are positioned above the flange, their holes aligned with those of the rings 

on the bottom. The clamp is then fixed in place by six socket head cap screws (1/4 in outer 

diameter, 2 in in length) which are threaded through the six holes and secured with washers and 

nuts (Figures 3.8 and 3.9).  The composite cell is placed into the water bath, and any air trapped 

between the separation membrane and the water bath is removed using a syringe. This reduces 

impedance mismatch between the nebulizer and the contents of the nebulization cell, which 

results in poor mist generation.  
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Figure 3.8 (a) Photograph of the custom nebulization cell clamp.  (b) Photograph of the custom 
nebulization cell with clamp in the nebulizer base. 
 

 

Figure 3.9 Diagram of clamp configuration, showing order of assembly. 
 

A custom carrier gas inlet (Figure 3.10) is inserted into a side neck of the nebulization 

cell.  The inlet has a male 24/40 ground glass hose connection joint with a stem that extends into 

the center of the nebulization cell (7 mm outer diameter, 5 mm inner diameter, ~3” in length). 

Since the center neck is connected the furnace tube, this ensures that the ultrasonic mist is carried 

by the gas efficiently.  The hose connection is connected by Tygon tubing to the carrier gas. The 

flow rate of the gas is controlled by a rotameter.  A rubber septum keeps the other side neck of 
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the nebulization cell airtight, allowing for precursor solution to be injected into the nebulization 

cell without introducing oxygen or moisture (for sensitive reactions). 

 

Figure 3.10 Schematic of the custom carrier gas inlet. 
 

A standard rotary evaporator trap with a 24/40 ground glass joint is connected to the 

center neck of the nebulization cell to condense larger droplets before they enter the furnace 

tube; this is to ensure a narrower particle size distribution. Secondly, it prevents splashes of 

liquid alongside the ultrasonic fountain from touching the inside of the hot furnace tube and 

accumulating. 

 

Figure 3.11 Schematic of the quartz furnace tube. 

 

A quartz furnace tube (35 mm outer diameter, 32 mm inner diameter ~40 cm long, made 

by Quartz Scientific, Inc., Figure 3.11) with a 24/40 male ground glass joint at one end and a 

35/25 ground glass ball joint at the top is housed in the furnace (Omega CRFC-212/120-C-A, 

Figure 3.12) and connected to the bump trap via the 24/40 joint.  The furnace is controlled by a 

variable AC transformer and is rated for temperatures up to 980 °C.  The temperature is 

monitored by a K-type thermocouple inserted between the furnace and the furnace tube.  The tip 
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ground glass joint
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of the thermocouple is approximately one-third of the way down the tube (determined to be the 

hottest portion of the vertically oriented furnace).  

 

Figure 3.12 Cylindrical furnace for ultrasonic spray pyrolysis. Note that the picture is 
horizontally oriented. For syntheses, furnace was vertical. Photo Credit: Wong Suh. 

 

A glass hose adapter (Figure 3.13, left) with a 35/25 ground glass socket joint on one end 

and a hose connection on the other sits atop the furnace tube and is held in place with a c-clamp 

(Figure 3.13, center).  Tygon tubing (5/16 in inner diameter, 7/16 in outer diameter) connects 

this adapter to a series of bubblers (Chemglass #CG-4515, Figure 3.13, right) also connected to 

one another by Tygon.  The bubblers are used for product collection, with each bubbler 

approximately half-filled with collection solvent. 

                                                      

Figure 3.13 Left: Glass adapter for furnace tube, center: c-clamp to fasten adapter to furnace 
tube and right: collection bubbler.  
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3.2.2 PDMS Microsphere Synthesis 

Sylgard 184 polydimethylsiloxane (PDMS) precursor was purchased from Dow Corning 

as a two-part kit. PDMS microsphere precursor solutions contained the PDMS precursor in a 2:1 

base:accelerator ratio. Colloidal Fe3O4 nanoparticles (~10 nm) were purchased as a stable 

suspension under the trade name Magna View Fluid from United Nuclear. The fluid consisted of 

5% magnetite, 10% surfactant (oleic acid), and 85% oil carrier by volume. Polydiphenylco-

polydimethylsiloxane microspheres were synthesized using a precursor solution containing 1.9 

v/v % 15-17% diphenylsiloxane-dimethylsiloxane copolymer vinyl terminated (PDV- 1625, 

Gelest Inc.), 0.07 v/v% 25-35% methylhydrosiloxane-dimethylsiloxane copolymer (HMS-301, 

Gelest Inc.), 0.02 v/v% platinum-divinyltetramethyl-disiloxane complex in xylene 

(SIP6831.2LC, Gelest Inc.) in hexanes. Polytrifluoropropyl-co-polydimethylsiloxane 

microspheres were synthesized using a precursor solution containing 1.4 v/v% 35-45% 

trifluoropropylsiloxane-dimethylsiloxane copolymer vinyl terminated (FMV-4035, Gelest Inc.), 

0.7 v/v% HMS-301, 0.02 v/v% SIP6831.2LC in hexanes. Polydimethylsiloxane-

copoly(propylene oxide-ethylene oxide) microspheres were synthesized using a precursor 

solution containing 1.4 v/v% 30 mole% non-silicone dimethylsiloxane-vinylmethylsiloxane- 

(propylene oxide-ethylene oxide) block copolymer (DBP-V102, Gelest Inc.), 0.7 v/v% HMS- 2 

301, 0.02 v/v% SIP6831.2LC in toluene. Polyethylene glycol (Mw 600) and polystyrene (Mw: 

35,000) were added to the precursor as liquid cores. All other reagents were purchased from 

Sigma Aldrich and used as received without further purification. As described previously, a 1.65 

MHz piezoelectric transducer is used to nebulize a precursor solution (e.g., 20 mg/mL PDMS in 

hexanes) into a mist of micrometer-sized droplets. The aerosol is carried into and through a 

heated furnace tube via an inert argon stream at 0.4 slpm. The droplets act as micron-sized 
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reaction vessels; the hexanes solvent quickly evaporates and Sylgard 184 precursors, catalyzed 

by a Pt catalyst, cross-link in the heated furnace (300 °C). The polymerization of PDMS happens 

very quickly, as the residence time in the furnace is only ~60 seconds, and since each droplet acts 

as an individual reaction vessel, individual microspheres are produced. The cured PDMS 

microspheres are collected in ethanol bubblers; ethanol was chosen because it is miscible with 

hexane, dissolves the uncured PDMS precursors, and easily disperses the cured microspheres. 

Following collection, the ethanol/microsphere suspension was centrifuged at ~5000 rpm for 60 

minutes until the microspheres formed a pellet in the bottom of the centrifuge tube, the ethanol 

supernatant was decanted, fresh ethanol (~40 mL) was added, and the microspheres were re-

dispersed via sonication. This washing protocol was repeated three times; the washed 

microspheres were suspended in hexanes and stored.  

3.2.3 Cell Culture 

Sections 3.2.3.-5 were done in collaboration with Elissa Grzincic and Prof. Cathy 

Murphy. Metastatic human breast cancer cells of the MDA-MB-231 cell line (ATCC) were used 

for microsphere uptake and viability experiments. All live cell work was done in a sterile 

environment with sterile materials, and live cells were kept at 37°C and 5% CO2. Cells were 

cultured in phenol red-free high-glucose DMEM (Corning) with 1 mM sodium pyruvate 

(Corning), 10% fetal bovine serum (Gemini Bio-Products), 1% penicillin/streptomycin 

(Corning), 0.1 mM non-essential amino acids (Corning), and 2.5 μg/mL Fungizone (Gibco). 

3.2.4 Microsphere Uptake 

20,000 cells (in complete culture medium) were plated into the well of a 35 mm well 

glass-bottomed culture dish (MatTek Corporation). After incubation for 24 hours, the medium 

was replaced with 200 μL of the 1.5 mg/mL PDMS microsphere solution (in medium). These 
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samples were incubated for another 24 hours, before washing five times with PBS (phosphate 

buffered saline solution) to remove free microspheres. Samples were then prepared for imaging, 

with multiple PBS washes between steps. Cells were first fixed with pre-warmed 4% (in PBS) 

paraformaldehyde (Sigma) for 15 min. and permeabilized with 0.5% (in PBS) Triton X-100 

(Sigma) for 10 min. They were then stained for F-actin with 1:100 fluorescein phalloidin 

(Molecular Probes, 1 h incubation) and for cell nuclei with 300 nM 4’,6-diamidino- 2-

phenylidole dihydrochloride (DAPI, Molecular Probes, 30 min. incubation). Nile Red labeled 

microsphere uptake was then imaged by confocal fluorescence microscopy using a Zeiss LSM 

710 confocal microscope.  

3.2.5 Cell Viability  

20,000 cells (in complete culture medium) were plated into the well of 35 mm well glass 

bottomed culture dishes. Three separate cultures were made for each of the tested conditions. 

After 24 hours of incubation, the medium was replaced with 200 μL of the appropriate 

concentration of non-fluorescent PDMS microspheres (davg = 1.15 µm). After a second 24 hour 

incubation, cells were washed once with PBS and stained using a MarkerGeneTM 

Live:Dead/Cytotoxicity Assay Kit. The working solution (in PBS) contained 2 μM 

carboxyfluorescein diacetate for staining live cells and 4 μM propidium iodide for staining dead 

cells. Samples were imaged by fluorescence microscopy using a Zeiss Axio Observer Z1 

inverted compound microscope. Five random spots in the cell layer were imaged for each 

sample.   

3.2.6 Rhodamine 6G (R6G) Loading and Release 

 PDMS microspheres (1.25 mg/mL; davg = 1.15 µm) were suspended in a 10 mg/mL 

solution of R6G in CHCl3. CHCl3 was used as the loading solvent because the USP PDMS 
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microspheres form a stable suspension in CHCl3, R6G is soluble in CHCl3, and CHCl3 swells 

PDMS.29 The microsphere/R6G/CHCl3 mixture was put on the rotisserie overnight. The loaded 

PDMS microspheres were isolated from the CHCl3/R6G solution via centrifugation (3400 rpm, 2 

hrs). The microspheres were washed three times with 10 mL cold water. Each washing consisted 

of adding the water to the centrifuge tube, inverting the tube several times, centrifuging at 3400 

rpm for 30 minutes, and immediately removing the supernatant using a pipette. After the final 

washing, the spheres were suspended in 10 mL of phosphate buffered saline (PBS, Thermo 

Scientific, w/o calcium or magnesium) to a concentration of 0.85 mg loaded microspheres/mL. 

This suspension was put on the rotisserie and kept at 37 °C for the release experiments. At each 

time point (0 minutes, 30 minutes, 1 hour, 1.5 hrs, 3 hrs, 5hrs, 10 hrs, 25 hrs, 50 hrs, 75 hrs, and 

100 hrs), 2.0 mL of the PBS solution was removed and analyzed with UV/VIS (Varian Cary 5G 

UV-VIS-NIR spectrophotometer); 2.0 mL of fresh PBS was added to the suspended 

microspheres immediately. To quantify the total R6G loaded into the PDMS microspheres, 

loaded microspheres were suspended in ethanol, the solution isolated, and the absorbance at 525 

nm determined using UV/VIS. 

3.2.7 Characterization 

Generally, scanning electron micrographs were obtained on a JEOL 7000F instrument 

operating at 10 kV with a medium probe current and a working distance of 10 mm. Samples 

were prepared by freeze drying a suspension of PDMS microspheres in methylcyclohexane on a 

Si wafer. Samples were mounted to the holder via carbon tape and sputter coated with 

approximately 10 nm of Au/Pd prior to analysis to prevent surface charging. Size distribution 

analysis was performed using Image J software.  
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Infrared spectroscopic data was collected using a Perkin Elmer Spectrum 100 FT-IR 

instrument using a diamond/ZnSe attenuated total reflection (ATR) accessory.  

Raman was collected using a Nanophoton Raman-11 laser Raman microscope with a 532 

nm laser. Samples were prepared by freeze-drying a suspension of PDMS microspheres in 

methylcyclohexane on a Si wafer.  

Thermogravimetric analysis of the PDMS microspheres was obtained using a TA 

Instrument Q50 TGA. A 2.21 mg sample was heated from 20 °C to 300 °C at a rate of 20 °C/min 

and 300 °C to 750 °C at a rate of 10 °C/min under air (60 mL/min).  

UV/VIS Diffuse Reflectance was done using a Prime-X™ back-thinned CCD array 

spectrometer (2.5 nm resolution), Deuterium (30 W)- Tungsten (5 W) light source, and fiber 

optic reflectance probe (Seven 400 μm illuminates and one 600 μm read fiber with a read 

diameter of 1 mm) was used to collect the UV/VIS diffuse reflectance measurements. 

Microspheres were analyzed using PVDF as a white background. Data was smoothed using a 20 

point Savitzky-Golay smoothing filter and converted to a pseudo-absorbance using the Kubelka-

Munk equation. Data from 485.35- 487.76 nm and 654.08-657.89 nm was removed prior to 

analysis; these regions show distortion due to hydrogen emission lines characteristic of the 

deuterium light source.  

Fluorescence imaging was done using a Zeiss Axiovert 200M inverted research-grade 

microscope with a 41039 special yellow filter. Samples were prepared by drop-casting a 

suspension of the microspheres in hexane on a glass cover slip with immediate heating at 70 °C. 

Energy dispersive spectrometry (EDS) line scans were obtained using a JEOL 7000F 

instrument equipped with a Thermo Electron EDS microanalysis system operating at 10 kV with 
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a high probe current and a working distance of 10 mm. Samples were prepared by freeze drying 

a suspension of PDMS microspheres in methylcyclohexane on Cu foil. Samples were mounted to 

the holder via carbon tape and sputter coated with approximately 10 nm of Au/Pd prior to 

analysis to prevent surface charging.  

Transmission electron micrographs were obtained on a JEOL 2100 cryo microscope 

operating at 200 kV and equipped with a Gatan MatScan1kx1k progressive scan CCD camera. 

Samples were prepared by freeze-drying a suspension of PDMS microspheres in 

methylcyclohexane on a lacy formvar/carbon 200 mesh copper grid (Ted Pella, #01881-F). 

 

3.3 Results and Discussion 

3.3.1 Dow Sylgard 184 Microspheres via Ultrasonic Spray Pyrolysis 

 Ultrasonic spray pyrolysis (USP) is a simple and effective method for synthesizing 

micron-sized spherical particles because each nebulized droplet is its own micro-reactor. The 

size of the product can be tuned by changing the concentration of the reactant. The size of the 

droplet carrying the precursor can also be tuned by changing the frequency of the nebulizer, 

though this was not pursued in the following studies. We used the commercially available Dow 

Sylgard 184, which contains vinylmethylsiloxane-dimethylsiloxane copolymer and silica filler 

(toughening agent) as the base. The curing agent contains methylhydrosiloxane-dimethylsiloxane 

copolymer and a Pt catalyst. Dow Sylgard was designed to be cured at a variety of temperatures, 

inversely proportional to time. At room temperature, this takes 24 hours and at 100 °C, 

approximately 45 mins (according to manufacturer). Since the residence time of nebulized 

precursor in our USP setup is 30-60 seconds, even a five minute residence time would require an 
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impossibly slow flow rate. We therefore increased the reaction temperature to 300 °C, allowing 

for rapid solvent evaporation and curing. Rapid solvent removal is necessary because 2-part 

elastomers such as Sylgard do not cure in the presence of large amounts of solvent. We also used 

5 times the recommended amount of curing agent, as initial experiments that used only the 

recommended amount gave little to no product. This modification almost certainly affects the 

crosslinking ratio and thus the swellability of our microspheres, but comes with the benefit of 

increasing the yield substantially. 

 

Figure 3.14 SEM of Dow Sylgard Microspheres, inset shows finer detail. 
 

 

 The SEM (Figure 3.14) indicates that the USP products are spherical particles with very 

little agglomeration or malformation. The IR spectrum contains all of the characteristic peaks 

associated with PDMS. Prominent peaks include aliphatic C-H stretches at 2963 cm-1, Si-O-Si 

modes at 1100 and 1075 cm-1 and Si-CH3 stretches at 790 and 1260 cm-1. Raman also confirms 

the C-H stretches consistent with PDMS. Slight offsetting of the colorization in Figure 3.15 

occurs due to the spherical topography of the microspheres.  
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Figure 3.15 a) ATR-FTIR spectrum of resulting product; peaks match literature values for 
PDMS. 5, 30 b) Raman spectrum of product, C-H stretching peaks31 (2906 and 2963 cm−1) for 
PDMS are clearly evident. c) Optical image of PDMS microspheres overlaid with Raman 
mapping showing the relative intensity of the C-H stretching peak (2906 cm−1, highlighted in 
(b)) as the intensity of yellow coloration. 

 

 

Figure 3.16 Thermogravimetric analysis of polydimethylsiloxane microspheres. 

 

Thermogravimetric analysis (Figure 3.16) shows large mass loss beginning at 200 °C. 

This is attributable to volatilization of cyclosiloxanes, and the possible removal of uncured 

polymer remnants.32, 33 Dow Corning notes that both base and curing agent contain volatile 
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organic compounds; it is possible a small amount of these may linger after curing and washing. 

At above 350 °C, PDMS begins to depolymerize and will form various combustion products in 

the presence of air, including CO2, silica and silicon carbide. No notable decomposition occurred 

after 500 °C. 

 

Figure 3.17 Polydimethylsiloxane (PDMS) microsphere (prepared by USP) cytotoxicity. (a) 
Cytotoxicity study; no statistically significant differences in cell viability are seen among the 
control and concentrations of PDMS microspheres ranging from 100 to 100,000 spheres/cell.  (b-
f) Representative fluorescence images of stained cells from polydimethylsiloxane microsphere 
viability experiments. (b) Control. (c) 100 spheres/cell. (d) 1000 spheres/cell. (e) 10,000 
spheres/cell. (f) 100,000 spheres/cell. Cells that are stained green are alive, cells that are stained 
red are dead. 
 
  
 In order to demonstrate the biocompatibility of our microspheres (relevant to potential 
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indicating that these PDMS microspheres are effectively bio-inert. Figure 3.17 shows 

fluorescence images of live/dead stained cells (live cells are green and dead cells are red).  

 The size of these PDMS microspheres can be tuned by changing the concentration of the 

precursor. Figure 3.18-19 show the variation in particle size as a function of concentration, 

which was varied by a factor of 100. At the lower end of 1 mg PDMS per mL of solvent, the 

average particle size was 500 nm, with spheres as small as 100 nm being produced. By 

increasing the concentration to 4 mg/mL solvent, the average size increases to 890 nm. At 20 

mg/mL, the average size is 1.15 µm and at 100 mg/mL the average size is 1.96 µm. The 

minimum concentration usable by the USP process is limited by yield, and perhaps also by the 

surface tension of the resultant product. The maximum concentration is limited by viscosity; 

reactions attempted at concentrations higher than 100 mg/mL were too viscous to nebulize. 
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Figure 3.18 Size control of polydimethylsiloxane (PDMS) microspheres. a,b) SEMs of PDMS 
microspheres obtained with a) 1 mg mL−1, and b) 4 mg mL−1, PDMS in hexanes. c,d) Size 
distributions of microspheres shown in (a,b), respectively. Size distributions were determined 
using the Image J software package, with total number of microspheres counted given as N. 

 

 Interestingly, the values we obtained for particle diameter do not quantitatiely follow the 

cube root of concentration as is predicted by the equation. Possible reasons for this could be 

polydispersity in the precursor material itself. We estimate the average molecular weight of the 

precursor to be 50,000 g/mol, but there may be large variations in that value. Secondly, Dow 

Sylgard 184 contains silica filler, the amount of which certainly would affect the final product. 

Finally, the monodispersity of the aerosol cannot be taken for granted; our only safeguard against 

unusually large droplets entering the furnace tube is a rotary evaporator trap.  
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Figure 3.19 Size control of polydimethylsiloxane (PDMS) microspheres. a,b) SEMs of PDMS 
microspheres obtained with a) 20 mg mL−1, and b) 100 mg mL−1, PDMS in hexanes. c,d) Size 
distributions of microspheres shown in (a,b), respectively. Size distributions were determined 
using the Image J software package, with total number of microspheres counted given as N. 

 

 

3.3.2 Copolymeric Silicone Microspheres via Ultrasonic Spray Pyrolysis 

 Our USP synthesis is not limited solely to Dow Sylgard, but a variety of copolymeric 

silicones also work. In order to demonstrate this, we chose the following silicone copolymers 

listed in Table 3.1. Since these formulations contain no silica filler, and have a known mole-ratio 

of their respective constituents, we have the ability to very precisely adjust the properties of the 

resultant product.  
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Table 3.1 Co-polymeric microsphere precursors, properties and mole percent 

Co-Polymer  Properties of co-polymer34 Mole percent co-polymer 

Polydiphenyl-co-
dimethylsiloxane 

Improved low-temperature 
stability, higher refractive 
index relative to PDMS 

15-17 

Polytrifluoropropyl-co-
dimethylsiloxane 

Lower hydrocarbon 
solubility, lower refractive 

index relative to PDMS 

25-35 

Polydimethylsiloxane-co-
poly(propylene oxide-

ethylene oxide) 

More polar/hydrophilic than 
PDMS, greater compatibility 

with thermoplastics 

30 

 

 

As demonstrated by Figure 3.20, USP is capable of producing a variety of silicone 

microspheres. Several other copolymeric Pt-catalyzed silicones exist. We believe that they can 

be used in the precursor, regardless of substituent, so long as the appropriate solvents and 

appropriate ratio of the precursors are used. Peaks in 3.20a corresponding to the 

polydiphenylsiloxane chains are labeled; defining peaks include sharp bands at 1600 and 1430 

cm-1 and a set of three bands in the fingerprint region at ~ 740, 720 and 700 cm-1 that have 

increasing band intensity with decreasing wavenumber.35 Characteristic 

polytrifluoropropylsiloxane peaks in 3.10c include a peak at 1210, 1070, and 900 cm-1.35 Peaks 

in 3.20e corresponding to the poly(propylene oxide-ethylene oxide) regions are labeled; the 

stretches at 2870, 1375, and the shoulder at 1350 cm-1 can be attributed to, respectively, a CH3 

stretching mode, the symmetrical bending vibration of the methyl group, and the wagging 

vibration of the methylene group of  the poly(propylene oxide-ethylene oxide) chains.36 The 

FTIR spectra (Figure 3.20a, c, e) show all characteristic peaks expected for 

polydimethylsiloxane. 
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Figure 3.20 Copolymeric silicone microspheres fabricated using ultrasonic spray pyrolysis.  
(a & b) ATR-FTIR and SEM, respectively, of polydiphenyl-co-polydimethylsiloxane 
microspheres. (c & d) ATR-FTIR and SEM, respectively, of polytrifluoropropyl-co-
polydimethylsiloxane microspheres. (e & f) ATR-FTIR and SEM, respectively, of 
polydimethylsiloxane-co-poly(propylene oxide-ethylene oxide) microspheres. Note that the scale 
bar for (f) is different from that of (b) and (d). 
 

 

b

4000 3500 3000 2500 2000 1500 1000
0

20

40

60

80

100
%

 T
ra

ns
m

itt
an

ce

Wavenumber (cm-1)

a

74
3

69
8

71
6

15
93

14
30

750 700 650

Aromatic ring 
C-H stretch

d

4000 3500 3000 2500 2000 1500 1000
0

20

40

60

80

100

%
 T

ra
ns

m
itt

an
ce

Wavenumber (cm-1)

c
10

70
12

10

90
0

f

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

3000

15001750

2750

28
70 13

75

e

0

20

40

60

80

100

%
 T

ra
ns

m
itt

an
ce

13
50



104 
 

3.3.3 Magnetic Microspheres via Ultrasonic Spray Pyrolysis 

Magnetic polymer-encapsulated microspheres have been proposed for use in applications 

such as MRI contrast, magnetic hyperthermia, and magnetic cell separation and as targeted drug 

delivery agents. By simply adding a commercial ferrofluid to the precursor used to make the 

microspheres in 3.3.1, we synthesized magnetic silicone microspheres (Figure 3.21). The 

ferrofluid is a colloidal suspension of superparamagnetic iron oxide nanoparticles (SPIONs). 

SPIONs are an ideal choice for the applications listed above as they have no remnant 

magnetization in the absence of a strong magnetic field. This reduces the risk of agglomeration 

in blood vessels.  

As dispersed in solution, the microspheres are light brown in color and can be easily 

moved by a magnet. Interestingly, the product takes on a core-shell morphology (Fig 3.21b), 

confirmed by TEM and EDX (Figure 3.21c and e), which can be explained by phase separation. 

The PDMS and the ferrofluid are immiscible, but because the PDMS has the lowest surface 

energy of all the precursor components, it will preferentially wet the ferrofluid and form the 

shell. A schematic of core-shell formation is shown in Figure 3.22. 
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Figure 3.21 Magnetic core-shell polydimethylsiloxane (PDMS) microspheres prepared using 
ultrasonic spray pyrolysis. a) Image of magnetic PDMS microspheres showing (left) 
microspheres dispersed in hexanes and (right) microspheres pulled from solution using a magnet. 
b) SEM of magnetic PDMS microsphere on copper foil showing path of energy-dispersive X-ray 
spectral (EDS) line scan. c) EDS line scan showing Si and Fe concentrations along the path line 
shown in (b). d) TEM of PDMS microsphere (prepared without Fe3O4) showing uniform density 
and composition throughout the sphere. e) TEM of magnetic microsphere showing core-shell 
structure. 
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Figure 3.22 Schematic of core-shell formation. Iron oxide nanoparticles (red) move to the core 
to maximize favorable interactions, while PDMS (gray: dissolved in solvent, light blue: uncured, 
dark blue: cured) does the opposite, curing as a shell. 
 
 

While the schematic above uses the example of a single-core particle, we observed that as 

many as 25% of our magnetic microspheres had multiple cores (Figure 3.23.) It is possible that 

smaller single core-shell particles merged during the solvent evaporation process forming one 

larger multi-core shell structure. Though we cannot exclusively make single-core or multi-core 

particles using the USP method, we were able to exercise a great degree of control over the size 

of the average core. By simply changing the ratio of PDMS:Ferrofluid from 1:1 v/v to 3:1 v/v, 

the average size of the core shrank from 800 nm to about 400 nm. The average diameter of the 

particle on the other hand, showed a modest decrease as the iron content increased (Figure 3.24). 

The thickness of the PDMS shell is important depending on the application: for drug delivery, 

thicker shells would be able to carry a larger dose of the active pharmaceutical. For 

hyperthermia, very thin shells would be favorable since PDMS is insulating and heat transfer 

would be reduced. 

 

Phase 
Separation 

Solvent 
Evaporation 

Crosslinking 

Core 
Densification 
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Figure 3.23 (a) Scanning electron micrograph of magnetic polydimethylsiloxane microspheres 
(accelerating voltage of 20 kV). Insets show expanded view of individual microspheres with 
EDS trace for iron shown in yellow. (b-d) Transmission electron micrographs of magnetic 
PDMS microspheres showing one, two, and many iron cores. 
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Figure 3.24 (a, b) Transmission electron micrographs of a magnetic polydimethylsiloxane 
(PDMS) microsphere obtained with (a) a precursor solution containing a 1:1 v/v ratio of PDMS 
(20 mg/mL hexane) to ferrofluid and (b) a precursor solution containing a 3:1 v/v ratio of PDMS 
(20 mg/mL hexane) to ferrofluid. (c-e) Size distribution of PDMS microspheres obtained with  
(c) a 20 mg/mL PDMS in hexane precursor solution, (d) a precursor solution containing a 1:1 v/v 
ratio of PDMS (20 mg/mL hexane) to ferrofluid, and (e) a precursor solution containing a 3:1 v/v 
ratio of PDMS (20 mg/mL hexane) to ferrofluid. 
 

We were also able to produce composite magnetic silicone microspheres (Figure 3.25), 

with both the iron oxide and PDMS distributed throughout the particle as opposed to a core-shell 

structure. This was done by substituting dimethylsiloxane-vinylmethylsiloxane-(propylene 

oxide-ethylene oxide) block copolymer (DBP-V102, Gelest Inc.) in for Dow Sylgard. The DBP-

V102 contains 30 mol% polypropylene oxide and polyethylene oxide (PPO-PEO), which is 

hydrophilic and has a higher surface energy. Thus, it is incapable of wetting the ferrofluid. SEM 

shows that dried microspheres tend to form grape-like clusters, presumably due to the favorable 

interactions of the hydrophilic PPO-PEO portions of the PDMS. EDS (Figure 3.25 c-e) confirms 

that both Si and Fe are evenly distributed throughout the clustered microspheres, and TEM 

(Figure 3.25a) shows no evidence of a core-shell structure. At higher magnifications, individual 
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SPIONs can be seen. A composite structure could be more useful than a core-shell structure in 

certain circumstances. For instance, MRI contrast is strongly dependent on proximity of local 

hydrogen atoms to the contrast agent. A shell would increase this distance, whereas a composite 

structure increases the number of possible interactions. 

 

Figure 3.25 a) Transmission electron micrograph of a composite magnetic PDMS-co-PPO-PEO 
microsphere, showing no signs of core-shell structure. b) Scanning electron micrograph of the 
same particles, showing significant clustering. Scale bar is 1 µm. c) Grey EDS image of a cluster 
of composite magnetic microspheres.  d) Fe color-mapping of the same particles and e) Si 
mapping of the same particles on a Cu sample grid. Both Fe and Si are dispersed throught the 
entirety of the microsphere cluster. 

 

3.3.4 Liquid-Filled and Polystyrene Core Microspheres 

 Liquid-filled particles can be used to encapsulate a variety of interesting compounds such 

as fragrances and pharmaceuticals. In order to make liquid-filled silicone microspheres (Figure 

3.26), we added liquid polyethylene glycol or solid polystyrene at a 1:1 ratio by volume to the 
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precursor using the synthesis described in 3.3.1. The product resembles the magnetic particles 

described in the beginning of 3.3.3 in that both single and multi-core products are formed.  

 

Figure 3.26 a) Liquid PEG-PDMS core-shell microspheres synthesized using USP from a 
precursor solution containing a 1:1 ratio of PDMS (Sylgard 184): PEG (MW = 900) 22 mg mL-1 
in toluene. (b) PS-PDMS core-shell microspheres synthesized using USP from a precursor 
solution with a 5:1 ratio of PDMS (Gelest VDT-123):PS (MW = 35,000) 22 mg mL-1 in toluene. 

 

The product in (a) is not completely spherical because PDMS is an elastomer and thus, can 

deform. In the presence of a liquid core, some of the liquid is removed during the washing 

protocol, thus the appearance of these microspheres is akin to a partially inflated basketball. 

Polystyrene is commonly used as a template that can be etched away by acetone, (for instance, in 

hollow silica particles). Thus, these microspheres could be made completely hollow. 

Applications of hollow microspheres were explored by former Suslick members Jackie Rankin 

and Samantha Fuchs. Experimental details, characterization and proposed applications of such 

microspheres can be found in Rankin’s thesis.37 
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3.3.5 Fluorescent Silicone Microspheres 

 

Figure 3.27 Fluorescent polydimethylsiloxane (PDMS) microspheres, cell uptake, and small 
molecule release. a) Diffuse reflectance spectrum of Nile red doped PDMS microspheres (red) 
and non-fluorescent PDMS microspheres (black). Peak at 522 nm indicates successful inclusion 
of Nile red. b) Fluorescence image of Nile red doped PDMS microspheres. 
 

Fluorescent microparticles have found use in biological assays and for labelling specific 

cells of interest.38 Problems often encountered with such materials range from photo-bleaching to 

short half-life in biological media.39, 40 Thus, we produced fluorescent silicone microspheres and 

evaluated their ability to fluoresce in cells. There are two synthetic routes to fluorescent 

microspheres: 1) Adding a fluorescent dye to the precursor to ensure that it is suspended in the 

crosslinked matrix of the resultant microspheres, 2) dissolving the dye in an appropriate solvent 

and then adding silicone microspheres to the solution, causing the microspheres to uptake the 

dye. The second route may be necessary for heat-sensitive dyes that would otherwise decompose 

in the furnace, that would be difficult to acquire/manufacture or that would not appreciably 

dissolve in a solvent compatible with the PDMS precursor. In order to demonstrate the viability 

of route 1, we doped the microspheres synthesized in 3.3.1 with Nile Red, a common organic 

dye. As can be seen in Figure 3.27, the peak at 522 nm indicates that the Nile Red persists in the 

final product, even after washing the product with solvent several times. Even after prolonged 
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storage (~1 month) in solvents such as hexane or ethanol, these microspheres continued to show 

fluorescence peaks. 

 

Figure 3.28 a) Bright field image of cell that has taken up Nile-red doped PDMS microspheres. 
b) Fluorescent image of cell in (a). The cell membrane has been stained green, the cell nucleus 
has been stained blue, and the Nile red doped microspheres appear red. 
 
 
These fluorescent microspheres also have the potential to be used for cellular tracking. To this 

end, we incubated Nile Red doped silicone microspheres with human carcinoma cells for 24 

hours in a phosphate-buffered saline (PBS) medium. The cells were then imaged and showed 

strong red fluorescence from the cytosol, indicating that the microspheres had successfully been 

taken up. The cells are localized to the cytosol (stained red in Figure 3.28b) and stay separate 

from the nucleus (stained blue in Figure 3.28b).   

 

Figure 3.29 Release kinetics of Rhodamine 6G (R6G) from PDMS microspheres into phosphate 
buffered saline. 
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 Route 2 opens up a different functionality for these microspheres. When we incorporated 

Rhodamine 6G, an organic dye, into Sylgard microspheres post-synthesis, it was found that the 

dye could be slowly released into a phosphate-buffered saline solution over time (Figure 3.29). 

This was done by calibrating the UV/VIS absorption of known concentrations of R6G and 

comparing the absorbance of the PBS-microsphere solution over time. Rhodamine 6G is a small 

hydrophobic molecule that has a very similar partition coefficient to many important drugs.41, 42 

Thus, we believe that the PDMS microspheres described here could be used for slow release of 

active pharmaceutical agents, especially those that are highly sensitive or expensive. These 

results are very preliminary, as only ~25% of the total R6G was released over 2 weeks. It is 

likely that high siloxane crosslinking ratios and the hydrophobic nature of the PDMS polymer 

may have caused the microspheres to retain a majority of the R6G. 

 

3.4 Conclusions 

We have developed a simple and scalable route for mass production of a variety of 

PDMS microspheres. The composition, functionality and size can be easily tuned by modifying 

the precursors. The ultrasonic spray synthesis produces microspheres with diameters ranging 

from <500 nm to ~2 μm with a relatively narrow size distribution. These microspheres are easily 

taken into the cell cytosol and have extremely low cytotoxicity even at a concentration of 

100,000 spheres/cell. We have also demonstrated the fabrication of magnetic, fluorescent and 

liquid-filled PDMS microspheres that may be potential MRI contrast agents, cellular labels and 

drug delivery capsules respectively.  

Optimizing the hydrophilicity and the biodegradability of these microspheres are 

potential avenues of future research. These two properties are of the highest priority when 
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considering intravenous delivery or prolonged incubation inside the human body. Hydrophilicity 

controls the amount of interaction between the microspheres and cellular media. This affects the 

rate of drug release as well as the ease with which microspheres can cross the cell membrane. 

For magnetic microspheres to be effective MRI contrast agents, maximizing the number of 

interactions with protons increases contrast and decreases the dosage of microspheres needed. 

Since the overwhelming majority of protons in the body are water molecules, hydrophilic 

microspheres would be ideal. 

 Although our microspheres have low toxicity to cell growth, it is not yet known what the 

effects of bioaccumulation might be. To alleviate these concerns, future focus could be placed on 

developing biodegradable PDMS microspheres. Thus, it may be advantageous to intentionally 

synthesize microspheres with bonds that are susceptible to hydrolysis, as these would easily be 

broken down by the body into shorter and smaller chains of PDMS that could be excreted via the 

kidney.  
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CHAPTER 4: SHOCK ANALYSIS OF SILICONE-BONDED EXPLOSIVES 

 

4.1 Background 

Energetic materials are a class of compounds that store large amounts of chemical energy 

to be released. These compounds include, but are not limited to, propellants, explosives and 

pyrotechnics.1,2 This chapter will focus on research regarding explosives, specifically, 

composites made from powdered crystalline energetic materials with a silicone binder. To that 

end, a brief overview of explosives will be given in the first half of section 4.1. 

The second half of section 4.1 will deal with shock-induced hotspots. The shock response 

of energetic materials is incredibly important, as it has broad implications on how much energy 

the material releases, what type of impact is necessary to trigger such an event and which 

applications the material is suitable for. Thus, a brief introduction to mechanical shock and its 

effects is necessary to understand the scope of this chapter, with specific regard as to how shock 

causes hotspots to form. 

4.1.1 Primary Explosives 

 Primary explosives are defined by their high sensitivity to ignition from such sources as 

heat, impact (i.e., drop hammer) and electrical discharge, which cause them to readily undergo 

detonation.3, 4 Due to this property, primary explosives are not used in large quantities by 

themselves, as safety and stability is an issue. Thus, their applications are generally limited to 

ignition sources for more stable and less sensitive energetic materials, such use as detonators. 

Figure 4.1a-c shows the chemical structure of some commonly used primary explosives, while 

4.1d shows a schematic for a detonator. A detonator is a device that has a triggering mechanism 
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and a small amount of primary explosive to initiate the detonation of a less sensitive compound. 

The detonator shown in 4.1d is an exploding bridgewire (EBW) detonator. It uses an electrical 

discharge to vaporize a thin wire into plasma, generating a shockwave that launches the wire 

material into the primary explosive. The impact then triggers the detonation of the primary 

explosive, which in turn detonates the less sensitive explosive. The EBW design allows for 

extreme precision of detonation time and therefore finds use in nuclear weapons, where this is of 

utmost necessity. 

 

 

Figure 4.1 Representative primary explosives, a) Nitroglycerin, b) diacetone diperoxide, c) 
mercury fulminate and d) diagram of an exploding bridgewire (EBW) detonator (raster: George 
William Herbert, vectorization: Mliu92). 

 

4.1.2 Secondary Explosives 

 Unlike primary explosives, secondary explosives are very difficult to detonate by simple 

impact, heating or electrical stimulation. Their insensitivity and stability makes them very safe 

for use in practical applications.5 They are used in conjunction with initiators such as blasting 
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caps or detonators, such as the one shown in 4.1d, as part of an explosive train (output 

explosive). The structure of some of the more common secondary explosives is shown below in 

Figure 4.2. Some common characteristics of secondary explosives are a high amount of N-N, N-

O and C-N bonds, which store large amounts of energy, as well as extremely low vapor 

pressures, which render them particularly difficult to detect. 

 

Figure 4.2 Representative secondary explosives, a) HMX (Octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine), b) RDX (Cyclotrimethylenetrinitramine), and c) Pentaerithrytoltetranitrate (PETN). 

 

It should be noted that there is no objective standard for drawing a line between primary 

and secondary explosives; the most sensitive secondary explosive could just as easily be 

classified as the least sensitive primary explosive. Sensitivity tests can rank explosives from least 

to most sensitive, but these are often based on qualitative rather than quantitative results.  

4.1.3 Polymer-Bonded Explosives (PBX) and Plastic Explosives 

 Secondary explosives, such as the ones shown in the previous subsection, are often 

combined with a polymeric binder to make polymer-bonded explosives (PBX).  While any 

explosive can be used neat, PBX are most frequently used for military purposes because of the 

degree of control they offer; they can be molded and machined into very specific shapes, which 
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allows for the detonation energy to be directed. Alternatively, PBX can be formulated with a 

plasticizer to make plastic explosives, which offer malleability. 

Table 4.1 shows the formulations of some of the most common PBX materials and their 

general applications. Polymer binders vary from Viton (a fluorinated polyethylene) and estane (a 

polyurethane) to Sylgard (polydimethylsiloxane elastomer).  

Table 4.1 Composition of PBX and their Uses6, 7 

Explosive Formulation (wt %) Usage 

Composition B 69.5% RDX, 39.5% TNT, 1% 
wax 

Common fill for explosive 
ordnance 

C-4 91% RDX, 2.1% 
polyisobutylene, 1.6% motor 
oil, 5.3% DOS (plasticizer) 

Demolition of 
structures/obstacles. 

   
PBX-9501 95% HMX, 2.5% Estane, 

2.5% BDNPF (plasticizer) 
Explosive lens, shaped 

charges for nuclear ordnance 

   

XTX-8003 80% PETN, 20% Sylgard 182 Extrudable plastic explosive, 
small failure diameter.  

 

One very common application of PBX is their use as shaped charges in missile warheads. A 

shaped charge,8 such as the explosive lens of a nuclear weapon, is necessary to trigger a fissile 

chain reaction. This requires specific machining and resistance to deformation, making a rigid 

PBX the ideal choice. A schematic of such a charge is shown in Figure 4.3. The explosive shell 

focuses the detonation energy at different points in the fissile core, maximizing the number of 

simultaneous nuclear chain reactions.  
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Figure 4.3 Schematic of an explosive lens (yellow shell) for a fissile core (purple) in a nuclear 
weapon. 

 

4.1.4 Mechanism and Effects of Shock-Initiated Hotspots on Explosives 

 A mechanical shock occurs when a large force is applied in a short period of time relative 

to a structure of interest.9 Explosives can be detonated using mechanical shocks that cause 

extreme and rapid heating. This rapid heating generally takes the form of hotspots that propagate 

throughout the explosive, generating the initial heat and gases associated with the subsequent 

explosion.10 It is generally agreed that the formation of localized hotspots upon shock impact is 

crucial to this detonation process.11-13 This section will discuss the mechanism behind shock-

initiated hotspots as it pertains to the findings of this thesis. 

While many theoretical models exist for hotspot formation, the structure of the compound 

of interest can give insight into which model has the most explanatory power. For instance, the 

structure of plastic explosives (examples shown in Figure 4.4) is heterogeneous and contains 

many pores and voids that may be capable of concentrating mechanical energy into a hotspot. 

Many experiments have shown that the presence of pores has a sensitizing effect on 

explosives.14,15 
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Figure 4.4 Scanning electron micrograph of (a) C-4 and (b) Semtex 1-A, plastic explosives. 
Examples of individual explosive crystals are marked by arrows.16 

 

 Two models have been used to explain the effect of pores based on pore size: 1) For large 

pores (50 µm to 1 mm in diameter), adiabatic heating of gases upon compression,17 2) For small 

pores (<1 µm in diameter), viscous and plastic heating mechanisms.12 In order to explore how 

pores affect hotspot formation, we characterized the shock response of XTX-8003, an extrudable 

plastic explosive made of PDMS and PETN, using laser-launched Al foil plates as the shock 

source. The ongoing studies give insight into which mechanism predominates under specific 

conditions. These results are of great pertinence to explosives engineering, as an excess of 

defects such as pores may disadvantageously increase the sensitivity of a compound to unsafe 

levels. 
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4.2 Experimental 

4.2.1 Laser-Driven Flyer Plate Apparatus 

 The following experiments were done in collaboration with Will Bassett and Professor 

Dana Dlott. The flyer plate apparatus18 is a convenient way to generate highly reproducible 

shocks in an energetic material at the velocities present in real-life scenarios. Figure 4.5a shows 

a schematic of the apparatus used in the following experiments. Briefly, a 1550 nm Nd:YAG 

laser heats the back of the flyer plate substrate, which is a borosilicate glass with a layer of 

aluminum foil epoxied to the inside face with Eccobond 24 (Henkel). The heating causes the 

aluminum foil to undergo vaporization and rapidly generates Al plasma. This plasma rapidly 

expands and causes a shockwave that launches the Al foil outward and onto the sample substrate. 

Though this assembly is simply used a source of shock initiation, it is remarkably similar in 

mechanism to the EBW detonator shown in Figure 4.1. Thus the flyer plate is an excellent 

mimic for real-life detonation of explosives.  

The sample substrate is also a glass plate, but with a thin layer of the compound of 

interest spread into a well (Figure 4.5b). This plate is separated from the flyer plate by a 375 µm 

spacer. Experiments can be done in vacuum or in the presence of a gas. A comparison of the well 

size and the detection area is shown in Figure 4.5c. The central 50 µm (red) of the 1 mm well is 

used to gather flyer velocity and spectral data. Flyer velocity is determined using a photon 

Doppler velocimeter. The spectral data is gathered by a series of photomultiplier tubes (PMT) 

with a range of 442-822 nm. Using a graybody model,20 the emission data can be converted to 

temperature as a function of time with high resolution (2 ns).  
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Figure 4.5 a) Schematic of the flyer plate apparatus, b) An exemplary glass plate filled with 
polymer bonded explosive (PBX) wells, c) optical image of an individual well with target area 
shaded in red.19 

 

One factor that needs to be accounted for is that hotspots are not uniformly distributed 

over the analyzed shock area. Figure 4.6 shows a PBX sample undergoing shock from a flyer 

plate with hotspot intensity color-mapped in red; the sample is not emitting radiation uniformly 

and thus, we must use an emissivity that is spatially averaged over the shock area. This 

emissivity parameter is defined as  

𝛷 = 𝜀𝑉∗ 
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Figure 4.6 Time-lapsed images of a PBX sample undergoing impact by a 25 µm flyer plate at 
impact, 20 ns and 40 ns. The red spots represent light emitting pixels from the sample. The 
integration time for each image was 20 ns. 

 

Where ε is the bulk emissivity and V* is the volume fraction of the emitting hotspots. This value 

allows us to evaluate the growth, decay and relative strength of hotspots as a function of time, 

alongside the temperature emission data.  

4.2.2 Materials 

Pentaerithrytol nitrate (PETN) was obtained from Los Alamos National Laboratory. 

Hexanes (Fisher Scientific), methanol (Fisher Scientific) and acetone (Fisher Scientific) were 

used as received. Sylgard 184 (Polydimethylsiloxane (PDMS), Dow Corning) was used as 

received. Kapton tape of 40 µm and 80 µm thickness were obtained from Caplinq Inc. Starphire 

glass slides (75 mm x 75 mm x 6.35 mm) were obtained from Fusion Glassworks. Aluminum 

foil (Allfoils) 0.001” (25 µm) was used as received. Sucrose crystals and silica powder, 5 µm, 

(both Sigma Aldrich) were used as received. 
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4.2.3 Formation of PETN Powder 

 Large PETN crystals were dissolved in acetone to give a final concentration of 

approximately 150 mg/mL. This PETN solution was then added dropwise with a Pasteur pipet to 

a vial of excess distilled water (i.e. roughly 10 times the amount of PETN solution). The 

precipitated PETN in the acetone-water solution is then vacuum filtered dropwise through a 

Buchner funnel and washed with hexanes and methanol. The filtrate is then recovered as a fine 

powder of PETN. 

4.2.4 Sylgard Coating of PETN 

 In a 20 mL scintillation vial, 300 mg of Sylgard 184 Elastomer (PDMS) were added at a 

10:1 ratio of base to curing agent (i.e. 272 mg of base and 27 mg of curing agent) and dissolved 

in hexanes to give a final concentration of 30 mg/mL. The fine PETN powder prepared in the 

previous step is weighed and added to a vial and the PDMS-hexane solution is added to the 

PETN so that there is an 80:20 weight ratio of PETN to PDMS. A mechanical stir bar is added to 

the vial and stirred at low RPM overnight at room temperature so that the hexane is evaporated 

and the PDMS cures evenly. It should be noted that the standard formulation for XTX-8003 uses 

Sylgard 182; Sylgard 184 is virtually identical but cures faster at room temperature. 

4.2.5 Pressing of PETN/PDMS Composite 

 The compound prepared in 4.2.4 is initially a ‘crumbly’ mixture of PETN powder and 

elastomer. In order to convert this mixture into a smooth and spreadable film, the crumbly 

mixture was pressed in a hydrostatic press at 2000 psi for 1 minute and subsequently spread as 

thinly as possible between two surfaces (in this case, using the back of a spatula and a razor 
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blade). This is done repeatedly to ensure that there is no loose powder in the mixture. The final 

product has a soft putty-like consistency that stretches across a surface when spread. 

4.2.6 Silica and Sucrose Controls for XTX-8003 

 The procedure described in 4.2.4 can be done using silica or sucrose powder instead of 

PETN to make an inert analog for XTX-8003. Silica or sucrose were added to the same solutions 

of PDMS in hexane at a weight ratio of 80:20 (silica/sucrose:PDMS) and used as is after 

evaporation of hexane at room temperature. This acts as a control for the unpressed XTX. The 

procedure in 4.2.5 may be used to again convert this material to the pressed XTX analogs. 

4.2.7 XTX-8003 Wells for Flyer Plate Experiments 

Kapton tape was adhered to 75 x 75 x 6.35 mm glass slides and 1 mm circular wells were 

laser cut into the slide by the University of Illinois Machine shop. For flyer plate experiments 

187 wells are cut into to each glass slide, with 150 containing a sample of interest and the 

remaining empty holes used for velocity determination. XTX-8003 or silica/sucrose analog was 

spread into each well one at a time using a metal spatula.  

4.2.8 Characterization 

Electron microscope images of samples were taken using a JEOL 7000F and a Philips 

XL30 ESEM-FEG scanning electron microscope. Samples were sputter-coated with Au/Pt for 

20-30 sec (a thickness of 7-8 nm) prior to image acquisition. 

Particle size distribution was done using ImageJ software and averaging the size of >120 

individual crystals, as observed under electron microscope. 

CHN analysis was performed by the University of Illinois School of Chemical Sciences 

Microanalysis Laboratory using an Exeter Analytical, Inc. Model CE-440 CHN analyzer. 
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Profilometry was carried out on a Dektak 3030. Linescans were between 1000 and 5000 

µm, and the applied force was generally 15 N. Multiple sample heights were averaged to 

calculate relative density. 

 

4.3 Results and Discussion 

4.3.1 Characterization and Shock Analysis of XTX-8003  

 

Figure 4.7 a) Scanning electron micrograph of homogenized and pressed XTX-8003. Scale bar 
is 10 µm. b) Particle size of the same image reported as crystal length.  

 

Current shock research is generally limited to computer modelling and qualitative 

experiments that rely heavily on subjective observations and binary ‘go’/’no-go’ conditions.21-24 

To understand how shock affects these compounds and what processes take place, a quantifiable 

and reproducible measurement would be highly desirable. We developed a scaled down method 

for producing XTX-8003, a plastic explosive consisting of 80 wt % PETN and 20 wt % Sylgard 

elastomer (PDMS). The at-scale procedure involves vortex mixing large quantities of the two 

compounds and then pressing into a smooth sheet using a three-point mill. Since only lab-scale 
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amounts are necessary and safe for the aforementioned experimental section, our XTX-8003 was 

subject to a hydrostatic press and folding/spreading step to mimic the authentic procedure. An 

SEM of the final product is shown in Figure 4.7. Individual crystals can be seen held together by 

the PDMS matrix. Most particles were approximately 2 µm in length (4.7b).  

 

Figure 4.8 Flyer plate impacts of homogenized XTX under vacuum at various flyer velocities 
(vf). Impact at a) 1.9, b) 2.2, c) 2.4, d) 2.6, e) 2.8 and (f) 3.0 km s-1. Red = emissivity (Φ), black = 
T, graybody temperature. 

 

In order to study the shock mechanics of XTX-8003, the flyer plate apparatus, as 

previously described, was used to launch foil plates of 25 µm length at various speeds. These 

plates impact the XTX-8003 and the resultant thermal emission was recorded from 1.9 km/s to 

3.0 km/s flyer velocity (Figure 4.8). The data output is shown in terms of graybody temperature 

as well as the parameter Φ, the spatially averaged emissivity, with respect to time. As can be 

seen in Figure 4.8, for flyer velocities from 1.9 km/s to 3.0 km/s, the maximum temperature 
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achieved is between 4000 and 4500 K. The fraction of the sample emitting light is insignificant 

until the plateau of 2500 K occurs in the microsecond range. This plateau can be ascribed 

primarily to triboluminescence of the glass substrate; the plateau occurs even when bare glass is 

shocked under vacuum by a flyer plate. Minor events such as deflagration and smoldering may 

also be occurring as well. 

Table 4.2 Relative density and CHN analysis of tested explosive compounds, theoretical values 
in parentheses 

Compound Relative 
Density 

Carbon wt% Hydrogen wt% Nitrogen wt% 

Pressed XTX 88 ± 3%  21.5 (21.6)a 3.5 (3.6)a 12.1 (14.2)a 

Unpressed XTX 79 ± 9% 21.4 (21.6)a 3.6 (3.6)a 12.5 (14.2)a 

Neat PETN ~30%b 19.4 (19) 2.3 (2.5) 16.1 (17.7) 
a Ref 5 
b estimated from prior experiments with similar HMX powder19 

 

Figure 4.9 Flyer plate impacts of pressed XTX, unpressed XTX and PETN powder under 
vacuum at (a) 2.2 and (b) 2.9 km s-1 flyer velocity. 

 

We also subjected an unpressed XTX-8003 (properties shown in Table 4.2) to shock, as 

well as neat PETN powder. In sharp contrast to pressed XTX, both show rapid heating to 6000 
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K. A comparison of all three samples (unpressed XTX, pressed XTX and PETN powder) at two 

different flyer velocities is given in Figure 4.9. These results suggest that the unpressed (raw) 

XTX has more porosity than the pressed XTX, since the PETN crystals were loaded into the 

wells as loose powder. It also suggests that porosity and poor packing are properties that the 

unpressed XTX shares with the PETN crystals. Indeed, the density is lower and variance in 

density is greater in the unpressed sample. 

The unpressed XTX contains mostly bare crystals of PETN that are totally exposed at the 

surface. There is no evidence from the SEM that the PDMS has been homogenously 

incorporated into the mixture (Figure 4.10a). The PETN crystals themselves are somewhat 

larger on average when compared to the fully pressed XTX (7 µm on average compared to ~3 

µm, 4.10b). It appears that hydrostatic pressing crushes some of the larger crystals. 

 

Figure 4.10 a) Scanning electron micrograph of unpressed XTX-8003. Scale bar is 10 µm. b) 
Particle size of the same image reported as crystal length. 

 

 The thermal behavior of the ‘crumbly’ unpressed XTX was also somewhat different 

from that of its pressed counterpart when subjected to various flyer velocities (Figure 4.11). 
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When shocked with flyer plates of similar velocities, the maximum temperatures observed 

sometimes approached ~5500 K, over 1000 K hotter than the hottest temperature observed in the 

pressed XTX. Additionally, the sample emits light erratically and well in to the microsecond 

regime.  

 

Figure 4.11 Flyer plate impacts of unpressed XTX under vacuum at various flyer velocities (vf). 
Impact at a) 2.3, b) 2.5, c) 2.8 and (d) 3.0 km s-1. 

 

Sample degradation is not suspected as the cause of the erratic behavior; both XTX 

samples were of similar chemical composition (Table 4.2). However, the SEM of the unpressed 

XTX in Figure 4.10 suggests that the PETN crystals are poorly packed at the surface, creating 

cavities that gases could occupy. Since the experiments are done in vacuo, the gases would 

necessarily be generated by the breakdown of the PETN into N2, CO2, etc. These gases could 

then undergo adiabatic compression and be the source of the high temperatures we sometimes 
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observed. Though the temperature spike in unpressed XTX was inconsistent, we further explored 

the effects of porosity in explosive sensitivity. 

4.3.2 Heating Response of XTX-8003 under Various Gas Environments 

 Perhaps the most definitive proof of adiabatic heating we obtained was by shocking 

pressed XTX-8003 in the presence of various gases. Since there is no heat transfer involved in an 

adiabatic process, all of the heat rise can be attributed to the compression of the gas volume, 

which follows the equation: 

𝑇2
𝑇1

= �
𝑉1
𝑉2
�
𝛾−1

 

Where T1 and V1 are the initial temperature and volume of the gas, and T2 and V2 are the final 

temperature and volume of the gas, and γ is the isentropic expansion factor, which is calculated 

as: 

𝛾 =  
𝐶𝑝
𝐶𝑣

= 1 +  
2
𝑓

 

Where f is the degrees of freedom a gas can have (i.e. rotations, translations), depending on the 

identity of the gas and the temperature. Cp and Cv are the heat capacities at constant pressure and 

volume respectively. The implication is that the more translational and rotational modes a gas 

molecule has, the more heat it can dissipate. 

The following gases were allowed to fill the chamber. Their heat capacities and gamma 

values are given in Table 4.3. Since air is roughly diatomic, we chose a monoatomic gas (Ar) 

and CO2 as a triatomic gas. The limiting case of γ = 1 was approximated by butane.   
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Table 4.3 Heat Capacity (Cp) and isentropic expansion factor (γ) of test gases  

Test Gas Heat Capacity (J/mol-1K-1 
at 298 K) 

Isentropic Expansion 
Factor (γ) 

Argon 21 1.66 

Dry Air, pure N2, pure O2 29 1.40 

Carbon Dioxide 37 1.30 

Acetylene 49 1.20 

Butane 98 1.08 

 

Figure 4.12 Flyer impact of pressed XTX-8003 in various gas environments. Solid shapes refer 
to temperature and hollow shapes refer to average emissivity. 

 

The gases show a binary response of 4000 K peak temperature in acetylene and butane 

vs. 6000 K peak temperature in the mono-, di- and tri-atomics (Figure 4.12). The 4000 K 

appears to be a baseline response, as blank samples (i.e., bare glass) shocked in vacuum and 

butane show no heating at all. This means that the heating is coming from gases generated by the 

decomposition of XTX during shock impact.  The rest of the gases all look similar for two 

reasons: 1) it is likely that dissociation and possibly ionization events are occurring, both of 

which are highly endothermic, 2) the temperature sensitivity of the instrument is low because it 

is near the upper-bound of the detection limit. For instance, argon, if compressed adiabatically to 
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near its liquid density inside the pores of XTX, would reach a temperature of nearly 24000 K. 

This is impossible as plasma is formed at far lower temperatures.  

Table 4.4 Gas environment of XTX samples, temperature at peak energy emission (Tavg) and 
isentropic expansion factor (γ) of test gases 

Gas Environment of XTX samples Tavg (K)a Isentropic Expansion 
Factor (γ) 

Butane 3450 1.08 

Acetylene 3500 1.20 

Carbon Dioxide 4630 1.30 

Nitrogen 5640 1.40 

Oxygen 5300 1.40 

Argon 5800 1.66 
aRel. Std. Dev. was 6-7% in all cases. 

When examining XTX sample temperatures at the peak of their spectral radiance, a trend 

is seen relative to γ (Table 4.4). Peak spectral radiance represents the peak emitted energy of 

each sample and is a convenient way to compare shocked samples in various gas environments at 

their point of maximal heating. This is because emitted energy is proportional to T4. The Tavg in 

Table 4.4 represents the temperature at peak intensity across multiple samples in each gas 

environment. There is an increase in temperature relative to an increase in γ, although it is only 

moderate. One major explanation is that γ decreases with respect to temperature, and it is unclear 

that the gases being generated or compressed are at room temperature when the process begins. 

Secondly, given the possibility of ionization events, as previously discussed, it is likely that 

much higher temperatures cannot be sustained. 
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4.3.3 Heating Response of Inert Simulants 

 

Figure 4.13 Flyer plate impacts of pressed XTX, unpressed sucrose analog (XTSucrose) and 
unpressed silica analog (XTSiO2) under vacuum, at (a) 2.3, (b) 2.7 and (c) 3.2 km s-1 flyer 
velocity. 

 

By replacing PETN with sucrose (XTSucrose) or silica (XTSiO2) in our XTX 

formulations, we were able to make inert simulants. These simulants were not pressed, and thus 

mimic the unpressed XTX in terms of porosity. When subject to shock, they behave identically 

to their unpressed XTX counterpart and eventually reach >6000 K (Figure 4.13). Previous 

experiments19 showed that silica by itself does not show any heating when shocked (i.e. it does 

not generate any gas), indicating that the PDMS plays a role in the decomposition process. Gases 

generated from PDMS breakdown can be compressed adiabatically and generate the high 

temperatures seen from 10-8 to 10-7 seconds. This is evidence that porosity sensitizes samples to 

adiabatic heating.  Though the temperatures of the controls match that of XTX, the total radiance 

of the inert controls is far lower than that of XTX. This is expected because neither of them has 

that store large amounts of energy to be released (e.g., N-N and N-O single bonds). 
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Figure 4.14 Flyer plate impacts of pressed XTX, pressed sucrose analog (XTSucrose) and 
pressed silica analog (XTSiO2) under vacuum, at 2.7 km s-1 flyer velocity. 

 

In sharp contrast, the thermal behavior of the pressed sucrose analog is identical to that of 

the pressed XTX while the silica analog does not heat at all until 1 µs (Figure 4.14). This further 

evinces the idea that adiabatic heating of gases generated in situ is responsible for ns hotspot 

formation. Both XTX and sucrose can generate a variety of gases such as nitrogen (XTX only), 

water and carbon dioxide. One major difference is in the total emissivity, which is far lower for 

sucrose than XTX. This is because the decomposition of XTX is far more exothermic than that 

of sucrose. 

Pressed silica analogs on the other hand underwent no decomposition in the first 

microsecond. In previous studies by Bassett and Dlott, silica powder alone generates no heating 

at all when shocked by flyer plates at similar velocity.19 The 2500 K is once again present, as the 

shattering glass substrate undergoes triboluminescence. Since unpressed silica analogs do show 

heating up to 6000 K, this finding confirms that gas compression of PDMS byproducts is 

sufficient to heat the sample to high temperatures when the sample has a high number of voids. 
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4.4 Conclusions 

 The shock initiation of XTX-8003 and subsequent hotspot formation is explored. By 

analyzing the response of XTX-8003 in a variety of ambient environments, it can be concluded 

that adiabatic heating resulting from gas compression (generated in situ or present in the 

chamber) during pore collapse is the source of the ns hotspots that we observed. Hotspot 

temperatures of 4000 K were reached by pressed XTX, whereas rough-surfaced, unpressed XTX 

and PETN crystals have hotspot temperatures of about 6000 K on the nanosecond time scale. 

This difference can be ascribed to the increased porosity in the latter two compounds. All 

samples show a plateau of 2500 K on the microsecond time scale, a consequence of the glass 

substrate’s triboluminescence. 

 Under gaseous environments, the shock behavior of XTX-8003 changes in accordance 

with the isentropic expansion factor of the gas present. High gamma gases such as air and argon 

cause even pressed XTX to reach temperatures of >6000 K. Butane, which has a gamma near 

unity, causes very little heating and eventual deflagration. This general trend has been observed 

in external gas bubble collapse previously, but our experiments show that the same is true of 

pore collapse within a sample.  

Even unpressed inert compounds can reach these high temperatures if enough gaseous 

products are sufficiently compressed, though far less energy is released. For pressed inert 

analogs, sucrose behaves similarly to pressed XTX, while silica undergoes no decomposition. 

Future experiments will need to be done on pressed and unpressed inert analogs in gas 

environments (i.e., butane, carbon dioxide, etc.) to see if the porosity at the surface is more 

important than the identity of the compound being shocked, as these results suggest. 
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It is clear that surface roughness and probably internal porosity in energetic materials is a 

sensitizing factor for hotspot formation in flyer plate impacts, and that adiabatic heating plays a 

part. These and ongoing experiments should enable greater understanding of energetic material 

decomposition and aid in their structural design and engineering. 
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