
ABSTRACT 

MELILLO, MATTHEW JOSEPH. PDMS Network Structure-Property Relationships: 

Influence of Molecular Architecture on Mechanical and Wetting Properties. (Under the 

direction of Dr. Jan Genzer). 

 

Poly(dimethylsiloxane) (PDMS) is one of the most common elastomers, with 

applications ranging from sealants and marine-antifouling coatings to medical devices and 

absorbents for water treatment.  Fundamental understanding of how liquids spread on the 

surface of and absorb into and leach out of PDMS networks is of critical importance for the 

design and use in another application - microfluidic devices.  The growing use of PDMS in 

microfluidic devices raises the concern that some researchers may use this material without 

fully understanding all of its advantages, drawbacks, and intricacies.  The primary goal of this 

Ph.D. dissertation is to elucidate PDMS network molecular structure to macroscopic property 

relationships and to demonstrate how molecular architecture can alter dynamic mechanical and 

wetting characteristics. 

We prepare PDMS materials by using vinyl/ tetrakis(dimethylsiloxy)silane (TDSS) and 

silanol/ tetraethylorthosilicate (TEOS) combinations of PDMS end-groups and crosslinkers as 

two model systems.  Under constant curing conditions, we systematically study the effects of 

polymer molecular weight, loading of crosslinker, and end-group chemical functionality on the 

extent of gelation and the dynamic mechanical and water wetting properties of end-linked 

PDMS networks.  The extent of the gelation reaction is determined using the Soxhlet extraction 

to quantify the amount of material that did and did not participate in the crosslinking reactions, 

termed the gel and sol fractions, respectively.  We use the Miller-Macosko model in 

conjunction with the gel fraction and precise chemical composition (i.e., stoichiometric ratio 

and molecular weight) to determine the fractions of elastic and pendant material, the molecular 

weight between chemical crosslinks, and the average effective functionality of the crosslinker 

molecule.   

Based on dynamic mechanical testing, we find that the maximum storage moduli are 

achieved at optimal stoichiometric conditions in the vinyl/TDSS and commercial PDMS-based 

Sylgard 184 composite, but only keep improving with additional crosslinker in the 

silanol/TEOS systems due to in situ TEOS aggregation.  We relate molecular network topology 

to mechanical properties using outputs from the Miller-Macosko model in the vinyl/TDSS 



system.  The elastic fraction and storage modulus correlate well, as do the pendant fraction and 

the loss tangent, demonstrating the importance of each fraction in bulk mechanical properties.  

By studying the dynamic behavior of water droplets wetting PDMS substrates, we observe 

non-linear wetting behaviors that are markedly different from linear behaviors seen on glassy 

polymer substrates.  The non-linear behavior is only observed prior to extraction, while after 

extraction, both systems demonstrate behavior similar to glassy polymers.  This reveals the 

dramatic role small amounts of uncrosslinked materials present in the sol fraction play in the 

surface wetting dynamics of PDMS materials.  We further demonstrate the role of 

uncrosslinked material by adding silicone oils into otherwise fully crosslinked PDMS networks 

and study their wetting properties. 

Through careful formulation and preparation of PDMS materials, compared to simply 

mixing two formulations present in Sylgard 184, one can apply polymer network models to 

glean useful information about network topology.  The benefits of doing so outweigh the costs.  

We stress the importance of performing Soxhlet extraction to remove unreacted components 

from PDMS materials, even when using optimal stoichiometry.  These mobile molecules that 

remain after crosslinking can alter significantly wetting behavior and readily leach into liquid 

environments.  However, it is equally important to stress that Soxhlet extraction will not 

remove all unreacted material.  Some will always remain in PDMS, which is often the practice 

in preparing microfluidic devices.  While Sylgard 184 is very well suited for some applications, 

the results presented in this dissertation demonstrate to researchers that the material does have 

its limitations and that other options are available.  These findings will aid in the design and 

implementation of reliable microfluidic devices and other PDMS-based materials that 

encounter liquid interfaces. 
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CHAPTER 1: Introduction & Dissertation Scope 

Introduction 

Poly(dimethylsiloxane) (PDMS) is the most common polysiloxane and is frequently 

referred to as “silicone” oils, fluids, materials, additives, etc., depending on the application.  

PDMS has found wide use in many industrial applications ranging from lubricants, hydraulic 

fluids, and electrical insulating materials to foam control agents in food, pulp and paper, 

textiles and cleaning supplies industries.1,2  It also performs well as sealants, caulking agents, 

and paint additives for water- and bio-repellant coatings.1,2  Additionally, in its crosslinked 

form, it serves as molds and elastomers and due to its bio-repellency, it performs well as 

medical devices.1,2  In 2015, 391,000 metric tons of silicone elastomers were produced, and 

that number is expected to grow to 558,000 metric tons in 2021.3  This is clearly an important 

industrial polymer. 

What Makes PDMS Unique and Versatile? 

For one polymer type to be used in such a broad array of applications is very 

impressive.  The reason PDMS is so versatile is due to its chemical structure.  Unlike many 

common polymers, PDMS contains both inorganic and organic chemical functionalities.  The 

alternating Si-O-Si (siloxane) inorganic backbone of the polymer is inherently much more 

flexible than typical C-C (alkane) backbone polymers.  This is due to the bonding geometries, 

which are depicted in Figure 1.1 where in a) PDMS is compared to its hydrocarbon-equivalent, 

polyisobutylene (PIB) in b).  From this diagram, we observe several key findings.  First, the 

bond angles associated with the siloxane backbone are much greater than the alkane bond 

angles.  Additionally, the Si-O bond length is greater than that for C-C bonds and can fluctuate 

more.  Not depicted but still important, the van der Waals radius of the O atom is smaller than 

that for a CH2 group.4  Together, these properties combine to reduce steric hindrance and yield 

an incredibly flexible polymer.  For these reasons, PDMS has one of the lowest glass transition 

temperatures of nearly any common polymer ranging from ~ -150°C for short oligomers to ~ 

-123°C for high molecular weight linear macromolecules.5  That being said, the melting 
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temperature of PDMS is -40°C, which effectively limits its operating range to temperatures 

greater than that.6  Usually copolymers using phenyl or fluorinated side groups are combined 

with PDMS to lower the melting temperature, but this has the effect of increasing the glass 

transition temperature.6 

 

 

Figure 1.1 – Adapted from Zheng and McCarthy.7  Molecular structures of PDMS (a) and poly(isobutylene) 

(PIB) (b) with accurate representations of bond lengths and angles as calculated using Pauling electronegativity 

values.  Dimensions acquired from the literature.7–9 

 

The aforementioned properties of the PDMS molecule yield greater spacing between 

dimethyl functional groups on PDMS compared to PIB, which in combination of the attributes 

of the siloxane bond, results in those groups being able to rotate more freely.  The rotational 

bond energy for the silicon atom in PDMS is only 3.3 kJ/mol while that for carbons in 

polyethylene is 13.8 kJ/mol.10  Thus, PDMS has a very low surface tension compared to other 

common polymers because the methyl groups can reorient to the interface quickly with a 

minimal energy barrier to rotation.  Even when bulkier side-groups have been substituted for 

methyl groups, the siloxane backbone can still rotate fairly rapidly.11,12 

The flexibility of the siloxane backbone has endowed PDMS with the ability to remain 

elastomeric at cold temperatures due to the bond geometries.  However, when operating at high 

temperatures, the bond energies are what play a key role in making PDMS so versatile.  The 

Si-O bond is fairly polar due to the greater electronegativity differences between Si-O 

compared to C-C.  This provides it with a bond energy greater than both C-C and C-O bond 

energies, reported as 445 kJ/mol vs. 346 kJ/mol and 358 kJ/mol, respectively.6  This provides 
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for the high thermal stability of PDMS, allowing it to withstand temperatures of 200°C 

continuously for an entire year without any significant changes in material properties.6  One 

key disadvantage to PDMS over conventional hydrocarbons is its susceptibility to hydrolytic 

degradation in environments where pH < 2.5 and pH > 11.0.6  Nevertheless, the unique 

combination of inorganic backbone with organic side chains has made PDMS an excellent 

material in a variety of industrial applications. 

Current Research Areas Using PDMS 

In addition to many industrial applications, PDMS has enjoyed growing use in 

numerous research communities as well.  PDMS is the flexible material of choice for a variety 

of applications ranging from microfluidic devices13 to biomedical implants.14  Neural system 

implants in either the spinal cord or brain, for example, have the potential to help patients 

suffering from paralysis and/or dementia to regain control of their bodies and minds.14,15  In 

addition to creating synthetic links for the transmission of signals in artificial neural-like 

materials, flexible synthetic materials have the potential to serve as artificial muscles and 

actuators in the field of tissue engineering.16,17  Artificial muscles can help patients recover 

from injuries or illnesses, but can also be employed to enhance human performance.  Instead 

of implanting artificial muscles in a body, other research has focused on applying the same 

principles to the advancement of soft robotics18,19 for an entirely new paradigm in what we 

traditionally conceive of as robots.  To make all of the preceding applications possible, 

materials must be soft and flexible, but also, vitally, electronically conductive for sending and 

receiving signals.  Consequently, research in the area of flexible electronics is also rapidly 

expanding.20,21  PDMS is a promising candidate material in all of these applications. 

Pertaining to microfluidics, in the past ~20 years, interdisciplinary research has taken 

off between the fields of materials science and biology wherein PDMS is used as the material 

to make microfluidic devices22,23 for studying biological phenomena.  Micron-sized features 

are very relevant in the field of biology and can be created using soft lithographic techniques 

with PDMS.24  Additionally, PDMS in its macromolecular form, i.e., high molecular weight 
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linear chains, have been found to be biocompatible,15,25 with biomedical implants being stable 

in vivo for up to 25 years.26 

The formulations for making such a wide array of PDMS materials vary based on the 

application.  Sometimes the formulations are purely chemical-based, and include only 

polymers and crosslinkers to create super soft materials.27  In other instances, filler particles 

are incorporated to make composite materials that achieve desired properties such as enhanced 

mechanical strength or electrical conductivity.28  Many commercial silicones incorporate 

nanosized filler particles29,30 and one of the most commonly used commercial silicones in 

research settings is Sylgard 184 manufactured by Dow Corning.  In microchannel fabrication 

in particular, quite frequently Sylgard 184 is used rather than pure PDMS due to its commercial 

availability and to its favorable mechanical properties that readily allow for the creation of 

micro-scale surface features.  The trends in the growing use of Sylgard 184 in both the 

microfluidic and biological fields are presented in Figure 1.2.  Note that the two fields are not 

mutually exclusive. 

 

 

Figure 1.2 – Publications and patents awarded per year that mention “Sylgard 184” (red), “Sylgard 184 and 

Microfluidic” (blue), and “Sylgard 184 and Bio” (green) plotted as a function of year.  Data acquired from Google 

Scholar on April 28, 2017. 
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 The use of Sylgard 184 is widespread and has enabled numerous advances.  It has been 

used in anti- biofouling coatings31,32 and has been the material of choice in a variety of cell and 

protein adhesion and mobility studies.33–37  Its commercial availability and well characterized 

mechanical properties33,38–42 have made it readily accessible to researchers both in and out of 

the polymer science community. 

Challenges Pertaining to PDMS-Based Materials 

In the previous two sections, we listed numerous attributes about PDMS and PDMS-

based materials that have led to their wide adoption in many different applications.  Now we 

present several challenges that arise when using this material in specific applications.  As 

hinted at above, when using commercial materials, one does not know the precise chemical 

composition of the material and it is not guaranteed that the silicone elastomer purchased is 

purely PDMS.  In fact, it is unlikely to be only PDMS, at least based on one of the most 

common commercial silicone elastomers, Sylgard 184.  

Commercial silicone elastomers are often not purely mixtures of polymer, crosslinker, 

and catalyst.  They may contain broad ranges of material composition and exhibit highly 

irregular network topological structures.  Delebecq and Ganachaud29,30 investigated the 

chemical and topological properties of several commercial elastomers and found many 

differences among each commercial material.  The network topology in these commercial 

materials can be generalized to that shown in Figure 1.3 where crosslinkers are depicted as 

spheres. 

In commercial materials, there can be topological imperfections such as dangling ends 

and loops as well as non-uniform molecular weights between crosslinks, Mc.  However, since 

the chemical composition of commercial silicone elastomers is proprietary, researchers 

working with these types of materials would not necessarily know the network topology.  Nor 

could they figure it out to high precision by applying theories and models because most theories 

rely on stoichiometric or molecular property inputs that are unknown in commercial materials.  

We believe the consequence of this lack of knowledge of the underlying 
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Figure 1.3 – Reproduced from Delebecq and Ganachaud.29  Non-perfect network topology in commercial silicone 

elastomers. 

 

Additionally, as more research involves proteins and cells in microfluidic devices, the 

surface properties of PDMS become of paramount interest.  A major question that must be 

answered is whether or not the substrate used in such experiments is static or dynamic, i.e., 

whether or not the substrate is influencing the experiment in any way.  In such confined 

volumes, the cells may be sensitive to any impurities that could be leaching out of the 

underlying PDMS substrate, particularly small PDMS precursors such as cyclic and linear 

oligomers.43  Another challenge is that PDMS may absorb hydrophobic molecules, such as 

hormones and drugs, that are introduced to the cell media, which may skew the dosages and 

thus, the cell responses.25  We are not the only scientists to point out these challenges to 

commercial PDMS materials.44  The leaching of siloxane oligomers has been examined 

previously45,46 using micro-contact printing to study the amount and type of leached siloxanes 

when brought in contact to another substrate.  

Scope of Dissertation 

While Sylgard 184 has received much attention in the last two decades, we would be 

remiss to argue that model PDMS materials, i.e., not commercial kits, have not been studied 

in detail.  On the contrary, there is a rich literature of various model PDMS systems prepared 

with precise chemical stoichiometry for specific applications.  A thorough review of such 
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materials was provided by Larsen, Sommer-Larsen, and Hassager in 2004.47  However, to the 

best of our knowledge, a systematic investigation that directly compares the dynamic 

mechanical and dynamic surface wetting properties of Sylgard 184 and model PDMS systems 

made from various molecular weights and amounts and types of crosslinker, has not yet been 

performed.  This dissertation seeks to fill this void. 

The primary goal of this dissertation is to elucidate PDMS network molecular structure 

to macroscopic property relationships, as depicted in Figure 1.4.  Herein, we design PDMS 

materials from the “ground up” to ensure knowledge of the precise chemical composition and 

relate that to macroscopic properties.  Overall, we address several key questions related to the 

use of PDMS-based materials in many applications.  We determine how and to what extent the 

molecular network architecture and chemical composition of PDMS materials influence both 

bulk and surface material properties of silicone elastomers.  We also reveal the vital importance 

of the Soxhlet extraction technique, which removes the mobile material that did not participate 

in the crosslinking reaction, on the mechanical and surface properties of PDMS materials.  

Further, the influence of filler particles and diluents on mechanical and surface properties are 

demonstrated  

 

 

Figure 1.4 – Scope of dissertation.  Build PDMS materials from the “ground up” to understand their molecular 

network structure and relate that to macroscopic bulk and surface properties. 

 

To accomplish these tasks, we begin in chapter 2 of this dissertation by comparing and 

contrasting two different model PDMS materials prepared with precise chemical compositions 
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of varying molecular weights and crosslinkers to the commercial product, Sylgard 184, 

prepared with various formulations.  We use the vinyl/TDSS and silanol/TEOS combinations 

of PDMS end-groups and crosslinkers as our two model systems to study.  Comparison of 

model and commercial systems permits us to elucidate the strong influence filler particles have 

on material properties.  We do not add any filler particles, to our systems, but some will be 

formed during crosslinking (vide infra).  In chapter 2, the preparation details for making these 

silicone elastomers are provided.  Then, we perform an analysis of the extent of the gelation 

reaction by using the Soxhlet extraction technique to quantify the amount of material that did 

and did not participate in the crosslinking reactions, termed the gel and sol fractions, 

respectively.  Prior to extraction, the sol fraction remains in the network and exists as a mobile, 

uncrosslinked material that plays a role in the mechanical and surface wetting properties. 

In chapter 3, we use the knowledge of precise chemical composition and the extent of 

the gelation reactions as inputs to a polymer network theory called the Miller-Macosko 

model.48,49  This powerful model, which has been verified experimentally,50 provides a plethora 

of information pertaining to the network topology, such as the fractions of elastic and pendant 

material, the molecular weight between chemical crosslinks, and the average effective 

functionality of the crosslinker molecule, which may not have fully reacted.  The derivations 

of the model and the final equations used to determine such parameters are not trivial, but 

taking the time to understand them and apply them is worth the effort based on the vast 

topological network knowledge gained. 

The findings from the Miller-Macosko model related to network topology have 

ramifications specifically on the dynamic mechanical properties of silicone elastomers.  Hence, 

in chapter 4, we investigate those properties.  We perform dynamic mechanical analyses on 

both vinyl and silanol model systems as well as Sylgard 184 to elucidate both the viscous and 

elastic responses of these materials.  Then, the output of the topological network parameters 

from the Miller-Macosko model is compared to the dynamic mechanical properties in the vinyl 

system.  This analysis elucidates how and why materials act the way they do under macroscopic 

deformations.  Their behavior is related back down to molecular level topology.  We also 

demonstrate the importance of the Soxhlet extraction technique in this chapter by comparing 
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the mechanical properties of Sylgard 184 before and after extraction.  Additionally, we perform 

classical stress-strain experiments on Sylgard 184 samples of different formulations to 

elucidate how the extent of crosslinking changes the material’s ultimate performance. 

Lastly, in chapter 5, we investigate the dynamic behavior of water droplets wetting 

PDMS substrates.  We observe non-linear wetting behaviors that are markedly different from 

linear behaviors seen on glassy polymer substrates.  The dynamic wetting behavior on model 

vinyl PDMS is compared to Sylgard 184 on samples both before and after the extraction 

process.  The non-linear behavior is only observed prior to extraction, while after extraction, 

both systems demonstrate behavior similar to glassy polymers.  This reveals the dramatic role 

small amounts of uncrosslinked materials play in the surface wetting dynamics of PDMS 

materials.  We demonstrate the dynamic nature of the interfacial energy between water and 

PDMS further by taking the product of the interfacial area and the negative cosine of the 

contact angle, which elucidates the changes in interfacial energy with respect to the probing 

liquid, water.  After that, we briefly compare the wetting behavior to mechanical properties for 

Sylgard 184 materials.  Lastly, we reveal the ability to tune the dynamic wetting behavior by 

incorporating extra inert silicone oils into otherwise fully crosslinked materials, thereby 

controlling both the amount and type of material that is present in the sol fraction.  These 

mobile excess silicone oils can migrate to the water-PDMS interface, but their ability to change 

the interfacial energy is related to their molecular weight. 

Overall, we hope to demonstrate that through careful preparation of PDMS materials, 

compared to simply mixing two formulations present in commercial Sylgard 184, one can 

apply polymer network models to glean useful information about network topology, and that 

the benefits of doing so outweigh the costs.  While Sylgard 184 is very well suited for some 

applications, we believe the results presented in this dissertation will demonstrate to 

researchers that the material does have its limitations and that other options are available. 
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CHAPTER 2: Preparation Details for Making Silicones 

Introduction 

PDMS is the polymeric material of choice for a variety of applications ranging from 

microfluidic devices1 to biomedical implants2 to soft robots.3  The formulations for making 

such materials vary based on the application.  Sometimes the formulations are purely chemical-

based, and include only polymers and crosslinkers to create super soft materials.4  In other 

instances, filler particles are incorporated to make composite materials that achieve desired 

properties such as enhanced mechanical strength or electrical conductivity.5  Many commercial 

silicones incorporate nanosized filler particles6,7 and one of the most common commercial 

silicones used is Sylgard 184 manufactured by Dow Corning.  Sylgard 184 comes as a two-

component kit, a base (B) and a curing agent (C) and the manufacturer recommends using a 

10:1 base to curing agent mass ratio (B/C ratio) for optimal performance.  According to the 

Safety Data Sheet, this product contains up to 50% chemically treated fumed silica particles.8,9  

The addition of particles increases the strength and extensibility of the material.  Additionally, 

this material has extremely high fidelity with respect to reproducing 3D micro-scale 

topographies from a master mold,10,11 which makes it ideal for fabricating microfluidic 

devices.12–14 

While there is no doubt to the usefulness of using commercial silicone elastomers with 

particles for many applications, one major drawback exists; the exact chemical composition of 

these materials is proprietary and often only reported in broad ranges.  Additionally, chemicals 

other than particles, PDMS polymers, and crosslinker may be present, either intentionally or 

inadvertently.  In Sylgard 184, these include solvents such as toluene, ethylbenzene, and 

xylene,8,9 as well as short-chain siloxane oligomers and cyclics, which are very difficult to 

purify completely from PDMS.  In highly sensitive environments, such as cells exposed to 

hormones or drugs in microchannels, the effects of these components on cell behavior cannot 

be ignored.15–17  While chemical characterization of commercial materials is possible,6 it is 

laborious and requires access to expensive instruments such as Nuclear Magnetic Resonance 

(NMR) machines and expertise in interpreting the resulting data. 
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Despite this drawback, Sylgard 184 has been widely adopted for many applications.  

Numerous researchers have adjusted the prescribed 10:1 B/C ratio in Sylgard 184 to vary 

mechanical properties, such as Young’s modulus, of the material.18–20  This is often done 

during investigations of cell mobility on substrates with varying degrees of stiffness.21–24  In 

other instances, researches want to create flexible electronics using PDMS as the flexible 

substrate.25  Sylgard 184 is also used in microelectromechanical systems (MEMS) where 

various mixing ratios are used to achieve desired properties.26,27  Additionally, one group 

varied the B/C ratio to adjust the Young’s modulus of PDMS elastomers while investigating 

the materials’ work of adhesion.28  Clearly, while deviating from Dow Corning’s prescribed 

10:1 B/C ratio enables access to materials of a broad range of properties, one has to question 

“at what cost?”.  This practice also changes the stoichiometry (i.e., ratio of chemicals used in 

the crosslinking reaction) of the system and makes the chemical reaction imbalanced, resulting 

in either the polymer or crosslinker becoming the limiting or excess reagent.  That is, portions 

of the network materials are no longer fully reacted.  This can result in material defects and 

significant amounts of chemicals that are not covalently attached to the network relative to 

materials prepared with balanced stoichiometry. 

Therefore, one major goal of this PhD dissertation is to provide researchers with 

chemical recipes for making materials over a wide range of properties, without the addition of 

anything other than PDMS polymers, crosslinkers, and catalysts.  Making one’s own PDMS 

networks “from scratch” naturally enables knowledge of the precise chemical composition 

without the need for expensive and intricate chemical analysis. 

The goals of this chapter are the following.  First, the preparation conditions and precise 

chemical recipes of model PDMS materials studied throughout this dissertation are conveyed.  

Next, relationships between changing the molecular weight, stoichiometry, and crosslinking 

chemistry in silicone elastomer systems, and the degree of chemical crosslinking are elucidated 

by measuring the gel fraction of the network via the Soxhlet extraction technique.  Lastly, the 

concept of optimal stoichiometry to achieve maximum extent of crosslinking is introduced and 

the amount of extractable material in model PDMS systems and the commercial Sylgard 184 

system is compared. 
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Background on Crosslinking & Gelation  

Gelation involves the transformation of a material from freely flowing moieties (e.g., 

polymer chains, monomers, colloids, particles) to constrained moieties that can no longer flow 

freely.  One method to constrain polymer chains is through a chemical reaction called 

crosslinking, also referred to as curing, which covalently attaches polymer chains to each other 

either directly or through intermediates called crosslinking molecules (or simply crosslinkers).  

This process creates a 3D net-like molecular structure called a polymer network.  Before 

crosslinking, PDMS is a viscous liquid and in the absence of solvents, it is called a melt.  Even 

though the molecular chains within a PDMS melt are entangled (if indeed, they are above the 

entangled molecular weight of 12 kDa;29 cf. Chapter 3 of this dissertation for details), they can 

still flow and diffuse past one another over time.  In this study, the functional end-groups on 

PDMS chains chemically attach to crosslinker molecules at nodes called crosslink junctions.  

The process of polymer chains reacting with crosslinkers is measured by the extent of the 

crosslinking reaction, p, and is described as gelation.  The gelation process transforms a liquid 

that flows to a gel that is solid.  As this reaction proceeds and p increases, a critical extent of 

reaction is called the gel point pgel, and will be reached wherein one chain of connected 

polymers and crosslinkers percolates throughout the entire sample volume, called the incipient 

gel.29  This extended chain (i.e., the incipient gel) has infinite molecular weight30 and will no 

longer dissolve in solvents.  Instead, it will swell when exposed to good solvents.  However, 

the incipient gel still behaves very differently from a fully crosslinked, or well-developed 

network.  Once the reaction progresses to the gel point, there are still many unreacted polymer 

chains and crosslinkers that have not covalently attached to the network. 

A polymer network where the reaction is terminated shortly after the gel point is 

reached is said to be under-crosslinked because a lot of polymers and crosslinkers are still 

available to be reacted.  All of the material present initially, i.e., polymers and crosslinkers, is 

categorized into two fractions, one that is and one that is not covalently attached to the incipient 

gel.  These two fractions are called the gel (wgel) and sol (wsol) fractions, respectively.  The gel 

and sol fractions represent a measure of the extent of crosslinking reaction, p, and are used to 
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precisely calculate p based on the Miller-Macosko15,16 model (cf. Chapter 3 of this 

dissertation).  The gel fraction is characterized as the fraction of material chemically bound to 

and permanently trapped in the network.  Below the gel point, pgel, the gel fraction is zero; that 

is, all components will dissolve when exposed to a good solvent.  However, after the gel point 

is reached the Miller-Macosko model30 predicts a rapid increase in gel fraction followed by an 

asymptotic approach to a value of 1 with further increases in the extent of reaction.   

Networks with low gel fraction values, typically between 0-0.8, are considered to be 

under-crosslinked.  At higher extents of reaction, the gel fraction will approach values between 

0.95-1, yielding a well-developed network.  Depending on the crosslinking chemistry, 

however, a high gel fraction does not necessarily mean all of the crosslinking molecules have 

reacted.  For instance, in random side-chain crosslinking, such as in the vulcanization of rubber 

in tires, it only takes two reactions per chain to covalently connect all chains to the network.  

When that occurs, many more reactive sites may still remain uncrosslinked.  Therefore, a well-

developed network can be crosslinked further.  A fully crosslinked network is one in which it 

has both a high gel fraction and a high extent of reaction of all available crosslinking sites.  

Variables Affecting Gelation 

In the PDMS systems investigated throughout this dissertation, gelation can proceed 

slowly or rapidly, depending on a variety of conditions, as shown in Figure 2.1.  The rate of 

the crosslinking reaction is referred to as the gelation kinetics, while the final result of the 

crosslinking reaction after long times is referred to as the gelation equilibrium.  Both kinetics 

and equilibrium can change the material properties, and they are influenced by a variety of 

independent variables. 
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Figure 2.1 – Flow diagram depicting parameters to be considered with preparing silicone elastomers. The 

independent variables one can control in preparing PDMS networks are given on the left, with the green squares 

showing variables investigated in this dissertation.  The red squares were held constant.  The middle blue squares 

show what gelation phenomena the independent variables can influence.  Those parameters then influence both 

the gelation equilibrium and kinetics, orange squares on the right.  Finally, the resulting material properties, such 

as gel fraction, depend upon the gelation equilibrium and kinetics. 

 

The independent variables in Figure 2.1 are those controlled by the user when preparing 

silicone materials.  First, the amount, type, and activity of the catalyst used can change the 

kinetics of the reaction.  Hence, the catalyst amount and choice directly affect the reactivity of 

the crosslinkers and polymers in the system.  For instance, from this dissertation author’s own 

experiences, Pt(0) leads to faster gelation than Pt(II) catalysts when all other factors are held 

constant.  However, for the data presented in this Ph.D. dissertation, only Pt(II) was used for 

the hydrosilylation reaction and Sn(II) was used for the condensation reaction (vide infra), but 

the amount of catalyst was held constant for each type of reaction.  Thus, the effects of catalyst 

on material properties were are not reported and it is depicted as a red square in Figure 2.1.  

Next, increasing the temperature of the crosslinking reaction can speed up kinetics by 

increasing molecular mobility and the energy of the molecules in the system, which lowers the 

activation energy of the crosslinking reaction.  Different gelation temperatures have been 

shown to lead to different material properties in Sylgard 184.32  In this investigation, 
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temperature and duration were held constant (vide infra), thus the temperature is also shown 

in a red square in Figure 2.1.  

The molecular architecture and the type of chemical functional groups of the 

crosslinker are very important parameters that can influence the reactivity, mobility, and 

concentration of species participating in the crosslinking reaction.  They can take the form of 

a small molecule, as is the case in the model PDMS systems prepared herein, or a copolymer, 

which is used in Sylgard 184.  Different functional groups can also have different reactivity 

and some are more prone to side reactions than others.  In this dissertation, two different 

polymer end-group/crosslinker combinations are studied.  For each system, the ratio of 

crosslinker to polymer is varied, changing the concentration of the crosslinker in each sample.  

Crosslinker is shown as a green square in Figure 2.1 because it is thoroughly investigated (vide 

infra).  The molecular weight of the polymer is also very important, as this affects the viscosity 

of the system, which can limit chain mobility and change the concentration of reactive polymer 

end-groups.  Because only the end-groups of the polymer are being reacted, increasing the 

molecular weight while holding the sample volume constant has the effect of decreasing the 

concentration of reactive end-groups, which will change the gelation equilibrium and kinetics.  

A wide range of molecular weights are investigated throughout this dissertation.  Hence, 

molecular weight is also shown as a green square in Figure 2.1.  Lastly, increasing the amount 

of diluent added can increase mobility of chains while also decreasing their concentration.  

Crosslinking PDMS in the presence of a diluent has been thoroughly investigated by 

Urayama33 and co-workers, 34 They have found that this leads to a “super-coiled” structure 

which reduces entanglements and enables very large deformations.  The effects of diluent were 

not investigated in this dissertation, and thus, diluent is shown as a red square in Figure 2.1. 

It is evident that gelation is a complex process influenced by many parameters, all of 

which are important for the resulting material properties.  Additionally, many of these 

parameters, such as concentration, mobility (viscosity) and molecular weight all change during 

the crosslinking reaction, which can lead to reaction/diffusion limitations.  In theory, regardless 

of the aforementioned parameters, the crosslinking reaction can proceed until all of the 

available crosslinker and polymer functional end-groups have fully reacted.  More accurately, 
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the crosslinking reaction will take place until a thermodynamic equilibrium is reached between 

the forward crosslinking reaction and reverse dissociation reactions.  In these crosslinking 

reactions, the equilibrium strongly favors crosslinking over dissociation.  Such an equilibrium 

does exist however, and care should be taken when materials are used over months or years 

because the properties may change.  Typically, researchers do not have time to wait months or 

years for the true equilibrium reaction conditions to be met.  By changing the aforementioned 

variables to speed up gelation, the resulting materials are being used with a specific history of 

preparation.  They essentially exist as a snapshot of their degree of crosslinking at the particular 

point in time associated with their characterization based on their specific history.  Thus, it is 

paramount to report gelation conditions when describing properties of PDMS materials. 

PDMS Crosslinking Chemistry 

The two most common chemical crosslinking reactions for preparing PDMS networks 

are hydrosilylation and condensation reactions.  Both are highly effective at forming PDMS 

networks and have been studied extensively. 

Hydrosilylation 

The hydrosilylation reaction occurs between a silicon-hydride functional group (Si-H) 

and a terminal alkene, or vinyl functional group (R-CH=CH2) and is frequently catalyzed with 

platinum, although other transition metals can be used.35  Figure 2.2 shows a simplified 

mechanism of this crosslinking reaction.  A comprehensive review of hydrosilylation is given 

by Matisons35  The most common catalysts used for silicone elastomers are Pt(II) and Pt(0).  

Platinum(II) is often complexed by sulfur moieties while Pt(0) is frequently complexed by 1,3-

divinyltetramethyldisiloxane forming the common Karstedt’s catalyst.35  However, the use of 

Pt(0) complexed with vinyl-functional siloxane ligands may lead to unintended changes in 

reaction stoichiometry since vinyl-terminated linear PDMS chains are used in the crosslinking 

reaction.36 
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Figure 2.2 – Simplified chemical mechanism of the Pt(II) catalyzed hydrosilylation crosslinking reaction.  This 

example shows the formation of a tetrafunctional crosslink junction through the creation of new Si-C-C-Si 

covalent linkages. 

 

Hydrosilylation has been used by many researchers in the study of PDMS networks.  A 

brief summary of its use in the literature is given here.  In the late 1970s and early 1980s,  

Miller, Macosko, Valles and co-workers did extensive work on vinyl-terminated PDMS 

reacted with various silicon-hydride functional crosslinkers to test their gelation model in low 

stoichiometric ratio regimes.37–40  Shortly thereafter, in the mid-to-late 1980s, Chambon, 

Winter and co-workers used this system to study the sol-gel transition and developed methods 

for terminating the reaction precisely at the gel point.41–45  As mentioned previously, in the late 

1990s and early 2000s, Urayama and co-workers used this crosslinking reaction for the study 

of PDMS networks crosslinked in the presence of a solvent to create highly stretchable 

materials.33,34  In the last couple of years, chemical analysis techniques and instrumentation 

have advanced, such as double-quantum nuclear magnetic resonance (DQ-NMR).  This 

crosslinking reaction has proved to be a useful model system of study using DQ-NMR in 

testing gelation theories and determining the contributions of entanglements for improving 

theories on rubber-like elasticity.46,47  Overall, this crosslinking reaction is well-controlled and 

provides model PDMS network materials that can be used in a variety of applications. 
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Hydrolysis/Condensation 

The other type of crosslinking reaction commonly used in PDMS systems is a 

hydrolysis/condensation two-step reaction often catalyzed by tin organometallic complexes.48  

This reaction requires trace amounts of water vapor, usually acquired from humidity in the air, 

and can proceed without heat, although applying heat increases the reaction rate.  Thus, it is 

often termed room-temperature vulcanization (RTV).  Alkoxysilanes serve as tri- or 

tetrafunctional crosslinkers and have the molecular form of R’Si(OR)3 or Si(OR)4, 

respectively, where R is an alkane group and R’ is some form of hydrocarbon.  Pujol and 

Prébet49 investigated systematically the effects of R-group alkyl chain length on curing kinetics 

and mechanical properties of the resulting PDMS materials.  They found that the bulkier R 

groups resulted in slower reaction kinetics and lower equilibrium in terms of completeness of 

crosslinking.49  They demonstrated a non-uniform gelation reaction, wherein material closest 

to the air interface crosslinks first and material deeper within the bulk takes longer to crosslink 

as water must first diffuse through the upper layers of material.  Additionally, Mark and co-

workers50,51 released a series of 12 publications from 1977-1981 that extensively investigated 

a variety of silicone elastomers made from the hydrolysis/condensation crosslinking scheme. 

The simplified mechanism of the hydrolysis/condensation crosslinking reaction is 

depicted in Figure 2.3.48  First, hydrolysis of a siloxy (Si-OR) bond on an alkoxysilane-

functional crosslinker occurs in the presence of trace amounts of water.  This liberates alcohols 

(ROH) and forms silanol groups in the form of Si(OH)m, depending on how many m alkoxy 

groups were originally attached to the crosslinker and how many got hydrolyzed.  Then the 

condensation reaction of silanol groups (Si-OH) on both the crosslinker and polymer chain 

ends creates new siloxane bonds (Si-O-Si) while liberating water.  An example of this 

simplified mechanism is given for tetraethoxysilane (TEOS) with silanol-terminated PDMS in 

Figure 2.3. 
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Figure 2.3 – Simplified chemical mechanism of the (1) hydrolysis reaction of tetraethoxysilane (TEOS) and (2) 

condensation reaction of silanol groups between TEOS and silanol-terminated PDMS, which creates new siloxane 

(Si-O-Si) bonds and liberates water.  This example demonstrates the silanol/alkoxysilane crosslinking reactions 

for PDMS, forming a trifunctional crosslink junction. 

 

Sylgard 184 

Sylgard 184 undergoes the hydrosilylation crosslinking reaction between telechelic 

vinyl-terminated PDMS and a methylhydrosiloxane-co-dimethylsiloxane copolymer as the 

crosslinker.  In addition to varying the mixing ratios (vide supra), researchers have investigated 

how curing conditions can alter the mechanical properties of Sylgard 184.  Johnston et al.32 

varied the curing temperature from 25 to 200°C and varied the crosslinking time from 18 min 

to 48 h for a constant 10:1 B/C ratio.  They demonstrated that the materials exhibited noticeably 

different stress-strain curve shapes as well as significantly different ultimate stress and strains 

in both tensile and compressive modes.  By increasing the curing temperature from 25 to 

200°C, Young’s modulus increased by more than 100%, compressive modulus decreased by 

more than 60%, and hardness increased by more than 20%.32  These findings strongly indicate 

that curing at higher temperatures, i.e., faster gelation kinetics, results in strong and harder 

materials made of the same chemical composition. 
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Experimental Materials and Methods 

Materials 

Telechelic poly(dimethylsiloxane) (PDMS) polymers of various molecular weights and 

end-group functionalities were purchased from Gelest, Inc. and their properties are listed in 

Table 2.1.  The average molecular weights reported by Gelest were used in subsequent 

calculations.  Two different tetrafunctional crosslinker molecules, (i.e., molecules that contain 

4 reactive groups, giving them a functionality, f, equal to 4), tetrakis(dimethylsiloxy)silane 

(TDSS) and tetraethylorthosilicate (TEOS) were also purchased from Gelest, Inc.  Two 

different catalysts, cis-dichlorobis(diethyl sulfide)platinum(II) (Pt catalyst), used for 

hydrosilylation reactions, and tin(II) 2-ethylhexanoate (Sn catalyst), used for 

hydrolysis/condensation reactions, were purchased from Sigma-Aldrich.  A summary of these 

catalysts and crosslinkers is given in Table A2.1 in the Appendix  

 

Table 2.1 – PDMS Materials and Propertiesa Purchased from Gelest, Inc. 

Product Code 

 

Molecular Weight  

Range (kDa) 

Mn  

(kDa)b 

Viscosity  

(cSt) 

Terminal Group 

 

DMS-S21 5 – 7 6 90 – 120 Silanol 

DMS-S27 15 – 20 18 700 – 800 Silanol 

DMS-S31 20 – 30 25 800 – 1,200 Silanol 

DMS-S35 45 – 55 50 4,000 – 6,000 Silanol 

DMS-S45 80 – 130 105 45,000 – 60,000 Silanol 

DMS-V21 5 – 7 6 80 – 120 Vinyl 

DMS-V25 16 – 18 17 450 – 550 Vinyl 

DMS-V31 25 – 30 28 900 – 1,100 Vinyl 

DMS-V35 45 – 55 50 4,000 – 6,000 Vinyl 

DMS-V41 55 – 70 63 9,000 – 11,000 Vinyl 

DMS-V46 100 – 140 117 55,000 – 75,000 Vinyl 
a Properties reported from Gelest, Inc. Safety Data Sheets at the time of purchase. 
b Average molecular weight values reported by Gelest, Inc. 
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Table 2.2 – Composition of Sylgard 184 (Dow Corning) according to Safety Data Sheets8,9 

Function Component Base Curing Agent 

Polymer Vinyl-terminated PDMS 55-75 % 15-35 % 

Particles Dimethylvinylated and trimethylated silica 30-50 % 10-30 % 

Crosslinker 
Dimethyl, methylhydrogen siloxane, 

P(DMS-co-MHS) 
0 % 55-75 % 

Crosslinker Tetramethyl tetravinyl cyclotetrasiloxane 0 % 1-5 % 

Diluent Tetra(trimethylsiloxy) silane < 1.0 % 0 % 

Diluent Xylene 0.5 % 0.19 % 

Diluent Ethylbenzene 0.2 % <0.10 % 

 

Sylgard 184 Silicone Elastomer kit (containing separate Base and Curing Agent 

components) was purchased from Dow Corning; the composition ranges of each component 

are given in Table 2.2 according to the Safety Data Sheet (SDS) at the time of purchase.  All 

reactants were used without any further purification. 

Network Preparation 

To prepare each model PDMS network sample, ca. 2.5-3.5 g of PDMS were mixed 

well with the catalyst in a polypropylene beaker followed by removal of air bubbles under 

vacuum.  For every gram of vinyl-terminated PDMS in each sample, 8 μL of Pt catalyst 

solution at a concentration of 0.011 g Pt(II) catalyst per mL of toluene52 were added.  Sn 

catalyst was added at a rate of 1% of the total mass of silanol-terminated PDMS polymer plus 

crosslinker.53  In several instances with particularly high concentrations of TEOS, this amount 

was reduced to 0.25% of the total mass.  Next, a precise mass (and volume) of the crosslinker, 

TDSS (for vinyl-terminated PDMS) and TEOS (for silanol-terminated PDMS), was added via 

micropipette over a balance to the PDMS/catalyst mixture yielding a specific desired 

stoichiometric ratio, r, defined as the initial concentration (mol/vol, n/m3), of crosslinker 

functional groups to moles of polymer functional groups in Equation (2.1).  This stoichiometric 

ratio between crosslinker and polymer functional groups has been employed 

previously6,7,36,46,54–58 in the study of silicone elastomer properties.  Generally, both 

crosslinking reactions investigated throughout this dissertation involve A4 crosslinkers (i.e., 
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tetrafunctional crosslinker molecules) reacting with B2 polymers (i.e., end-functional linear 

polymers) according to the simplified crosslinking reaction of A4 + B2 = network.  The 

subscripts indicate how many functional groups are available to react per molecule.  Thus, the 

stoichiometric ratio is defined according to Equation (2.1). 

 𝑟 =
4[𝐴4]0

2[𝐵2]0
=

4 × 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 of 𝑐𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘𝑒𝑟 [𝑚𝑜𝑙/𝑣𝑜𝑙]

2 × 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 of 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 [𝑚𝑜𝑙/𝑣𝑜𝑙]
 (2.1)  

After mixing well and degassing again, the solution was carefully poured into a 

polystyrene or polypropylene Petri dish.  If needed, the Petri dish was degassed one last time 

then covered with a lid and placed on a level surface at room temperature exposed to 

atmospheric pressure for 1-3 hours of pre-curing, during which the polymer spread evenly 

throughout the Petri dish, giving a uniform thickness of ~0.7-1.5 mm, depending on how much 

material was added and the size of the petri dish.  Finally, the specimens were placed in a 70C 

oven at atmospheric pressure for 24 h.  Illustrations of the resulting Vinyl/TDSS networks and 

Silanol/TEOS networks are provided in Figure 2.5a) and Figure 2.5b).  Sylgard 184 samples 

were prepared in the same manner as model PDMS except the only ingredients used were the 

base (B) and curing agent (C), which were added together in varying B/C mass ratios.  A 

schematic of its network structure is given in Figure 2.5c) 

Kinetics 

The work presented in this dissertation does not focus in depth on gelation kinetics.  

Each reaction was conducted at 70°C and ceased after 24 h by returning the samples to room 

temperature, effectively creating a snapshot of the extent of gelation 24 h into the reaction.  

However, the reaction can still proceed at room temperature, albeit at much slower rate.  In the 

Vinyl/TDSS system, it has been shown that crosslinking at 60°C for 24 h is sufficient for 

achieving high gel fraction materials.36  In the silanol/TEOS system, Pujol and Prébet49 found 

that after 24 h at room temperature, a minimum depth of 3 mm was fully crosslinked.  Therefor, 

24 h at 70°C is considered to be sufficient.  The stoichiometric ratio, r, sets the maximum 

extent of reaction possible by limiting the number of crosslinker groups or polymer end-groups 

present in the system.  When r < 1, the crosslinker groups are the limiting reactant, and, when 
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r > 1, the end-groups on the polymer are the limiting reactant.  The results presented in this 

chapter and throughout this dissertation indicate that curing at 70°C for 24 h is sufficient to 

form high gel fraction and high modulus networks at crosslinking ratios slightly above the 

balanced stoichiometric amount needed (r = 1).  

Gel and Sol Fraction Determination  

Soxhlet extraction in toluene, a good solvent for PDMS,59 was used to determine the 

gel (wgel) and sol (wsol) fractions of the networks.  The gel fraction, wgel, of the network is 

defined as the amount of the material chemically bound to and physically trapped in the 

network29 whereas the sol fraction, wsol, contains all material that can diffuse out of the 

network.  These fractions are determined by measuring the mass of the network in the dry state, 

mPre, then exposing it to a continuous rinse of fresh good solvent for 24 h via Soxhlet extraction 

during which unbound material can diffuse out of the network.29  After extraction, samples 

were dried first in the fume hood overnight then further dried for 24 h under vacuum before 

their masses were measured again, mPost.  The gel fraction, wgel, is thus mathematically defined 

as the mass of the network sample after extraction, mPost, divided by the mass prior to 

extraction29 mPre.  Together, the sol and gel fraction sum to one, as shown in Equation (2.2). 

 𝑤𝑔𝑒𝑙 =
𝑚𝑃𝑜𝑠𝑡

𝑚𝑃𝑟𝑒
,      𝑤𝑠𝑜𝑙 = 1 − 𝑤𝑔𝑒𝑙  (2.2) 

 An example of the Soxhlet extraction experimental setup is shown in Figure 2.4.  

Briefly, heating mantles provide resistive heating for toluene contained in the round bottom 

flasks.  Toluene vapor travels up to the chamber holder where it is condensed and fills chamber 

with liquid toluene.  After a critical liquid level is reached, the chamber drains by siphon action, 

removing all liquids but keeping solid samples in the chamber, and then the process repeats.  

This provides a continuous rinse with clean, good solvent. 
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Figure 2.4 – Soxhlet Extraction instrumentation.  Samples are separated by porous Teflon holders in the sample 

chamber, allowing toluene but not the PDMS sample to flow through.  A heating mantle uses electrical resistive 

heating to increase the temperature of toluene and boiling chips in the round bottom flask.  The toluene vapor 

(red arrows) travels within the external glass tube up and into the sample chamber where it is condensed from a 

water/ethylene glycol coolant mixture (green liquid).  The condensed toluene liquid (blue arrows) fills the sample 

chamber until a critical liquid level is reached, causing the syphon to spill all of the liquid back into round bottom 

flask.  The process is repeated, enabling a continuous rinse with fresh toluene.  Coolant from a chiller (white 

arrows) enters the bottom of right condenser and fills it, exits from the top, and then enters the bottom of the left 

condenser and fills it before being returned to the chiller. 

 

Scanning Electron Microscopy 

Cross-sections of several PDMS samples were analyzed with scanning electron 

microscopy (SEM) to investigate TEOS aggregation.  Prior to analysis, the samples were cut 

with a razor blade and the cross-section was sputter coated in an argon atmosphere with ~50 

nm of a 60%/40% gold/palladium to create conductive surfaces.  The Field Emission Verios 
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460L Scanning Electron Microscope at the Analytical Instrument Facility at North Carolina 

State University was used. 

Results 

Crosslinking Chemistry 

Model PDMS networks prepared from two different crosslinking reactions, 

hydrosilylation and hydrolysis/condensation (vide supra) are being investigated to determine 

the impact of the specific crosslinking chemistry used for gelation on the resulting network 

properties.  In the hydrosilylation systems, vinyl-terminated PDMS reacts with a 

tetrafunctional crosslinker, TDSS.  In the hydrolysis/condensation systems, silanol-terminated 

PDMS is reacted with a different tetrafunctional crosslinker, TEOS.  These two model systems 

are referred to as the Vinyl/TDSS and Silanol/TEOS systems, respectively, and are compared 

to the commercial Sylgard 184 product throughout this dissertation.  All three systems are 

shown schematically in Figure 2.5. 

Both model systems involve α,ω-difunctional terminated PDMS (i.e., telechelic 

PDMS) being reacted with tetrafunctional crosslinkers.  Therefore one may not expect to see  

any difference in network properties for the same ratios of crosslinker to polymer.  However 

our results suggest otherwise, as will be demonstrated later.  In contrast to model networks, 

Sylgard 184 uses a poly(dimethylsilxoane-co-methylhydrosiloxane) (P(DMS-co-MHS)) 

copolymer as a crosslinking agent, according to the Safety Data Sheet (cf. Table 2.2).  This is 

coupled with vinyl-terminated PDMS to form a network containing much higher 

functionalities for its crosslinks than the model systems due to side-chain crosslinking along 

the P(DMS-co-MHS) molecule with vinyl-terminated PDMS chains (the cartoon in Figure 2.5c 

shows only 4 functional sites per crosslinker molecule, but this can be much higher).  Despite 

the fact that the precise contents of the Sylgard 184 kit are unknown, we can safely hypothesize 

the crosslinking reaction to involve hydrosilylation due to the presence of both vinyl and 

silicon-hydrogen bonds and the Pt catalyst. 
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Figure 2.5 – Schematic illustrations of the reactants and products used in each PDMS system studied in this 

dissertation.  The Vinyl/TDSS system crosslinks through Pt(II)-catalyzed hydrosilylation, shown in a).  The 

Silanol/TEOS system crosslinks through a Sn(II)-catalyzed two-step hydrolysis/condensation reaction to create 

PDMS networks, shown in b).  The commercial Sylgard 184 material creates PDMS networks via hydrosilylation 

of chemicals in the Base and Curing Agent components.  The gray spheres represent the filler particles present in 

both the Base and Curing Agent components of Sylgard 184. 

 

Figure 2.5a depicts the reactants and products of the Pt-catalyzed hydrosilylation 

reaction52 between the vinyl termini of PDMS chains and the silicon-hydride bonds on TDSS.  

In the mechanism shown in Figure 2.3, TEOS is first hydrolyzed with water moisture in air, 

forming silanol groups and evolving ethanol.  Then Sn catalyzes the condensation reaction 

between silanol termini of PDMS and silanol groups on TEOS resulting in a new siloxane 

linkage and the formation of water.60  The reactants and products of this crosslinking reaction 

are shown in Figure 2.5b.  Both reactions given in Figure 2.5a and b are examples of a subset 

of crosslinking reactions called “end-linking”, wherein polymer chains are only crosslinked 
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through their functional end-groups at the reactive sites on crosslinker molecules.  Thus, small 

molecule crosslinkers can be thought as chemical crosslink junctions.  In this model network 

approach, the molecular weight between chemical crosslinks, MCL, should be no less than the 

number-averaged molecular weight prior to crosslinking, Mn, for an ideal end-linked network.  

This method of creating model PDMS networks has been utilized previously to better control 

of molecular network architecture for accurate testing of theories on swelling and rubberlike 

elasticity.38,40,54,60  

Gel Fraction 

Throughout this dissertation, the effects of changing the stoichiometry of the two model 

systems on the resulting material properties will be investigated.  Figure 2.6 Figure 2.7 

demonstrate the changes that materials made from different stoichiometric ratios undergo 

during the Soxhlet extraction process.  Changing the relative amounts of crosslinker to 

polymer, r, can cause dramatic changes in the molecular topology of network materials as seen 

by comparing structures on the left, pre-extraction vs. those on the right, post-extraction.  The 

red “X” indicates either no network or a degraded network forms under the given 

stoichiometric conditions.  In Figure 2.6 unreacted vinyl end-groups are shown as cyan ovals 

at the ends of green PDMS chains.  TDSS crosslinkers are shown as light blue circles with 

unreacted groups given by navy blue lines and reacted groups shown as cyan lines.  A similar 

scheme is used in Figure 2.7.  Here, unreacted silanol end-groups are brown ovals on the ends 

of green PDMS chains.  TEOS crosslinkers are depicted as light red spheres with unreacted 

groups shown as red lines and reacted groups shown as brown lines. 

Figure 2.6 and Figure 2.7 show schematically how the Soxhlet extraction process 

changes the structure of PDMS networks at three different r-values.  The data providing the 

rationale behind these schematics are given in Figure 2.8 where the gel fractions of networks 

prepared according to the Vinyl/TDSS system and the Silanol/TEOS system are plotted as a 

function of the stoichiometric ratio, r, in a and b, respectively.  The gel fraction data for 

networks made from various molecular weights of PDMS chains prior to crosslinking are 

given, with short chains shown in violet and longer chains shown in red.  These results  
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Figure 2.6 – Schematic illustration of different stoichiometric ratios and “end-capping” in the Vinyl/TDSS 

system.  Scenarios corresponding to stoichiometric ratios of r = 0.5, 3, and 20 are depicted in a, b, and c, 

respectively.  The left column represents networks before the extraction process while the right column 

demonstrates how the extraction process removes material not covalently attached to or permanently trapped in 

the network.  PDMS chains are shown as green lines with cyan vinyl end groups and the TDSS crosslinkers are 

shown as navy blue “+” signs inside light blue circles.  Reacted silicon-hydride groups are cyan lines inside the 

blue circle.  The red “X” indicates the failure to form a fully crosslinked network due either insufficient or excess 

amounts of crosslinker.  In c, “end-capped” chains that reacted with TDSS on both ends, but failed to react with 

the network are extracted, resulting in a degraded network.  The size of PDMS chains relative to TDSS 

crosslinkers is not to scale, but the quantities of each are to scale with respect to r. 

 

demonstrate the predicted behavior from the Miller-Macosko model mentioned earlier.  

Initially, at very low crosslinker loading, the gel fraction is zero until a critical amount of 

crosslinker is added.  This results in enough available crosslinking sites for the extent of 

reaction to be equivalent to the gel point, and thus, a small amount of material does not dissolve 

during the extraction process.  From there, a dramatic increase in the amount of material 

chemically bound to or permanently trapped in the network occurs with only minor increases 

in r until the networks saturate near wgel  ≈  0.97 at r ≈ 1.5-6, depending on molecular weight 

and crosslinking chemistry.  The maximum gel fraction is slightly below a value of 1 due to 

incomplete crosslinking reactions and impurities in the purchased samples from Gelest 
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(according to the SDS, sample may contain up to 5% inert cyclic siloxane precursors that were 

not removed from the polymer before use).   

 

Figure 2.7 – Schematic illustration of different stoichiometric ratios and TEOS aggregation in the Silanol/TEOS 

system.  Scenarios corresponding to stoichiometric ratios, r = 0.5, 3, and 20 are shown in a, b, and c, respectively.  

The left column portrays networks before the extraction process while the right column demonstrates how the 

extraction process removes material not covalently attached to or permanently trapped in the network.  PDMS 

chains are shown as green lines with brown silanol end groups and the TEOS crosslinkers are shown as red “+” 

signs inside light red circles.  Hydrolyzed and condensed TEOS groups are depicted as brown lines inside the red 

circle.  The red “X” indicates the failure to form a fully crosslinked network.  TEOS can react with itself in the 

presence of moisture and the Sn(II) catalyst, leading to aggregate formation, which is shown in c at a 

stoichiometric ratio of r = 20.  This illustration is not meant to imply that the aggregates pack perfectly together.  

The size of PDMS chains relative to TEOS crosslinkers is not to scale, but the quantities of each are to scale with 

respect to r. 

 

A similar trend between the Vinyl/TDSS system and the Sylgard 184 is observed in 

Figure 2.9.  That is, with minor increases in Curing Agent to Base Ratio (i.e., decreases in the 

Base to Curing Agent, B/C, ratio), the gel fraction increases rapidly and then begins to stabilize 

at a maximum value of ~0.95 for both 10:1 and 5:1 B/C ratio mixtures.  An optimal ratio of 

crosslinker to polymer is necessary to achieve the highest gel fraction, as evident by the slight 

downward turn in gel fraction for additional decreases beyond the 10:1 (B/C) ratio. 



 

34 

 

Figure 2.8 – Gel Fraction, wgel, plotted as a function of the stoichiometric ratio, r, prepared in the Viny/TDSS 

systems (a) and Silanol/TEOS systems (b).  Molecular weights prior to crosslinking are shown as colors that 

change from violet to red with increasing molecular weight.  Insets show zoomed in regions of low r-values. 

 

 

Figure 2.9 – Gel fraction of Sylgard 184 samples as a function of the Curing Agent to Base (C/B) mass ratio.  

The top abscissa shows the B/C ratio, where B/C=10:1 is the recommended formula in the instructions for the 

Sylgard 184 kit.  The bottom abscissa is the inverse of the top, i.e., the C/B ratio, to demonstrate visual similarity 

to the model systems with increasing amounts of crosslinker from left to right. 
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Discussion 

Stoichiometry 

The trends in the low stoichiometric ratio data match those predicted from the Miller-

Macosko model, i.e., a rapid increase in gel fraction with only incremental increases in 

crosslinker loading.  Several other trends in the model PDMS systems warrant further 

discussion.  The first item of interest is the precise optimal stoichiometric ratio that results in 

maximum gel fraction.  Assuming 100% conversion of crosslinking functional groups, a 

scenario of r = 1 should be sufficient to form a fully crosslinked network because the functional 

groups of TDSS or TEOS are in perfect stoichiometric balance with those on the end-groups 

of PDMS.  Previous studies54,61 have shown that a small excess of crosslinker (1 < r ≤ 2) 

represented the optimal stoichiometric ratio that yielded the smallest degree of swelling and 

lowest sol fraction, although those experiments were conducted at different temperatures and 

for different durations than the current investigation.  The data in Figure 2.8 reveal, however, 

that an excess of crosslinker on the order of r ≈ 2.5 or greater is required to yield the highest 

gel fraction for the highest molecular weight systems.  From these data, it is apparent that a 

greater excess in crosslinker loading, i.e., r > 2, is necessary to achieve networks with the 

highest gel fraction for high molecular weights compared to lower molecular weights.  That is 

the optimal stoichiometric ratio for achieve maximum gel fraction is increases with increasing 

molecular weight. 

The data Figure 2.8 indicate that further increases in the crosslinker loading beyond 

r ≈ 6, result in a decrease in gel fraction for the vinyl/TDSS systems for several molecular 

weights, but not in the silanol/TEOS systems.  Remarkably, at very high stoichiometric ratios, 

i.e., as r > 10, the gel fraction is similar to that at r = 1 in the vinyl/TDSS system for molecular 

weights less than 28 kDa.  For the silanol-terminated networks, no such decrease is observed, 

even at incredibly high stoichiometric ratios of ~100, which will be discussed later.  Despite 

the inclusion of vinylated fumed silica particles and methylhydrosiloxane as the likely 

crosslinker, primarily in the Curing Agent component, a slight decrease in gel fraction at higher 

curing agent ratios still occurs with Sylgard 184 (cf. Figure 2.9).  This behavior is similar to 
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the model vinyl/TDSS system, further indicating that hydrosilylation is the leading (if not sole) 

crosslinking mechanism in Sylgard 184. 

Reaction and Diffusion Limitations Necessitate Excess Crosslinker 

Recall the discussion of gelation kinetics pertinent to Figure 2.1 in the Introduction to 

this chapter.  Many factors affect the gelation reaction and some can inhibit the reaction from 

going to completion.  Such phenomena can be lumped collectively into the concepts of reaction 

and diffusion limitations, and these limitations are responsible for the requirement of excess 

crosslinker beyond the stoichiometric balance to achieve high gel fractions.  The reaction 

mixtures are solvent-free, containing only crosslinker, catalyst, and telechelic polymer chains, 

which can have very high viscosity at high molecular weight.  Thus, the crosslinker molecules 

must diffuse through tortuous paths of entangled polymer chains (except for low molecular 

weights at the onset of the reaction) to find a reactive polymer end-group.  Once an active end-

group of a polymer chain is found, the catalyst must first diffuse to meet these two functional 

groups, and then a reaction occurs with one of the 4 available functional groups on the 

crosslinker molecule.  From there, 3 more unique chain-ends must then diffuse and find this 

crosslinker junction before the catalyst leaves or at the same time that another catalyst arrives.  

Upon being in close enough proximity to the crosslink junction and catalyst, each chain-end 

must then overcome the activation energy barrier to react in order to achieve a true network 

junction functionality of f = 4.  The steric hindrance associated with 4 unique polymer chain 

ends - all being in close enough proximity to find a single crosslinker molecule and react - 

creates an additional significant barrier.  There are also the issues of unwanted side-reactions 

using up available crosslinking sites.36,62  Therefore, it is not so surprising that such fully 

reacted crosslink junctions do not occur 100% of the time (see Chapter 3 of this dissertation 

for data and explanation). 

In addition to these reaction limitations, the barriers to diffusion increase dramatically 

as the reaction proceeds due to increasing viscosity during gelation, which is caused by larger 

and larger net-like structures chemically reacting and growing until they percolate the entire 

sample volume, thus forming the incipient gel.  As discussed previously, the gel point (i.e., the 
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extent of reaction such that the incipient gel has formed) is an extent of reaction not sufficiently 

high to form a fully-crosslinked network.  Hence, the crosslinking reaction will still proceed, 

but with ever growing limitations that slow down the rate.  As the viscosity increases, chain-

ends and crosslinker molecules may become trapped or immobilized, rendering them inert and 

thus unable to contribute to gelation.  All told, the ever decreasing molecular mobility during 

gelation consistently diminishes the likelihood of all four reactive groups of a crosslinker 

molecule reacting with four unique polymer chain-ends.   

In systems with low molecular weight PDMS chains, initially there will be a lower 

diffusion barrier, due to lower viscosity.  In fact, holding viscosity constant, the initial reaction 

rate in low molecular weight systems will likely be much faster than that in higher molecular 

systems due to there being a greater concentration of polymer end-groups and crosslinker 

molecules, assuming simple first order kinetics rate law behavior.  Despite beginning the 

reaction with lower viscosity and greater mobility, as the reaction progresses, the chains 

crosslink and grow, rapidly increasing viscosity until the previously described diffusion 

limitations become present.  Thus, it is unlikely that every available functional group on both 

polymer chains and crosslinker molecules initially present will react (cf. Chapter 3 in this. 

dissertation).  These uncrosslinked crosslinker molecules and PDMS chains will be removed 

during the subsequent Soxhlet extraction, and become part of the sol fraction.  

Differences in Molecular Weight 

Upon close inspection of Figure 2.8, it appears that lower molecular weight PDMS 

samples (violet data sets in Figure 2.8) approach a gel fraction value of 1 closer to the 

theoretically expected stoichiometric ratio of r = 1, especially in the silanol/TEOS system, 

compared to the highest molecular weights tested (red data sets in Figure 2.8).  Based on the 

previous discussion, chain mobility is likely playing a role here.  Perhaps more significant than 

the viscosity effects, when comparing the highest and lowest molecular weights of PDMS 

tested for both systems, the mixtures at equivalent stoichiometric ratios of r = 1 are noticeably 

different in terms of their composition by mass, as demonstrated in Figure 2.10.  This 

difference only increases with increasing stoichiometric ratios. 
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Mass Fraction of Crosslinker 

 

 

Figure 2.10 – Mass fraction of polymer (filled symbols) and crosslinker (open symbols) for the vinyl/TDSS 

system (a) and the silanol/TEOS system (b) plotted as a function of the stoichiometric ratio. 

 

In Figure 2.10, the mass fractions of polymer (filled symbols) and crosslinker (open 

symbols) in the silicone elastomer mixtures are plotted as a function of stoichiometric ratio for 

the Vinyl/TDSS system (a) and the Silanol/TEOS system (b).  In both crosslinking chemistries 

used, the concentrations of polymer end-groups and crosslinker molecules in the 6 kDa systems 

are much higher than in the high molecular weight systems.  Higher concentrations of reactive 

groups mean that the probability of a molecular collision that results in a chemical reaction is 

much greater.  Thus, initially, in the lower molecular weight systems, the rate of reaction will 

be faster due to both lower viscosity and higher concentration of reactive groups.  The mass 

fraction of polymer begins to decrease significantly at high crosslinker loading for all but the 

highest molecular weights.  Therefore, one would expect the gel fraction to begin decreasing 

dramatically for r > 10 at all molecular weights except those greater than 100 kDa due to the 

excess crosslinker molecules, which essentially act as solvent and simply occupy space without 

reacting.  For this hypothesis to be  
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true, the crosslinker molecules must be not be able to react with each other, rendering inert 

excess components that will likely be removed during Soxhlet extraction.  

 

 

Figure 2.11 – Gel fraction plotted as a function of mass fraction of crosslinker for the vinyl/TDSS systems (a) 

and the silanol/TEOS systems (b). 

 

 In Figure 2.11, the gel fraction is plotted against the TDSS mass fraction for 

Vinyl/TDSS system (Figure 2.11a), and against the TEOS mass fraction for silanol/TEOS 

system (Figure 2.11b).  For the vinyl/TDSS system, we see that an order of magnitude greater 

mass fraction of TDSS is required to form a network with a gel fraction of ~0.5 for 6 kDa vs. 

117 kDa PDMS.  The difference in mass fraction of crosslinker needed for gelation in the 

Silanol/TEOS system over the range of molecular weights tested is not nearly as large as that 

in the Vinyl/TDSS system.  This is, in part, due to the different molecular weights of TDSS 

and TEOS molecules, which are 328.73 Da and 208.33 Da, respectively.  For the same r-value 

the lower molecular weight of TEOS means that the TEOS will have a smaller mass fraction 

than TDSS.  When high stoichiometric ratios (r > 10) are considered, the concentration and 

mass fraction of crosslinker molecules become rather significant and likely contribute to the 

decrease in gel fractions observed in the Vinyl/TDSS system.  The data are less spread out in 

the Silanol/TEOS system, which is due, in part, to the difference in molecular weights, as well 
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as due to the different reaction equilibrium conditions for the two different types of 

crosslinking chemistries studied.  It is apparent that the Silanol/TEOS is more reactive than the 

Vinyl/TDSS system because less TEOS is needed, in terms of the molar stoichiometric ratio 

and the mass fraction of TEOS, to form a network with high gel fraction compared to TDSS 

(cf. Figure 2.8).  Other plausible explanations for the difference between these two systems are 

that there are different amounts of catalyst relative to polymer used when we compare the use 

of Pt(II) in the Vinyl/TDSS system to Sn(II) in the Silanol/TEOS system.  Besides different 

amounts of catalyst, the activity and mechanisms of the catalyst, Pt(II) vs. Sn(II), could very 

well be different, resulting in different extents of reaction in the two systems.  

End-Capping Chains vs. Aggregation 

The decrease in wgel in the Vinyl/TDSS system may be due to a phenomenon called 

“end-capping,” which is illustrated in Figure 2.6c.  TDSS cannot bond with itself; the only 

other functional groups present in the system with which it can bond are the vinyl end-groups 

of the PDMS chains.  There is evidence to suggest a side reaction with water, but it is negligible 

compared to the reaction with alkenes.61  When a large excess of TDSS with respect to the 

number of polymer end-groups (i.e., high stoichiometric ratios) is used, individual, unreacted 

TDSS molecules can react once on each polymer end-group, which diminishes network 

formation.  To promote network formation, an individual TDSS molecule must react with more 

than one end-group of at least two unique polymer chains.  Two end groups on a single chain 

would form a loop, which is elastically ineffective unless it contains trapped entanglements 

with other chains (cf. Chapter 3 of this dissertation).  When many individual and unreacted 

TDSS molecules react only once with polymer end-groups, this effectively renders polymer 

chains inert for crosslinking and causes them to be part of the sol fraction.  In contrast, for low 

stoichiometric ratios in which there are not enough TDSS molecules to react with each polymer 

end-group, unreacted polymer chains are part of the sol fraction (cf. Figure 2.6a.  In summary, 

if the crosslinker molecules are incapable of reacting with each other, excess crosslinker 

loading can result in a network that behaves similarly to one that is “under crosslinked” or not 

fully developed in the Vinyl/TDSS system.  
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This behavior does not seem to take place in the Silanol/TEOS systems.  TEOS, once 

hydrolyzed to form silanol groups, can indeed react with itself via condensation, which can 

lead to in situ generation of silica-like aggregates or filler particles in siloxane networks.63–66  

Therefore, at high stoichiometric ratios, end-capping is highly unlikely to occur and the gel 

fraction will stay stable and near a value of one, indicating a well-developed network.  In 

principle, these TEOS aggregates can form a more tightly bound network compared to only 

polymer chains due to TEOS clusters forming silicate-like structures and perhaps even silica 

particles that are connected chemically to the PDMS chains and to each other.  In fact, scanning 

electron microscopy (SEM) confirmed the presence of these TEOS aggregates, as can be seen 

in Figure 2.12 as the white dots and clusters in b) while no such spots or clusters are visible in 

a.  The influence of these aggregates can dramatically change the mechanical properties of the 

material, which will be discussed in Chapters 4 of this dissertation. 

 

 

Figure 2.12 – Scanning electron microscopy (SEM) images of cross-sections of Silanol/TEOS PDMS samples 

of r = 1.5 and r = 40 in a and b, respectively.   

 

In Figure 2.12, the aggregates were observed in cross-sections of the samples.  The 

effect of TEOS aggregates can also be observed on the surface in the form of topographical 

wrinkles.  For the r ≈ 12 and r ≈ 20 samples in the 6 kDa Silanol/TEOS system, wrinkles on 

the mm length scale are visible to the naked eye, as seen in Figure 2.13.  These wrinkles do 

not occur in the parameter space sampled in the Vinyl/TDSS system or for any other molecular 

weight in the Silanol/TEOS system.  Therefore, there are two parameters necessary for 
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wrinkling to occur.  First TEOS must be present above some critical minimum concentration 

or mass fraction.  Second, PDMS chains must be below some critical maximum molecular 

weight.  Referring back to Figure 2.10, we see that the r = 12 sample of 6 kDa has ~15% TEOS 

by mass.  However, at 15% TEOS by mass in higher molecular weight samples, this wrinkling 

is not observed.   

 

 

Figure 2.13 – Digital photographs demonstrating the macroscopic (mm length scale) topographical wrinkles at 

the air interface in certain Silanol/TEOS systems with high TEOS loading and low, 6 kDa molecular weights.  

Figures a and b correspond to r = 12 and c and d correspond to r = 20.  The tick marks in a) are mm spacers. 

 

This has been observed before67 and is likely due to a concentration gradient in TEOS 

in the vertical direction.  During the crosslinking at 70°C, the elevated temperature causes 

some TEOS molecules to have increased propensity to vaporize, resulting in TEOS molecules 

diffusing to the air interface.  As they crosslink and aggregate with the short PDMS chains near 

the surface, stress may build up in the material that is not uniform in depth, which could result 
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in this phenomenon.  This is also supported by the water vapor diffusing down from the surface 

into the material, making a concentration gradient in water.  Both of these concentration 

gradients can result in non-uniform crosslinking from the surface down into the bulk.49  With 

the higher molecular weights tested, it seems as though the stress build-up is not great enough 

to cause this phenomenon to occur.  In fact, this hypothesis predicts a vital criterion for forming 

such surface wrinkles and instabilities; non-uniform stiffness in the depth-direction of a 

material.  That surface instabilities arise when there are two layers near the surface and the top-

most layer has greater stiffness than the underlying layer.68,69 

Conclusions 

In this chapter, we have laid out the network preparation procedures for making silicone 

elastomers that will be studied throughout the remainder of this dissertation.  Two model 

systems and one commercial product were prepared over a variety of different crosslinking 

stoichiometric ratios while maintaining the same curing conditions (temperature and time) and 

relative amounts of catalyst.  The gel fraction of the networks were obtained through Soxhlet 

extraction in toluene, which allowed molecules that were not covalently attached to or 

permanently trapped in the network to diffuse out of the gel and into the pure toluene solvent, 

thus lowering the sample mass.  An excess amount of crosslinker above the stoichiometric 

balance (r = 1) was necessary for all systems to reach maximum gelation under reaction 

conditions of 1-3 h at room temperature followed by 24 h at 70°C, indicating that not all of the 

available crosslinker sites were reacted.  This incomplete reaction of all crosslinking sites will 

be explored in Chapter 3 of this dissertation.  We observed a decrease in gel fraction for the 

Vinyl/TDSS and Sylgard systems at large excesses of crosslinker, but not for the Silanol/TEOS 

system.  This is due to the TEOS molecule being able to react with itself, but TDSS (and all 

silicone hydride, Si-H, functional groups) being unable to react with itself.  Further, when a 

massive excess of TDSS is present, these crosslinker molecules can react individually with 

each polymer chain end, but with no other unique polymer chains, thus creating an “end-

capping” effect that causes those chains to become inert and part of the sol fraction.  With a 

massive excess of TEOS, the crosslinker molecules cluster together and form aggregates that 
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can result in built-in stress in low molecular weight systems and lead to the formation of 

corrugated surface topographies. 

This chapter lays the ground-work for the chapters to come.  Now that a sound 

understanding of what the extraction process does to samples has been established, the 

extracted samples will be studied further.  The next chapter will reveal molecular-level insights 

of the Vinyl/TDSS system by using the Miller-Macosko model to demonstrate how the system 

changes with varying amounts of crosslinker relative to polymer.  After that, a discussion of 

the mechanical and swelling properties of extracted samples will take place.  This will be 

followed by an investigation to surface properties of samples both before and after extraction.  
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Catalysts and Crosslinkers 

A summary of the catalysts and crosslinkers used in preparing all of the PDMS samples 

discussed throughout this dissertation are given below.  All reactants were used as received. 

Table A2.1 – Catalysts and crosslinkers purchased and used in this research 

Vendor 
Product 

Number 
Chemical Name CAS # Function 

Sigma-

Aldrich 
S3242 Tin(II) 2-ethylhexanoate 301-10-0 

Condensation 

Catalyst 

Gelest SIT7110.0 Tetraethoxysilane (TEOS) 78-10-4 
Condensation 

Crosslinker 

Sigma-

Aldrich 
432849 

cis-Dichlorobis(diethyl 

sulfide)platinum(II) 
1544-57-6 

Hydrosilylation 

Catalyst 

Gelest SIT7278.0 
Tetrakis(dimethylsiloxy)silane 

(TDSS) 
17082-47-2 

Hydrosilylation 

Crosslinker 

 

Size Exclusion Chromatography 

In an attempt to accurately characterize the molecular weight distributions of the PDMS 

polymer purchases from Gelest, we ran samples through size exclusion chromatography 

(SEC).  All of the PDMS samples acquired from Gelest, Inc. were dissolved in HPLC-grade 

THF (Fisher) at a concentration of 2 mg/mL and passed through 0.2 μm PTFE filters before 

being analyzed by SEC.  Samples were run through a Waters 2695 separations module and 

passed through a series of 3 Waters High Resolution (HR) Styragel columns filled with 5 μm 

particles (Styragel HR 4, Styragel HR 4E, Styragel HR 3) at a flow rate of 0.3 mL/min.  A 

differential refractive index (DRI) detector (Optilab Rex, Wyatt Technology Co.) was used for 

detection and molecular weight analysis.  The columns and detector were maintained at 25°C.  

A baseline was fit between the peak beginnings and ends in a plot of DRI intensity vs. elution 

time to baseline-correct the data.  Polystyrene (PS) and poly(methylmethacrylate) (PMMA) 

standards (obtained from Fluka) were run with the same HPLC THF to build a universal 

calibration curve of molecular weight vs. elution time.  The flow-marker peak, present in all 

samples due to the HPLC THF solvent, was used to calibrate elution times between all samples 

and PS and PMMA standards.  An interpolation algorithm was run on the DRI vs. molecular 
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weight data to yield equidistant data sampling, which is necessary for accurate analysis.  The 

Mark-Houwink-Sakurada constants for intrinsic viscosity-molecular weight relationships of 

linear PDMS70 were used with the universal calibration curve. 

 

Figure A2.1 – Molecular weight distributions of samples purchased from Gelest, Inc. using size exclusion 

chromatography.  The data were generated from size exclusion chromatography measurements in tetrahydrofuran 

with mododisperse polystyrene and poly(methylmethacrylate) standards. 

 The molecular weight distributions are given in Figure A2.1 where normalized DRI 

intensity is plotted as a function of molecular weight on a log scale.  We attempted to calculate 

the sample number-averaged (Mn) and weight-averaged (Mw) molecular weights and dispersity 

(Mw/Mn) of the PDMS samples from Gelest.  However, our calculated values were different 

than those reported by Gelest.  We decided to use the values specified by Gelest in our 

subsequent calculations, as other researchers have done.71–73 
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CHAPTER 3: Molecular Insights Revealed from Applying the 

Miller-Macosko Model to the Vinyl/TDSS System 

Introduction 

In the Context of this Dissertation 

In Chapter 2, we provided the preparation details for making the silicone elastomer 

materials that will be studied throughout this dissertation.  In this chapter, we apply the Miller-

Macosko model to only samples from the Vinyl/TDSS system to elucidate topological network 

parameters.  The results from this model will be evaluated against independent measurements 

in subsequent chapters. 

Polymer Theories 

Polymer physicists have been developing theories to mathematically model and predict 

the behavior of polymers in various environments since the preeminent work by Flory and 

others in the 1940s.  The well-known Flory-Huggins theory for polymer solutions was 

developed independently by Huggins1 and Flory,2 in 1942, and Huggins actually published his 

work a few months before Flory did.  This widely used theory represents a simplified, yet 

robust thermodynamic model to predict phase behavior in polymer solutions and polymer 

blends.  In 1953, Rouse3 developed a model to predict the diffusion of a single chain or chains 

in a very dilute solutions.  The reptation model was developed by de Gennes4 in 1971 to expand 

upon the Rouse model and treated the motion of polymer as snake-like motion.  Then, in a 

series of papers between 1978 and 1979, Doi and Edwards5–8 developed the tube model for 

reptation to successfully predict diffusion of high molecular weight chains that become 

entangled with their surroundings. 

When it comes to polymer networks, however, the task of predicting the macroscopic 

mechanical properties from models based on single chains has proved to be very challenging.  

In 1943, Flory and Rehner presented their theory of rubber-like elasticity,9,10 which used 

statistical mechanics to model elastic deformation of polymer networks when they undergo 
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isotropic strain due to swelling from a solvent.  This was expanded upon to account for defects 

and trapped entanglements by Langley11 and Graessley12 in 1968 and 1974, respectively.  In 

1976, Miller and Macosko13,14 published a recursive method that uses probabilities of 

reactions, initial stoichiometric conditions, and gel fraction data as a way to calculate a variety 

of topological network parameters that are used in the Langley and Graessley model.  The 

Miller-Macosko model did not account for loop defects but provided a means to calculate the 

so-called entanglement trapping factor introduced by Langley.11  Research in this area is still 

ongoing.  To quote Zhong et al.15 in a 2016 Science article, “Understanding the correlation 

between the network topology and properties is one of the greatest outstanding challenges in 

soft materials.” 

The challenge arises due to the highly complex nature of polymer networks.  Take the 

human brain, for example, where many neurons are connected to each other at nodes, called 

synapses.  It is estimated that there are many more synapses than stars in the Milky Way 

galaxy.16  Somehow this connected network of chemical signals in the brain gives rise to 

awareness, consciousness, and intelligence that make all living animals unique.  We do not yet 

know how this happens, but the rise of artificial intelligence based on computer neural 

networks is proving to be one way we are quickly learning.  Polymer networks can be thought 

of in a similar fashion.  Polymer physicists can successfully model single polymer chains, 

dilute polymer solutions, and even densely packed polymer blends.  However, massive 

complexity rapidly arises when many individual polymer chains are all connected to each other 

at junctions.  These junctions cause restrictions in chain mobility and conformations and result 

in non-linear responses to surrounding chains when one local region is perturbed, making 

modeling and prediction a very challenging problem to solve. 

The purpose of this chapter is to demonstrate the value of information gained when 

applying the Miller-Macosko model to polymer networks.  Although not perfect, many insights 

to network topology can be elucidated from this model to gain a deeper understanding about 

the molecular architecture of the networks prepared in the preceding chapter of this 

dissertation.  By applying this model, one is able to draw stronger conclusions about observed 

macroscopic properties and relate those observations back to molecular-level network 
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structure, consequently elucidating structure-property relationships.  Without this model, many 

properties of the network would remain unknown and thus, conclusions about material 

properties would be made with incomplete information.  It is prudent for researchers 

conducting investigations with polymer networks to apply either this model or other network 

theories to relate molecular network structure to their macroscopic observations and draw more 

sound conclusions. 

Entanglements 

One of the greatest challenges to developing accurate theories of polymer networks is 

the concept of entanglements.  The current understanding of entanglements is that they arise 

due to the physical barriers of chains, which prevent them from crossing each other.  That is, 

polymer chains cannot pass through each other.  This results in the confinement of single-chain 

polymer motion to snake-like reptation (vide infra) When chains are highly concentrated and 

sufficiently long enough, polymers become entangled.  This concept is analogous to cooked 

spaghetti noodles that have been poured through a strainer and allowed to dry.  It is nearly 

impossible to pull just one noodle out of the entire bunch of noodles; instead, pulling one 

noodle results in many other noodles being pulled as well, due to entanglements among the 

noodles.  When polymer chains are short (think penne noodles) and present in dilute 

environments, they are free to exist in highly globular conformations and, thus, are 

unentangled.  In this regime, the Rouse3 model predicts accurately their motion.  This model 

assumes a bead-and-spring design that connects monomer units to each other with a friction 

coefficient assigned to each bead.  The time it takes for a polymer chain to move the equivalent 

of its own size is given by the Rouse time, τR.  In contrast, in a highly concentrated environment 

with long chains, such as a polymer melt, polymers will be highly entangled.  In this scenario, 

a single polymer chain within a polymer melt can be thought of as a snake inside a confined 

tube.  The reptation model4,5 treats polymers according to this analogy where the confined tube 

is the result of all the other chains surrounding the chain of interest.  There are multiple types 

of motion the snake-like chain can make and each type of motion has an associated time scale.  

The time it takes the chain (snake) to move (slither) out of its original confinement tube is 
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called the reptation time, τrep.  The characteristic reptation time is greater than the characteristic 

Rouse time. 

How does one know when polymer chains are long enough to become entangled?  

There are two different values of molecular weights that trigger the onset of behavior 

associated with entanglements.  One value is obtained by performing either stress relaxation 

or oscillatory shear rheology experiments to determine the plateau modulus, Ge, of a polymer 

melt.  The modulus is simply the stress (force per unit area on which the force is acting) 

required to deform a material divided by the strain or deformation of the material.  Strain is 

often reported as a percent of initial material dimensions, thus giving the modulus units of 

pressure.  The plateau modulus, Ge, is a region on the modulus vs. frequency (or time) graph 

wherein the modulus is constant over a wide range of frequency (or time-scales), hence the 

term “plateau.”  An example of this is given in Figure 3.1, which is reproduced here from 

Macosko and Benjamin17 and for PDMS gives a plateau modulus value of 0.24±0.02 MPa.  

This frequency-independent modulus is due to a temporary network-like structure formed 

solely from temporarily trapped entangled chains that do not relax over the time-scale of the 

measurement.18  The time-scale for which this temporary network exists is called the Rouse  

 

 

Figure 3.1 – Adapted from Macosko and Benjamin.17  Shear storage modulus, G’, plotted as a function of angular 

frequency, ω, for PDMS weight-average molecular weights of 9.9 × 106, 2.1 × 106, 0.95 × 106, and 0.26 × 106 

g/mol.  The plateau modulus is extrapolated down to zero frequency from the plateau region in the high frequency 

portion of the graph. 

Ge≈ 0.24±0.02 MPa 
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time for entanglement strands, τe.  Rubinstein and Colby18 define the number-average 

molecular weight of an entanglement strand as Me, which can be thought of the as the molecular 

weight between entanglements.  Therefore, the relationship between shear plateau modulus 

and entanglement molecular weight is given by Equation (3.1). 

 Ge ≈
𝜌𝑅𝑇

𝑀𝑒
  (3.1)  

Here, ρ is the polymer melt density (0.97 g/cm3 for PDMS), R is the universal gas constant, 

and T is the absolute temperature.  Others have reported the plateau modulus for PDMS be 

~0.20 MPa, giving an entanglement molecular weight of Me = 12 kDa.18 

 There is another way to define entanglement molecular weight in polymer melts using 

viscometry.  The critical molecular weight for entanglement effects in viscosity, Mc, is usually 

2 to 4 times larger than the entanglement molecular weight, Me.
18  This is because in typical 

viscosity experiments, measured polymer chains must move along the entire contour length of 

their confining tube according to the reptation model.  Viscosity is inversely proportional to 

strain rate while the plateau modulus is inversely proportional to strain.  The reptation model 

thus predicts the following relationship between viscosity and plateau modulus. 

 𝜂 ≈ 𝐺𝑒𝜏𝑟𝑒𝑝  (3.2)  

 Longin et al.19 compiled many viscometric measurements and normalized for different 

temperatures at which the experiments were performed.  The compilation of data is reproduced 

in Figure 3.2 below.  The classical determination of critical molecular weight of entanglement, 

Mc, is done by plotting zero-shear viscosity, η0, as a function of weight-averaged molecular 

weight, Mw, on a log-log scale.  Below the critical molecular weight of entanglement, Mc, the 

viscosity increases linearly with increasing molecular weight.  The critical entanglement 

molecular weight is defined as the molecular weight where the slope changes to a value of 3.4 

with zero shear viscosity plotted against molecular weight on a log-log scale.  The data shown 

by Longin et al.19 estimates Mc = 28 kDa.  This is in agreement with predictions by Graessley 

and Edwards,20 who demonstrated that for PDMS, the plateau modulus detects ~2.4 times as 

many interactions as viscous flow, or mathematically, Mc/Me ≈ 2.4.  In other words, a molecular 

weight ~2.4 times greater is needed in viscometric tests to change the slope from ~1 to ~3.4  
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Figure 3.2 – Adapted from Longin et al.19  Zero-shear viscosity, η0, plotted as a function of weight-averaged 

molecular weight.  Data was compiled by Longin et al.19 and normalized for temperature differences. 

 

compared to the molecular weight that forms a temporary network-like structure in dynamic 

mechanical testing.  To recap, the molecular weight between entanglements, Me, given by 

Rubinstein and Colby18 is 12 kDa and when multiplied by 2.4 yields 28.8 kDa, which is in 

excellent agreement with the critical molecular weight of entanglements, Mc, of 28 kDa given 

by Longin et al.19  Additionally, an earlier investigation and compilation of existing data by 

Kataoka and Ueda21 gave critical molecular weight of entanglements, Mc, of 30 kDa, which is 

also consistent with the value quoted by Longin. 

While the preceding discussion may seem tangential to the theme of this chapter, it is 

vitally important to understand the concepts of entanglements within polymer systems, the 

different time scales associated with different types of polymer motions, and the methods for 

determining two distinct values of molecular weight that correspond to the onset of behavior 

caused by entanglements.  The critical molecular weight of entanglement, Mc, which for PDMS 

is 28 kDa, will be important in the discussions to follow throughout this dissertation. 

Real Elastic Network Theory – Loop Defects 

In addition to entanglements, the concept of loop defects in networks has been 

challenging to model.  A first order loop occurs when both ends of a polymer chain covalently 
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attach to the same crosslinker molecule.  Higher order chains can exist, however, which will 

be more elastically effective, but not as elastically effective as chains with no loops (cf. Figure 

3.3).  Recently, Zhong et al.15 created well defined hydrogels by utilizing azide-terminated 

poly(ethylene glycol) (PEG) telechelic polymers chains and mixing them with alkyne-based 

crosslinkers that contained either three or four functional alkyne groups.  The generic system 

they studied was end-linking of A2 + B3 (f = 3) and A2 + B4 (f = 4) systems, where A is the 

telechelic polymer chain, B refers to the crosslinkers, and f is the number available functional 

groups per crosslinker molecule.  The deuterated end-groups permitted quantification of loop 

defects using a technique called symmetric isotopic labeling disassembly spectrometry 

(SILDaS).  The size of the loop was measured in terms of the loop order, which is the number 

of chains in the loop (cf. Figure 3.3).   

 

 

Figure 3.3 – Adapted from Zhong et al.15  In a), loops of the first (1°), second (2°), and third (3°) order are 

depicted in columns from left to right for 3- and 4-functional crosslinkers on the top and bottom rows, 

respectively.  Nomenclature of nx,y refers to x-order loop with y-functionality crosslinker.  In b), elastic 

effectiveness, ε, of chains within loops is plotted as a function of the loop order, l, for 3- (blue) and 4- (red) 

functional crosslinkers. 

 

To quantify the loop defects and their effect on shear modulus, they derived a term 

called the elastic effectiveness, ε, which measures the relative elasticity of a chain.  A value of 

0 elastic effectiveness means the chain contributes no entropic restoring force and a value of 1 

is the equivalent of an ideal elastically effective chain.  Zhong and colleagues found that loops 
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of higher order than 5° loops for f = 3 systems and 3° loops for f = 4 systems had no significant 

decrease in elastic effectiveness (cf. Figure 3.3).  However, loops of lower order had dramatic 

decreases in elastic effectiveness ultimately reaching 1° loops (a single chain with both ends 

attached to a crosslinker) that had zero elastic effectiveness.  By measuring shear storage 

modulus, G’, as a function of quantity and type of loop defects, they were able to develop a 

new model titled the “Real Elastic Network Theory” (RENT), which accurately predicts their 

measured shear storage modulus values using accurate quantities of loop defects as inputs.  

One crucial note in this study is that all of the polymer chains before crosslinking were below 

their critical entanglement molecular weight, which eliminated the issue of dealing with 

entanglements during their analysis.  

Miller–Macosko Model 

The Miller-Macosko model was developed based on the recursive nature of polymer 

networks and thus uses branching theory and conditional probability laws to directly calculate 

a variety of topological network parameters.  The step-by-step derivation of their original 

model is given in the literature,13,14 and the final equations used in this analysis are shown in 

the following section.  There are several key assumptions to their approach.  First, all functional 

groups of the same type are equally reactive.  Second, all functional groups react independently 

of one another.  This means that the last functional group on the crosslinker to react will be 

just as reactive as the first group on the crosslinker that reacted.  Lastly, they assume that no 

intramolecular reactions occur in finite species.  Here, “finite species” refers to material in the 

sol fraction.  Thus, their model does not account for loop formation of chains that are not 

connected to the network.  Additionally, Miller and Macosko do not explicitly account for first 

order loops as Zhong et al.15 were the first who accurately predicted the quantitative effect of 

topological loop defects on network elasticity.  However, a rich understanding of topological 

network parameters and their relationships to initial crosslinking conditions can be gleaned 

from this analysis, which provides greater insight to the molecular network architecture. 

Recently, Chassé et al.22 demonstrated the accuracy of the Miller-Macosko model.  

They used PDMS copolymers that contained random distributions of vinyl groups, which 
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allowed for random crosslinking along the side-groups with difunctional silicon-hydride 

crosslinkers.  The overall extent of reaction, p, is defined as the fraction of total number of 

functional crosslinking groups that have reacted, i.e., the fraction of silicon-hydride (Si-H) 

groups that have reacted out of all of the crosslinking molecules initially present in the system.  

They verified that the calculated p was very close to the experimentally determined p with 

double quantum NMR measurements.  Although this system is different than the end-linking 

scheme employed in this dissertation, the crosslinking chemical reaction is the same.  

Therefore, the Miller-Macosko model is applied within this dissertation to calculate the extent 

of reaction and other network parameters under the assumption of its validity. 

Most of the topological network parameters to be calculated from the Macosko-Miller 

model are depicted in Figure 3.4.  Networks can be categorized into elastic, wel, and pendant, 

wpen, fractions, which are shown as green and red chains in Figure 3.4, respectively.  The elastic 

fraction, wel, is composed of elastically effective chains and junctions, which have 

concentrations of ν and μ, respectively.  Elastically effective chains are polymers that are 

covalently attached to two different elastically effective crosslinker junctions.  A crosslink 

junction is considered to be elastically effective if it connects two or more elastically effective 

chains.  Defects that cause chains to be elastically ineffective (i.e., pendant chains) can take 

several forms.  Pendant material in which a chain is only connected to a crosslinker molecule 

at one end is called a dangling end.  Pendant material can also be in the form of first order 

loops, which are chains that have both ends attached to the same crosslinking molecule.  For a 

loop to be considered pendant and elastically ineffective, it must not contain any trapped 

entanglements.  Therefore, dangling ends, loops without trapped entanglements, and lower 

order loops15 discussed previously are all defects that result in elastically ineffective chains 

and are thus encompassed by the pendant fraction. 22–27 

Elastically effective chains contribute an entropic restoring force similar to a spring 

when strain is applied.  A chain has higher entropy when it is in a more globular configuration 

with many more possible confirmation states as opposed to when it is elongated and has fewer 

possible allowed conformations.  From a thermodynamic perspective, there is always a balance 

between entropy and enthalpy and the system wants to be in the lowest energy state possible.   
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Figure 3.4 – Illustration of topological network parameters calculated from the Miller-Macosko model.  

Elastically effective chains are shown in green and pendant chains, as either dangling ends or loops, are shown in 

red.  Trapped entanglements occur when all four ends of the two entangled chains are covalently bound to 

elastically effective crosslinkers.  Temporary entanglements occur with dangling ends and can disentangle.  

Molecular weight between elastically effective chemical crosslinks, MCL, is shown as the black line with arrows 

at both ends.  Crosslinker sites that have reacted are depicted as cyan lines inside light blue circles.  Unreacted 

crosslinker sites are shown as navy blue lines inside the light blue circles.  Effective crosslinker functionality, feff, 

is given for each crosslinker.  Unreacted polymer end-groups are depicted as cyan ellipses. 

 

This balance is encompassed by the Gibbs free energy, ΔG, equation, G = ΔH – TΔS, where 

ΔH is the change in enthalpy and ΔS is the change in entropy.  The Δ refers to a change from 

a reference state.  To minimize the Gibbs free energy, the entropy should be maximized, thus 

chains do not like to be elongated and prefer to be restored to their globular configuration. 

The functionality of crosslinker molecules used for model PDMS systems in this study 

has been held constant at a value of f = 4, but the functionality of the curing agent in Sylgard 
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184 is unknown.  In both instances, however, not every available site on the crosslinker 

molecule will react with an elastically effective chain.  Effective functionality, feff, is 

accordingly defined as the average number of functional groups per crosslinker molecule that 

have reacted with elastically effective chains.  The molecular weight (in kDa) of elastically 

effective chains that span two elastically effective crosslink junctions is rightly called the 

molecular weight between elastically effective chemical crosslinks, MCL,MM.  The subscript 

“MM” is used to denote MCL calculated from the Miller-Macosko model to distinguish it from 

the same parameter that will be calculated from other theories in subsequent chapters. 

Furthermore, the Miller-Macosko model is used to calculate the so-called entanglement 

trapping factor, Te.  The entanglement trapping factor, Te, as described by Miller and 

Macosko14 represents the probability that all four chain ends coming from an entanglement 

lead to the network.  That means when two chains cross and form an entanglement, both ends 

of both chains must eventually be connected to an elastically effective chemical crosslink 

junction with feff ≥ 3.  The entanglement trapping factor changes from 0 when the extent of 

reaction equals the gel point, p = pgel, and increases to a value of 1 for fully developed networks 

that have very few defects.  Trapped entanglements, i.e., those which cannot disentangle 

because the chain ends are covalently attached to a chemical crosslink junction, contribute 

some elasticity to the network in the form of quasi-tetra functional crosslink junctions.  They 

do not contribute the same magnitude of elasticity as chemical crosslink junctions because the 

trapped entanglements can slide along chains until they hit another topological constraint. 

Based on this abundance of topological network information to be gained, the 

application of the Miller-Macosko model to a polymer network system is highly advantageous 

and should be used whenever possible to draw stronger conclusions from macroscopic 

measurements and observations. 
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Experimental Methods 

Miller-Macosko Model Calculations 

According to the previous discussion of the Miller-Macosko model, there are many 

topological network parameters to be computed.  The following section outlines the final forms 

of the equations used in their model.  The density of elastically effective chains, ν (in mol/m3), 

and junctions, μ (in mol/m3), as well as the pendant, wpen, and elastic, wel, fractions of material 

present in the network after extraction (i.e., present in the gel fraction, wgel, portion of the 

material) were calculated according to the Appendix of Patel et al.28 and the Appendix of 

Valles & Macosko.29  Patel et al.28 applied the Miller-Macosko13,14,30 model to the system of 

A4 + B2 (tetrafunctional crosslinker + difunctional polymer) networks, which is valid for the 

vinyl/TDSS system in the present investigation. 

First, the extent of reaction, p, is calculated.  To determine this quantity, the 

composition of the sol fraction is considered.  The measured sol fraction, wsol, comprises both 

unreacted crosslinker and polymer.  In these calculations, the mass of catalyst is not considered 

due to it being present in negligible quantities.  Therefore, the composition of the sol fraction 

is given in Equation (3.3).14 

 1 − 𝑤𝑔𝑒𝑙 = 𝑤𝑠𝑜𝑙 = 𝑤0,𝐴4
𝛼4 + 𝑤0,𝐵2

𝛽2 (3.3) 

Here w0,i refers to the mass fraction of species i present in the initial mixture of polymer and 

crosslinker prior to crosslinking.  The probability that a crosslinker molecule chosen at random, 

and all molecules covalently connected to it, are not connected to the network (i.e., it is part of 

the sol fraction) is given by α.  The probability of the same outcome when a polymer molecule 

is chosen at random is given by β.  These probabilities are related both to the stoichiometric 

ratio, r, and the extent of reaction, p.  Equations (3.4) and (3.5) give those relationships as 

follows.29 

 𝛼 = √
1

𝑟𝑝2 −
3

4
−

1

2
 (3.4) 

 𝛽 = 1 −
1

𝑝
(1 − 𝛼) (3.5) 
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The initial mass fractions, w0,A4, w0,B2, stoichiometric ratio, r, and sol fraction, wsol, are all 

known or measured quantities as outlined in Chapter 2 of this dissertation.  The only unknown 

is the extent of reaction of crosslinker groups, p.  To proceed, we simultaneously solve the 

system of non-linear equations (3.3)-(3.5) using Solver in Microsoft Excel under the 

constraints that α, β, and p all be values between 0 and 1 since they are probabilities and an 

extent of reaction.  To facilitate convergence to a solution, initial guesses for each of those 

parameters should also be between 0 and 1. 

 Next, the density of elastically effective chains, ν (in mol/m3), and junctions, μ (in 

mol/m3) are given by Equations (3.6) and (3.7).28 

 𝜈 =
[𝐴4]0

𝑤𝑔𝑒𝑙
[6𝛼(1 − 𝛼)3 + 2(1 − 𝛼)4] (3.6) 

 𝜇 =
[𝐴4]0

𝑤𝑔𝑒𝑙
[4𝛼(1 − 𝛼)3 + (1 − 𝛼)4] (3.7) 

Here [A4]0 is the initial concentration (in mol/m3) of crosslinker A4 molecules present in the 

reaction mixture.  Once the densities of elastically effective chains, ν, and junctions, μ, have 

been determined, the effective functionality of the chemical crosslink junctions, feff, can be 

calculated according to Equation (3.8).31 

 𝑓𝑒𝑓𝑓 = 2𝜈/𝜇 (3.8) 

Recall that α is the probability that a crosslinker molecule chosen at random, and all 

molecules connected to it, is part of the sol fraction, and that β is the same probability except 

when a polymer molecule is chosen at random.  Combining these probabilities with the extent 

of reaction, p, enables calculation of bulk network parameters.  These probabilities serve as 

inputs to calculating the pendant, wpen, and elastic fractions, wel, of material remaining in the 

gel fraction, wgel, of the network after extraction.  They are determined according to Equations 

(3.9) and (3.10), respectively.28,30 

𝑤𝑝𝑒𝑛 = 2𝑤0,𝐵2
𝛽(1 − 𝛽) + 𝑤0,𝐴4

[4𝛼3(1 − 𝛼) + 12𝛼2(1 − 𝛼)2 𝑀𝐴

𝑀𝐴4

+ 4𝛼(1 − 𝛼)3 𝑀𝐴

𝑀𝐴4

] (3.9) 

𝑤𝑒𝑙 = 𝑤0,𝐵2
(1 − 𝛽)2 + 𝑤0,𝐴4

[(1 − 𝛼)4 + 4 (1 −
𝑀𝐴

𝑀𝐴4

) (1 − 𝛼)3𝛼 + 6 (1 − 2
𝑀𝐴

𝑀𝐴4

) (1 − 𝛼)2𝛼2] (3.10) 
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Here, MA is the molecular weight (in g/mol) of one arm of an A4 (crosslinker) molecule and 

MA4 refers to the molecular weight (in g/mol) of one A4 crosslinker molecule.  The gel fraction 

of the network (i.e., material remaining after Soxhlet extraction) consists of elastically 

effective, wel, and pendant, wpen, fractions that together sum to the value of the gel fraction wgel, 

according to Equation (3.11).30 

 𝑤𝑒𝑙 + 𝑤𝑝𝑒𝑛 = 𝑤𝑔𝑒𝑙 = 1 − 𝑤𝑠𝑜𝑙 (3.11) 

Next, the number-average molecular weight between effective chemical crosslink junctions, 

MCL,MM, is determined according to Equation (3.12).30 

 𝑀𝐶𝐿,𝑀𝑀 = 2𝑀𝐴 +
𝑀𝐵2,𝑛+[𝑀𝐴4−(𝑓𝑒𝑓𝑓−2)𝑀𝐴]𝐶

1−𝐶
 (3.12) 

Here, MB2n refers to the number-average molecular weight of the polymer prior to crosslinking.  

The term C represents the probability that a part of a chain chosen at random (either a monomer 

unit of PDMS or a crosslinker molecule) is connected to the gel at both ends (i.e., is connected 

to an elastically effective junction).  This probability is given by Equation (3.13).30 

 𝐶 =
3(1−𝛼)𝛼2

3(1−𝛼)𝛼2+3(1−𝛼)2𝛼+3(1−𝛼)3 (3.13) 

Lastly, the entanglement trapping factor, Te, is determined according to Equation (3.14).14 

 𝑇𝑒 = (1 − 𝛽)4 (3.14) 

Materials 

In this chapter, the Miller-Macosko model is applied only to the Vinyl/TDSS model 

networks prepared according to the procedure described in Chapter 2 of this dissertation.  The 

data from stoichiometry, molecular weight, and gel fraction are used as inputs to the Miller-

Macosko formulas in this chapter.  To briefly recap the network preparation details, vinyl-

terminated, telechelic PDMS polymers of various molecular weights were purchased from 

Gelest, Inc. (cf. Table 3.1).  A tetrafunctional crosslinker molecule (i.e., one having 4 reactive 

groups per molecule), tetrakis(dimethylsiloxy)silane (TDSS) was also purchased from Gelest, 

Inc.  A hydrosilylation catalyst, cis-dichlorobis(diethyl sulfide)platinum(II) (Pt catalyst) was 

purchased from Sigma-Aldrich.  All reactants were used as received.  
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Table 3.1 – Vinyl-Terminated PDMS Materials Purchased from Gelest, Inc. 

Product Code Number-Averaged 

Molecular Weight, 

Mn (kDa) 

Viscosity 

(cSt.) 

DMS-V21 6 80 – 120 

DMS-V25 17 450 – 550 

DMS-V31 28 900 – 1,100 

DMS-V35 50 4,000 – 6,000 

DMS-V41 63 9,000 – 11,000 

DMS-V46 117 55,000 – 75,000 

 

Network Preparation & Gel Fraction Determination 

To prepare each model Vinyl/TDSS PDMS network sample, circa 2.5-3.5 g of PDMS 

were mixed well with the Pt(II) catalyst solution in a polypropylene beaker followed by 

removal of air bubbles under moderate vacuum.  For every gram of vinyl-terminated PDMS in 

each sample, 8 μL of Pt(II) catalyst solution at a concentration of 0.011 g Pt (II) catalyst per 

mL of toluene were added.  Next, a precise mass (and volume) of the crosslinker, TDSS, was 

added via micropipette over a balance to the PDMS/catalyst mixture yielding a specific desired 

stoichiometric ratio, r, defined in Chapter 2 of this dissertation.  

After mixing well and degassing again, the solution was carefully poured into a 

polystyrene or polypropylene Petri dish.  If needed, the Petri dish was degassed one last time.  

The sample in dish was then covered with a lid and placed on a level surface at room 

temperature exposed to atmospheric pressure for 2-3 hours of pre-curing, during which the 

polymer spread evenly throughout the Petri dish, giving a uniform thickness of ~ 0.7-1.5 mm 

(depending on how much polymer was added to the dish).  Finally, the networks were placed 

in a 70C oven at atmospheric pressure for 24 hrs.  Soxhlet extraction in toluene, a good solvent 

for PDMS,32 was used to determine the gel (wgel) and sol (wsol) fractions of the networks 

according to the same method described in Chapter 2 of this dissertation.  

 In Chapter 2 of this dissertation, we discussed the methods of preparing networks and 

acquired corresponding gel fraction data, which are reproduced here in Figure 3.5.  The gel 
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fraction data, along with molecular weight and stoichiometric ratio, r, are inputs into the 

Miller-Macosko model, which reveals insights into the molecular-level architecture of the 

networks that were prepared. 

 

 

Figure 3.5 – Gel fraction as a function of stoichiometric ratio, r, for molecular weights ranging from 6 (violet) to 

117 (red) kDa. 

 

Results & Discussion 

From a few simple inputs of molecular weight and stoichiometric ratio, r, and by 

determining the gel fraction of the networks through Soxhlet extraction, the Miller-Macosko 

model reveals a plethora of details about the molecular architecture of the networks.  All of the 

data plotted in this chapter will be shown with number-average molecular weights of PDMS 

before crosslinking increasing from 6 kDa (violet squares), 17 kDa (blue circles), 28 kDa (cyan 

up-facing triangles), 50 kDa (green pentagons), 63 kDa (orange down-facing triangles), to 117 

kDa (red diamonds) according to the visible light spectrum.  The shortest chains are violet and 

longest chains are red.  Additionally, the lines connecting data points are intended only to guide 

the eye.  The lines do not represent any fitting functions or equations related to the Miller-

Macosko model. 
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Reactivity Insights 

 

 

Figure 3.6 – Extent of reaction, p, plotted as a function of stoichiometric ratio, r, on a semi-log scale.  The black 

stars are extents of reaction calculated from data reported by Patel et al.28  In their study, only optimal 

stoichiometric ratios were reported, between values of r = 1 and r = 2, for a variety of molecular weights between 

2.5 and 58 kDa. 

 

We begin by plotting the extent of reaction of crosslinker groups, p, as a function of 

the stoichiometric ratio, r, on a semi-log scale in Figure 3.6.  As higher stoichiometric ratios 

are used, fewer and fewer of the available Si-H groups react because the crosslinker becomes 

in greater and greater excess above r = 1; therefore p decreases with increasing r for r > 1.  

Even at the theoretical balanced stoichiometric ratio of r = 1, still not all of the functional 

groups in our samples have reacted.  This is likely due to diffusion and steric hindrance 

limitations discussed in Chapter 2 of this dissertation.  If the data from Patel et al.28 are 

extrapolated, the point r = 1 and p = 1 may be reached.  Additional sources of incomplete 

reactivity could be due to reaction duration and temperature not being sufficient, low molecular 

weight impurities, side reactions, as well as catalyst amount, type, and activity.  All of these 

factors may contribute to the incomplete reaction of all silicon-hydride groups and are 

challenges present whenever one works with PDMS using hydrosilylation crosslinking 
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chemistry.  Nonetheless, the following relationships between initial chemical conditions and 

network topology are still insightful because it is often impractical for researchers to wait long 

enough for 100% conversion when using PDMS materials. 

 

 

Figure 3.7 – Effective crosslinker functionality, feff, plotted as a function of stoichiometric ratio, r, and gel 

fraction, wgel, in a and b, respectively.  The stoichiometric ratio, r, increases in a clockwise fashion, depicted by 

the arrow in the bottom left corner of b. 

 

Next, we investigate details about the crosslinker molecules individually, beyond just 

the overall extent of reaction of all of the crosslinker molecules.  The effective functionality, 

feff, of the crosslinker is plotted as a function of stoichiometric ratio, r, and gel fraction, wgel, in 

Figure 3.7.  Based on this analysis, the effective functionality, feff, is between 3.0 and 3.2 in all 

of the tested vinyl/hydride samples, as seen in Figure 3.7.  In each molecular weight system, 

an optimal stoichiometric ratio, ropt, exists that maximizes feff.  The 6 and 17 kDa systems have 

the same optimal stoichiometric ratio, ropt = 1.5, but the 6 kDa system also has a significantly 

higher maximum effective crosslinker functionality of feff = 3.21, which is the highest out of 

all materials tested.  For molecular weights greater than 6 kDa, all systems had same highest 

effective functionality, feff ≈ 3.12.  Additionally, for all of these molecular weights, this 

maximum feff value occurs at an optimal stoichiometric ratio, ropt ≈ 2.5, except for 17 kDa in 

which ropt ≈ 1.5.  At high crosslinker loading, all of the data sets, regardless of molecular 
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weight, approximately converge for r ≥ 3, meaning the effective functionality is mostly 

independent of molecular weight with increasing r beyond this optimal stoichiometric ratio.  

When a large excess of TDSS molecules are initially present, the probability of both polymer 

end-groups on a single chain reacting with two unique TDSS molecules that have not reacted 

with other chains is greater  (cf. “End-Capping” discussion in Chapter 3 of this dissertation).  

This has the effect of lowering the reactivity per TDSS molecule, and decreasing feff.  The gel 

fraction does not uniquely lead to a single feff value.  The data show directionality with 

increasing stoichiometric ratio.  Thus, gel fraction alone cannot be used as a criterion for 

determining maximum feff. 

There are several factors contributing to the molecular weight dependence on feff 

including effects of concentration and kinetics, viscosity, diffusion, and steric hindrance.  Not 

only do the higher molecular weight systems (> 17 kDa) possess the same ropt, they all seem 

to collapse onto the same curve in Figure 3.7a) regardless of r.  This may be due to them being 

equal to and above the critical entanglement molecular weight, Mc = 28 kDa.19  For these 

systems equal to and above the critical entanglement molecular weight, the chain mobility is 

initially stifled due to entanglements which results in higher viscosities.  When chains are 

above Mc, they move according to reptation, which is slower than Rouse motion.  This slower 

motion could contribute to diminished chances of chain ends finding a reactive crosslink site.  

The chains whose molecular weights are below Mc (i.e., the 6 kDa and 17 kDa systems) exhibit 

faster motion that is directly proportional to the molecular weight.  It therefore makes sense 

that, for chains below Mc, the shorter chains could find reactive sites with greater frequency 

for the same stoichiometric ratio.   

On the macro level, the 6 kDa material has a viscosity that is approximately five-fold 

lower than the 17 kDa PDMS (cf. Table 3.1).  The 6 kDa system exhibits the highest feff due to 

the initial lowest viscosity (i.e., fastest motion), but also (perhaps more significantly) due to 

the initial highest concentration of both polymer end groups and crosslinking sites.  All of these 

factors contribute to initial faster kinetics relative to the other systems, allowing more reactions 

to occur before the viscosity increases sharply as the reaction approaches the gel point.  At the 

gel point, the viscosity has approached infinity and chain lengths have spanned the entire 
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sample volume.  Since the molecular weights are much greater than those initially present 

before crosslinking, the chains may become entangled.  Both entanglements and viscosity 

dramatically reduce chain mobility, and hence the ability to find reactive sites.  Overall, these 

data reveal that not every available functional group on both polymer chains and crosslinker 

molecules initially present has reacted.  Thus, the assumption of complete reaction of all groups 

under the conditions used in this study is invalid. 

Elastic and Pendant Fractions 

Recall that none of the networks prepared reached a gel fraction of 100% (cf. Figure 

3.5).  Additionally, the previous discussion of effective crosslinker functionality revealed that 

very few crosslinkers fully reacted with four unique elastically effective chains (cf. Figure 3.7).  

Both of these facts indicate that some material must be elastically ineffective.  That is, the 

model networks prepared through end-linking are not immune to network defects.  Figure 3.4 

provided a schematic as to what types of defects may occur that cause chains to be elastically 

ineffective.  In the example shown in Figure 3.4, when one counts only the 15 fully visible 

chains (excluding those that continue beyond the figure border), the pendant fraction is wpen = 

5/15 = 33.33% and the elastic fraction is wel = 10/15 = 66.67%.  Based on this simplified 

example, one can readily see how a network can form with an average effective crosslinker 

functionality of feff < 4 or even 2 < feff < 3, which results in significant fractions of pendant 

material. 

The Miller-Macosko model enables quantification of elastic and pendant fractions 

according to Equations (3.9) and (3.10), respectively.  In Figure 3.8, the composition of the gel 

fraction is broken down into its constituent parts of elastic, wel, and pendant, wpen, fractions for 

each molecular weight studied as a function of stoichiometric ratio, r.  Initially at low 

stoichiometric ratios, most of the material present after extraction (i.e., remaining within the 

gel fraction) takes the form of pendant material.  Eventually, as r increases, the elastic fraction, 

wel, only becomes the majority component at some crossover r-value.  From here, additional 

increases in r result in further increases in wel and decreases in wpen until a plateau is reached 

in both fractions, which coincides with a plateau in wgel.  When r is increased further, the elastic 
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Figure 3.8 – Gel fractions, wgel, (filled symbols, solid lines), elastic fractions, wel, (open symbols, dashed lines) 

and pendant fractions, wpen, (open symbols with “+” sign, dotted lines) are plotted as a function of stoichiometric 

ratio, r, for molecular weights prior to crosslinking of 6 (violet), 17 (blue), 28 (cyan), 50 (green), 63 (orange), and 

117 kDa (red) in a) through f), respectively. 

 

fraction starts decreasing and the pendant fraction increases again.  This is due to a massive 

excess of crosslinking molecules; i.e., fewer and fewer of the crosslink junctions have more 

than two connections to elastically effective chains, resulting in more pendant material. 
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To infer how all molecular weights relate to each other, we collapse the data from 

Figure 3.8 onto the same graphs and plot them in Figure 3.9 where the elastic fraction is shown 

in a and b and the pendant fraction is shown in c and d.  These fractions are plotted against the 

stoichiometric ratio, r, in a and c and against the gel fraction, wgel, in b and d.  The black curves 

in b and d are merely used to guide the eye.  As a function of stoichiometric ratio, the elastic 

fraction rapidly increases with incremental increases in r until it plateaus, followed by a 

decrease at very high crosslinker loading.  This behavior is similar to the gel fraction (cf. Figure 

3.5).  The pendant fraction never exceeds 50% in the samples tested.  After an initial  

 

 

Figure 3.9 – Elastic (top row) and pendant (bottom row) fractions shown as a function of stoichiometric ratio, r, 

(left column) and gel fraction, wgel, (right column) in a) through d).  The curved lines in b) and d) are only to guide 

the eye. 
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increase with r, the pendant fraction begins decreasing beyond ropt until finally increasing again 

with excess crosslinker.  The shortest chains (6 kDa, violet squares) achieve greater elastic and 

correspondingly lesser pendant fractions compared to the other molecular weights studied.  

Interestingly, the 50 kDa system exhibits the second highest elastic fraction in the plateau 

region.  This is due to this molecular weight system also achieving slightly greater gel fractions 

for this range of stoichiometric ratios (cf. Figure 3.5). 

Despite these molecular weight differences, the data collapse onto a master curve when 

elastic and pendant fractions are plotted against gel fraction, indicating that molecular weight 

prior to crosslinking does not appear to have any significant influence on the overall elastic or 

pendant fractions of materials.  More important, instead, is the ability to achieve the highest 

possible gel fraction to maximize elastic fraction.  To emphasize the relationships between gel, 

elastic, and pendant fractions further, we collapse the data from Figure 3.9b and d onto the 

same graph in Figure 3.10, which displays again the elastic fraction, wel (filled symbols) and 

pendant fraction, wpen (open symbols), plotted as a function of the gel fraction, wgel, for the 

Vinyl/TDSS system.  Together, the sum of the elastic and pendent fractions equal the gel 

fraction, while all other material is contained in the sol fraction, as shown in Equation (3.11) 

and in the y = x diagonal line in Figure 3.10. 

At low gel fractions right beyond the gel point, the incipient network contains 

predominantly pendant material and very little elastic material.  As the crosslinking reaction 

continues (or, in this study, as more crosslinker is added, i.e., increasing r), the gel fraction 

increases, which is accompanied by an increase in both wgel and wpen.  Near ~70% gel fraction, 

the pendant fraction begins to level off while the elastic fraction rapidly increases.  Samples 

with these fractions are representative of imperfect and under-crosslinked networks that 

contain many dangling ends and elastically ineffective material.  At ~80% gel fraction, the 

composition of the network finally begins to show a decrease in the amount of pendant 

material, and the network begins to fully develop.  It requires a network to have ~87% gel 

fraction before the majority component is elastically effective (i.e., the crossover point between 

elastic and pendant fractions in Figure 3.10).  The highest gel fraction of all Vinyl/TDSS 

samples tested in this study was ~97% and occurred with the 6 kDa system at r = 1.5.  This 
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Figure 3.10 – Elastic, wel, (filled symbols) and pendant, wpen (open symbols) fractions plotted as a function of the 

gel fraction for all molecular weights.  The y = x line represents the sum of the elastic and pendant fractions to 

equal the gel fraction, according to Equation (3.11).  The y = x/2 dashed line represents the line of symmetry for 

the elastic and pendant fractions.  The gray solid lines are guides to the eye. 

 

sample, however, was composed of only ~80% elastic material.  Perhaps not so coincidentally, 

this is the same fraction for the ratio of the maximum feff observed divided by the theoretical 

maximum of f = 4, i.e., 3.21/4 ≈ 80% (cf. Figure 3.7)  This demonstrates the relationship 

between maximizing all available crosslinker sits to achieve maximum elastic fraction.  

Further, this is a cautionary sign that even model PDMS networks prepared with very precise 

stoichiometric ratios will still contain defects resulting in pendant material. 

Density of Elastically Effective Chains, ν 

In the preceding discussion, we revealed macroscopic information about the networks 

in terms of what proportion of the entire sample, post-extraction, is elastic and pendant.  To 

offer more detailed insight into the network structure, we now plot the density of elastically 

effective chains, ν, as calculated from Equation (3.6), as a function of r and wgel in Figure 3.11a 

and b, respectively.  As expected, the shorter chains contain a greater density of elastically 

effective chains by virtue of having more moles of chains in a given unit volume.  Figure 3.11b 

shows that the highest density of elastically effective chains occurs at the lowest sol fraction, 
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Figure 3.11 – Density of elastically effective chains, ν, (mol/m3) plotted as a function of stoichiometric ratio, r, 

and gel fraction in a and b, respectively.  The stoichiometric ratio, r, increases in a clockwise fashion, as depicted 

by the arrow in the bottom right corner of b. 

 

(or greatest gel fraction), as expected.  In Figure 3.11a, for each molecular weight, there exists 

an optimal stoichiometry at which the density of elastically effective chains reaches a 

maximum.  As before, both the 6 and 17 kDa systems achieve a greater maximum ν at a lower 

ropt, closer to the balanced ratio of 1. 

When ν is plotted against feff, in Figure 3.12, this ropt observed for ν is, in fact, the same 

ropt value to that identified for maximum effective crosslinker functionality in Figure 3.7.  

There is one exception where there seems to be an unusually high value of ν at r ≈ 12 in the 

case of 17 kDa system, but this is only a minor deviation.  Overall, the greatest effective 

crosslinker functionality corresponds with the greatest density of elastically effective chains in 

nearly all systems.  This relationship is expected because a greater amount of reacted groups 

on the crosslinkers means that there are greater amounts of chains connecting those 

crosslinkers.  We find it somewhat unexpected that a system can exhibit two different values 

of ν for the same value of feff.  This is possible because a system with the same amount of 

connectivity (i.e., same feff) can have different distances between those crosslink junctions.  

This leads to the next parameter to be discussed, i.e., the molecular weight between elastically 

effective chemical crosslinks, MCL,MM. 
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Figure 3.12 – Density of elastically effective chains, ν, (mol/m3) plotted as a function of effective functionality 

of the crosslinker molecule, feff, for various molecular weights of PDMS.  The stoichiometric ratio, r, increases in 

a counter clockwise fashion, depicted by the arrow in the bottom right corner.  The numerical labels indicate ropt. 

 

Molecular Weight between Elastically Effective Chemical Crosslinks 

The Miller-Macosko model allows for the calculation of molecular weights between 

elastically effective chemical crosslinks, MCL,MM.  The physical meaning of this value is shown 

schematically in Figure 3.4 as the mass of a linear polymer chain (in kDa) that spans two 

elastically effective chemical crosslink junctions.  One may at first assume that the molecular 

weight between chemical crosslinks must always be equal to the number-averaged molecular 

weight, Mn, since only the reactive end-groups of the polymer can participate in the 

crosslinking reaction.  This would be true only if all of the available crosslinking and polymer 

end-groups reacted in a system with balanced stoichiometry, thus giving r=1, p = 1, and 

feff = 4.  Based on the previous discussions, this is not the case.  However, the minimum value 

of MCL,MM must be Mn because of the end-group crosslinking scheme.  When feff < 4 and for 

balanced stoichiometry, i.e., r = 1, the molecular weight between effective chemical crosslinks 

must be greater than Mn due to chain extension, which is illustrated schematically in Figure 

3.13.  Chain extension occurs when a crosslinker molecule only reacts twice with two unique 
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chains, thus creating a new chain that is twice as long as the initial chain.  The example 

illustrated in Figure 3.13 shows when chain extension results in MCL,MM = 3Mn. 

 

 

Figure 3.13 – Chain Extension shown by the three blue chains that are connected by two 2-functional crosslinkers 

(feff = 2).  This has the effect of extending the molecular weight between elastically effective chemical crosslinking 

junctions to MCL,MM = 3Mn. 

 

One can imagine a network that consists of many chains connected to each other in a 

linear fashion, forming longer linear chains (i.e., “chain extension”), with only a few branching 

sites where 3 or more chains meet.  Queslel and Mark33 describe this situation by saying that 

effective junctions must have “any combination of functionalities f ≥ 2, at least some of which 

have functionalities f > 2.”  Miller and Sarmoria34 describe elastically effective junctions to be 

crosslink sites “from which it is possible to follow at least three independent paths to the 

infinite network.”  However, recently Goff et al.35 demonstrated materials that exhibited 

network-like elasticity formed purely by chain extension using a system that only contained f 

= 2 functionality.  Nevertheless, this concept of “chain extension” relates to the parameter of 

the molecular weight between elastically effective chemical crosslink junctions, MCL,MM.  In 

the Vinyl/TDSS system studied here, there can be many chains where both ends are connected 
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to junctions of feff = 2 resulting in high degrees of chain extension.  This is permissible as long 

as a few junctions have feff > 2. 

 

 

Figure 3.14 – Molecular weight between elastically effective chemical crosslinks, MCL,MM, plotted as a function 

of stoichiometric ratio, r, and sol fraction, wsol, in a) and b), respectively.  MCL,MM  normalized by number-averaged 

molecular weight, Mn, is plotted as a function of stoichiometric ratio, r, and sol fraction, wsol, in c and d, 

respectively. Black arrows in b and d indicate increasing stoichiometric ratios in the counter clockwise direction. 

 

In Figure 3.14, we plot MCL,MM as a function of the stoichiometric ratio, r, and sol 

fraction, wsol, in a and b, respectively, and the quantity of MCL,MM  normalized by Mn as a 

function of r and wsol in c and d, respectively.  At the same optimal r-value for feff and ν 

determined previously, we observe MCL,MM is at a minimum.  However, MCL,MM is always 

greater than Mn, meaning chain extension indeed occurs in all elastomers prepared.  Figure 
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3.14a looks similar to Figure 3.11a except the ordinate appears to be inverted.  This is because 

the molecular weight between elastically effective chemical crosslinks is inversely 

proportional to the density of elastically effective chains.  In other words, for the same initial 

moles of polymer chains of a given molecular weight, as the concentration of elastically 

effective chains, ν, increases, the length of those chains, MCL,MM, must decrease. 

The parameter of MCL,MM /Mn elucidates the degree of chain extension occurring in 

these systems.  On average, based on Figure 3.14c, for most molecular weights at the optimal 

r-value, there are only ~ 2–3 chains between chemical crosslinks junctions of feff ≥ 3, meaning 

at ropt, MCL,MM ≈ 2Mn or 3Mn.  For extremely under-crosslinked samples and those with massive 

excesses of crosslinker, MCL,MM/Mn increases significantly, indicating multiple linear chain 

extensions of elastically effective chains in between network junctions of feff ≥ 3.  It appears 

that for free PDMS chains whose molecular weights are greater than or equal to the critical 

entanglement molecular weight of Mc = 28 kDa,19 the data collapse onto a master curve in 

Figure 3.14c.  From these data, we conclude that for a given stoichiometric ratio, the degree of 

chain extension is constant for polymers having Mn ≥ Mc prior to crosslinking.  Additionally 

chain extension can be reduced by forming networks from polymers initially having Mn < Mc.  

Furthermore the data for 6 kDa in Figure 3.14a indicate that most of the stoichiometric ratios 

used these networks exhibit MCL,MM ≥ 10 kDa, which is near the entanglement molecular weight 

of Me = 12 kDa.18  This means that even if the polymer molecular weight prior to crosslinking 

is less than the entanglement molecular weight, it is still possible for entanglements to occur 

and to become trapped during the gelation process.  More evidence of these trapped 

entanglements in systems made from chains below Me will be discussed in Chapter 5 of this 

dissertation during an analysis of the swelling behavior of these materials. 

For stoichiometric ratios greater than ropt, MCL,MM monotonically increases and is even 

greater than values for under-crosslinked materials at low r-values as seen in Figure 3.14a.  

This means that massive amounts of excess crosslinker cause chain extension to occur more 

frequently than reactions involving limiting amounts of crosslinker.  This observation was 

perplexing to us at first because the under-crosslinked region was initially expected to have 

greater molecular weights between crosslinks.  However, this does makes sense considering 
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that as the ratio of crosslinkers to polymers increases, the amount of sites reacted per 

crosslinker molecule will decrease.  Stated differently, when the crosslinker is the limiting 

reagent, i.e., there are fewer crosslinker groups than polymer groups, the amount of sites 

reacted per crosslinker will be greater, resulting in less chain extension, compared to when the 

polymer is limiting. 

One might suspect that molecular weight between elastically effective chemical 

crosslinks would be directly proportion to the gel or sol fraction, which is a measure of degree 

of gelation.  However, according to Figure 3.14b this is not the case.  Unlike the elastic and 

pendant fractions, which collapsed onto master curves when plotted against gel fraction (cf. 

Figure 3.10), MCL,MM seems to depend more strongly on r and molecular weight of the polymer 

prior to crosslinking.  Even when eliminating the latter factor by normalizing for Mn prior to 

crosslinking, the data still exhibit r-dependence and one must follow the black arrows 

indicating the trajectory of increasing r-values in Figure 3.14b and d.  This demonstrates that 

given 2 networks with the same gel fraction and the same precursor molecular weight, they 

can have different MCL,MM values depending on how each network was prepared.  That is, 

whether the network was prepared with a r < ropt or r > ropt will more strongly dictate MCL,MM 

than just the gel (or sol) fraction of the network alone does.  

While the data do not collapse on a master curve as a function of sol fraction, the 

effective functionality tells a different story.  Upon close examination to Figure 3.14c one may 

recall that it bears a striking resemblance to the effective crosslink functionality, feff, plotted as 

a function of stoichiometric ratio, r (cf. Figure 3.7a), except inverted.  That is, beyond ropt, the 

chain extension is independent of molecular weight prior to crosslinking.  Therefore, it is likely 

that feff plays a very crucial role in determining MCL,MM .  Figure 3.15 depicts such a relationship. 

In Figure 3.15, we plot the molecular weight between elastically effective chemical 

crosslinks, MCL,MM, as a function of the effective crosslinker functionality, feff, and the density 

of elastic chains, ν, in a and b, respectively.  We also plot the quantity of MCL,MM normalized 

by Mn as a function of the same variables in c and d, respectively.  The color-coded and black 

lines are guides to the eye in a and c.  The black arrows in b and d indicate a counter clockwise 

trajectory for increasing stoichiometric ratios.  As expected, greater crosslink junction  
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Figure 3.15 – Molecular weight between elastically effective chemical crosslinks, MCL,MM, plotted as a function 

of the effective crosslinker functionality, feff, and the density of elastic chains, ν in a and b, respectively.  MCL,MM 

normalized by Mn is plotted against the same variables in c and d, respectively.  The colored and black curves are 

guides to the eye in a and c.  The black arrows in b and d indicate counter clockwise directionality for increasing 

stoichiometric ratios. 

 

functionality, feff, results in lower molecular weights between elastically effective chemical 

crosslinks, MCL,MM, due to the diminishing amounts of chain extension.  This direct relationship 

between MCL,MM and feff  (i.e., a relationship that is not cyclic with respect to r like many other 

relationships) is not necessarily obvious based on the equations for determining MCL,MM and 

the C parameter (recall Equations (3.12) and (3.13)).  However, when pausing to think and 

reflect, the molecular weight between elastically effective crosslinks should depend most 

strongly on the amount of sites per crosslinker molecule that have reacted.  This relationship 
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should be more strongly correlated than a relationship between stoichiometric ratio or gel 

fraction with MCL,MM. 

The density of elastically effective chains, ν, is expected to be inversely related to the 

molecular weight between elastically effective chemical crosslinks, which is demonstrated in 

Figure 3.15b.  Generally, as the molecular weight between crosslinking junctions, MCL,MM, 

decreases the concentration of chains, ν, increases.  However, the graph in Figure 3.15b has a 

cyclic nature with respect to r.  As r is increased beyond ropt, greater chain length, MCL,MM, is 

observed for the same density of elastically effective chains, ν, compared to that below ropt.  

Stated differently, for the same molar concentration of chains on the abscissa, one encounters 

two different values of molecular weight between crosslinks of those chains in Figure 3.15b 

and d with the greater MCL,MM  value occurring when r > ropt.  For this to be true, chain extension 

(i.e., feff = 2) would have to occur more frequently than forming crosslink junctions (i.e., 

feff = 3 or 4.) when there is a greater amount of crosslinker molecules present in the system.  

This makes sense because as the ratio of crosslinkers to polymers increase, the amount of sites 

reacted per crosslinker molecule will decrease.   

Now that the parameters related to effective crosslinker functionality, density of 

elastically effective chains, and molecular weights between elastically effective chemical 

crosslinks have been discussed, we revisit the concepts of elastic and pendant fractions.  

Previously, these fractions were analyzed with respect to only the stoichiometric ratio and gel 

fraction.  Here, the elastic, wel, and pendant, wpen, fractions are plotted as a function of effective 

crosslinking functionality, feff, and molecular weight between effective chemical crosslinks, 

MCL,MM, in Figure 3.16.  We observe the cyclic nature of the data again manifesting itself here 

with respect to stoichiometric ratio where different behavior occurs below and above ropt.  

When the elastic fraction is plotted against feff, it increases with increasing feff until some 

maximum value is reached, at ropt.  Then the data loops back and decreases in the counter-

clockwise direction.  This reveals that networks with the same feff can have two different elastic 

and pendant fractions.  The same is true of MCL,MM  as shown in Figure 3.16b and d.  It is 

important to note that the highest elastic fraction does not correlate with the shortest MCL,MM 

for each molecular weight prior to crosslinking  There appears to be an optimal MCL,MM  value 
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for each molecular weight system studied that corresponds to a maximum in elastic fraction.  

Overall, the elastic and pendant fractions depend more strongly on the gel fraction than on feff 

and MCL,MM . 

 

 

 

Figure 3.16 – Elastic (top row) and pendant (bottom row) fractions plotted as a function of effective functionality 

(left column) and molecular weight between elastically effective chemical crosslinks (right column).  The black 

arrows indicate the directionality for increasing stoichiometric ratios.  The black arrows in a and d indicate 

counter-clockwise directionality for increasing stoichiometric ratios while clockwise directionality is shown in b 

and c. 
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Entanglement Trapping Factor 

In the introduction to this chapter we discussed concepts related to entanglements in 

macromolecular systems.  The importance of the critical molecular weight of entanglement, 

Mc, was demonstrated throughout the results and discussion sections in this chapter.  Some of 

the behavior described in the preceding sections could be categorized according molecular 

weights above and below Mc.  Systems having molecular weights below Mc achieved the 

highest effective crosslinker functionality, feff, and elastic fraction, wel, while systems .having 

molecular weights above Mc often overlapped with each other and behaved similarly.  In the 

Introduction to this chapter we discussed the meaning of the entanglement trapping factor, Te.  

Recall that this parameter gives the probability that entanglements, if present, cannot 

disentangle.  This is the difference between temporary and trapped entanglements depicted in 

Figure 3.4.  To elucidate the effects of entanglements, we plot Te as a function of stoichiometric 

ratio and gel fraction in Figure 3.17a and b, respectively. 

 Recall the preceding discussion related to effective crosslinker functionality in Figure 

3.7a and molecular weight between effective chemical crosslink junctions in Figure 3.14c.  

With those parameters, data for systems having molecular weight equal to and above Mc 

seemed to overlap.  A similar situation is apparent when the entanglement trapping factor is 

plotted as a function of stoichiometric ratio, as seen in Figure 3.17a.  For systems above Mc, 

the data tend to collapse onto a master curve and there is very little molecular weight 

dependence.  Remarkably, for the same stoichiometric ratios, the data for molecular weight 

systems below Mc show higher entanglement trapping factors than for those above Mc.  This is 

another indication that just because a system is crosslinked with polymer chains initially below 

Mc, it does not mean that it is impossible to trap entanglements during the crosslinking reaction. 

 When compared to the gel fraction, the entanglement trapping factor shows a nearly 

exponential increase with linear increases in gel fraction until stoichiometric ratios increase 

beyond the optimal level.  This is indicated by the data turning back towards lower gel fractions 

and Te values after previously reaching maxima and is more visible in the lower molecular 

weight systems.  A high gel fraction corresponds to a fully developed network, which will 
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likely have an entanglement trapping factor near 1.  This means that if there are any 

entanglements in the system, they are certain to become trapped and contribute elastically to 

the network properties. 

 

 

Figure 3.17 – Entanglement trapping factor, Te, plotted as a function of stoichiometric ratio, r, in a and as a 

function of gel fraction, wgel, in b. 

 

 Lastly, to investigate the effects of trapped entanglements on elastic and pendant 

fractions we plot Te as a function of those parameters in Figure 3.18a and b, respectively.  From 

these data, we conclude that the entanglement trapping factor is strongly correlated to the 

elastic and pendant fractions.  The entanglement trapping factor exhibits a very strong 

correlation with the elastic fraction.  This is expected because when all of the material is 

elastically effective, there is no pendant material or dangling ends, which would be the only 

source of temporary entanglements after extraction.  Entanglements that occur between 

dangling ends can become disentangled over time.  Such entanglements do not contribute any 

elasticity to the network.  At first, we find it surprising that a maximum in pendant fraction 

does not correspond to a minimum in entanglement trapping factor as shown in Figure 3.18b).  

Recalling the discussion regarding Figure 3.10, however, this is due to the maximum pendant 

fraction occurring for networks that have achieved ~70% gel fraction.  This means that 

although the pendant fraction is high, the elastic fraction is also non-negligible for these 
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samples.  Once the pendant fraction is normalized by the gel fraction, illustrating the proportion 

of the material remaining after extraction that is pendant, the trend becomes more clear, as 

shown is the inset in Figure 3.18c.  Here, the maximum entanglement trapping factor occurs at 

minimum normalized pendant fraction. 

 

 

Figure 3.18 – Entanglement trapping factor, Te, plotted as a function of the elastic fraction wel,in a and the pendant 

fraction, wpen, in b  The inset, c, shows the entanglement trapping factor as a function of pendant fraction 

normalized by elastic fraction. 

 

Conclusions 

In this chapter, we applied the Miller-Macosko model to the Vinyl/TDSS PDMS 

system for 6 different molecular weights of linear PDMS prior to crosslinking.  Two of those 

molecular weights were below the critical entanglement molecular weight, Mc, of 28 kDa (i.e., 

6 and 17 kDa), one was approximately equal to Mc, (i.e., 28 kDa), and 3 were above Mc, (i.e., 

50, 63, and 117 kDa).  Throughout this chapter, we plotted and discussed many relationships 

among molecular network properties to demonstrate correlations.  We observed optimal 

stoichiometric ratios, ropt, that yielded maximum effective crosslinker functionalities, feff, (cf. 

Figure 3.7), maximum density of elastically effective chains, ν, (cf. Figure 3.11), and minimum 

molecular weight between elastically effective chemical crosslinks, MCL,MM (cf. Figure 3.14).  
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In some instances, the molecular weight of the polymer prior to crosslinking played a big role.  

For example, the systems below Mc exhibited the highest effective crosslinker functionality, 

feff, and highest elastic fraction, wel (cf. Figure 3.7 and Figure 3.9, respectively).  Thus, networks 

prepared from these recipes provide means to achieving a greater extent of reaction and 

utilizing all available functional groups per crosslinker molecule. In cases for samples prepared 

from molecular weights greater than Mc, the data collapsed onto a single master curve, such as 

in Figure 3.7a, Figure 3.9a, and Figure 3.14c, which demonstrated the influence of 

stoichiometric ratio, r, on effective crosslinker functionality, feff, elastic fraction, wel, and 

normalized molecular weight between elastically effective chemical crosslinks, MCL,MM/Mn.  

In contrast, we noted several relationships that did not seem to exhibit any dependence 

on molecular weight or stoichiometric ratios, r, and all the data collapsed onto master curves.  

Such examples include the following.  The gel fraction, wgel, seems to influence most 

profoundly the elastic, wel, and pendant, wpen, fractions (cf. Figure 3.10) while the elastic 

fraction, wel,  most strongly influences the entanglement trapping factor, Te (cf. Figure 3.18a).  

In both of these plots, there is no clear dependence on molecular weight or stoichiometric 

ratios.  The effective crosslinking functionality, feff, seemed to most strongly influence the 

density of elastically effective chains ν (cf. Figure 3.12) and the molecular weight between 

elastically effective chemical crosslinks, MCL,MM (cf. Figure 3.15).  

Overall, in this chapter, we have demonstrated the power of applying the Miller-

Macosko model, which has facilitated numerous insights to the molecular level architecture 

and topology of PDMS networks.  The advantages of elucidating these topological network 

parameters will be demonstrated in subsequent chapters of this dissertation where they are 

correlated with macroscopic material properties and observations determined from 

independent experiments.  As was discussed in Chapters 1 and 2 of this dissertation, PDMS is 

a material used broadly in many scientific disciplines.  Our hope is that the demonstration of 

this model, which is based on a few easily acquired inputs, will promote it and other models to 

researchers outside of the polymer physics community.  By learning more about topological 

PDMS network properties and using this knowledge to help explain observed phenomena and 
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reach more sound conclusions, we believe that precisely such researchers stand to benefit the 

most though use of this model. 
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CHAPTER 4: Mechanical Properties of Silicone Elastomers 

Introduction 

In the Context of this Dissertation 

In Chapter 2, we discussed the preparation details for making the silicone elastomers 

studied throughout this dissertation.  We completed a thorough analysis of the influence of 

stoichiometric ratio and molecular weight on gel fraction.  Then, in Chapter 3, we used those 

parameters as inputs to gain a deep understanding of the molecular level network topology.  In 

this chapter, we will determine the mechanical properties of the many silicone elastomer 

materials prepared and described hitherto.  Several key topological network parameters 

calculated in Chapter 3 will be used in assessing the mechanical properties of PDMS materials 

in the current chapter. 

Mechanical Properties of Soft Materials 

There is an exciting growing trend of interdisciplinary research occurring at present 

among biologists, chemists, physicists, materials scientists, and chemical and electrical 

engineers.  Such teams have goals of developing soft materials for a variety of applications 

that have ramifications for potentially all human beings.  Figure 4.1 shows the Young’s 

modulus, a measure of how soft or hard a material is, for a variety of biological (blue) and 

engineered (red) materials.  The term “soft” materials refers to those structures that exhibit a 

Young’s modulus less than ~1 GPa, which is roughly the equivalent of tendons found in our 

bodies.  PDMS materials prepared and studied in this dissertation are shown in the green 

region.  

The applications of soft materials range broadly.  Neural system implants in either the 

spinal cord or brain, for example, have the potential to help patients suffering from paralysis 

and/or dementia to regain control of their bodies and minds.2,3  The goal of one of Elon Musks’ 

latest start-ups, Neuralink, is to create neural implants that can augment human intelligence 

and help our species keep pace with the looming age of artificial intelligence.  In addition to  



 

95 

 

Figure 4.1 – Adapted from Rus and Tolley.1  The range of Young’s modulus values for a variety of biological 

(blue) and engineered (red) materials.  The green region corresponds to silicone elastomers prepared and studied 

in this dissertation. 

 

creating synthetic links for the transmission of signals in an artificial neural-like material, soft 

materials have the potential to serve as artificial muscles and actuators in the field of tissue 

engineering.4,5  Artificial muscles can help patients recover from injuries or illnesses, but can 

also be employed to enhance human performance.  Instead of implanting artificial muscles in 

a body, other research has focused on applying the same principles to the advancement of soft 

robotics1 for an entirely new paradigm in what we traditionally conceive of as robots.  To make 

all of the preceding applications possible, materials must be soft and flexible, but also, vitally, 

electronically conductive for sending and receiving signals.  Consequently, research in the area 

of flexible electronics is also rapidly expanding.6,7  PDMS is a promising candidate material in 

all of these applications. 

For those previously mentioned biological applications, one growing area of material 

development is in so-called double network hydrogels, which are very tough, relatively strong 

yet soft materials that contain anywhere from 50%-90% water.8  This work was pioneered by 

Gong and co-workers9 and is still a vibrant field of study.8,10  Hydrogels have the advantage 

that they can be prepared from biocompatible polymers and strongly resemble biological 

materials, since most tissues in our bodies are also some sort of hydrogel.  PDMS polymers 

have also been shown to be biocompatible and have demonstrated promise in the 

aforementioned applications where biocompatibility is a concern. 
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One area where PDMS excels greatly over hydrogels is in microfluidics and “lab on a 

chip” technology due to their resistance to swelling in aqueous and alcoholic solutions and 

relative ease at which micro-scale features can be imparted onto the surface of PDMS 

materials.  This is accomplished through the process of so-called soft lithography, which was 

pioneered by Whitesides and co-workers.11–14 and has led to an outburst in microfluidic 

research.  There is strong potential to create cheap and small devices for a variety of diagnostic 

applications for disease detection, cell-based screening technologies, and single-cell 

research.15,16 

In order for these technical advancements to reach fruition, precise control over the 

mechanical properties of materials is of the utmost importance.  Therefore, in this chapter, we 

present a cookbook of recipes for making model PDMS materials over a wide range of 

mechanical properties.  By utilizing dynamic mechanical analyses, richer information about 

the mechanical performance of these materials is elucidated compared to solely performing 

stress-strain experiments.  In many of our experiments, we compare our model PDMS 

materials to the commercial silicone elastomer, Sylgard 184, to demonstrate the strengths and 

weaknesses of each type of material.  Lastly, in addition to providing recipes or chemical 

formulations that produce materials of a given nature, the correlations between molecular-level 

network topological structure and bulk mechanical properties are illuminated.  These 

relationships offer insights that enable materials for a given application to be designed more 

efficiently as opposed to the “guess-and-check” approach. 

Theoretical Background 

Entropic Origins of Rubber-Like Elasticity 

Theories of polymer rubber-like elasticity have been developing for nearly 8 decades.  

Elasticity arises due to entropy; when chains undergo deformation, they exhibit an entropic 

restoring force similar to a spring that counters the force causing the deformation.  A polymer 

chain has higher entropy when it is in a more globular conformation with many more possible 

confirmation states as opposed to when it is elongated and has fewer possible allowed 



 

97 

conformations.  From a thermodynamic perspective, there is always a balance between entropy 

and enthalpy and the system tends to reach the lowest energy state possible.  This balance is 

encompassed by the Gibbs free energy, ΔG, relationship between the change in enthalpy, ΔH, 

and entropy, ΔS, given by, G = ΔH – TΔS, where T is the temperature.  The Δ refers to a 

change from a reference state.  To minimize the Gibbs free energy, the entropy should be 

maximized, accordingly, chains do not like to be elongated and prefer to be restored to their 

globular configuration.  As a side note, since elasticity arises from entropy, elastomers exhibit 

higher moduli with increased temperature.  That is, they get stronger and tougher at elevated 

temperatures, in contrast to conventional solid materials that become softer when temperature 

is increased since they are being brought closer to their melting points.17 

As discussed in Chapter 3 of this dissertation, an important phenomenon in polymers 

is their ability to entangle and form temporary topological network-like structures.  These 

temporary states exist on time scales that are short enough where elasticity can be observed 

before the chains relax and disentangle.  Experiments to determine the onset of entanglements 

are typically done in shear rheological experiments where oscillatory shear strain is applied to 

polymers of various molecular weights over a range of frequencies.  At high molecular weights 

and high enough frequencies (i.e., short enough time-scales), the modulus ceases to increase 

as frequency continues to increase, resulting in a frequency, ω, independent shear storage 

modulus, G’.  Hence, the plateau modulus, Geq, defines the onset of entanglements. 

An example of the determination of plateau modulus for PDMS was given in Chapter 3 

of this dissertation and is reproduced here in Figure 3.1.  These data have been reproduced 

from Macosko and Benjamin18 and give a plateau modulus value of 0.24±0.02 MPa.  This 

frequency-independent modulus is due to a temporary network-like structure formed solely 

from temporarily trapped entangled chains that do not relax over the time-scale of the 

measurement.17  The shear plateau modulus is related to the entanglement molecular weight, 

Me, according to Equation (4.1). 

 Geq ≈
𝜌𝑅𝑇

𝑀𝑒
  (4.1) 
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Here, ρ is the polymer melt density (0.97 g/cm3 for PDMS), R is the universal gas constant, 

and T is the absolute temperature.  Others have reported the plateau modulus for PDMS to be 

~0.20 MPa, giving an entanglement molecular weight of Me ≈ 12 kDa.17 

 

 

Figure 4.2 – Adapted from Macosko and Benjamin.18  Shear storage modulus, G’, plotted as a function of angular 

frequency, ω, for PDMS weight-average molecular weights of 9.9 × 106, 2.1 × 106, 0.95 × 106, and 0.26 × 106 

g/mol.  The plateau modulus is extrapolated down to zero frequency from the plateau region in the high frequency 

portion of the graph. 

The previous example of shear rheology was for polymer melts, i.e., the polymers were 

not crosslinked, and only exhibited a temporary network-like structure.  Since the network-like 

structure was formed from temporary entanglements, over long enough time-scales (i.e., low 

frequencies), the storage modulus is lower, demonstrating chain relaxation and 

disentanglement of the temporary network-like structure.  This is because entropy increases 

with time and chains have greater entropy when they are not elongated to form temporary 

networks.  Thus, over long time-scales, the free energy of the system is minimized due to 

maximizing entropy as the chains relax from their temporary elongated form of a network-like 

structure.  The same type of shear rheological experiments can also be applied to polymer 

networks to develop theories of rubber-like elasticity.  These theories relate molecular weight 

between crosslinks, which is inversely proportional to the crosslink density, to the material’s 

modulus.  Here, both entanglements and chemical crosslinks contribute to restrictions in chain 

Geq≈ 0.24±0.02 MPa 



 

99 

motion.  Therefore, for fully crosslinked networks, the storage modulus is independent of 

frequency since the chains cannot disentangle over long time-scales.  In other words, the 

highest entropy (and lowest energy) state of the system is greater in crosslinked networks than 

in polymer melts because chains are permanently trapped in those confirmations due to 

chemical crosslinks.  This gives rise to viscoelastic properties of polymer networks.  In the 

next section, we provide a brief background on the two most common theories of rubber-like 

elasticity in polymer networks. 

Affine and Phantom Models 

The affine model for rubber-like elasticity was originally proposed by Kuhn19 and is 

the simplest model that addresses the challenge of predicting bulk elastomeric behavior from 

molecular-level structure.  The primary assumption in this model is that polymer chains and 

crosslink junctions deform relative to the macroscopic strain applied to them.17  This means 

that if a strain of 50% is applied to the sample, the chains and junctions will also be deformed 

by 50% in the direction of strain.  It is as if the crosslink junctions are fixed in space, connected 

to a background object that does not allow them to fluctuate, and when that background object 

is deformed, the junctions deform by relatively the same amount.17  The relationship between 

modulus and molecular weight between crosslinks for the affine model is given by: 17,20  

 𝐺𝐴𝑓𝑓 = 𝜈𝑅𝑇 =
𝜌𝑅𝑇

𝑀𝐴𝑓𝑓
 (4.2) 

Here, the shear modulus as predicted from the affine model, GAff, is directly proportional to the 

density of elastically effective strands, ν (mol/m3) (see Chapter 3 of this dissertation for more 

information on this parameter), and inversely proportional the molecular weight between 

crosslinks predicted from the affine model, MAff.  The density of the polymer is given by ρ, R 

is the universal gas constant, and T is the absolute temperature. 

The obvious limitation of the affine model is that polymers and crosslinkers are 

molecules, and hence, they undergo diffusion, Brownian motion, and thermal fluctuations.  

Restraining the crosslink junctions to be fixed in space, relative to a hypothetical background 

object, consequently limits their motion and creates artificial restraints, resulting in predictions 

of a higher modulus and shorter molecular weight between crosslinks (i.e., a greater crosslink 
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density).  To address the limitation of fixed crosslink junctions, the phantom model was 

developed.  Here, the crosslink junctions are permitted to fluctuate, which results in an overall 

lowering of the free energy since the junctions can move to more favorable energy states upon 

deformation.17  The relationship between modulus and molecular weight between crosslinks 

in the phantom model depends on the densities of both elastically effective chains, ν, and 

junctions, μ (see Chapter 3 of this dissertation for explanations).  Recall from Chapter 3 of this 

dissertation that ν and μ are related to the effective crosslinker functionality, feff, according to 

feff = 2ν/μ.21  Thus, the relationship between modulus and molecular weight between crosslinks 

as determined from the phantom model is given in Equation (4.3).17,22 

 𝐺𝑃ℎ = (𝜈 − 𝜇)𝑅𝑇 = (1 −
2

𝑓𝑒𝑓𝑓
) (

𝜌𝑅𝑇

𝑀𝑃ℎ
)  (4.3) 

In the phantom model, if a perfect tetrafunctional crosslinker is used and it reacts completely, 

i.e., feff = 4, then Equation (4.3) reduces to one half the value of the affine model in Equation 

(4.2). 

 In summary, the affine model is limited due to crosslink junctions being unable to 

fluctuate, making them deform proportionally to the macroscopic deformation.  The phantom 

model relaxes this assumption, permitting crosslink junction fluctuations, and thus enabling 

lower energy states when deformed.  The relationships between the models are summarized in 

the following relationships: 

 𝑓𝑜𝑟 𝑔𝑖𝑣𝑒𝑛 𝑀, 𝐺𝑃ℎ < 𝐺𝐴𝑓𝑓 & 𝑓𝑜𝑟 𝑔𝑖𝑣𝑒𝑛 𝐺, 𝑀𝑃ℎ < 𝑀𝐴𝑓𝑓  (4.4) 

Tensile and Shear Moduli 

In this dissertation, we report tensile storage and loss moduli, E’ and E”, respectively.  

The relationships between shear storage and loss moduli, G’ and G”, respectively, and tensile 

moduli arise from the material’s Poisson’s ratio, νP.  This is a measure of how the sample 

deforms during uniaxial extension wherein the two dimensions perpendicular to the force 

shrink while the dimension parallel to the force grows.  For uniaxial compression, the opposite 

is true; the dimension parallel to the force shrinks while the two dimensions perpendicular to 

the force expand.  For silicone elastomers, the Poisson’s ratio is 0.5.23  This means that the 
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amount of decrease in a dimension perpendicular to the applied force is half the amount of 

increase in the dimension parallel to the applied force.  The relationship between shear and 

tensile moduli for PDMS is given by Equation (4.5):24 

 𝐸 = 2𝐺(1 + 𝜈𝑃) = 3𝐺  (4.5) 

This relationship between shear and tensile module will be used to calculate molecular weight 

between crosslinks in the aforementioned affine and phantom models.  The molecular weights 

between crosslinks predicted from the affine model, MAff, and the phantom model, MPh, are not 

the same as the molecular weight between chemical crosslinks predicted from the Miller-

Macosko model,25 MCL,MM (see Chapter 3 of this dissertation).  Instead, they are both an average 

chain length that results in a sufficient crosslink density to give the equilibrium shear modulus 

observed.  That is, they are hypothetical chain lengths that would result in the observed 

behavior and are independent of the chemistry of the system, except for the functionality of 

crosslinker in the phantom model.  These values will all be compared towards the end of this 

chapter. 

Previous Research on Dynamic Mechanical Properties of PDMS Networks 

 A considerable amount of research has focused on using model PDMS networks to 

study the gelation process via in situ dynamic mechanical experiments monitoring shear 

storage and loss moduli.  Many of these examples were given in the previous chapters of this 

dissertation.  Less work has been done on fully characterizing the dynamic mechanical 

behavior of PDMS networks after the crosslinking reaction has completed.  Langley and 

Ferry26 did early work in the late 1970s analyzing dynamic mechanical responses and used the 

Time-Temperature-Superposition (TTS) principle to elucidate the full viscoelastic response of 

PDMS over wide frequency ranges.  Similar work using TTS was done by Takahashi more 

recently in 2006.27  Other investigations have focused on understanding the influence of 

pendant material, such as dangling ends, on the loss modulus of PDMS networks for the 

development of efficient damping materials.28,29  Additionally, several researchers have 

characterized the dynamic viscoelastic response for PDMS/silica composite materials.30–34 
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 However, to the best of our knowledge, a comprehensive evaluation and comparison 

of model PDMS networks made from both hydrosilylation and hydrolysis/condensation 

crosslinking reactions coupled with a comparison to the commercial Sylgard 184 system has 

not been reported.  Based on the results in previous chapters of this dissertation, we believe the 

differences in gel fraction with respect to molecular weights and stoichiometric ratios between 

the two model systems will reveal different dynamic mechanical responses within these 

materials.  Providing the recipes for creating such materials will be beneficial to the community 

at large. 

Experimental Materials and Methods 

Materials 

In this chapter, the mechanical properties were determined for both the Vinyl/TDSS 

and Silanol/TEOS model PDMS networks, as well as Sylgard 184 materials prepared 

according to the procedure described in Chapter 2 of this dissertation.  The data from 

stoichiometry, molecular weight, and gel fraction are the same as those used in Chapter 2 of 

this dissertation.  To briefly recap, telechelic PDMS polymers of various molecular weights 

and having vinyl and silanol end-group functionalities were crosslinked with two different 

tetrafunctional crosslinker molecules (i.e., each molecule has 4 reactive groups) to form model 

PDMS networks.  For the vinyl system, tetrakis(dimethylsiloxy)silane (TDSS) was the 

crosslinker and cis-dichlorobis(diethyl sulfide)platinum(II) (Pt catalyst) was the catalyst.  For 

the silanol system, tetraethoxysilane (TEOS) was the crosslinker and tin(II) 2-ethylhexanoate 

(Sn catalyst) was the catalyst.  PDMS materials were also made from the Sylgard 184 Silicone 

Elastomer kit (Dow Corning), which contains separate Base (B) and Curing Agents (C) that 

simply need to be mixed together in different mass ratios (i.e., B/C ratio).  The composition of 

both components is reproduced from Chapter 2 of this dissertation in Table 4.1 as a reminder 

of the large fraction of silica particles present, which will greatly influence mechanical 

properties discussed in this chapter. 
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Table 4.1 - Composition of Sylgard 184 (Dow Corning) according to Safety Data Sheets36,37 

Function Component Base Curing Agent 

Polymer Vinyl-terminated PDMS 55-75 % 15-35 % 

Particles Dimethylvinylated and trimethylated silica 30-50 % 10-30 % 

Crosslinker 
Dimethyl, methylhydrogen siloxane 

(PDMS-co-HMS) 
0 % 55-75 % 

Crosslinker Tetramethyl tetravinyl cyclotetrasiloxane 0 % 1-5 % 

Diluent Tetra(trimethylsiloxy) silane < 1.0 % 0 % 

Diluent Xylene 0.5 % 0.19 % 

Diluent Ethylbenzene 0.2 % <0.10 % 

Methods 

Network Preparation 

To prepare each model PDMS network sample, circa 2.5-3.5 g of PDMS were mixed 

well with the catalyst in a polypropylene beaker followed by removal of air bubbles under 

moderate vacuum.  For every gram of vinyl-terminated PDMS in each sample, 8 μL of Pt(II) 

catalyst solution at a concentration of 0.011 g Pt(II) catalyst per mL of toluene were added.  In 

the Silanol/TEOS samples, Sn(II) catalyst was added at a rate of 1% of the total mass of silanol-

terminated PDMS polymer plus crosslinker.  In several instances with particularly high 

concentrations of TEOS, this amount was reduced to 0.25% of the total mass to slow down the 

reaction.  Next, a very precise mass (and volume) of the crosslinker, TDSS (for vinyl-

terminated PDMS) and TEOS (for silanol-terminated PDMS), was added via micropipette over 

a balance to the PDMS/catalyst mixture yielding a specific desired stoichiometric ratio, r, 

defined in Chapter 2 of this dissertation. 

After mixing well and degassing again, the solution was carefully poured into a 

polystyrene or polypropylene Petri dish.  If needed, the Petri dish was degassed one last time.  

The sample in the Petri dish was then covered with a lid and placed on a level surface at room 

temperature exposed to atmospheric pressure for 2-3 h of pre-curing, during which the polymer 

spread evenly throughout the Petri dish, giving a uniform thickness of ~ 0.7–1.5 mm 

(depending on the amount of polymer added to the dish).  Finally, the networks were placed in 
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a 70C oven at atmospheric pressure for 24 h.  Sylgard 184 samples were prepared in the same 

manner as model PDMS except the only ingredients used were the base and curing agent, 

which were added together in varying Base/Curing Agent (B/C) mass ratios.  Soxhlet 

extraction in toluene, a good solvent for PDMS,38 was used to determine the gel (wgel) and sol 

(wsol) fractions of the networks according to the same method described in Chapter 2 of this 

dissertation.  Those data are reproduced in Figure 3.5. 

Background on Dynamic Mechanical Analysis 

We performed a dynamic mechanical analysis of each sample to elucidate the 

materials’ responses on different time scales.  Typical behaviors of purely elastic Hookean 

elastic solids and viscous Newtonian liquids, along with polymers, which exhibit viscoelastic 

behaviors, are shown in Figure 4.3.  The tensile storage modulus, E’, is a measure of how 

elastic- or solid-like the material is, meaning the material obeys Hooke’s law.  That is, the force 

required to deform the material is proportional to the deformation or strain.39  To normalize for 

the area on which the force is acting, stress is used and is defined as the force applied per unit 

area on which it is acting.  Elastomers generally behave as Hookean solids at low strains 

< 10%.  When a force acts on an elastic material, 100% of that force is used to deform the 

material, or induce a strain in the material.  When the force is removed, the material returns 

rapidly back to the original shape, releasing the energy that was stored, thus behaving 

elastically.  The resistance to motion on a molecular level determines how much stress must 

be applied to induce a strain.  For instance, when atoms are arranged on a crystal lattice, the 

atoms have an extremely high resistance to motion due to strong ionic bonding holding them 

in place, and thus, crystals have very high storage moduli.  As seen in Figure 4.3a, there is no 

lag between stress and strain when a sinusoidal force acts to deform an elastic solid.  The phase 

angle, δ, separating a sinusoidal stress from the resultant strain is zero.39 

The tensile loss modulus, E”, provides a measure of how liquid-like the material 

behaves, i.e., the material’s ability to dissipate energy.  This is specific to Newtonian liquids, 

in which the stress is proportional to the strain rate and the strain exhibited by the material lags 

the applied stress due to viscosity.  Liquids have the ability to dissipate forces that act on them 
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because the molecules comprising the liquid are able to flow freely past one another (at least, 

much more so than crystalline solids).  In a solid, the molecules are bound in space and cannot 

flow readily.  The liquid’s viscosity is a measure of the forces required to make molecules flow 

past one another and to absorb and dissipate the force being applied.  Purely viscous materials 

exhibit a perfectly out of phase response between applied stress and induced strain, resulting 

in a phase angle of δ = 90°, as can be seen in Figure 4.3a. 

 

 

Figure 4.3 – Adapted from the RSA-G2 Solids Analyzer Brochure from TA Instruments.40 For elastic materials, 

when oscillatory stress is applied, the strain is perfectly in phase (i.e., the phase angle, δ = 0°) as shown in the left 

plot in a.  In purely viscous materials, the strain lags the stress by a phase angle of δ = 90° (right, a).  In b, polymers 

exhibit viscoelastic behavior, where the lag between stress and strain is somewhere in between the two ideal 

elastic and viscous cases.  The complex modulus, E*, is the vector sum of the storage modulus, E’, and loss 

modulus, E”, which are related to the phase angle according to the equations in the figure.  The phase angle, δ, is 

often reported as the loss tangent, tan(δ), which is defined as the ratio of loss modulus to storage modulus, E”/E’. 
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The phase angle, δ, represents the time delay between applied force per unit of cross-

sectional area (or stress) and observed deformation (or strain) of the material.  When the stress 

and strain are completely in phase, the phase angle will be nearly zero, and thus, tan(δ)=E”/E’, 

will be near zero, indicating solid, elastic-like behavior where energy is stored.  The lower the 

value of tan(δ), the more solid- and elastic-like the material will behave because it has no 

means to dissipate forces, i.e., no viscous component.  When the strain lags the stress by 

δ = 90° (i.e., they are completely out of phase from one another), tan(δ) approaches infinity 

and the material behaves like a liquid. 

 

 

Figure 4.4 – Adapted from the RSA-G2 Solids Analyzer Brochure from TA Instruments.40  Typical plot of storage 

and loss moduli, E’ and E”, respectively for a viscoelastic polymer as a function of frequency of applied strain.  

The inset demonstrates a constant strain amplitude applied at an increasing frequency with over the time of the 

experiment.  The frequencies used in this dissertation were such that the rubbery plateau region of PDMS was 

investigated, which does not correspond to those in this example. 

 

Silicone elastomers, among many polymers above their glass transition temperature, 

Tg, exhibit viscoelastic, i.e., both solid-like and liquid-like, behavior.  The polymers behave 

more like solids for short time scales and more like liquids over long time scales.  A typical 

viscoelastic response of a polymeric material is depicted in Figure 4.4 where the storage (solid 

navy line) and loss (dashed green line) moduli are plotted as a function of frequency of applied 

strain.  The inset shows a schematic demonstrating how a constant amplitude sinusoidal strain 

is applied with increasing frequency over the course of the experiment.  Machine and time 
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limitations prevent one from acquiring the full spectrum of material responses over such a large 

frequency range.  However, by testing the same frequency range over many different 

temperatures, the data can be shifted according to the TTS principle, which yields the full 

frequency material response spectrum. 

In amorphous polymeric elastomers, the polymer chains are free to move, to some 

extent, within the free volume available in the material.  Furthermore, if the temperature is 

above the glass transition temperature, Tg, of the polymer, additional motion of the molecules 

is permissible.  These factors allow the polymer chains to flow somewhat when a force is 

applied, depending on the crosslinking density, and other parameters such as the molecular 

rigidity of the repeat unit.  If the force caused only elastic deformation (i.e., small strain), then 

once the force is removed, the chains will return to their original conformation over a 

characteristic time scale, characterized by the relaxation time, which depends on the liquid-

like properties of the material.  However, if the strain is large enough such that the material is 

stretched beyond the region of elastic deformation, then the material deforms plastically, from 

which it cannot return to its originally shape. 

Dynamic Mechanical Experiments 

An RSA-G2 Solids Analyzer from TA Instruments, commonly referred to as a 

Dynamic Mechanical Thermal Analyzer (DMTA) instrument, was used to determine the 

dynamic mechanical properties of the PDMS network materials.  From each PDMS network 

batch (various stoichiometric ratios for each molecular weight), two extracted samples were 

cut into rectangles (approximately 1 mm thick by 5-8 mm wide by 7-20 mm long) and the 

dimensions of each sample were determined with digital calipers.  Sylgard 184 samples were 

tested pre- and post-extraction.  Using the Tension Fixture attachment, small rectangular pieces 

of extracted PDMS networks were subjected to angular frequency, ω, sweeps from 0.1–100 

rad/s, (ω = 2πf, where f is the frequency in Hz or s-1).  Both the applied strain and the force 

required to induce the strain were monitored as a function of frequency to yield the dynamic 

behavior of the material.  The tests were conducted at room temperature (20±1°C) with a 

constant strain of 1% applied at each frequency value.  All samples were subjected to 
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0.05 - 0.1 N of axial force for ~30 s (until the force stabilized to ±0.005 N) before beginning 

the mechanical experiments to negate human error and differences in sample loading.  The 

tensile storage (E’) and tensile loss (E”) moduli, as well as the loss tangent (tan(δ) = E”/E’) 

were recorded for each sample at each frequency. 

Stress-Strain Experiments 

Sylgard 184 samples were tested on an Instron extensometer to elucidate uniaxial 

stress-strain curves and ultimate material properties.  Ultimate properties refer to ultimate 

tensile stress or strength, which is the maximum measured stress, and ultimate strain, which is 

the strain at which ultimate tensile strength occurs.  For the silicone elastomers tested, these 

two parameters coincide with the stress and strain at rupture.  However, this is not the case for 

all materials since necking and crazing phenomena can occur before rupture.  Neither of these 

was observed on the measured samples.  Dog bone molds ~1.5 mm in depth were machined 

from a Teflon slab for curing the Sylgard 184, which allowed for testing according to the 

ASTM D412 test standard for Vulcanized Rubber and Thermoplastic Elastomers-Tension.41  

The smallest mold from the ASTM D412 standard, Type D, is shown in Figure 4.5 and was 

chosen to reduce material consumption.  All experiments were performed at a strain rate of 5 

mm/min until samples ruptured and three different samples at each B/C ratio were tested.  In a 

typical stress-strain curve, the small strain region (<10%) is due to elastic deformation, i.e., the 

shape of the sample can be recovered upon release of stress.  Increased strain beyond that the 

elastic deformation region results in plastic deformation, where the shape of the sample is 

permanently deformed.  The silicone elastomers tested did not exhibit plastic deformation. 

 

 

Figure 4.5 – ASTM-D412 Type D41 mold for performing tensile stress-strain experiments on silicone elastomers. 

Units are in mm.  Depth of mold is ~1.5 mm. 
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During these uniaxial experiments, a force, F, is applied to stretch the sample.  This 

force acts on the cross-sectional area, A, normal to it, which in the case of the Type D molds, 

corresponds to an initial cross-sectional area, A0, of 1.5×3 = 4.5 mm2.  However, the sample 

deforms during uniaxial extension with the two dimensions perpendicular to the force 

shrinking while the dimension parallel to the force grows.  As previously discussed, the 

Poisson’s ratio for silicone elastomers is 0.5,23 meaning the amount of decrease in dimensions 

perpendicular to the force is half the amount of increase in the dimension parallel to the force.  

This makes the real-time area difficult to measure.  Thus, the true stress, σT = F/A, acting on 

the material, defined as the force (F) per unit cross-sectional area in real-time (A), is also 

difficult to assess.  Instead, the engineering stress, σE = F/A0, is often reported using the force 

(F) per initial cross-sectional area, A0.  Engineering stress is often plotted as a function of 

engineering strain, εE, defined as the change in length divided by the initial length, εE = ΔL/L0.  

The initial length of the sample, L0, is 33 mm for the Type D dog bone mold, and ΔL is the 

change in length at any given time, t, during the experiment, ΔL = L(t) – L0.  The true strain, 

εT, is the sum of all instantaneous engineering strains.  The derivations of the relationships 

between true and engineering values of stress and strain are provided by Khanafer et al.42 and 

the final results are given in Equation (4.6):42 

 σT = 𝜎𝐸(1 + 𝜖𝐸),     𝜖𝑇 = ln(1 + 𝜖𝐸) (4.6) 

The Young’s modulus, or tensile elastic modulus, E, is defined as the slope of the true 

stress-strain curve in the small strain region where the material has only undergone elastic 

deformation.  Young’s modulus is a measure of the force necessary to deform a material to a 

small degree via uniaxial elongation.  Sometimes Young’s modulus is reported from the 

engineering stress-strain curve.  In the small strain regions, there is very little difference 

between true and engineering stress-strain curves (vide infra).  However, it is judicious to 

report the specific types of stress and strain used when determining Young’s modulus.  Since 

stress has units of pressure and strain is unit-less, the Young’s modulus has units of pressure 

according to Equation (4.7): 

 𝐸 = σT/𝜖𝑇 (4.7) 
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For a viscoelastic solid, in the limit of long time scales or low frequencies, the value of tensile 

storage modulus, E’, approaches the value of Young’s modulus, E.17 

Results & Discussion 

Raw data from the dynamic experiments showing mechanical properties as a function 

of angular frequency are provided for Sylgard 184 samples in the Appendix.  All values of 

storage modulus, loss modulus, and loss tangent reported in this chapter are given at angular 

frequencies of ω = 1 rad/s unless otherwise noted.  Additionally, values at ω = 1 rad/s are used 

in any subsequent calculations of properties and parameters that require mechanical properties 

as inputs.  This value was chosen because in most samples the properties within this frequency 

range demonstrate a constant dependence on frequency of applied strain, i.e., the slope in this 

range is constant.  For the model Vinyl/TDSS and Silanol/TEOS systems, all data are reported 

for post-extraction samples.  For Sylgard 184, dynamic mechanical data for pre- and post-

extraction samples are provided while only pre-extraction data are provided for stress-strain 

experiments. 

Model PDMS Systems 

Brief Recap of Gel Fraction 

The gel fraction data for the model PDMS systems are reproduced from Chapter 2 of 

this dissertation and plotted in Figure 3.5 for reference.  While the gel and sol fractions and 

stoichiometric ratio provide parameters from which a great deal of information about the 

networks can be calculated and inferred, the networks are not yet fully characterized.  To gain 

a more comprehensive understanding, the mechanical properties must be measured. 

Stoichiometric Ratio Effects 

Given so many different stoichiometric ratios and molecular weights tested for model 

PDMS, plots directly comparing the systems as a function of frequency would be rather 

crowded.  Instead, in Figure 4.7, the values of E’, E”, and tan(δ) (=E”/E’), at a frequency of 

ω = 1 rad/s are all plotted as a function of the stoichiometric ratio, r, for both vinyl and silanol  
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Figure 4.6 – Gel fraction plotted as a function of stoichiometric ratio, r, for the Vinyl/TDSS system (a) and the 

Silanol/TEOS system (b) for various molecular weights of PDMS prior to crosslinking.  The insets show the 

region zoomed into low stoichiometric ratios. 

 

systems.  We note that in the cases of 6 kDa for both vinyl and silanol systems, dynamic 

measurements of samples at relatively high cross-linker loading were not possible due sample 

limitations.  Strain appeared to be trapped in these samples during curing, which resulted in 

curved, rigid samples from which uniform rectangular prism-shaped samples could not be 

made for testing.  Loss modulus data, and thus tan(δ), were not readily acquired by our 

instrument for highly rigid samples. 

Figure 4.7 provides a summary of the mechanical properties of networks as a function 

of the stoichiometric ratio for the Vinyl/TDSS system in plots a, b, and c and the Silanol/TEOS 

system in plots d, e, and f.  Generally, the data for the Vinyl/TDSS system are more compact, 

i.e., there is less spread in the data with respect to stoichiometric ratio and particularly weak 

molecular weight dependence compared to the Silanol/TEOS system.  The data for storage  

modulus of the Vinyl/TDSS system given in Figure 4.7a show that, initially, very minor 

increases in stoichiometric ratio result in rapid increases in storage modulus until an optimal 

stoichiometric ratio with respect to storage modulus has been reached.  This region of rapid 

increases in storage modulus corresponds to the same under-crosslinked region for gel fraction 

(cf. Figure 3.5a).  As stoichiometric ratio continues to increase, it becomes difficult to  
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distinguish any significant differences in maximum storage modulus values with molecular 

weight and stoichiometric ratio as the data appear to plateau somewhat over a range of 

 

 

Figure 4.7 – Dynamic mechanical properties at an angular frequency of 1 rad/s of model PDMS systems plotted 

as a function of stoichiometric ratios for constant molecular weight series Mechanical properties at an angular 

frequency of ω = 1 rad/s for all model PDMS samples prepared in this investigation are plotted as a function of 

the stoichiometric ratio, r.  Plots a, b, and c show the storage modulus, loss modulus, and the loss tangent, 

respectively, for vinyl-terminated PDMS networks.  Plots d, e, and f show the storage modulus, loss modulus, 

and the loss tangent, respectively, for silanol-terminated PDMS networks. 
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stoichiometric ratios similar to the fully-crosslinked region in gel fraction data (cf. Figure 3.5a).  

However, when zoomed in, minor - but non-negligible - distinctions do become apparent (cf. 

Figure A4.4 in the Appendix).  With yet further increases in stoichiometric ratio, the storage 

modulus begins to decrease in the excess crosslinker region, again mirroring the trend with gel 

fraction (cf. Figure 3.5a). 

The storage modulus data of the Silanol/TEOS system in Figure 4.7d demonstrate more 

significant dependence on molecular weight and stoichiometric ratio.  There are clear 

differences in storage modulus that result from preparing networks from a given molecular 

weight PDMS.  This trend is similar to that in Figure 3.5b wherein greater molecular weights 

require greater stoichiometric ratios to achieve maximum gel fraction.  Here, the 6 kDa sample 

is clearly the molecular weight that yields the greatest storage modulus, similar to the 6 kDa 

samples in the Vinyl/TDSS system.  Other than the 6 kDa data, however, distinction between 

molecular weights is difficult (cf. Figure 4.7a) in the Vinyl/TDSS system.  In contrast, there 

are more noticeable gaps in maximum storage modulus values for each value of molecular 

weight prior to crosslinking.  Further details with respect to molecular weight will be discussed 

in the next section.  The Silanol/TEOS system requires noticeably larger increases in the 

stoichiometric ratio to increase the storage modulus, hence a broadening of the data in Figure 

4.7d with respect to stoichiometric ratio, which is also comparable to the gel fraction 

dependence on stoichiometric ratio (cf. Figure 3.5b).   

In the fully-crosslinked region, there exists a plateau in storage modulus where no 

additional increases in storage modulus are observed with increasing the stoichiometric ratio.  

However, as the data enter the excess crosslinker region, the storage exhibits a significant 

increase instead of continuing to plateau with increasing stoichiometric ratios, as is the case 

for gel fraction.  A dramatic increase in storage modulus occurs with very high crosslinker 

loading for the 18 kDa silanol-terminated PDMS system and a slight upturn is also evident for 

the 50 kDa system.  Thus, there is no optimal stoichiometric ratio with respect to storage 

modulus for the Silanol/TEOS system since storage modulus continuously increases with 

increasing stoichiometric ratio.  This provides evidence that the in situ formation of silica 
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particles discussed previously in Chapter 2 of this dissertation is effecting significantly the 

mechanical properties (vide infra), which is in accordance with previous findings.33,43,44  

In most samples, minima in loss modulus and in tan(δ) are observed at some 

stoichiometric ratio that sometimes, but not always, corresponds with the highest storage 

modulus value observed in the Vinyl/TDSS system.  The 6 kDa silanol PDMS is noteworthy 

due to the minimum in tan(δ) at precisely the stoichiometric balance of r = 1.  However, this 

does not correlate with the highest storage modulus.  Additionally, if more stoichiometric ratios 

were prepared with smaller increments, a more precise value of the minimum could be 

determined.  The loss modulus data for the Vinyl/TDSS system exhibits weak but clear 

dependence on molecular weight, and also, fairly weak dependence on the stoichiometric ratio.  

Minima in loss moduli are observed for the Vinyl/TDSS system, but not as deep of minima 

compared to the Silanol/TEOS system, indicating that the stoichiometric ratio in the 

Silanol/TEOS system more greatly influences the materials’ ability to dissipate energy 

compared to Vinyl/TDSS system.  Furthermore, the minima in tan(δ) are spread out over a 

larger stoichiometric ratio for the Silanol/TEOS system compared to the Vinyl/TDSS system. 

Overall, the Silanol/TEOS system enables one to create PDMS elastomers with a 

broader range of mechanical properties than does the Vinyl/TDSS system and the properties 

of such elastomers depend more strongly on the molecular weight and stoichiometric ratio of 

the elastomer mixture before crosslinking.  The Vinyl/TDSS system is able to make softer 

materials with lower storage moduli while the Silanol/TEOS system can achieve more rigid 

and stronger materials with higher storage moduli.  As will be seen, the Silanol/TEOS system 

can also achieve samples of high strength and flexibility that approach the properties of Sylgard 

184. 

Molecular Weight Effects 

 To more directly investigate the molecular weight influence on mechanical properties, 

the same data from Figure 4.7 are plotted as a function of molecular weight for data series 

consisting of approximately constant stoichiometric ratios in Figure 4.8.  The same phenomena 

described in the discussion of Figure 4.7 are applicable here.  For instance, one immediately 
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notices a weak dependence of storage modulus on molecular weight for fully crosslinked 

Vinyl/TDSS systems, i.e., the slope of the data is very shallow.  Additionally, the data seem to 

 

 

Figure 4.8 – Dynamic mechanical properties at an angular frequency of 1 rad/s of model PDMS systems plotted 

as a function of molecular weight for constant stoichiometric ratio series.  Storage modulus is plotted in a and d, 

loss modulus is plotted in b and e and Tan(δ) is plotted in c and f as a function of molecular weight prior to 

crosslinking for the Vinyl/TDSS system in plots a, b, c and the Silanol/TEOS system in plots d, e, f for various 

stoichiometric ratios.  The legends are the same for plots a, b, and c in the vinyl system and for plots d, e, and f 

in the silanol system.  Samples were extracted prior to testing.  
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fall on a master curve for the loss modulus of the Vinyl/TDSS system, indicating rather weak 

stoichiometric ratio dependence and but modest molecular weight dependence, as evidenced 

by the slightly positive slope.  The same is true for tan(δ) in the Vinyl/TDSS system, albeit 

with a greater dependence on stoichiometric ratio as evidenced by the increased spread in the 

data. 

The Silanol/TEOS system demonstrates strong dependence on stoichiometric ratio, as 

seen by the general lack of crossing of each stoichiometric ratio data series.  For instance, the 

red circles, corresponding to a stoichiometric ratio of r ≈ 1, seem to demonstrate a power-law 

relationship (linear on the log-log scale) between mechanical properties and molecular weight.  

Compared to other stoichiometric ratios, the slopes are roughly similar but the absolute values 

of mechanical properties are shifted.  Generally, it is notably easy to distinguish the trend of 

mechanical properties with molecular weight for each stoichiometric ratio in the Silanol/TEOS 

system while such a distinction is not readily apparent in the Vinyl/TDSS system. 

In the Silanol/TEOS system, the under-crosslinked stoichiometric ratios (dark red, red, 

and orange data sets) tend to yield soft materials with lower storage moduli and higher tan(δ) 

for a given molecular weight.  Generally, storage modulus decreases and loss modulus and 

tan(δ) increase with increasing molecular weight.  The only data series that exhibits peculiar 

behavior is that for a stoichiometric ratio of r = 40, shown as dark gray spheres.  The reason 

the slope is descending for this series as opposed to ascending for all other series in plots of 

loss modulus and tan(δ) is due to a step-change behavior that occurs when some critical mass 

fraction of TEOS is added to the system.  This critical mass fraction is likely independent of 

molecular weight, but occurs at significantly different stoichiometric (i.e., molar) ratios due to 

molecular weight.  For example, a stoichiometric ratio of r = 40 for both the 18 and 50 kDa 

samples corresponds to mass fractions of TEOS equal to 18.5 and 7.5%, respectively (cf. 

Chapter 2 of this dissertation).  Thus, a critical mass fraction of TEOS upon which silica-like 

aggregates form has not yet been reached in the 50 kDa system, which explains the lack of 

upturn in mechanical properties.  A particular stoichiometric ratio of TEOS, different for each 

molecular weight, defines the point when TEOS begins aggregating.  At this point, it becomes 

more practical to monitor amount of TEOS in terms of a mass fraction instead of mole ratio.  
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Unfortunately, this parameter space was not thoroughly explored during this research and only 

the 18 kDa molecular weight has been studied. 

Sylgard 184 Dynamic Mechanical Properties 

The commercial product, Sylgard 184, which contains up to 50 wt% chemically treated 

fumed silica filler particles,36 was investigated at different base/curing agent (B/C) ratios and 

data was gather both before and after performing Soxhlet extraction.  The primary crosslinker 

in Sylgard 184 is a random copolymer consisting of an unknown fraction of methylhydro-

siloxane repeat units with the remaining repeat units being dimethylsiloxane.  This results in 

an unknown crosslinker functionality,37 but one that is likely greater than 4, which is used in 

both model systems.  It is similar to the Vinyl/TDSS system because both crosslinking 

chemical reactions occur via hydrosilylation.  Thus, it displays some similar behavior 

compared to the Vinyl/TDSS system, as will be demonstrated below. 

In Figure 4.9, dynamic mechanical properties at an angular frequency of 1 rad/s are 

plotted as a function of the B/C ratio in plot a and as a function of the sol fraction in plot b.  

Pre- extraction data are shown as filled symbols and solid lines while post-extraction data are 

displayed as open symbols and dashed lines.  Storage (blue) and loss (red) moduli are both 

plotted on the left ordinates while tan(δ) is given on the right ordinates.  An optimal B/C ratio 

of 5:1, which is markedly different than the 10:1 ratio prescribed by the manufacturer, gives 

the highest storage modulus.  However, the prescribed B/C ratio of 10:1 produces the 

maximum loss modulus.  Preparing materials at B/C ratios other than the optimal ratio of 

B/C = 5 results in a lower storage modulus, as is the case when non-optimal stoichiometry is 

used in the Vinyl/TDSS system (vide supra).  From Figure 4.9a, it is evident that the storage 

and loss moduli follow the same trend with respect to stoichiometry.  That is, they both 

generally decrease when deviating from optimal stoichiometry.  Conversely, in the model 

systems, the storage and loss moduli act inversely to each other with respect to stoichiometry 

(i.e., when E’ increases, E” decreases and vice-versa for model PDMS).  The tan(δ), displays 

less regular behavior compared to the storage and loss moduli.  With Sylgard 184, there appears 

to be a plateau in tan(δ) over which small changes in B/C ratio between ~10-20 do not cause  
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Figure 4.9 – Dynamic mechanical properties of Sylgard 184 commercial PDMS at an angular frequency of ω = 

1 rad/s.  In a and b, the storage modulus (blue squares, left ordinates), loss modulus (red circles, left ordinates), 

and tan(δ) (green triangles, right ordinates), prior to (filled symbols, solid lines) and after (open symbols, dashed 

lines) Soxhlet extraction are plotted as a function of the B/C ratio and sol fraction, respectively.  The percent 

change in storage modulus (blue squares), loss modulus (red circles) and loss tangent (green diamonds) is plotted 

as a function of stoichiometric ratio in c and sol fraction in d.  The inset, shows a zoomed in region of d.  The 

percent change in mechanical properties is defined as the quantity of value post-extraction minus the value pre-

extraction divided by the value pre-extraction.  Thus, negative percent changes correspond to smaller values post-

extraction.  The data labels in d correspond to B/C ratios and align vertically with the data in b.  

 

any changes in tan(δ).  However, when the B/C ratio decreases dramatically, tan(δ) decreases 

while at larger B/C values, it increases.  The tan(δ) is a measure of a material’s ability to 

dampen forces acting on it, i.e., a material’s ability to dissipate energy.  The under-crosslinked 

samples at high B/C ratios are gooey materials that freely deform when a force is applied, 

which means they can readily dissipate energy and show very little resistance to applied forces. 

The effect of degree of gelation on Sylgard 184 samples is demonstrated in Figure 4.9b.  

Materials that contain large sol fractions, which correspond to very high B/C ratios and under-
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crosslinked materials, generally exhibit relatively lower values of both the storage and loss 

moduli, compared to those with small sol fractions.  These samples are also accompanied by 

the highest tan(δ) values observed.  As the material becomes fully crosslinked and achieves a 

low sol fraction, the highest storage and loss moduli are achieved.  The mechanical properties 

of Sylgard 184 loop back down as the B/C ratio is decreased below 10, resulting in higher sol 

fractions and lower mechanical properties.  Generally, tan(δ) remains in the range of 

~0.01 – 0.2 for Sylgard 184 regardless of sol fraction, which is 1-2 orders of magnitude greater 

than tan(δ) observed in the model PDMS systems (vide supra).  The relatively high range of 

tan(δ) values coupled with high storage and loss moduli demonstrate the very impressive 

ability of Sylgard 184 to exhibit both high strength and ease of deformability.  The role filler 

particles play in this observation will be discussed later. 

Changes Due to Extraction 

While the plots in Figure 4.9a and b demonstrate similar trends pre- and post-extraction 

for each mechanical property as a function of B/C ratio and sol fraction, to take into account 

the magnitude of the properties being tested, one can examine the percent change before and 

after extraction.  Such data are presented in Figure 4.9c and d.  A discussion and accompanying 

plots related to the absolute change in mechanical properties is given in the Appendix (cf Figure 

A4.3), while only the percent change in properties is discussed here.  In Figure 4.9, the percent 

change of each mechanical property, (storage modulus in blue, loss modulus in red, and tan(δ) 

in green), with respect to its value prior to extraction is plotted as a function of the B/C ratio 

in plot c and as a function of the sol fraction in plot d.  The labels in plot d correspond to B/C 

ratios and the inset shows a zoomed in region for the smallest sol fraction data.  The labels 

align vertically with the data in b. 

Interesting trends emerge from these plots.  First, it is apparent that significant relative 

changes in properties occur when deviating far from the prescribed 10:1 B/C ratio.  In fact, the 

largest changes occur when deviating ~5-fold from the B/C ratio of 10:1, i.e., when B/C ≈ 2 or 

48.  For under-crosslinked samples, i.e., excess polymer and B/C >> 10, the storage and loss 

moduli both undergo very large changes after extraction on the order of 250-350%.  Because 
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both of these properties change with similar orders of magnitude, tan(δ) does not change 

significantly.  On the other hand, when excess crosslinker is present, i.e., B/C << 10, only the 

loss modulus changes in excess of 300% while the storage modulus shows minimal change.  

This results in tan(δ) also changing significantly.  Extraction removes the material not 

chemically bound to or permanently trapped in the network.  Before extraction, the unbound 

material acts like a plasticizer, helping to dissipate forces acting on the material.  Once that 

material is removed, the storage modulus increases.  Taken alone, this would indicate that the 

material becomes more elastic.  However, the loss modulus also shows an increase after 

extraction.  The explanation for this change will be given shortly, but in short, this is due to 

the presence of filler silica particles.  

These changes in mechanical properties before and after extraction cannot be attributed 

to the degree of crosslinking alone.  In examining Figure 4.9d, the sol fraction of the B/C = 2 

sample is ~0.07, which is similar to that of B/C = 17.  This means that despite both systems 

having 7% of material removed during extraction (or, conversely, 93% material remaining in 

the gel), the mechanical properties of the B/C = 2 sample change dramatically pre- vs. post-

extraction while B/C = 17 does not change significantly.  Thus, different types of material must 

be removed during the extraction process to cause such a change.  In the B/C = 17 sample, 

there is a slight excess of polymer, resulting in an under-crosslinked network.  In this scenario 

long polymer chains would be the primary component extracted.  In contrast, the B/C = 2 

sample has an excess of short-chain crosslinkers, thus they would be the majority of material 

removed.  As a result of extracting the short chain crosslinkers, the loss modulus increases 

significantly.  Although one would expect the loss modulus to decrease after extraction of 

oligomers and polymer chains, which are liquid-like and can dissipate energy, this observation 

is due to the presence of fumed silica particles. 

The Role of Filler Particles Influence in Dynamic Mechanical Properties 

When filler particles are present in high enough concentrations i.e., above the 

percolation threshold, they tend to associate into a connected secondary network structure 

within the polymer matrix due to filler-filler interactions.45  This leads to nonlinear 
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viscoelasticity in polymer-filler composite materials where the strain amplitude in the small-

strain region can strongly influence the storage and loss moduli measured, unlike in unfilled 

polymers where there is a linear viscoelastic response in the small-strain region.46  The so-

called Payne effect, first observed by Payne in the early 1960s with carbon black fillers in 

natural rubber,47,48 is the observation of storage modulus decreasing and loss modulus peaking 

at some critical value as strain amplitude is increased from ~10-5 to 10-1%.  The decrease in 

storage modulus and simultaneous maximum in loss modulus was attributed to the breakdown 

of filler particle secondary network structure, or de-agglomeration, which both weakens the 

material and dissipates energy.  The precise reinforcement mechanism of fillers in elastomers 

is still not completely understood and is a topic of ongoing research.  Other competing theories 

are that the filler-polymer interactions play a bigger role because the Payne effect has been 

observed in systems below the percolation threshold.49,50  This bonding and de-bonding, in a 

physical, not covalent, sense between the polymer and filler particle surface can also contribute 

to dissipative mechanisms in composite materials. 

An explanation for the dramatic change in loss modulus in the B/C = 2 sample 

compared to the B/C = 17 sample is due to the filler particles and the type of material removed 

during extraction.  The ability for filler particles to dissipate energy by multiple mechanisms 

likely renders them better suited in dissipating energy than the short-chain crosslinker 

oligomers.  Despite losing the oligomers to extraction, this has the effect of increasing the 

concentration of filler particles remaining in the polymer matrix.  If the particles are more 

efficient at dissipating energy than oligomers, this would explain the increase in loss modulus 

as a result of extraction.  In the B/C = 17 sample, longer PDMS chains are in excess and are 

thus the majority component removed.  Longer chains would be better at dissipating energy 

than shorter oligomers, so by removing them one expects a decrease in loss modulus and 

energy dissipating abilities.  However, removing the long chains also increases the 

concentration of fillers, resulting in no significant increase in loss modulus.  That is, the two 

mechanisms of energy dissipation (i.e., filler-filler and filler-matrix interactions vs. excess 

viscous long chains) both approximately cancel each other out as a result of the extraction 

process. 
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The hypothesis that a greater concentration of filler particles increases loss modulus is 

supported by the trends in Figure 4.7d where both the storage and loss moduli of the 18 kDa 

silanol-terminated PDMS/TEOS system increase as more TEOS, and thus silica aggregates, 

are added.  Increases in storage and loss moduli as a result of increased filler content have been 

observed previously in similar precipitated silica-PDMS composite materials.30  The 

incorporation of silica-like aggregates formed in situ due to excess TEOS results in an 

increased loss modulus over just a pure polymer.  This is directly observed by comparison of 

the 17 and 18 kDa samples (blue data) in the Vinyl/TDSS system vs. the Silanol/TEOS system 

in Figure 4.7b and e.  For stoichiometric ratios of r = 20, both systems exhibit loss moduli at 

1 rad/s equal to ~3.5 kPa.  However, upon additional increases in TEOS, the loss modulus 

rapidly increases for the Silanol/TEOS system, which is not predicted from the trend of the 

lower stoichiometric ratios leading up to r = 20.  This upturn is not likely in the Vinyl/TDSS 

system.   

Slope of Frequency Curves 

In addition to analyzing mechanical properties at a particular frequency, the slopes of 

the mechanical properties vs. frequency curves can reveal useful information.  For the storage 

modulus, slopes of zero with respect to frequency are indicative of fully crosslinked 

networks.51  Thus, such samples have a constant storage modulus value over a wide range of 

frequency.  Slopes greater than zero indicate material that is not fully crosslinked.  At the gel 

point, the storage and loss moduli should have the same slopes with respect to frequency, i.e., 

they are parallel.52,53,51  With additional crosslinking, the slope of the storage modulus 

decreases and approaches zero for a fully crosslinked sample.  It is typical for the loss modulus 

to have a positive slope in the range of ~0.3-0.7 for very soft silicone elastomer materials.54  

Under-crosslinked materials with higher sol fractions exhibit steeper slopes while more fully 

crosslinked materials with lower sol fractions exhibit more shallow slopes.54  Thus, the 

minimum in slope of loss modulus for B/C = 10 corresponds to a near-fully crosslinked 

network.  This is also supported by data plotted in Figure 4.10b wherein the minimum slope 
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of loss modulus occurs at the minimum sol fraction and for B/C = 10, indicating optimal 

crosslinking. 

The slope of the storage modulus generally increases after extraction while the slope 

of loss modulus decreases after extraction, as indicated in Figure 4.10c and d where the blue 

squares represent the slope of the storage modulus are greater than 0 while the red circles 

representing slope of loss modulus are less than zero.  This is in agreement with others who  

 

 

Figure 4.10 - Mechanical properties vs. angular frequency curves were fit with power-law functions according 

to y = Aωb, as shown in Figure A4.2 in the Appendix.  The slopes of the curves, b, are plotted for the storage 

(blue squares) and loss (red circles) moduli pre-extraction (filled symbols, solid lines) and post-extraction (open 

symbols, dashed lines) as a function of stoichiometric ratio and sol fraction in plots a and b, respectively.  The 

legend is the same for a) and b).  In plots c and d, the percent change in the slope as a result of extraction is plotted 

for storage (blue square) and loss (red circle) moduli as a function of B/C ratio and sol fraction, respectively.  The 

legend is the same for plots c and d.  Labels in plots b and d correspond to B/C values. 
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have observed the loss modulus slope decrease after extraction.55  Only minor changes in slope 

of storage modulus occur for most B/C ratios except for the 5-fold excess crosslinker sample 

of B/C = 2.  Similar to the preceding discussion, this is not simply a matter of removing ~7% 

of the material during the extraction process since the B/C = 17 sample has the same sol 

fraction but does not exhibit dramatic changes.  Instead, as before, it is a matter of what type 

of material is removed during the extraction process.  The removal of the excess crosslinker 

short-chain oligomers leads to strong changes in the magnitude of the loss modulus (cf. Figure 

4.9) and the slopes of the storage and loss moduli (cf. Figure 4.10).  This suggests that removing 

short chains and long chains results in different changes to the material.  

 In this section, Sylgard 184 mechanical properties were studied extensively.  It was 

shown that the storage and loss moduli follow the same trends with respect to stoichiometry 

and sol fraction.  Additionally, the extraction process results in dramatic changes to both the 

magnitude and slope of the loss modulus data for samples made from ~5-fold deviations from 

optimal stoichiometry (i.e., B/C = 2 & 48).  On the other hand, the majority of the B/C ratios 

tested, 5 < B/C < 27, show significant stability to the extraction process, resulting in only minor 

changes in mechanical properties. 

Comparison between Sylgard 184 and Model PDMS Systems 

Now we present direction comparisons between the two model PDMS systems and 

Sylgard 184.  The model PDMS cannot be directly compared to Sylgard 184 in terms of 

stoichiometry since Sylgard 184 is prepared based on a mass ratio of two proprietary mixtures 

and model PDMS networks are prepared based on molar ratios of crosslinker and polymer.  

However, they can be compared based on their extent of crosslinking, as measured by the gel 

and sol fractions. 

Sol Fraction Effects 

The similarities and differences between Sylgard 184, Vinyl/TDSS, and Silanol/TEOS 

PDMS systems are demonstrated in Figure 4.11 where all mechanical properties for extracted 

samples are plotted against the sol fraction of the sample.  The highest storage and lowest loss 
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moduli occur in model systems at the lowest sol fraction, or highest degree of crosslinking.  

Conversely, Sylgard 184 exhibits the highest storage and highest loss moduli simultaneously 

at the lowest sol fraction, thus providing high elasticity and flexibility.  There appear to be two 

regimes wherein the sol fraction influences the mechanical properties of the networks.  For the 

 

 

Figure 4.11 – Plots of storage modulus, loss modulus, and Tan(δ) in plots a, b, and c, respectively, at an angular 

frequency of ω = 1 rad/s for post-extraction samples as a function sol fraction for all model networks and 

Sylgard 184 samples tested. 
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storage modulus, when the sol fraction is greater than ~0.07, E’ decreases.  As sol fraction 

decreases less than ~0.07, E’ changes less significantly, demonstrating only very minor 

increases and almost plateauing, thus showing very little dependence on sol fraction.  The 

exception is with Sylgard 184 and two samples of the 18 kDa Silanol/TEOS (r = 30 & 40) 

system that exhibited sharp upturns in storage modulus in Figure 4.7d.  This is due to the 

presence of filler particles. 

The loss modulus seems to be fairly independent of sol fraction for most samples with 

slight increases in E” occurring with increases in sol fraction.  There is an exception, again, 

with Sylgard 184 and the two model 18 kDa Silanol/TEOS samples, which steadily decrease 

as sol fraction increases.  Additionally, for samples of low molecular weight and low sol 

fractions, the data tend to exhibit downturns showing sharp decreases in loss modulus with 

incremental decreases in sol fraction.  Lastly, Sylgard 184 exhibits different behaviors from 

the model systems with respect to the tan(δ).  The behavior of tan(δ) also follows two regimes 

of influence where it increases with increasing sol fraction for wsol > 0.07 and decreases more 

sharply with decreasing sol fraction for wsol < 0.07.  Broadly, there seems to be a slight 

molecular weight dependence, wherein the violet and blue data (short chains, below the 

entanglement molecular weight of Mc = 28 kDa56) tend to give higher storage moduli and lower 

loss moduli compared to the green, orange and red data, which are of greater molecular weight 

than Mc.  Generally, Sylgard 184 samples (black stars) display higher mechanical properties in 

all three parameters compared to most data from the model systems. 

Mechanical Property Possibilities 

Our discussion of the influence of particles or aggregates in Sylgard 184 and a few 

model Silanol/TEOS samples has been limited thus far.  The most direct demonstration of 

aggregate and particle influences is now presented in Figure 4.12.  Here, to further demonstrate 

the mechanical behavior of all the silicone elastomers tested, tan(δ) is plotted as a function of 

both the storage and loss moduli in Figure 4.12a and b, respectively.  The loss modulus is 

plotted as a function of the storage modulus in Figure 4.12c.  Digital photographs depict the 

117 (top) and 6 kDa (bottom) Vinyl/TDSS samples being bent.  The SEM images show the 18 
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kDa Silanol/TEOS samples for stoichiometric ratios of r = 40 (d) and r = 1.5 (e) 

These plots illustrate vividly the difference between model tetrafunctional crosslinked 

PDMS systems and the commercially available Sylgard 184 that contains filler particles and is 

crosslinked at higher functionality with a random short-chain copolymer.  As the storage 

modulus increases, with model systems, tan(δ) drops nearly two orders of magnitude lower 

 

 

Figure 4.12 – Comparison of all dynamic mechanical properties for samples all model PDMS and Sylgard 184 

samples post-extraction.  Tan(δ), is plotted against the storage modulus in a, and loss modulus in b.  The loss 

modulus is plotted as a function of the storage modulus in c.  Insets show digital photographs demonstrating the 

flexibility of Vinyl/TDSS systems of 117 kDa (top) and 6 kDa (bottom).  SEM images of 18 kDa PDMS from 

the Silanol/TEOS system at stoichiometric ratios of r = 40 and r = 1.5 are shown in d and e, respectively.  All 

mechanical data is taken at an angular frequency of ω = 1 rad/s.  Gray lines are to guide the eye according to all 

model PDMS (i.e., particle-free samples). 
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than Sylgard 184.  Practically, this means that while one can achieve a high storage modulus 

from unfilled PDMS material, especially with the Silanol/TEOS system, it will be very brittle 

and inflexible.  The higher tan(δ) values inherent in Sylgard 184 give it both flexibility and 

high storage modulus, which render it a tough material capable of undergoing large amounts 

of strain without breaking (vide infra).  Similarly, the model PDMS cannot achieve both high 

loss modulus and high tan(δ), unless silica particles are precipitated into the matrix via 

excessively high TEOS loading.  Thus, these data demonstrate a range of possibilities for 

mechanical properties that can be made from model PDMS networks without adding filler 

particles.  This range is depicted by gray lines that guide the eye to match the trends in the 

model PDMS data.  Sylgard 184 pushes out past that range of mechanical property 

possibilities, making it a composite elastomeric material with impressive mechanical 

properties. 

The ability for Sylgard 184 and two Silanol/TEOS samples that formed particles in situ 

to exhibit both high loss and storage moduli indicates their ability to dissipate energy and 

readily deform, albeit with high amounts of stress required due to their high storage modulus.  

This means that particles are excellent energy dissipaters, just as excess long polymer chains 

and pendant material are.  As discussed previously, there are two mechanisms by which 

particles dissipate energy.  One is due to the breakdown of the filler secondary network 

structure, primarily controlled by filler-filler interactions.  The other is due to breakdown of 

physical bonds at polymer-filler interfaces.  Conversely, liquids and rubbery polymers 

dissipate energy by viscous means, i.e., flowing and readily deforming their shape.  Higher 

molecular weight systems exhibit viscous dissipative mechanisms and excess TEOS loading 

results in filler-related mechanisms.  

 In summary, model PDMS materials that contain no particles or aggregates give an 

“either-or” range of material properties.  That is, materials can be either strong and brittle, or 

soft and flexible.  On the contrary, the inclusion of particles and/or aggregates enhances greatly 

material properties by enabling high degrees of deformability coupled with high strength. 
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Network Topology Effects 

One of the major goals of this dissertation is to determine relationships between 

molecular-level architecture of polymer networks (i.e., network topology) and macroscopic 

material properties.  Thus, now that the macroscopic, or bulk, mechanical network properties 

have been demonstrated, the data gleaned from Chapter 3 of this dissertation will be used to 

elucidate structure-property relationships between the molecular and macro scales in these 

materials. 

Molecular Weight between Effective Crosslinks – Affine Model 

One key topological network parameter is the molecular weight between crosslinks, 

which is inversely proportional to the crosslink density of the network.  As discussed in 

Chapter 3 of this dissertation, both trapped entanglements and chemical crosslinks can 

contribute to the elasticity of a network material.  Thus, the mechanical properties measured 

in this chapter will depend on both of those phenomena. 

Young’s tensile modulus, E, is approximately equal to the storage modulus, E’, in the 

limit of ω → 0.17  This is used to approximate the molecular weight between effective 

crosslinks from the affine model, MAff, by applying a Poisson’s ratio for PDMS equal to 0.523 

according to Equation (4.8).17  Recall, the main assumptions in the affine model are that the 

chains and junctions both expand proportionally to the macroscopic deformation and that 

crosslink junctions are fixed in relative to the background.17 

 𝑀𝐴𝑓𝑓 = 3𝜌𝑅𝑇/𝐸′ (4.8) 

The molecular weight between effective crosslinks according to the affine model, MAff, is 

plotted as a function of stoichiometric ratio for the vinyl and silanol systems in Figure 4.13a 

and b, respectively.  These data mirror the data for storage moduli of the same systems (cf. 

Figure 4.7a and d since they are inversely proportional to the storage modulus. The samples 

that exhibit the highest storage moduli also exhibit the lowest molecular weight between 

effective crosslinks.  There is a large decrease in MAff for the 18 kDa, r = 40 Silanol/TEOS 

sample which has the silica-like aggregates.  This suggests that aggregates serve as obstacles 
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Figure 4.13 – Molecular weight between effective crosslinks according to the affine model, MAff, plotted as a 

function of stoichiometric ratio for the Vinyl/TDSS system in plot a and the Silanol/TEOS system in plot b. 

 

that restrain chain motion in a similar manner to entanglements.  Unlike entanglements, 

however, due to the chemical nature of TEOS, the silanol end-groups of PDMS in this system 

can attach covalently to the aggregates.  This would restrain polymer motion to a greater degree 

than entanglements because of the covalent bond, as opposed to entanglements, which can 

slide along the chain. 

Influence of Miller-Macosko Topological Network Parameters 

The results from applying the Miller-Macosko model25,57,58 to the Vinyl/TDSS system 

were useful in gaining a deeper understanding of network topology.  Here they will be related 

to the bulk dynamic mechanical properties.  The derivation57,59 of the Miller-Macosko model 

and equations for topological network parameters are independent of mechanical properties.  

Therefore, comparing those parameters to mechanical properties is a strong way to assess the 

validity of the model and to understand the molecular level topology that results in observed 

bulk dynamic mechanical properties. 

 The storage modulus, loss modulus, and tan(δ) are plotted as a function of the elastic 

fraction in Figure 4.14a, b, and c and as a function of the pendant fraction in Figure 4.14d, e, 

and f, respectively, for the Vinyl/TDSS system after extraction.  The elastic fraction seems to 
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influence directly the storage modulus, as seen by the monotonic increase in storage modulus 

with elastic fraction in Figure 4.14a.  It is not surprising that the material with the highest 

elastic fraction also exhibits the highest storage modulus.  For the most part, as the pendant 

fraction increases, the storage modulus increases except at relatively high pendant fractions.   

 

 

Figure 4.14 – Plots a, b, and c show the storage modulus, loss modulus, and the loss tangent, respectively, as a 

function of the elastic fraction.  Plots d, e, and f show the same properties, respectively, as a function of the 

pendant fraction.  Dynamic mechanical properties are reported at an angular frequency of 1 rad/s for post 

extraction samples. 
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The loss modulus displays weaker dependence on both the elastic and pendant 

fractions.  Generally, the loss modulus decreases with increasing elastic fraction and 

decreasing pendant fraction, but there is greater spread in the data relative to the storage 

modulus.  There appears to be a significant molecular weight dependence between loss 

modulus and elastic and pendant fractions.  That is, lower loss modulus values are observed 

for shorter chains, which correspond to higher elastic and lower pendant fractions.  Greater 

values of loss modulus are apparent with longer chains, which generally have lower elastic and 

greater pendant fractions.  The tan(δ) displays a stronger relationship to the elastic and pendant 

fractions compared to the loss modulus.  Here it is readily apparent that greater elastic fractions 

and smaller pendant fractions results in smaller tan(δ) values, which is in accordance with 

previous results.29   

 Recall from Chapter 3 of this dissertation that elastically effective chains are defined 

as those which connect on both ends to the network whereas pendant chains are those attached 

only at one end to the network, or those that form small loops by attaching both ends to the 

same crosslinker molecule.  The pendant material should be responsible for dissipating energy 

in the system while the elastic material should be responsible for storing energy in the system.  

Chains in the elastic fraction will supply the entropic restoring force when a strain is applied.  

Chains in the pendant fraction have much greater degrees of freedom of motion, since they are 

only covalently attached to the network at one end, which allows them to more readily dissipate 

energy. 

 These same ideas are supported by plotting the mechanical properties as a function of 

the effective crosslinker functionality and the entanglement trapping factor, which is shown in 

Figure 4.15.  Recall from Chapter 3 that effective crosslinker functionality is the average 

number of functional groups per crosslinker molecule that have reacted with elastically 

effective chains.  The entanglement trapping factor, a value between 0 and 1, is a measure of 

how many entanglements, if present, are permanently trapped.  Thus, when the entanglement 

trapping factor is equal to 1, then 100% of entanglements present are trapped.   
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Figure 4.15 – Plots a, b, and c show the storage modulus, loss modulus, and the loss tangent, respectively, as a 

function of effective crosslinker functionality.  Plots d, e, and f show the same properties, respectively, as a 

function of entanglement trapping factor.  Dynamic mechanical properties are reported at an angular frequency 

of 1 rad/s for post extraction samples.  Black curve demonstrates direction of increasing stoichiometric ratio. 

 

In nearly all samples, the maximum effective crosslinker functionality corresponds to 

the maximum storage modulus, as shown in Figure 4.15a).  Furthermore, the maximum storage 

modulus is achieved with the maximum entanglement trapping factor and storage modulus 

shows a monotonic increase with respect to entanglement trapping factor.  All of the 
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mechanical properties exhibit cyclic behavior when plotted as a function of effective 

crosslinker functionality.  This is due to the stoichiometric ratio changing from one that yields 

an under-crosslinked network, to fully-crosslinked, then to one that gives excess crosslinker, 

which is non-optimal.  This means that networks with the same fraction of reacted functional 

groups per crosslinker can exhibit two different mechanical properties, depending on whether 

the stoichiometric ratio is sub- or super-optimal. 

The tan(δ) is low when the entanglement trapping factor is high, as expected.  When 

more entanglements are permanently trapped, those chains cannot relax fully and disentangle, 

resulting in a greater loss of entropy and less ability to dissipate energy (recall Introduction to 

this chapter).  Conversely, when the entanglement trapping factor is low, the materials achieve 

greater damping abilities, which is shown for higher values of tan(δ).  

Now that several relationships between mechanical properties and topological 

properties of elastic and pendant fractions, the effective crosslinker functionality, and the 

entanglement trapping factor, have been established, a common parameter between the two 

methods will be assessed.  From the storage modulus, the affine and phantom models can be 

applied to calculate the molecular weight between effective crosslinks, MAff and MPh, 

respectively.  These values are compared to the molecular weight between chemical crosslinks 

calculated from the Miller-Macosko model in Figure 4.16.   

The values calculated from the affine and phantom models are plotted as a function of 

the value from Miller-Macosko in Figure 4.16a and b, respectively.  In the vast majority of 

samples prepared, the values of molecular weight between crosslinks calculated from the 

Miller-Macosko model are greater than the values determined by either the affine or phantom 

models.  This is due to chain extension that occurred readily in nearly all samples prepared 

(see Chapter 3).  Thus, the values given by Miller-Macosko may be several times greater than 

the original number-averaged molecular weight prior to crosslinking.  This makes it possible 

for samples well below the critical molecular weight of entanglement of 28 kDa56 prior to 

crosslinking to create trapped entanglements during the crosslinking reaction.  That is, values 

below the y = x line in Figure 4.16a and b are due to additional topological constrains other  
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Figure 4.16 – Molecular weights between effective crosslinks as calculated from the affine model, MAff, and from 

the phantom model , MPh, are plotted as a function of the molecular weight between elastically effective chemical 

crosslinks according to the Miller-Macosko model, MCL,MM, in plots a and c, respectively.  The value from the 

Miller-Macosko model is normalized by the affine and phantom values in plots b and d, respectively, and plotted 

as a function of the stoichiometric ratio.  All data shown is for the Vinyl/TDSS system after extraction. 

 

than chemical crosslinks, i.e., trapped entanglements.  The phantom model is shifted lower 

than the affine model due to the effective crosslinker functionality being taken into account.   

Both models show a dependence on the stoichiometric ratio and molecular weight.  

That is, in low molecular weight samples under-crosslinking results in effective molecular 

weight calculated from the affine model to predict a greater value than one caused only by 

elastically effective chemical crosslinks.  The phantom model shows no such cases in the 
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samples tested here.  At high molecular weights, values calculated from the Miller-Macosko 

model are always greater than those calculated from affine and phantom models regardless of 

stoichiometric ratio.  With respect to stoichiometric ratio, a cyclic behavior in r is apparent.  

For each molecular weight prior to crosslinking, the Miller-Macosko value stays constant while 

the affine and phantom values decrease until some minimum is reached, corresponding to the 

optimal stoichiometric ratio that maximizes storage modulus.  From there, additional increases 

in stoichiometric ratio result in roughly constant values in affine and phantom models but 

gradual increases in values calculated from the Miller-Macosko model.  This corresponds to 

the plateau of storage modulus values observed in Figure 4.7a. 

The affine and phantom models predict hypothetical molecular weights between 

crosslinks that would give sufficient crosslink density to achieve the measured modulus value.  

Thus, when values from affine and phantom models are lower than those from Miller-

Macosko, there are effectively multiple shorter chains that comprise one longer chain between 

chemical crosslinks.  These can represent the contribution of entanglements, which is shown 

schematically in Figure 4.17.  Although trapped entanglements do not act exactly the same 

way as chemical crosslinks, the do impart a resistance to motion on the chain that results in 

additional elasticity. 

 

 

Figure 4.17 – Schematic illustrating the different values of molecular weight between crosslinks calculated from 

the affine, MAff, phantom, MPh, and Miller-Macosko, MCL,MM, models.  Chemical crosslink junctions are depicted 

as light blue circles with cyan lines. 
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In Figure 4.16c and d, the molecular weights between crosslinks as calculated from the 

Miller-Macosko model are normalized by the affine and phantom model, respectively, and 

plotted against the stoichiometric ratio.  Here two distinct regimes exist where the normalized 

value on the ordinate increases with a steeper slope until the stoichiometric ratio reaches the 

optimal value associated with the maximum storage modulus, ropt.  Beyond that, additional 

increases in stoichiometric ratio result in more shallow increases in the normalized value.  

Normalizing the Miller-Macosko value by the affine and phantom values reveals how many 

short elastically effective chains there are per chain length between chemical crosslinks, as 

depicted in Figure 4.17.   

The reason for the two regimes of different slopes is due to multiple effects in both the 

mechanical testing and the Miller-Macosko model.  Recall from Chapter 3 of this dissertation, 

initially at low stoichiometric ratios, r < ropt, the value calculated from the Miller-Macosko 

model, MCL,MM, decreased rapidly as a function of r when the networks were still forming and 

there were limiting amounts of crosslinker.  This coincides with the region of rapid increase in 

storage modulus as a function of r given in Figure 4.7a.  Beyond ropt, chain extension occurs, 

which increases more slowly than initially growing a gel when r < ropt.  In the same vain, the 

storage modulus, from which the affine and phantom values are calculated, increases rapidly 

in the sub-optimal stoichiometric ratio regime before plateauing and slowly decreasing for 

stoichiometric ratios greater than the optimal value.  Thus, both systems, i.e., the mechanical 

testing and the Miller-Macosko model, undergo rapid and gradual changes in the same regions 

of stoichiometric ratio, which results in two distinct regions in Figure 4.16c and d.   

 Overall, the trends observed from comparisons between mechanical properties and 

topological network parameters calculated from the Miller-Macosko model are in good 

agreement.  This has revealed the importance of the elastic and pendant fractions and the 

entanglement trapping factor to help design materials of greater strength of damping abilities.  

Additionally, comparison of various methods for determining molecular weight between 

crosslinks provided insights to the relative amount of trapped entanglements occurring in 

between chemical crosslinks. 



 

138 

Stress-Strain Properties of Sylgard 184 

Hitherto, the dynamic mechanical properties of various silicone elastomers were 

determined.  These provided insights to the different types of material responses, such as their 

ability to dampen forces acting on them and dissipate energy.  While helpful in some 

applications such as shock absorbers, in other applications, such as soft robotics, a material’s 

ultimate stress and strain may be necessary information.  In such a situation, knowing how a 

material behaves under large deformations is helpful.  Thus, in the following section, a brief 

overview of stress-strain behavior of 4 different B/C ratios of Sylgard 184 prior to Soxhlet 

extraction is presented. 

The raw data for both engineering and true stress-strain curves are presented Figure 

4.18 for 3 replicates (solid, dashed, and dotted lines) of each B/C ratio (5 in red, 10 in blue, 20 

in green, and 40 in orange).  The insets are zoomed in regions of 10% strain from which the 

slope of the curve reveals the Young’s modulus.  All samples underwent deformation at a 

constant strain rate of 5 mm/min.  Despite some differences from trial to trial for the same B/C 

ratio, some trends can still be elucidated.  The regions of small strain (i.e., < 10%) show fairly  

 

 

Figure 4.18 – Stress-strain responses for pre-extraction Sylgard 184 samples.  In a), the engineering stress-

engineering strain curves for 4 different B/C ratios (5:1 in red, 10:1 in blue, 20:1 in green, and 38:1 in orange) at 

3 trials each (solid, dashed, and dotted lines).  In b) the data have been converted to true stress-true strain curves 

for the same samples. Insets c) and d) show the zoomed in regions of 10% strain, the slopes of which are used to 

determine Young’s modulus.  A strain rate of 5 mm/min was used for all samples. 
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consistent slopes for each B/C ratio.  However, the values of stress and strain at rupture 

demonstrate noticeable variation among trials.  This indicates that more replicates are needed 

to acquire more precise values of ultimate properties. 

Bearing that in mind, an analysis of the stress-strain curves follows.  At first glance, 

the B/C ratios of 5 and 10 behave similarly, with steeper slopes than the B/C = 20, which has 

a steeper slope than B/C = 40.  Additionally, B/C ratios of 5 and 10 require much greater stress 

to induce the same amount of strain compared to the other two ratios.  It requires very little 

stress to strain the B/C = 40 samples, and they can deform to much greater strains than the B/C 

= 5 and 10 samples.  When converting from engineering stress to true stress, the magnitude of 

the values increases significantly.  This is to be expected because the cross-sectional area is 

shrinking as the material is strained.  Therefore, with the same force applied to a smaller area, 

the stress will clearly increase.  The true stress-strain curves display an increase in slope at 

higher strains, whereas in the engineering stress-strain curves the slope is roughly constant 

beyond the initial small strain region.  This increase in slope means that a greater force is 

required to induce a smaller strain compared to the small-strain region of the graph.  This 

phenomenon is termed “strain-hardening” wherein the polymer chains have become 

unentangled and begin to align.  They are reaching the point of brittle failure.  This chain 

alignment can result in strain-induced crystallization, which further increases the resistance to 

strain, resulting in a steeper curve.60  The increase in stress when converted from engineering 

to true coincides with a decrease in strain when doing the same conversion; the true strain 

values also change significantly, revealing true strain at rupture to be less than the engineering 

strain at rupture for nearly all trials. 

The averages and standard deviations of stress and strain at rupture (i.e., the ultimate 

properties) and Young’s modulus were determined from these stress-strain data and are 

presented Figure 4.19.  Here, the values determined from the engineering stress-strain curve 

are given by filled symbols with solid lines while those determined from the true stress-strain 

curve are represented by open symbols and dashed lines.  The inverse relationship between 

ultimate stress and strain is clearly visible.  For low Young’s modulus materials, relatively 

little stress is needed to impart a large strain at rupture, as evidenced by the data for the 
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B/C = 38 sample.  As Young’s modulus increases, a greater amount of stress is required to 

impart strain.  The B/C = 10 and 5 samples exhibit much smaller ultimate strains while 

requiring greater force to cause rupture.  Thus, it is challenging to create materials with both 

high ultimate stress and strain.  Here, it is evident that the prescribed B/C ratio of 10:1 does 

exhibit the strongest material properties, i.e., greatest ultimate stress. 

 

 

Figure 4.19 – Ultimate properties of Sylgard 184 samples.  Ultimate stress (MPa) is shown on the left ordinate 

as blue circles and is plotted as a function of the Young’s modulus as determined from the slope in the small-

strain (< 10%) region.  Ultimate strain is given as red squares on the right ordinate and is also plotted as a function 

of Young’s modulus.  Values of Young’s modulus, ultimate stress, and ultimate strain determined from the 

engineering stress-strain curves are given as filled symbols with connected by dotted lines.  The same values 

determined from the true stress-strain curve are shown as open symbols with dashed lines. 

 

The relationship between the storage modulus, acquired from dynamic mechanical 

experiments, and the Young’s modulus, acquired from stress-strain curves, is the following.  

The storage modulus extrapolated to a frequency of zero (i.e., long times) is approximately 

equal to the Young’s modulus.17  Since the data for Sylgard 184 is roughly independent of 

frequency, the data exist in the rubbery plateau region and have a slope of zero with respect to 

frequency.  Thus, the values at an angular frequency of 1 rad/s are representative of values 

extrapolated to zero frequency.  The values of Young’s modulus determined from the 

engineering and true stress-strain curves, in orange pentagons and green diamonds, 
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respectively, are plotted as a function of the storage modulus for each B/C ratio in Figure 4.20.  

Here it is evident that storage modulus is not the same parameter as Young’s modulus since 

storage modulus is consistently greater than the Young’s modulus.  When using the true stress-

strain curve, the values of Young’s modulus are closer to the values of storage modulus.  

Nevertheless, a linear relationship between the two parameters does exist.  The linear best fit 

equations and corresponding R2 values are given in the figure. 

 

 

Figure 4.20 – Comparison of Young’s modulus from stress-strain experiments and storage modulus from 

dynamic experiments. The Young’s modulus as determined from the engineering and true stress-strain curves are 

shown in orange pentagons and green diamonds, respectively.  Stress-strain tests were performed at a strain rate 

of 5 mm/min.  Dynamic storage modulus values are given at a frequency of ω = 1 rad/s.  All data were acquired 

on samples prior to Soxhlet extraction.  Linear best fit curve equations are given for engineering and true data in 

orange and green, respectively.  The equation for the linear best fit curve for Young’s modulus determined from 

engineering stress-strain is y = 0.723x – 0.046 (orange dashed line), and that for true stress-strain is y = 0.806x – 

0.051 (green dashed line). 

 

 This brief section on stress-strain analysis of Sylgard 184 samples pre-extraction has 

revealed the importance of reported which type of data is being presented, whether true or 

engineering.  Additionally, adjusting the B/C ratio can tune the mechanical properties of 

Sylgard 184 giving it vastly different stress-strain responses. 
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Conclusions 

In this chapter, we presented a cookbook of recipes for making model PDMS materials 

over a wide range of mechanical properties.  By utilizing dynamic mechanical analyses, richer 

information about the mechanical performance of these materials was elucidated compared to 

solely performing stress-strain experiments.  Through comparisons of the model PDMS 

materials to the commercial silicone elastomer, Sylgard 184, it was shown that the effects of 

filler particles serve to increase damping ability and allow for high strength and deformation.  

Such materials made from model PDMS with no silica-like aggregates could not be made 

within this parameter space.  Furthermore, the stress-strain behavior of a few Sylgard 184 

elastomers was presented to identify Young’s modulus and ultimate properties of the material.  

Lastly, the correlations between molecular-level network topological structure and bulk 

mechanical properties were elucidated.  It was shown that the storage modulus depends greatly 

on the elastic fraction, the entanglement trapping factor, and the effective crosslinker 

functionality.  The tan(δ) showed strong correlations with the pendant fraction and 

entanglement trapping factor.  A gauge of how many trapped entanglements may be occurring 

between chemical crosslinks was elucidated by comparison between the Miller-Macosko and 

affine and phantom models for determining molecular weight between crosslinks. Overall, 

these relationships provide insights to more efficiently design materials for a given application. 
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Chapter 4 Appendix 
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Sylgard 184 Data 

Data Interpretation 

A typical example of our analysis is shown in Figure A4.1.  Values of E’, E” and tan(δ) 

are obtained at each frequency and averaged over 3-4 trials to produce mean values and 

standard deviations.  The data are plotted on a log-log scale, which means a linear trend would 

follow a power law function.  Therefore, we have fitted storage and loss moduli data in the 

form of y = Aωb where y can represent either E’ or E”, ω represents angular frequency (rad/s), 

and A and b are fitting parameters.  On the log-log scale, b corresponds to the slope of the best-

fit line and A the y-intercept.  

 

 

Figure A4.1 – Storage (blue squares) and loss (red circles) moduli shown on the left ordinate and tan(δ) (E”/E’, 

green diamonds) on the right ordinate all plotted as a function of angular frequency.  This plot is a representative 

example of data gathered from dynamic mechanical analysis of PDMS samples.  The moduli (E’, E”) are fit with 

a power law function, as shown in the legend.  The exponent value, b, is the slope of the line (black lines) on this 

plot.  
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Raw Data Fitting 

The next figure provides the raw data from Sylgard 184 samples of different B/C ratios 

as a function of angular frequency.  Mechanical properties pre-extraction are given in the left 

column and properties post-extraction are given in the right column.  

 

 

Figure A4.2 – Raw dynamic mechanical data of Sylgard 184 shown for various B/C ratios pre-extraction (left) 

and post-extraction (right). Storage modulus a) and b), loss modulus c) and d), and loss tangent e) and f) are 

plotted as a function of angular frequency. 
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Dynamic Mechanical Properties Pre- and Post-Extraction 

The dynamic mechanical properties of Sylgard 184 were assessed both before and after 

the samples underwent Soxhlet extraction.  The data presented in Figure 4.9a and b show 

similar trends pre- and post-extraction with respect to B/C ratio and sol fraction.  To more 

directly compare changes the extraction process cause, the post-extraction properties 

(ordinates) are plotted as a function of the pre-extraction properties (abscissae) in Figure A4.3.  

Here, data for storage modulus, loss modulus and tan(δ) in given the left middle and right 

columns.  The top row depicts a linear relationship while the bottom row shows the same data 

on a log-log scale.  The data are fit with a linear best-fit line whose equation and R2 value are 

given in each plot.  The tan(δ) were not well fit by a linear best-fit line.  The black solid line 

represents no change in properties due to extraction and is thus the y = x line.  The labels 

correspond to the B/C ratios.   

The data presented with linear scaling can deceive one into believing the changes 

induced by the extraction process are fairly small since there are no dramatic deviations from 

the y = x line for most B/C ratios, with the exception of B/C = 2 in the loss modulus and tan(δ).  

However, typically, mechanical data are plotted on a log-log scale.  Changes between a value 

of e.g., 0.01 and 0.1 would not be visible on a linear scale but readily present themselves on a 

log scale.  Two different scales are used to demonstrate the changes in the high and low ends 

of the data, where smaller values would not be readily visualized on a linear scale.   

The storage modulus is the only property that shows a slight decrease post-extraction 

for certain B/C ratios, particularly B/C = 5 and 27.  All of the other ratios result in seemingly 

minor increases after extraction.  With respect to the storage modulus, most of the data are fit 

well by line, indicating that B/C ratio does not strongly dictate the change in storage modulus 

resulting from the extraction process.  However, this is an artifact caused by the linear scaling.  

In contrast, when the same data are plotted on a log-log scale, shown in the bottom row, the 

large changes at different B/C ratios become apparent. 
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Figure A4.3 – Post-extraction properties (ordinates) plotted as a function of the pre-extraction properties 

(abscissae) for storage modulus, loss modulus, and tan(δ) in the left, middle, and right columns, respectively.  The 

data are plotted on linear scales in the top row and log-log scales in the bottom row.  The data are fit with a linear 

best-fit line whose equation and R2 value are given in each plot.  The black solid line represents no change in 

properties due to extraction and is thus y = x. 

 

When it comes to the loss modulus and tan(δ), the linear-best fit does not capture the 

trend in the data as well.  For the loss modulus, all of the data show an increase in magnitude 

resulting from the extraction process, which is indicated by the best fit line and all data falling 

to the left of the y = x line.  The same is true for tan(δ), but the linear fit does not capture well 
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the observed trend.  It is noteworthy that the B/C = 2 sample results in large deviations from 

the y = x line and the linear best-fit line in both the loss modulus and tan(δ).  This sample has 

a 5-fold excess in crosslinker and thus behaves abnormally.  The extraction process will 

remove the short-chain excess crosslinker, primarily in this sample, as opposed to the excess 

long-chain PDMS in most other samples that are under-crosslinked. 

 

Vinyl/TDSS Data 

The following figure provides a semi-log plot for storage modulus as a function of 

stoichiometric ratio in the Vinyl/TDSS system.  This enables one to distinguish maximum 

values of storage modulus for each molecular weight. 

 

 

Figure A4.4 – Storage modulus at an angular frequency of 1 rad/s plotted against the stoichiometric ratio for the 

Vinyl/TDSS system on a semi-log scale to visualize differences in maximum storage modulus. 
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CHAPTER 5: Dynamic Water Wetting on PDMS Materials Due 

to Uncrosslinked Species 

Introduction 

In the Context of this Dissertation 

In Chapter 2 of this dissertation, we discussed the preparation details for making the 

silicone elastomers studied throughout this dissertation.  We completed a thorough analysis of 

the influence of stoichiometric ratio and molecular weight on gel fraction.  Then, in Chapter 3, 

we used those parameters as inputs to gain a deep understanding of the molecular-level 

network topology by applying the Miller-Macosko model to the Vinyl/TDSS system.  In 

Chapter 4, we analyzed the dynamic mechanical properties of model silicone elastomers and 

Sylgard 184 and additionally studied the stress-strain behavior of Sylgard 184.  We used the 

outputs from the Miller-Macosko model to relate key topological network parameters to 

mechanical properties.  Here, in the last results chapter of this dissertation, we present an 

analysis of the surface wetting properties of silicone elastomers.  We will demonstrate 

relationships between the surface wetting properties and the molecular network composition 

and bulk dynamic mechanical properties. 

Wetting 

On the surface, wettability may seem like a simple phenomenon.  If favorable 

interactions exist between the liquid and the surface, the liquid drop will spread out and wet 

the surface completely such as water on clean glass or metals.  An example of this is shown in 

Figure 5.1a) for water on a clean silicon wafer.  If there are unfavorable interactions, the drop 

will bead up and may roll off the surface, like raindrops on leaves, as seen in Figure 5.1b).  In 

extreme cases, those statements are true.  However, this oversimplification ignores the 

subtleties and complexities that go in to making surface science such a challenging and 

interesting topic.  Surfaces are indeed complicated.  To quote1 the Nobel Prize winner in 

Physics, Wolfgang Pauli, “God made the bulk; surfaces were invented by the devil.”  And as 
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the saying goes, “the devil is in the details.”  Therefore, the details that contribute to making 

surface science so complex and interesting will be investigated in this chapter with regard to 

how water droplets behave on the surfaces of PDMS network materials. 

 

 

Figure 5.1 – a) A water droplet spreads out and fully wets a cleaned, polished silicon wafer.  A defect or dust 

particle is present in the top-right where water does not fully spread.  The bottom horizontal dimension of the 

wafer is about 1 inch.  b) Water droplets beading up and minimally wetting a colocasia leaf, which is 

commonly referred to as an “elephant ear” plant.  The leaves are about 3 feet in length and 1 foot in width.  

Digital photographs were taken by the author of this dissertation. 

 

Surface Energy and Surface Tension 

To explain how water can wet two surfaces so differently, we will introduce the 

concepts of surface energy and surface tension based largely on the excellent descriptions 

given by Jacob Israelachvili in his book Intermolecular and Surface Forces.2  The surface 

wettability by a probing liquid refers to the extent to which the liquid spreads on the surface.  

Water can wet two surfaces differently, as shown in Figure 5.1, because they have different 

surface energies.  Surface energy can be thought of as the price a surface must pay for existing 

and expanding.  It is a positive perturbation in the overall free energy of the system, and 

systems like to minimize their free energy.  In the bulk, there exists a cohesive energy that 

arises from intermolecular forces between like molecules.  A given molecule in the bulk is 

interacting equally in all directions with like molecules surrounding it resulting in a net force 

of zero acting on it, as shown by the bottom two circles in Figure 5.2.  In order to separate like 
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species from each other, a surface must be formed that exposes a portion of the bulk species to 

a vacuum.  The molecules at the surface exposed to the vacuum are no longer surrounded by 

like molecules in all directions, and therefore, the forces acting on them do not cancel out, as 

seen in the top two circles in Figure 5.2.  The positive change in free energy due to creating 

this new area that is exposed to a vacuum (i.e., the penalty or cost of creating it) is the surface 

energy.  For solids, the surface energy typically has SI units of mJ/m2 and is denoted as γS.  For 

liquids, the same concept of surface energy is typically referred to as surface tension, γL, and 

has units of mN/m.  Both terms correspond to the same thermodynamic concept and have the 

same fundamental units. 

 

 

Figure 5.2 – Diagram depicting different forces acting on species in the bulk and near the surface.3 

 

For liquids, which have weaker intermolecular forces than solids, this imbalance of 

forces acting on molecules near the surface results in a net force inward that is strong enough 

to induce curvature at the surface.  Dividing this force by the interfacial area on which it acts 

gives the Laplace pressure, which compresses the molecules inside the droplet.  This is why 

drops are round.  The surface area, and thus surface tension and change in free energy, is 

minimized by forming a sphere. 

Most of the time, surfaces do not appear in a vacuum.  In practice, separating the bulk 

to create a new surface will result in a surface that is exposed to another medium, either a gas, 

liquid, or another solid.  When this occurs, the term used to describe the change in free energy 

to create the surface is called interfacial energy (or interfacial tension) between the two media.  
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For the case of a solid (S) and a liquid (L), this is denoted as γSL.  The Dupré equation describes 

the change in free energy that occurs when creating an interface between two media and is 

given for the example of solids and liquids in Equation (5.1): 

 𝛾𝑆𝐿 = 𝛾𝑆 + 𝛾𝐿 − 𝑊𝑆𝐿 (5.1) 

Here, WSL is the work of adhesion, or free energy change, required to bring the two surfaces 

into contact with one another.  To good approximation, the work of adhesion can be estimated 

from the dispersion forces associated with the two interacting surfaces, according to Equation 

(5.2). 

 𝛾𝑆𝐿 ≈ 𝛾𝑆 + 𝛾𝐿 − 2√𝛾𝑆
𝑑𝛾𝐿

𝑑 (5.2) 

Here, γi
d is the component of surface tension due to dispersion forces for either the solid or 

liquid.  The surface tension of water in air, γwater-air, at room temperature (20°C) is 72.8 mN/m, 

which is relatively high compared to most liquids in large part due to the high polarity and 

large amount of hydrogen bonding associated with water.2  The temperature must be specified 

because surface energy and surface tension depend on intermolecular forces, which change 

with temperature.  The dispersion components are sufficient for this discussion since PDMS 

primarily interacts with its surrounding through dispersion forces. 

Polymer Surface Tension 

 For polymers, the surface tension not only depends on temperature, but also depends 

on molecular weight and chemical end-group functionality.  This is because the end groups of 

the polymer chain are in greater concentration for low molecular weight (LMW) polymers and 

the end groups may interact with the media at the surface differently than the rest of the chain.  

The end groups’ influence on surface tension becomes negligible as their concentration 

decreases for higher molecular weights.  Thus, the surface tension for many polymers (in air) 

often takes the form4 of Equation (5.3) where k is a constant different for each polymer and γ∞ 

is the surface tension at infinite molecular weight. 

 𝛾 = 𝛾∞ − 𝑘/(𝑀𝑛)
2

3  (5.3) 
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In the case of PDMS, the reported values of k and γ∞ vary slightly based on measurement 

technique and method of normalizing data for different collection temperatures.  Kobayashi 

and Owen5 reported k and γ∞ equal to 161 mN/m*(Da2/3) and 20.69 mN/m, respectively, based 

on the pendant drop technique carried out at 25°C.  The pendant drop technique determines 

surface tension of a liquid by fitting the shape of a drop suspended from a needle in air to the 

Young-Laplace equation, which balances gravitational and interfacial forces with capillary 

pressure.6  Legrand and Gaines4 reported k and γ∞ equal to 166 mN/m*(Da2/3) and 21.25 mN/m, 

respectively based on data they compiled from the literature and adjusted to 20°C.  The data 

they reported were collected with a different technique called the du Noüy ring technique.  In 

these experiments, a metal ring (usually platinum) is slowly withdrawn from a liquid surface, 

and the force measured to do so is related to the surface tension of the liquid.7,8  Even after 

accounting for temperature adjustments, it seems that the pendant drop and du Noüy ring 

techniques may give slightly different values for surface tension.  The techniques may be the 

culprit for differences, but another factor is also at play; the presence of lower molecular weight 

(LMW) impurities may skew results.  LMW molecules can diffuse more quickly and have 

lower surface energies.  Thus, they will segregate to the interface.  The surface tension values 

and other useful properties of LMW PDMS linear and cyclic oligomers are reported in Table 

A5.1 of the Appendix.  These molecules will be of importance in later discussions. 

The previous discussion of constants for Equation (5.3) focused only on one type of 

PDMS, one which had trimethyl termini.  Jalbert et al.9 investigated the effects of chemical 

end-group functionality and molecular weight simultaneously by carrying out pendant drop 

experiments at 30°C.  They demonstrated that the surface tension of trimethyl-terminated 

PDMS decreased from ~20.5 to ~15 mN/m with decreasing molecular weights, the surface 

tension of silanol-terminated PDMS remained nearly constant at ~20.2 mN/m regardless of 

molecular weight, and the surface tension of aminopropyl-terminated PDMS increased from ~ 

20.2 to ~22 mN/m with decreasing molecular weight.  This is because trimethyl groups have 

favorable interactions with air, silanol groups apparently have neutral interactions with air, and 

the aminopropyl groups have unfavorable interactions with air.  Jalbert and coworkers also 

concluded that the surface tension does not depend on the molecular weight dispersity.9 
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One may question how the surface tension changes when PDMS is crosslinked and 

transformed from a liquid to a solid.  Crosslinking has the effect of removing the influence of 

end groups and reducing chain mobility.  The composition also changes because crosslinked 

materials contain more than just pure PDMS; they also contain crosslinker.  For a fully 

crosslinked system, Chaudhury and Whitesides10 directly measured the interfacial energy 

between PDMS and air.  They used a different formulation from Dow Corning called Sylgard 

170, which contains both base and curing agent components and filler particles.  However, 

they allowed for particle settlement out of solution and used only the clear, pure polymer layers 

in their experiments.  They determined γPDMS-air to be equal to 21.1  0.2 mN/m, which is in 

very good agreement with the γ∞ values for uncrosslinked PDMS discussed previously.  Thus, 

there is only negligible change in surface energy between high molecular weight (HMW) liquid 

PDMS and fully crosslinked PDMS. 

Contact Angle Measurements 

Young’s Law and Rigid Substrates 

 Now that the concepts of interfacial energy/tension for the two-phase systems of water-

in-air and PDMS-in-air have been separately established, they can be used to quantitatively 

interpret wettability data for the three-phase system of water droplets placed on a PDMS 

substrate in air.  For this system, there exist three different interfacial tensions that, when 

balanced, will reveal the equilibrium contact angle, θ, the water droplet makes with the 

substrate that minimizes the free energy of the system, as shown in Figure 5.3a), which has 

been reproduced from Genzer and Efimenko.11  The three interfacial tensions at play are those 

for the substrate-vapor, γSV, substrate liquid, γSL, and liquid-vapor, γLV.  When the forces are 

balanced in the horizontal direction, one arrives at the well-known Young’s equation given by 

Equation (5.4), which Thomas Young first published in 1805.12 

 cos 𝜃 =
𝛾𝑆𝑉−𝛾𝑆𝐿

𝛾𝐿𝑉
 (5.4) 
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Figure 5.3 – Various wetting states between a liquid droplet and a substrate.  a) Depicts the ideal case with an 

atomically flat substrate.  Surface roughness is depicted in b) where the droplet is in the Wenzel state.  When 

the roughness aspect ratio is increased, the droplet enters the Cassie-Baxter state, shown in c).  This figure is 

reproduced from Genzer and Efimenko.11 

 

This equilibrium relationship that minimizes the Gibbs free energy has several key 

assumptions that make it less applicable in certain situations.  For this equation to hold true, 

the substrate must be an ideal solid surface, i.e., it is atomically smooth, non-deformable, 

chemically homogenous, insoluble in the probing liquid, and non-reactive with the probing 

liquid.  These assumptions are met in certain situations, such as cleaned glass or metal 

substrates, but often, substrates are not atomically smooth.  Surfaces can have roughness on 

the macro or nano scale and the scale of the roughness, in part, dictates how the liquid will wet 

the substrate.  There can also be impurities that cause chemical heterogeneities.  Nevertheless, 

Young’s equation has enjoyed wide use as a reasonable approximation for surface energies of 

various substrates. 

 When a surface contains roughness, the probing liquid may penetrate into the crevasses 

and still fully wet the substrate, resulting in the so-called Wenzel state,13 as in Figure 5.3b.  

However, when the aspect ratio of the roughness features becomes large, and the surface 

tension of the liquid is high enough to maintain the droplet’s shape, the liquid will not 

completely wet the surface, resulting in the Cassie-Baxter regime,14 in Figure 5.3c.  The 

development of nano-engineered surface roughness has led to advancements in creating 

superhydrophobic surfaces by trapping air “pockets” within the voids of the substrate, which 

strongly repels water.15 
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Deformable Substrates 

 One major assumption with the three possible wetting states previously described is 

that the surface is rigid.  For the case of polymeric surfaces, especially soft ones, this does not 

always hold true.  If the substrate is deformable, the topographical features resulting in 

roughness may not withstand the capillary forces of the probing liquid, which will diminish 

their functionality.  Furthermore, for a smooth, flat, deformable substrate, the vertical 

component of the probing liquid surface tension can pull the substrate up at the 3-phase contact 

line.  The so-called wetting ridge height, hwr, of such a deformation has been reported to be on 

the order of hwr ≈ γLVsin(θ)/E, where θ is the contact angle between the liquid and substrate 

and E is Young’s modulus of the substrate.16,17  Thus, the wetting ridge height is proportional 

to a quantity called the elastocapillary length, l = γ/E, where γ and E are the same quantities as 

previously mentioned.  An example of this deformation is given in Figure 5.4c, where the 

variable d is used to describe the wetting ridge height.18 

 

 

Figure 5.4 – Reproduced from Cao and Dobrynin.18  Three different systems are depicted.  In system a), a solid, 

rigid substrate is described well by Young’s law.  For two immiscible liquids, as shown in b), Neumann’s 

triangle accurately describes the system.  For a soft deformable substrate, such as a gel, the system is complex 

and the subject of on-going research. 

 

A high-resolution X-ray microscopy image of this wetting ridge was captured recently for the 

first time by Park et al. in 2014.19  They confirmed experimentally that the height of the 

deformation was indeed on the order of γLVsin(θ)/E, but interestingly, they found that the 

deformation was asymmetric.  
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As depicted in Figure 5.4, the wetting of soft substrates can be described as something 

in the between Young’s Law and Neumann’s triangle.  Neumann’s triangle describes two 

immiscible liquids and is a vector balance of the 3-liquid interfacial tensions, thus taking into 

account forces acting in both the horizontal and vertical directions.20  Instead of a soft substrate 

completely deforming due to the surface tension of the probing liquid, as is the case in the 

Neumann triangle situation, the elastic nature of the soft substrate counteracts the vertical 

component of surface tension, reaching an equilibrium with a certain degree of deformation 

near the 3-phase contact line, i.e., the wetting ridge. 

Understanding the 3-phase contact line in liquid/soft-solid systems has been an area of 

considerable research.  Shanahan and Carré produced significant findings in the 1990s and 

early 2000s related the development of models for the dynamics of drops spreading on soft 

substrates and de-wetting phenomena.17,21–26  More recently, in the 2010s, Style and Dufresne 

have contributed greatly to this field through their analysis of surface stresses and the role they 

play in liquid droplets deforming soft substrates.27–32 

Microfluidics 

Wettability is an important topic due to its relevance in a variety of applications.  This 

chapter specifically focuses on coatings and materials that use PDMS as an integral ingredient.  

PDMS is employed to create superhydrophobic surfaces33 that have contact angles greater than 

150° and are endowed with self-cleaning abilities.34  PDMS-based coatings can also offer 

surfaces anti-biofouling capabilities that either prevent biological moiety adhesion (i.e., anti-

biofouling surfaces),11,35–38 or provide for facile release39,40 of such moieties (i.e., foul-release 

surfaces) due to the inherent low surface energy of PDMS.  Additionally PDMS finds use as 

emulsifying and anti-foaming agents, as sealants and adhesives, and as lubricants for plastics, 

fibers, molds, and metals.  To make all of these applications possible, a sound understanding 

of surface science with PDMS is needed. 

A rapidly growing area of research is in the field of microfluidics or “lab on a chip” 

technology.  George Whitesides and coworkers41–46 played a big role in pioneering the 

fabrication of microfluidic devices from PDMS near the turn of the millennium.  They 
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developed “soft lithography” techniques which enabled the fairly simple creation of micron-

sized surface features on a PDMS matrix.  Specifically, microchannels within a PDMS matrix 

were developed for laminar flow of small liquid volumes.  A crucial step in the fabrication of 

microfluidic devices is the adhesion of two sheets of PDMS, one of which contains the 

micropattern and the other is flat.  To minimize leaking of liquid reagents, a strong seal must 

be made between the two PDMS surfaces.  This is often accomplished by plasma, ultraviolet 

(UV), or ultraviolet/ozone (UV/O3) treating the surfaces of the PDMS.  These types of 

treatment create a thin silica-like layer at the air-interface of the substrate that is terminated 

with “sticky” silanol groups.  Depending on the power of the UV lamp used, this silica-like 

layer will penetrate into the substrate on the order of 5 nm but material up to 60 nm below the 

surface can still be modified somewhat for 60 min exposure times.47  The silica-like layer forms 

due to chain scission and radical formation, which tightly covalently attaches short siloxane 

chains.  These hydroxyl groups have high surface energy due to their polarity and ability to 

hydrogen bond.  When contacted with a similar surface, the two surfaces quickly and strongly 

adhere to each other.  This is further characterized as having an extremely low water contact 

angle, on the order of 10° for exposure times greater than 60 min.47 

Hydrophobic Recovery 

This silica-like layer that forms, however, is not permanent, as surfaces have been 

shown to display increases in water contact angles hours~days after UV/O3, UV or plasma 

treatment.  Consequently, the so-called “hydrophobic recovery” phenomenon exists in treated 

PDMS materials and has been investigated thoroughly by Hillborg and coworkers.48–51  Not 

surprisingly, the dose of the surface treatment (both exposure time and source dosage) 

influences the initial increase in surface energy after treatment (and decrease in contact angle).  

The dose also influences the subsequent duration of the hydrophobic recovery process (i.e., 

increase in contact angle), wherein the surface energy decreases back to the original 

hydrophobic PDMS.   

As discussed in preceding chapters of this dissertation, when not using optimal 

stoichiometry, uncrosslinked molecules remain present in the network.  These will likely 
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contribute to the hydrophobic recovery process.  However, even well extracted samples have 

been shown to exhibit hydrophobic recovery, albeit at slower rates.52  This is for several 

reasons.  First, it is extremely difficult to extract all unbound material within a PDMS network.  

More importantly, however, the surface treatment process itself causes chain scission, which 

creates many LMW siloxanes that are responsible for the hydrophobic recovery.  These LMW 

siloxanes act according to the mechanism depicted in Figure 5.5.  Upon mechanical strain or 

deformation and/or with excess plasma treatment, cracks can form in the silica-like layer, 

permitting easier and faster mobility of LMW siloxanes to the silicone/air interface. 

 

 

Figure 5.5 – Reproduced from Kim, J., Chaudhury, M., and Owen, M. J.52 Schematic illustration of the cross-

sectional section of PDMS after exposed to surface treatment.  

 

In the past 15+ years, interdisciplinary research has taken off between the fields of 

materials science and biology wherein PDMS is used as the material to make microfluidic 

devices44,46 for studying biological phenomena.  Micron-sized features are very relevant in the 

field of biology and can be created using soft lithographic techniques with PDMS.41  

Additionally, PDMS in its macromolecular form, i.e., HMW linear chains, have been found to 

be biocompatible,53,54 with biomedical implants being stable in vivo for up to 25 years.55  In 

microchannel fabrication, quite frequently the commercial material, Sylgard 184 is used rather 

than pure PDMS, due to its commercial availability and to its favorable mechanical properties 

that readily allow for the creation of micro-scale surface features.  The trends in the growing 
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use of Sylgard 184 in both the microfluidic and biological fields are presented in Figure 1.2.  

Note that the two fields are not mutually exclusive. 

 

 

Figure 5.6 – Publications and patents awarded per year that mention “Sylgard 184” (red), “Sylgard 184 and 

Microfluidic” (blue), and “Sylgard 184 and Bio” (green) plotted as a function of year.  Data acquired from 

Google Scholar on April 28, 2017. 

 

As more research involves proteins and cells in microfluidic devices, the surface 

properties of PDMS become of paramount interest.  In such confined volumes, the cells may 

be sensitive to any impurities that could be leaching out of the underlying PDMS substrate, 

particularly small PDMS precursors such as cyclic and linear oligomers mentioned earlier.56  

The cyclic volatile methylsiloxanes (D3, D4), in particular, have been shown to lead to DNA 

damage after 30 weeks of exposure, which could lead to the development of breast cancer.57  

Another challenge is that PDMS may absorb hydrophobic molecules, such as hormones and 

drugs, that are introduced to the cell media, which may skew the dosages and thus, the cell 

responses.54 

 Given the need for using a microfluidic devices composed of well-crosslinked materials 

that do not leach small molecule impurities, we will demonstrate a simple technique for 

qualitatively measuring such leaching phenomena in this chapter.  We have utilized time-
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dependent water contact angle measurements to demonstrate the amount of leaching of 

siloxane molecules that can occur when optimal stoichiometry in crosslinking is not used. 

Chapter Goals 

Based on the previous discussion, the surface science of PDMS materials interfacing 

with water has broad applicability.  In this chapter we present a thorough analysis of the 

dynamic water droplet behavior on PDMS substrates prepared from various molecular weights 

and crosslinking stoichiometries, and the commercial Sylgard 184 material prepared in 

different B/C ratios.  We will discuss relationships between the wetting behavior and such 

variables.  Crucially, we will demonstrate how the Soxhlet extraction process changes the 

dynamic wetting behavior of the system.  That is, the influence of the sol fraction, or 

uncrosslinked material, on the wetting behavior will be elucidated.  Additionally, we will tie 

observed wetting behavior to the contact area over which the drop is interacting with the 

substrate, i.e., the interfacial area between water and PDMS and discover how these two 

parameters are entwined.  The wetting parameters will be compared briefly to the substrate 

mechanical properties to determine what, if any, relationships exist between the bulk and the 

surface.  A brief analysis of the wetting ridge height phenomenon will be addressed at the end 

of this chapter.  This was not a major topic of focus since most of our materials were not soft 

enough to exhibit relatively large (> 1 micron) deformations.  Lastly, we show how to control 

the dynamic spreading behavior by intentionally adding silicone oils of various molecular 

weights to the polymer networks during crosslinking using optimal stoichiometry.  That is, we 

control the amount and type of material present in the sol fraction and monitor its influence on 

the dynamic wetting behavior. 
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Experimental Materials and Methods 

Materials 

Silicone Elastomers 

In this chapter, we are only conducting the dynamic water wetting experiments on 

Vinyl/TDSS model networks and Sylgard 184 samples prepared according to the procedure 

described in Chapter 2 of this dissertation.  Samples from the same batch of materials used in 

the preceding chapters are used in this chapter.  We tested dynamic wetting behavior on 

samples both pre- and post-extraction.  Vinyl-terminated, telechelic PDMS polymers of 

various molecular weights were purchased from Gelest, Inc.  A tetrafunctional crosslinker 

molecule (i.e., one having 4 reactive groups per molecule), tetrakis(dimethylsiloxy)silane 

(TDSS) was also purchased from Gelest, Inc.  A hydrosilylation catalyst, cis-

dichlorobis(diethyl sulfide)platinum(II) (Pt catalyst) was purchased from Sigma-Aldrich.  The 

Sylgard 184 Silicone Elastomer kit was purchased from Dow Corning, and contains separate 

Base (B) and Curing Agents (C) that simply need to be mixed together in different mass ratios 

(i.e., B/C ratio).  All reactants were used without any further purification.   

Benchmark Materials 

We benchmarked our results against polymers that do not exhibit as high of molecular 

mobility as PDMS.  Further, these polymers should not contain LMW species that can leach 

out of them.  We tested two different sheets of Teflon (poly(terfluoroethylene) or PTFE) 

purchased from McMaster-Carr, a poly(ethylene terephthalate) (PET) stand-alone film 

supplied by Eastman Chemical (called PET Mylar), a pure PET film spin-coated on a silicon 

wafer, and polypropylene (PP) and polystyrene (PS) Petri dishes purchased from VWR.  These 

samples were not rinsed with any liquids prior to testing.  Instead, they were sprayed with high-

pressure nitrogen gas to remove any dust or debris prior to testing.  All of these materials have 

glass transition temperatures well above room temperature except polypropylene.  At room 

temperature, PP is amorphous, like PDMS.  However, PP showed no signs of non-linear 
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dynamic wetting behavior, indicating a lack of LMW impurities and significantly less chain 

mobility than the PDMS samples.  The dynamic wetting behavior of these materials is provided 

in Figure A5.1 of the Appendix. 

Methods 

Network Preparation & Gel Fraction Determination 

Samples were prepared according to the procedure described in Chapter 2 of this 

dissertation.  To recap, for each model Vinyl/TDSS PDMS network sample, circa 2.5-3.5 g of 

PDMS were mixed well with the Pt(II) catalyst solution in a polypropylene beaker followed 

by removal of air bubbles under moderate vacuum.  For every gram of vinyl-terminated PDMS 

in each sample, 8 μL of Pt(II) catalyst solution at a concentration of 0.011 g Pt (II) catalyst per 

mL of toluene were added.  Next, a precise mass (and volume) of the crosslinker, TDSS, was 

added via micropipette over a balance to the PDMS/catalyst mixture yielding a specific desired 

stoichiometric ratio, r, defined in Chapter 2 of this dissertation.  

 

Figure 5.7 – Gel fraction as a function of stoichiometric ratio, r, for molecular weights ranging from 6 (violet) 

to 117 (red) kDa in the Vinyl/TDSS system plotted in a.  Gel fraction is plotted against the curing agent/base 

ratio (bottom abscissa) and against the base/curing agent (B/C) ratio (top abscissa) for Sylgard 184 (b). 
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After mixing well and degassing again, the solution was carefully poured into a 

polystyrene or polypropylene Petri dish.  If needed, the Petri dish was degassed one last time.  

The sample in dish was then covered with a lid and placed on a level surface at room 

temperature exposed to atmospheric pressure for 2-3 h of pre-curing, during which the polymer 

spread evenly throughout the Petri dish, giving a uniform thickness of ~ 0.7-1.5 mm 

(depending on how much polymer was added to the dish).  Finally, the networks were placed 

in a 70C oven at atmospheric pressure for 24 h.  Sylgard 184 samples were prepared in the 

same manner as model PDMS except the only ingredients used were the base and curing agent, 

which were added together in varying Base/Curing Agent (B/C) mass ratios.  Soxhlet 

extraction in toluene, a good solvent for PDMS,58 was used to determine the gel (wgel) and sol 

(wsol) fractions of the networks according to the same method described in Chapter 2 of this 

dissertation.  Those data are reproduced in Figure 5.7. 

Contact Angle Experiments 

To elucidate a value of contact angle between water and PDMS networks that is close 

to the true equilibrium value, the sessile drop method was used wherein droplets were placed 

on the surface of PDMS and allowed to settle for a period of 6-8 minutes.  This revealed the 

dynamic behavior of the water/PDMS interface.  The experiments were conducted using a 

goniometer (Model-No. 100-00, Ramé-Hart, Inc. Mountain Lakes, NJ).  First, the samples 

were cleaned with a high pressure stream of nitrogen gas to remove any debris that may have 

settled on the surface.  Samples were not rinsed with any liquid to prevent the removal of any 

unbound molecules.  Next, the samples were placed on the stage and the stage angle was 

adjusted to produce a level interface between PDMS and air.  A droplet was manually 

dispensed by hand to a volume of 6 μL and the needle was lowered such that the droplet was 

just above the PDMS sample.  Then the stage was lifted slightly to bring the water into contact 

with the PDMS, which instantly distorted the droplet shape by pulling it towards the substrate.  

The needle was then rapidly lifted until it was withdrawn from the water droplet.  At this point, 

the software began acquiring images every 20 seconds. 
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In the data shown in this chapter, the contact time, t, refers to the time (min) after the 

needle was withdrawn from the droplet, which occurred very quickly after the droplet 

contacted the substrate.  The experiments were not conducted in a controlled atmosphere, thus 

the droplets did evaporate slightly throughout these experiments.  Benchmark experiments 

were conducted on solid polymer surfaces (PET, Teflon, PP, PS) that underwent the similar 

volume changes due to evaporation.  Despite this slight evaporation, the change in droplet 

volume did not prove to be a factor that influenced the contact angle and droplet shape on 

PDMS samples and the glassy polymers did not display the same behavior with respect to 

change in contact angle.  See Appendix for data regarding non-PDMS substrates. 

Matlab Image Analysis Codes 

Matlab codes were developed for rapid, nearly fully automated image analysis.  This 

ensured consistency across samples and minimized human error in droplet shape analysis and 

contact angle determination.  Two separate codes were developed, one for hydrophobic 

(θ > 90°) and one for hydrophilic (θ < 90°) substrates due to slightly different droplet analysis 

techniques used in each scenario.  The full codes for each are provided in the Appendix.  A 

representative output of the image analysis is given in Figure 5.8.  

 The algorithms used in the code act according to the following protocol.  All images 

were converted from goniometer software output file type of Bitmap (.bmp) to 8-bit TIFF (.tiff) 

using ImageJ software before being read in to Matlab.  The Matlab code first reads in  
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Figure 5.8 – Representative result of droplet image analysis performed with Matlab code.  The raw data is a 

side-view image of the droplet on the surface with a small amount of droplet reflection visible on the surface 

below the droplet.  The code returns the contact time (based on the file naming scheme used in saving images 

from the goniometer) between water and the substrate along with droplet parameters given in the top left of the 

image.  The tick labels on the left and bottom axes in the image represent pixels.  The green horizontal line on 

the needle is the scale factor of pixels to mm.  The green dotted line is the boundary of the droplet as 

determined by a built-in Matlab function.  The red line is the ellipse that has been fitted to the droplet boundary.  

Yellow “x” marks indicate the user-defined 3-phase contact points.  The yellow dashed line connects the two 3-

phase contact points and serves as the diameter of the interfacial circular area between water and the substrate.  

The blue lines indicate the lines tangent to the ellipse at the 3-phase contact points.  The slope of the tangent 

lines is used to calculate the contact angle, θ, which is shown in yellow as the angle between the water-PDMS 

interface and the blue tangent lines.  Full codes are given in the Appendix. 

information from the filename, all of which ended with values in seconds that denoted the 

contact time, t, between the droplet and surface that had elapsed when the image was taken.  

This value is converted to minutes and shown in the top-left corner of the output image.  Next, 

the image is converted to black and white according to a certain gray pixel threshold value.  

For each pixel, a value of 1 is white and a value of 0 is black.  The gray threshold value between 

0 and 1 sets the level above which gray pixels turn white and below which they turn black.  

This threshold can be adjusted as needed according to the lighting and any artifacts in the 

photograph that may interfere with the analysis.  The needle is then found and a scale factor is 

determined to convert pixels to millimeters based on the needle outer diameter of 0.78 mm, 

depicted as a horizontal green line in Figure 5.8.  After that the code scans below the needle to 

find the next black pixel, which is near the top of the droplet.  From there, a built-in boundary 

θ 
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command determines the droplet boundary between black and white pixels shown as a green 

dotted line surrounding the droplet and its reflection in Figure 5.8. 

 

 

Figure 5.9 – Schematic of a water droplet in the shape of an oblate spheroidal cap showing variables used in 

calculating droplet parameters.  The two major radii that are parallel to the substrate are given by a while the 

minor radius that is perpendicular to the substrate is given by b.  The distance between the substrate and the 

major diameter of the drop is given by yd.  The total drop height, hd, is the sum of the minor radius, b, and yd.  

The radius of the circular interfacial area between water and PDMS, referred to as the Base Area, Ab, is given 

by r.  The interfacial area between water and air is referred to as the surface area, As.  

 

Based on the boundary, a rough idea of the shape of the droplet emerges.  Every droplet 

analyzed had an oblate spheroidal shape, as shown in Figure 5.9.  When viewed from above, 

the droplet is circular, but when viewed from the side, it is elliptical with the horizontal 

dimension being greater than the vertical dimension.  That is, in three dimensions, the two radii 

parallel to the substrate (a in Figure 5.9) are the same and the radius perpendicular to the 

substrate (b in Figure 5.9) is smaller than those.  The side-view could be fitted according to the 

equation of an ellipse, given in Equation (5.5). 

 
(𝑥−ℎ)2

𝑎2
+

(𝑦−𝑘)2

𝑏2
= 1 (5.5) 

Here, h and k are horizontal and vertical offsets of the center of the ellipse, respectively.  The 

major and minor radii of the ellipse are a and b, respectively: 
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Next, the approximate major diameter of the ellipse, 2a, is found by determining the 

left-most and right-most black pixels within the boundary, which are the edges of the droplet.  

The code calls a non-linear fitting function that fits the outline of the top half of the droplet to 

the top half an ellipse according to Equation (5.6)  

 𝑦 = 𝑘 − 𝑏√1 −
(𝑥−ℎ)2

𝑎2
 (5.6) 

An initial guess for the major radius, a, comes from half the length between the left and 

right droplet edges.  The initial guess for the minor radius, b, originates from the distance 

between the top of the droplet down to the intersection with the major diameter, 2a.  This 

intersection point is used as the initial guess for the horizontal and vertical offsets of the center 

of the droplet, h and k, respectively.  The result of the ellipse fitting is shown as a red curve in 

Figure 5.8 with two small horizontal red lines showing the left-most and right-most edges of 

the droplet.  Additionally, a measure of the goodness-of-fit of the ellipse function to the droplet 

boundary is given as the ellipse R2 value. 

Now, the only portion of the analysis that is not automated begins.  The code displays 

an image of the droplet on the screen and the user selects a region near the left 3-phase contact 

point to zoom into.  In 3D, this is a 3-phase contact line, but it reduces to a point in the side-

view 2D photograph.  Then the user clicks the pixel most precisely located at the 3-phase 

contact point.  The user then performs the same for the right 3-phase contact point.  These two 

user-selected 3-phase contact points are shown as yellow “x” marks in Figure 5.8 and are 

connected by a yellow dashed line.  This line serves as the diameter, 2r, of the base area, Ab 

(cf. Figure 5.9), defined as the circular interfacial area between the water droplet and the 

substrate, as viewed from above.  If the substrate is tilted, the two 3-phase contact points will 

not be perfectly adjacent to each other.  This is quantified as the substrate angle which is simply 

the slope of the line connecting the two 3-phase contact points.  For all measurements taken, 

the substrate tilt angle was less than 1° and when it was not 0°, it was due only to a  2 pixel 

difference in the vertical direction between the two 3-phase contact points.  Finally, the code 

determines the slope, m, of lines tangent to the ellipse at the points on the ellipse closest to the 

user-selected 3-phase contact points, which are shown as blue lines in Figure 5.8. 
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Using the information acquired hitherto, the code now calculates the important droplet 

parameters of contact angle, θ (degrees), base area, Ab (mm2), droplet volume, V (μL or mm3), 

and droplet surface area As (mm2), defined as the interfacial area between water and air.  These 

values are calculated according to equations (5.7) through (5.13), which are based on an oblate 

spheroidal cap (cf. Figure 5.9).59  The cap refers to the fact that the droplets do not form full 

oblate spheroids because they are cut off at the bottom by the substrate.  If the surface exhibits 

a contact angle >90°, then the oblate spheroid is cut off below the major radii, a, that are 

parallel to the substrate giving a drop height, hd, such that b < hd < 2b (cf. Figure 5.9).  If the 

surface has a contact angle <90°, then the oblate spheroid is cut off above the major radii, a, 

giving a drop height that is less than the minor radius, hd < b.  Thus, the equations for contact 

angle are slightly different for each scenario and are given by the piece-wise defined function 

in equation (5.10).  The user has to make an educated guess as to whether the contact angle is 

less than or greater than 90° and use the appropriate code for that particular droplet image. 

 𝐴𝑏(𝑚𝑚2) = 𝜋𝑟2 (5.7) 

 𝑉(𝜇𝐿) =
𝜋𝑎2ℎ𝑑

2

3𝑏2
(3𝑏 − ℎ𝑑) (5.8) 

 𝑚 = −
𝑏√𝑏2−𝑦𝑑

2

𝑎𝑦𝑑
 (5.9) 

 𝜃(°) = {
(𝜋 − |tan−1 𝑚|)

180

𝜋
, 𝑤ℎ𝑒𝑛 𝜃 > 90° 

|tan−1 𝑚|
180

𝜋
, 𝑤ℎ𝑒𝑛 𝜃 < 90°

 (5.10) 

When dealing with the geometry of an ellipse and other conic shapes, a key parameter 

that defines the shape is called the eccentricity, e.  This is a measure of the shape’s deviation 

from circular.  A circle has eccentricity e = 0.  The values of e for an ellipse lie between 0 and 

1, with a value of 1 indicating a parabola.  The definition of eccentricity in Equation (6.11) is 

strictly valid for an oblate spheroid where the minor, vertical radius, b, is smaller than the 

major, equatorial, a, such that b < a.59 

 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦, 𝑒 = √
𝑎2

𝑏2 − 1 ≥ 0 (5.11) 
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The following term, e1, bears no physical significance and is used simply to reduce the amount 

of terms in Equation (5.12). 

 𝑒1 = 1 −
ℎ𝑑

𝑏
 (5.12) 

The free energy equation for the shape of a droplet on a surface involves a balance of 3 

interfacial energies (or tensions) and the effect of gravity.  Determination of the exact 

equilibrium shape of the droplet requires numerical integration of a nonlinear differential 

equation.59  However, by assuming an oblate spheroid shape, which has proven to be a good 

approximation for 6 μL water drops,59 the surface area, As, of the droplet, or interfacial area 

between liquid and air, can be found by integration to give Equation (5.13).59  For more details, 

refer to the analysis by Lubarda and Talke.59 

 𝐴𝑠(𝑚𝑚2) = 𝜋𝑎𝑏 {
𝑎

𝑏
− 𝑒1√1 + 𝑒2𝑒1

2 +
1

𝑒
[sinh−1(𝑒) − sinh−1(𝑒𝑒1)]} (5.13) 

Results & Discussion 

In this chapter, we present the dynamic water wetting analysis of the Sylgard 184 

system with varying Base/Curing Agent (B/C) ratios and the 5 different molecular weights of 

model Vinyl/TDSS PDMS systems each with various stoichiometric ratios.  Samples were 

studied both before and after Soxhlet extraction, labeled “Pre” and “Post” in the figures that 

follow, respectively.  In the following section, the 28 kDa model PDMS system is displayed 

as a representative sample of the 5 molecular weight model systems.  The data for all other 

molecular weights are found in the Appendix.  This particular model system is compared to 

Sylgard 184.  We take the negative cosine of the contact angle, -cos(θ), to indicate positive 

values with respect to Young’s law when the contact angle is >90°.  This frame of reference 

has been used by others.60 

Droplet Parameters as a Function of Contact Time 

Typical data of model PDMS systems and the Sylgard 184 system acquired from the 

Matlab analysis are shown in Figure 5.10 and Figure 5.11, respectively.  Filled symbols 

represent data pre-extraction while open symbols show data post-extraction.  Here, the 
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negative cosine of the contact angle, -cos(θ) (left ordinates), and base area, Ab, are plotted as a 

function of contact time, t, between the water droplet and the substrate for samples before and 

after extraction (left and right columns, respectively).  The values of contact angle, θ, are given 

on the right ordinates.  The volume, V, and surface area, As, of the droplets for the model 

28 kDa system and the Sylgard 184 system are shown in Figure A5.12 and Figure A5.25, 

respectively.  The stoichiometric ratios for model systems and B/C ratios for Sylgard 184 

change color according to the visible spectrum where red indicates under-crosslinked samples 

with stoichiometry PDMS is in excess and violet indicates samples with excess crosslinker, 

where PDMS is the limiting reactant. 

The contact angle and base area clearly act inversely to each other as a function of 

contact time before the samples have undergone Soxhlet extraction as seen in Figure 5.10a and 

c and Figure 5.11a and c.  This means that as the droplet spreads out and Ab increases, the 

contact angle decreases at a similar rate.  Some of these data sets exhibit exponential behavior 

for very low and very high stoichiometric ratios and B/C ratios.  As the r-values and B/C ratios 

approach an optimal stoichiometry, ropt, and 10:1, respectively, the exponential behavior 

diminishes and the data become more linear.  Relatively long equilibration times occur mostly 

when non-optimal stoichiometry is used and the data follow a more exponential trend.  Such a 

trend is not observed in the benchmark materials (cf. Figure A5.1).  This is due to molecular 

mobility.  When the networks are not crosslinked optimally, the molecules have higher 
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Figure 5.10 – The negative cosine of the contact angle, -cos(θ) (left ordinates), and contact angle, θ (right 

ordinates)  are plotted in the top row (a and b) as a function of contact time, t, between water droplet and PDMS 

substrate pre- (left) and post-extraction (right) for the 28 kDa Vinyl/TDSS system of various stoichiometric 

ratios, r.  The base area, Ab is given in the bottom (c and d). 

 

mobility, which allows for rearrangement and reorientation of surface molecules in an attempt 

to lower interfacial energy.  Additionally, unbound molecules can diffuse to the water/PDMS 

interface to further lower the interfacial energy.  In tightly crosslinked systems, molecular 

mobility is greatly diminished and there are less unbound molecules due to optimally-

crosslinked networks having greater crosslink densities and higher gel fractions, respectively. 

 We note that equilibration times greater than one minute are required for samples with 

non-optimal stoichiometry.  It is not common practice to wait more than one minute when one 

measures static contact angles.  However, samples at near optimal stoichiometry (ropt = 3) in 

the model system equilibrate more quickly.  The Sylgard 184 system seems to be more robust 

than the model system in that linear behavior and consistent equilibrium contact angle values 
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Figure 5.11 – The negative cosine of the contact angle, -cos(θ) (left ordinates), and contact angle, θ (right 

ordinates)  are plotted in the top row (a and b) as a function of contact time, t, between water droplet and PDMS 

substrate pre- (left) and post-extraction (right) for the Sylgard 184 system of various B/C ratios.  The base area, 

Ab is given in the bottom (c and d). 

 

are attained over a wide B/C ratio range.  Only when one deviates from the prescribed 10:1 

B/C ratio by 5-fold, adding ~5x more crosslinker (i.e., B/C ≈ 2) or ~5x less crosslinker (i.e., 

B/C ≈ 50) does exponential behavior with large equilibration times emerge.  In contrast, the 

model system possesses a smaller stoichiometric range within which the equilibrium contact 

angles are consistent and the data behaves linearly.  However, caution should be used when 

making this comparison because the model system is using a molar ratio while Sylgard 184 is 

using a mass ratio.  The two cannot be compared directly.  Still, Sylgard 184 exhibits broad 

linear behavior with respect to its formulation compositions while model PDMS appears to be 

more sensitive to deviations from optimal stoichiometry. 
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In addition to the exponential vs. linear dynamic behavior of water contact angle and 

base area as a function of time, the absolute values of contact angle are striking.  A large 

disparity exists between the equilibrium contact angle values for PDMS networks composed 

of different stoichiometric and B/C ratios before extraction.  The cases when r = 20 and B/C = 

2 particularly stand out as quite unusual.  PDMS is commonly thought of as a hydrophobic 

material and has found use in sealants.  This means it repels water and is characterized as 

having a static contact angle >90°.  It is rather unexpected for PDMS samples to exhibit contact 

angles <90°.  This is likely to due to the chemical composition of the PDMS substrates.  A 

stoichiometric ratio of 20 and B/C ratio of 2 means there is a massive excess of crosslinker.  

PDMS has predominantly silicon-methyl (Si-CH3) functional groups, which are known to be 

very hydrophobic and have even been used to make perfectly hydrophobic surfaces having 

contact angles of 180°.61  Recall that the functional groups on the crosslinkers for both model 

PDMS and Sylgard 184 are silicon-hydride (Si-H).  Hydrogen-terminated silicon wafers (Si-H) 

have been shown to have low water contact angles of 37° and 60° for different crystal lattice 

structures of Si(111) and Si(001), respectively.62  Other researchers63–66 have found contact 

angles for hydrogen-terminated silicon wafers to be in the range of 74°–81°, which although 

higher, are still less than PDMS is expected to be.  It is thus not surprising that the massive 

excess of Si-H functionality in the networks prior to extraction decreases the contact angle of 

PDMS networks substantially.  In summary, we attribute this lower-than-expected equilibrium 

contact angle primarily to chemical composition effects rather than network topology or 

physical properties of the substrate. 

In the case where there is a massive excess of polymer instead of crosslinker, the 

opposite behavior is evident.  Where there is not enough crosslinker, such as r = 1.5 and 

B/C = 48 in the above figures, higher than expected initial contact angles are observed.  The 

droplets still exhibit exponential behavior in terms of their spreading (i.e., base area) and their 

contact angle equilibration.  However, instead of equilibrating at unusually low values, they 

equilibrate at the expected values of PDMS.  The initially high contact angles are unexpected 

and are likely due to the excess of free chains in the loosely crosslinked systems. 
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Until now, we have focused on the samples before extraction and their exponential 

behavior yielding equilibration times on the order of several minutes.  The post-extraction 

samples exhibit very different behavior (cf. Figure 5.10b and d and Figure 5.11b and d).  The 

extraction process, as previously discussed, removes material that is not covalently bound to 

or trapped in the network.  The crosslinkers are small molecules and will readily diffuse out of 

a PDMS network swollen in toluene.  The data post-extraction indicate that the excess 

crosslinkers have, indeed, been removed for several reasons.  First, there is much less evidence 

of exponential behavior in terms of droplet spreading and water contact angle.  Nor is the 

equilibrium contact angle lower than expected for PDMS.  Instead, most samples after 

extraction have nearly the same contact angles that decrease near linearly with time due to 

evaporation.  According to the base area data, the droplets show no spreading whatsoever, 

which strongly indicates that free molecules that were allowing for the droplet to slide or spread 

pre-extraction are no longer present.  In summary, post-extraction samples have a less mobile 

surface on the molecular level compared to pre-extraction samples due to unbound material 

being removed.  This seems to reduce the ease at which droplets spread on the surface.  Instead 

of spreading, the droplets post-extraction appear to be pinned and stay at a fixed base area as 

a function of time, even though slight evaporation occurs and the contact angle slightly 

decreases.  In other words, there is not much the system can do to lower interfacial energy 

between the water and substrate, unlike the pre-extraction systems when mobile molecules 

could migrate and change the interfacial energy. 

Post-Extraction vs. Pre-Extraction Contact Angles 

In the first section of results, the raw data of how contact angle and base area change 

as a function of contact time were presented for samples both before and after extraction.  Then 

the fitting functions corresponding to those time-dependent behaviors were analyzed.  Now the 

post-extracted contact angles are plotted as a function of pre-extraction contact angles for all 

molecular weights in the model PDMS system in Figure 5.12 and for the Sylgard 184 system 

in Figure 5.13.  To view stoichiometric ratios and B/C ratios on an individual basis, see the 
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Appendix.  In these plots, data that fall on the y = x black dashed line means for a given contact 

time, the post-extraction contact angle is equal to the pre-extraction contact angle.   

 

 

Figure 5.12 – Post-extraction contact angle plotted as a function of pre-extraction contact angle for 6, 17, 28, 

63, and 117 kDa model PDMS systems in a) through e), respectively.  The diagonal solid black line represents 

y = x.  Data to the left the y = x line occur when post-extraction contact angle is greater than pre-extraction 

contact angle.  The opposite occurs for data to the right of the y = x line.  Stoichiometric ratio values are given 

by different shapes according to the legend.  The contact time at which each data point was acquired, both pre-

extraction and post-extraction is categorized into 7 different colors according to the visible light spectrum.  

Short times correspond to violet symbols while long times correspond to red symbols. 

 

The data in Figure 5.12 indicate this is a rare occurrence.  Instead, most data lie well to the left 

of the y = x line, meaning the post-extraction values are greater than the pre-extraction values.  

This could be observed qualitatively in Figure 5.10 but is shown in a quantitative fashion here.  
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Regardless of stoichiometric ratio or molecular weight, generally the data tends to go from 

high contact angles at low times (violet) to lower contact angles at high times (red), with a 

general trend downward and to the left.  The farther away from the y = x line, the greater the 

difference in pre-extraction and post-extraction samples.  As molecular weight increases, there 

appears to be less deviations from the y = x line.  While this is true, we note that fewer 

stoichiometric ratios could be tested with the highest molecular weight of 117 kDa.  With 

increasing molecular weight, non-optimally crosslinked samples became highly “gooey” and 

soft and difficult to handle.  Thus, not all stoichiometric ratios could be tested at higher 

r-values.  If they could be tested, one may still observe large deviations from y = x such as 

those seen in the 6 kDa system. 

 

 

Figure 5.13 – Post-extraction contact angle plotted as a function of pre-extraction contact angle for the Sylgard 

184 system.  The diagonal solid black dashed line represents y = x.  Data to the left the y = x line occur when 

post-extraction contact angle is greater than pre-extraction contact angle.  The opposite occurs for data to the 

right of the y = x line.  In plot a), the colors are assigned to B/C ratios while in plot b), the colors change 

according to the contact time.  In b), B/C ratios are given by different shapes according to the legend.  The 

contact time at which each data point was acquired, both pre-extraction and post-extraction is categorized into 8 

different colors according to the visible light spectrum.  Short times correspond to violet symbols while long 

times correspond to red symbols. 

 

 In Figure 5.13, the same type of analysis is performed where post-extraction contact 

angle is plotted as a function of pre-extraction contact angle for the Sylgard 184 system.  Here 
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the data seem to be more compact.  More data lie closer to the y = x line, indicating very little 

changes before and after extraction.  However, when the data do deviate from y = x behavior, 

they deviate greatly.  The sample sets with massive excess amounts of crosslinker and massive 

excess of polymer, B/C = 2 and 48, respectively, show very large deviations.   

Initial and Final Values 

The previous analysis focused on how the droplet parameters change with time.  We 

now turn our attention to studying the differences between initial and final values of droplet 

parameters, which are plotted in Figure 5.14 and Figure 5.15 for model PDMS of all molecular 

weights and Sylgard 184, respectively. The pre-extraction data for initial and final contact 

angle values are blue squares in Figure 5.14.  The data for molecular weights equal to and 

below the critical entanglement molecular weight, Mc, in the left column of Figure 5.14 show 

some interesting trends.  Beginning in plot a with the 6 kDa data, the initial θ values (blue open 

squares and dashed lines) are fairly independent of the stoichiometric ratio.  Yet, the final θ 

values (blue squares and solid lines) change dramatically with stoichiometric ratio.  For both 

sub-optimal and above-optimal stoichiometric ratios, the contact angle after 6-8 min of 

equilibration show a maximum value at a stoichiometric ratio of r = 4 with significantly lower 

values when deviating far from r = 4.  Interestingly, this maximum equilibration contact angle 

value also corresponds to the smallest difference between initial and final values for pre-

extraction data.  Towards low and high stoichiometric ratios, the gap between initial and final 

grows.  As the molecular weight prior to crosslinking is increased, looking down the left 

column of Figure 5.14, this trend of maximum equilibrated θ and smallest difference in θ 

continues and seems to shift to higher stoichiometric ratios with increasing molecular weight.  

Furthermore, with higher molecular weights, the pre-extraction initial contact angle starts to 

increase for low stoichiometric ratios, particularly in plots b), c), and d).  As molecular weight 

continues to increase, the final contact angle data in the right column seem to show less 

dependence on the stoichiometric ratio.  Unfortunately, some small r-value samples were 

unable to be tested due to their being too soft to handle. 
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Figure 5.14 – Initial (open symbols, dashed lines) and final (filled symbols, solid lines) water contact angles 

plotted as a function of stoichiometric ratio for the 6, 17, 28, 63, and 117 kDa model PDMS systems in plots a 

through e, respectively.  Pre-extraction data are blue squares and post-extraction data are red circles.  The gaps 

between initial and final values are shaded blue and red for pre-extraction and post-extraction data, respectively. 
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Figure 5.15 – Initial (open symbols, dashed lines) and final (filled symbols, lines) water contact angles plotted 

as a function of base/curing agent ratio for the Sylgard 184 system.  Pre-extraction data are blue squares and 

post-extraction data are red circles.  The gaps between initial and final values are shaded blue and red for pre-

extraction and post-extraction, respectively. 

 

 The model PDMS networks showed a strong dependence on molecular weight and 

stoichiometric ratio for pre-extracted initial and final water contact angle data.  Sylgard 184 

exhibits similar behavior for pre-extracted data, as shown in Figure 5.15.  The data are plotted 

in the same way as those in Figure 5.14 where pre-extraction data are blue squares and post-

extraction data are red circles.  A large gap occurs between initial and final contact angle values 

for B/C = 48 and 2.  Unlike model PDMS, the final pre-extracted contact angle values are 

roughly consistent across all B/C ratios except for B/C = 2.  Only when the chemical 

composition of the PDMS substrate is changed substantially with massive excess amounts of 

crosslinker does the substrate start to exhibit less hydrophobic properties.  This is again 

demonstrating the robustness of the Sylgard 184 formulation, which permits moderate 

deviations from the 10:1 ratio without significant changes in surface properties.  This ability 

to deviate far from the optimal crosslinking stoichiometry is unique to Sylgard 184 compared 

to the model PDMS systems examined in this dissertation.  Model systems require more 

precision in crosslinking stoichiometry. 
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Now consider the post-extraction data shown as red circles in Figure 5.14 and Figure 

5.15.  The post-extraction samples behave very differently compared to the pre-extraction 

specimens.  These demonstrate an approximately constant difference between initial and final 

contact angles regardless of molecular weight and stoichiometric ratio.  There are very few 

instances where the post-extraction contact angles are either unexpectedly high or low.  Some 

samples were damaged and broke apart during Soxhlet extraction and, unfortunately, were 

unable to be tested to acquire post-extraction data.  Nevertheless, this reinforces the message 

that extraction is a very important processing step one should take when investigating surface 

properties of silicone elastomers.  When deviating from optimal stoichiometry, the networks 

exhibit much more dynamic behavior due to the presence of unbound crosslinkers and 

polymers that can migrate to the interface and adapt to their environment.  The extraction 

process removes most of them and makes the PDMS network substrate more static, thus 

producing more consistent water contact angle results regardless of Sylgard 184 formulation 

and model PDMS molecular weight and stoichiometric ratio. 

 The preceding two figures showed the initial and final contact angle values, where 

some were higher and some lower than expected for PDMS.  The frequency at which 

unexpected values of contact angle were observed increased with greater deviation from 

optimal stoichiometry.  In Figure 5.10 and Figure 5.11, we noted that the base area of the 

droplet (i.e., the interfacial area between water and PDMS) seemed to change with time 

inversely to -cos(θ) and θ.  To demonstrate the relationship between contact angle and base 

area, we now examine the differences between initial and final values (with respect to contact 

time) of -cos(θ) (and θ) and base areas.  

In Figure 5.16 and Figure 5.17, we show data for the 28 kDa model PDMS system and 

the Sylgard 184 system, respectively.  Similar plots for all other molecular weight model 

PDMS systems can be found in the Appendix.  In the top row of these figures, the absolute 

change in the value of -cos(θ) (left ordinate, solid lines, filled symbols) and change in contact 

angle, θ (right ordinate, dashed lines, open symbols) are plotted as a function of the 

stoichiometric or B/C ratios in the left column and as a function of sol fraction in the right 

column.  Similar data are shown in the bottom row for the change in base area, where absolute 
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change is given on the left ordinates and the percent change is given on the right ordinates.  

These figures reinforce the importance of optimal stoichiometry and extraction further. 

 

 

Figure 5.16 – Absolute change (left ordinate, solid lines, filled symbols) and percent change (right ordinate, 

dashed lines, open symbols) in contact angle (top row) and base area (bottom row) plotted as a function of 

stoichiometric ratio (left column) and sol fraction (right column) for the 28 kDa model PDMS system. Pre-

extraction data are blue squares and post-extraction data are red circles.  Numerical labels correspond to 

stoichiometry ratios. 

 

First, the blue squares represent the pre-extraction data.  It is clear that a small range of 

stoichiometric ratios exists wherein the changes in contact angle and base area are kept to a 

minimum, as seen in Figure 5.16a and b.  In contrast, a wider range of B/C ratios exist that 

maintain minimal changes in θ and Ab, as shown in Figure 5.17a and Figure 5.17b.  Both 

systems show large differences in -cos(θ) (and θ) and Ab when deviating far from the optimal 

stoichiometry.  The base area even changes by more than 80% for largely imbalanced 

stoichiometry.  As discussed in preceding chapters in this dissertation, imbalanced 
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stoichiometry leads to smaller degrees of gelation.  We now observe the effect of degree of 

crosslinking as measured by sol fraction on the droplet parameters.  The trends in Figure 5.16c 

and d for model PDMS and Figure 5.17c and d for Sylgard 184 systems reveal the differences 

in water contact angle and base area as a function of sol fraction.  Sol fraction is used and 

plotted on a log scale to extend the region between 0 and 0.1, which corresponds to fairly 

highly crosslinked materials having gel fractions between 0.9 and 1.  This makes the data easier 

to interpret compared to plotting against gel fraction on a linear scale. 

 

 

Figure 5.17 – The absolute change in cos(θ) (left ordinates) and θ (right ordinates) with respect to contact time 

are given in plots a) and c).  In plots b) and d), the absolute change (left ordinate, solid lines, filled symbols) and 

percent change (right ordinate, dashed lines, open symbols) in base area are depicted.  All variables are plotted 

as a function of B/C ratio (left column) and sol fraction (right column) for the Sylgard 184 system.  Pre-

extraction data are blue squares and post-extraction data are red circles.  Numerical labels in plots c) and d) 

correspond to B/C ratios. 
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 When plotted against sol fraction, it becomes apparent how even a small amount of 

unbound material can cause significant changes to PDMS network surface properties.  The 28 

kDa model PDMS system shows the smallest changes at r-values of 3, 4, and 6, all of which 

have gel fractions of ~0.95.  (As a side note, this range of optimal stoichiometry may be larger 

than reported, having r-values of e.g., 1.8-8.  Samples prepared from smaller incremental 

changes in r would elucidate the true range of optimal stoichiometry for minimizing changes 

in water wettability.)  When just a very small amount of material is unbound (i.e., > ~5%), for 

instance at r = 12 and sol fraction = 0.08, the change in contact angle and base area is roughly 

twice as large.  However, there does not appear to be a simple one-to-one relationship between 

sol fraction and changes in contact angle and base area.  For instance, in the Sylgard 184 

system, the B/C = 27 sample has a sol fraction of about 0.18 and the B/C = 2 sample has a sol 

fraction of ~0.08.  However, there are smaller changes in both contact angle and base area for 

the B/C = 27 sample instead of the B/C = 2 sample, so the chemical composition of the PDMS 

network still plays a big role in determining surface properties, in addition to the fraction of 

unbound material.  Additionally, the chemical nature of the unbound material may be the most 

important factor.  In both the 28 kDa model PDMS and the Sylgard 184 systems, it is clear that 

the extraction process removes what is causing the large changes in contact angle and base 

area to occur.  Regardless of crosslinking stoichiometry and sol fraction, all of the post-

extraction data remain flat, indicating no influence of either variable on these changes in 

droplet parameters. 

 In the preceding discussions, we have focused on the changes in cos(θ) (and θ) and 

changes in base area with respect to crosslinking stoichiometry and sol fraction.  As a result of 

this analysis, neither of these two droplet parameters is determined to be directly proportional 

to the stoichiometry and sol fraction.  That is, changes in contact angle and base area occur at 

both high and low ends of the stoichiometry and sol fraction spectra.  Now we investigate their 

dependency on each other.  In Figure 5.18, the change in -cos(θ) is plotted as a function of 

change in base area and change in volume for the 28 kDa model PDMS system in a and b, 

respectively.  Blue squares represent pre-extraction data and red circles represent post-
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extraction data.  The numerical labels correspond to the stoichiometric ratios.  The same 

variables are plotted for the Sylgard 184 system in Figure 5.19. 

 

 

Figure 5.18 – Change in –cos(θ) plotted as a function of change in base area in plot a) and change in volume in 

plot b) for the 28 kDa model PDMS system.  Pre-extraction data are blue squares and post-extraction data are 

red circles.  The numerical labels on the data points are the stoichiometric ratio values. 

 

 

Figure 5.19 – Absolute change in contact angle plotted as a function of absolute change in base area in plot a 

and absolute change in volume in plot b for the Sylgard 184 system.  Pre-extraction data are blue squares and 

post-extraction data are red circles.  The numerical labels on the data points are the B/C values. 
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Here the direct relationship between changes in -cos(θ) and changes in base area 

become apparent.  These two parameters do appear to be strongly correlated with each other.  

Small changes in -cos(θ) and Ab occur in both the model PDMS and Sylgard 184 systems for 

post-extracted data.  Larger changes occur when deviating far from optimal stoichiometry in 

both systems as well, mostly in post-extraction data, but the trends seem to be linear.  

Importantly, when the change in contact angle is plotted against the change in volume for both 

systems in Figure 5.18b and Figure 5.19b, no correlation appears to exist.  That is, the data are 

scattered with respect to changes in volume.  Sometimes large changes in volume correspond 

to small changes in contact angle, but other times smaller changes in volume correspond to 

larger changes in contact angle.  There is no consistency with the response of change in -cos(θ) 

with change in volume.  This is important because the environment during these wettability 

experiments was not controlled.  Consequently, depending on the temperature and relative 

humidity in the lab, the water evaporation rates could have differed.  These two figures 

demonstrate, however, that within the ranges of volume changes that did occur during these 

measurements, they were not significant enough to influence changes in contact angle. 

Direct Comparison of Sylgard 184 with Model PDMS 

Since Sylgard 184 stoichiometry is based on the Base/Curing Agent mass ratio while 

model PDMS is based on the stoichiometric ratio, the two types of PDMS networks cannot be 

directly compared based on chemical composition of the network.  However, a measure of 

gelation is the network gel fraction, so model networks and Sylgard 184 can be compared 

directly with respect to gel and sol fractions.  In Figure 5.20 we plot the change in contact angle 

(parts a and c) and change in base area (parts b and d) with respect to contact time on the 

substrate as a function of the sol fraction of the material.  Most of the pre-extraction samples 

exhibit similar behavior in that they all show an increase in Δθ with increases in sol fraction.  

This indicates strongly that the unbound material present in the PDMS substrate is actively 

playing a role in the dynamic wetting behavior at the interface.  The presence of unbound 

material enables the droplet to spread out more than it would otherwise and lower the free 

energy of the system.  The data measured post-extraction does not show such a close 
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relationship to the sol fraction.  That is, after the soluble material has been removed, there is 

no correlation with how much material was removed and how the water droplet behaves on 

the substrate.  The correlation only exists when the unbound material is present and able to 

participate in the interfacial reorganization.  We also note that the magnitude of changes in 

both water contact angle and base area are much smaller for post-extraction samples compared 

to pre-extraction samples.  This further indicates that the interfacial properties only change 

significantly in the presence of unbound material. 

 

 

Figure 5.20 – Change in water contact angle (θInitial – θFinal) and change in base area (Ab,Final – Ab,Initial) plotted in 

the top and bottom rows, respectively, as a function of sol fraction.  Left column shows pre-extraction data.  

Right column shows post-extraction data. 
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In Figure 5.20a, Sylgard 184 exhibits slightly different behavior than the model PDMS 

materials.  Even when Sylgard 184 has greater sol fractions, the changes in cos(θ), contact 

angle and base area remain small.  That is, the Sylgard 184 data (black stars) remain at low 

values of Δθ and ΔAb as the sol fraction increases, all the way up to ~20% soluble material.  

For greater than ~ 20% soluble material, we then observe an increase in the Δ quantities.  This 

is in contrast to the behavior of model PDMS which begins to show significant increases in Δθ 

and ΔAb at sol fractions approximately >7%.  This demonstrates the robust nature of Sylgard 

184 formulations. 

 

 

Figure 5.21 – Change in cos(θ) as a function of change in base area, with respect to contact time between the 

water droplet and substrate.  Data for pre-extraction samples are given in plot a), and data for post-extraction 

samples are given in plot b).  The straight lines in plot a) are linear best-fit lines.  The black line has an equation 

of y = 0.202x + 0.117 with an R2 = 0.98.  This is a fit for Sylgard 184 data only.  A fit for all model PDMS 

samples is given by the green line and has the form y = 0.137x + .071 with an R2 = 0.92.  The post-extraction 

data do not exhibit a linear trend. 

 

 Because changes in both water contact angle and base area demonstrate strong 

relationships with sol fraction for the pre-extraction samples, in Figure 5.21 we now plot the 

change in contact angle as a function of change in base area for pre-extraction samples (left) 

and post-extraction samples (right).  Here, the strong relationship between contact angle and 

basea area presents itself.  The model PDMS data are fit with a linear trendline (solid black 
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line) while the Sylgard 184 data is fit with its own trend line (dashed black line).  This 

demosntrates clearly one of the differences between the commercial material and pure PDMS 

polymer networks.  Water droplets on the Sylgard 184 materials tend to spread less than 

droplets on the model PDMS for the same change in contact area, as evidenced by the steeper 

slope for Sylgard 184.  As before with the preceeding figure, there is no trend in post-extraction 

samples with respect to change in contact angle and change in base area.  The data are more 

compact.  Most of the post-extraction data do not show a change in base area throughout the 

time of the experiment.  The drops stay pinned in place for most experiments of most extracted 

samples. 

Real-Time Comparison 

The previous figures only demonstrated the dependence on changes between initial and 

final values of -cos(θ) and Ab in the experiment.  The following figures elucidate how these 

two parameters depend on each other at each time interval sampled during the experiments.  In 

Figure 5.22 and Figure 5.23, we plot the –cos(θ) as a function of the base area for each time 

interval over which the data was collected.  The downward trend in the data indicates a 

decrease in the interfacial energy between water and PDMS as a function of both contact time 

and interfacial area as the system approaches equilibrium.  Over time, the interfacial energy 

decreases due to a variety of factors including mobile unbound material in the network.  The 

migration of these unbound chains to the interface has a surfactant-like effect which lowers the 

interfacial energy and thus, permits a larger interfacial area.  Generally, all data follow the 

trend of high -cos(θ) at initial contact times and decrease to lower -cos(θ) and larger Ab for 

longer contact times.  A few B/C ratios exhibit behavior where a maximum Ab is reached and 

then Ab decreases as -cos(θ) continues to decrease.  We attribute this to evaporation and de-

pinning of the droplet from the substrate as the volume shrinks. 

 In both Figure 5.22 and Figure 5.23, we see the samples with excess crosslinker (violet) 

show the lowest values of contact angle and greatest base areas.  This indicates the more 

favorable interactions with water that arise from the slightly more hydrophilic Si-H groups 

(comparted to Si-CH3 groups).  This demonstrates the crosslinking chemistry is very important  
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Figure 5.22 – The value of –cos(θ) is plotted as a function of the corresponding base area for each 

stoichiometric ratio at each time interval throughout the course of the experiment for 28 kDa model 

Vinyl/TDSS PDMS.  In plot a), the symbol colors represent different B/C ratios.  In plot b), the colors change 

according to contact time between the droplet and substrate.  Plots a) and b) show pre-extracted data and plots 

c) and d) show post-extracted data.  Zoomed in post-extraction data are given in Figure A5.14 in the Appendix. 

 

especially when massive amounts of excess crosslinker are used because doing so changes the 

chemical composition of PDMS substrates. 

The dramatic effect extraction has on the materials is displayed in these two figures.  

The post-extraction data is much more compact, indicating a system that is much more static 

and lacks the ability to adapt to the environment of a liquid droplet placed on the surface.  This 

means that after extraction, an equilibrium between water and PDMS substrate is reached 

rapidly and the only decreases in contact angle observed are due to evaporation, as opposed to 

lowering of the interfacial energy by uncrosslinked species.  A significant difference between 

model PDMS and Sylgard 184 is apparent in these figures.  The under-crosslinked substrates 
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(dark red data) for Sylgard 184 exhibit unusually high initial contact angles.  This behavior is 

observed to a lesser degree in the model PDMS systems.  Under-crosslinked substrates are 

gooey and sticky.  When reinforced with fumed silica particles, this may have the effect of 

slowing down the equilibration in Sylgard 184 and making the contact angle artificially high 

initially.. 

 

 

Figure 5.23 – The value of –cos(θ) is plotted as a function of the corresponding base area for each B/C ratio at 

each time interval throughout the course of the experiment for Sylgard 184.  In plot a), the symbol colors 

represent different B/C ratios.  In plot b), the colors change according to contact time between the droplet and 

substrate.  Plots a) and b) show pre-extracted data and plots c) and d) show post-extracted data.  Zoomed in 

post-extraction data are given in Figure A5.27 in the Appendix. 
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PDMS-Water Interfacial Energy 

The preceding discussion demonstrated clearly that a relationship exists 

between -cos(θ) and the interfacial area between the water and PDMS (i.e., base area).  To 

investigate this relationship between contact angle and interfacial area between water and 

PDMS, recall from Equation (6.4) that the cosine of the contact angle between a liquid and a 

substrate is a measure of the balance of interfacial energies between the two phases in the 

presence of a third phase or medium (in this case, air).  To approximate the relative interfacial 

energy between water and PDMS over the contact area in which the two phases are interfacing, 

we take the product of base area and -cos(θ) to give a measure of interfacial energy, -Abcos(θ), 

expressed in terms of the surface tension of the probing liquid, water. 

We first plot this parameter of –Abcos(θ) as a function of contact time for all 

stoichiometric ratios of the 28 kDa system and all B/C ratios of Sylgard 184 and for both pre- 

and post-extraction samples in Figure 5.24 and Figure 5.25, respectively.  The data are fit with 

a linear best-fit line, although this is clearly not a good fit for a few data sets.  Nevertheless, 

one can see that the slope decreases in magnitude going from pre-extraction data to post-

extraction data (cf. insets Figure 24 and Figure 25).  That is, this measure of interfacial energy 

in terms of the surface tension of water decreases at a slower rate in post-extraction data 

compared pre-extraction data.  This is due to the substrate’s reduced ability to change the 

interface after the samples have been extracted.  There is much less mobile material remaining 

that can migrate to the interface and act like a surfactant to lower the interfacial energy after 

the extraction process. 

 In Figure 5.26 and Figure 5.27, we plot this interfacial energy quantity for post-

extracted samples as a function of pre-extraction samples for all stoichiometric and B/C ratios 

in the 28 kDa system and Sylgard 184 system in plots a) and b).  Both of these plots show the 

same data, but plot a) depicts each stoichiometric ratio or B/C ratio as a different color whereas 

plot b) demonstrates the change in this quantity as a function of contact time.  As with previous 

graphs, short times are violet and long times are red.  Both of these plots show a y = x line, 

which would indicate the interfacial energy between PDMS and water is the same before and 
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after extraction.  The data are fit fairly well by a linear-best-fit line, which are shown in plot 

a).  We can see that r =20 and B/C = 2 deviates greatly from the y = x line, indicating that the 

 

 

Figure 5.24 – The quantity of base area multiplied by the negative cos(θ) is plotted as a function of contact time 

between the drop and substrate for pre-extraction data and post-extraction data in plots a) and b), respectively 

for 28 kDa model PDMS samples of various stoichiometric ratios.  Data are fit with a linear best-fit line whose 

slopes are given as a function of the stoichiometric ratio, r, in the inset  

 

 

Figure 5.25 – The quantity of base area multiplied by the negative cos(θ) is plotted as a function of contact time 

between the drop and substrate for pre-extraction data and post-extraction data in plots a) and b), respectively 

for Sylgard 184 samples of various B/C ratios.  Data are fit with a linear best-fit line whose slopes are given as a 

function of B/C ratio in the inset. 
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Figure 5.26 – In plots a) and b), the post-extraction value of -Abcos(θ) is plotted as a function of the same value 

for pre-extraction samples.  The colors in plot a) correspond to different stoichiometric ratios.  The data are 

fitted with a linear best-fit line.  In plot b), the colors corresponded to the amount of contact time.  Generally, 

the amount of contact time between the water droplet and the substrate increases downward to the left.  In plot 

c), the slope of the data sets in plot a) is given as a function of the stoichiometric ratio.  In plot d), a measure of 

the deviation from the y = x, lines in plots a) and b) is given for samples made from each stoichiometric ratio.  

The equation for deviation from y = x is given in plot d). 

 

extraction process is not only removing material, but that the chemistry of the material removed 

plays a bigger role in wettability compared to the material removed from other samples.  That 

is, when the sample contains excess crosslinker (i.e., excess Si-H groups) with relatively higher 

surface energy than the repeat units of PDMS (Si-CH3 groups), the change in interfacial energy 

is significant.  As we know from previous discussions, the r = 1.5 and B/C = 38 and 48 samples 

have significantly higher sol fractions than B/C = 2 sample, but the majority of the material 
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removed in those higher ratios is long-chain PDMS, since PDMS is in excess relative to the 

crosslinker in those samples. 

 

 

Figure 5.27 – In plots a) and b), the post-extraction value of -Abcos(θ) is plotted as a function of the same value 

for pre-extraction samples.  The colors in plot a) correspond to different B/C ratios.  The data are fitted with a 

linear best-fit line.  In plot b), the colors corresponded to the amount of contact time.  Generally, the amount of 

contact time between the water droplet and the substrate increases downward to the left.  In plot c), the slope of 

the data sets in plot a) is given as a function of the B/C ratio.  In plot d), a measure of the deviation from the 

y = x, lines in plots a) and b) is given for samples made from each B/C ratio.  The equation for deviation from 

y = x is given in plot d). 

 

 The slopes of the best fit lines in Figure 5.26a and Figure 5.27a are given as a function 

of stoichiometric and B/C ratio in plot c).  The slopes are a measure of how quickly the system 

equilibrates before and after extraction.  That is, for a slope of zero, a horizontal line would 

indicate the post-extraction system rapidly assumed an equilibrium value while it took longer 
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for the pre-extracted system to do so.  This is the ideal case, however, which assumes a constant 

droplet volume.  Unfortunately, the volume was decreasing slightly throughout these 

experiments, which would decrease the quantity of –Abcos(θ) regardless of the interfacial 

energy.  Regardless, there does not appear to be at trend in the slope as a function of B/C ratio.  

 Instead of examining the slope (i.e., rate of change post- vs. pre-extraction), we instead 

consider the deviation from the y = x line.  The equation we use for quantifying this deviation 

is given below where N is the number of data points. 

 √
1

𝑁
∑ [(𝐴𝑏 cos 𝜃)

𝑃𝑜𝑠𝑡 − (𝐴𝑏 cos 𝜃)
𝑃𝑟𝑒

]2𝑡=8 𝑚𝑖𝑛
𝑡=0 𝑚𝑖𝑛  (5.14) 

The y = x line indicates the quantity of interfacial energy is exactly the same at the precise 

contact time both before and after extraction.  Stated differently, the rate of change in 

interfacial energy is the same both pre- and post-extraction.  In such a scenario, the substrate 

material is likely nearly identical both pre- and post-extraction.  This quantity is subtlety 

different from the more commonly used standard deviation, which measures the deviation from 

the mean of a sample.  Instead, here we are determining the deviation of the post-extraction 

data from the pre-extraction data.  In Figure 5.26d and Figure 5.27d, we see that the deviation 

from y = x is lowest at the optimal stoichiometric ratio of 3 and the prescribed B/C = 10 ratio.  

This indicates that the optimal crosslinking stoichiometry results in the least amount of change 

in this term that is a measure of the interfacial energy between water and PDMS that arises due 

to the extraction process.  In other words, at r = 3 and B/C = 10, two factors are at play.  The 

amount of extracted material is minimized, and the type of extracted material is uniform 

(seemingly equal parts crosslinker and PDMS), which results in the smallest amount of change 

in interfacial energy for water-PDMS due to extraction.  This measure more accurately 

identifies the minimal change caused by the extraction process as opposed to looking at 

changes in -cos(θ) pre- and post-extraction as a function of sol fraction, which is a measure 

only of the amount of material removed, not the type of material.  We examined this 

relationship in Figure 5.17 and found that two different Sylgard formulations can exhibit the 

same sol fraction but dramatically different changes in base area and -cos(θ). 
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Summary of Wetting & Stoichiometry Relationships 

 In summary, our discussion of PDMS surfaces has not been limited to a mere surface 

discussion.  Instead, we dove deep into the underlying mechanisms at work at a dynamic water-

PDMS interface.  We have exhaustively investigated the relationships between the dynamic 

water wettability on PDMS substrates with respect to droplet shape and amount of contact time 

between water and PDMS.  The commercial Sylgard 184 material was compared to the 28 kDa 

model PDMS system (data for other molecular weights are given in the Appendix).  We first 

demonstrated the inverse relationship between -cos(θ) and the interfacial area (i.e., base area) 

between the water drop and the PDMS substrate in Figure 5.10 and Figure 5.11.  The former 

parameter was found to decrease while the latter increased as a function of contact time.  The 

post-extracted and pre-extracted water contact angles, θ, were then plotted against each other 

to observe how the extraction process changes the dynamic behavior of water on a PDMS 

substrate (cf. Figure 5.12 and Figure 5.13).  In both Sylgard 184 and model PDMS systems, 

regardless of molecular weight, the smallest deviations between post- and pre-extracted water 

contact angles occurred at optimal stoichiometry.   

Next, we showed that the two parameters of -cos(θ) and Ab correlated well when 

probing the differences between their initial and final values as a function of crosslinking 

stoichiometry and sol fraction (cf. Figure 5.16 and Figure 5.17).  The differences were 

minimized at optimal stoichiometry and for low sol fractions, except in the scenarios where 

materials were prepared using massive amounts of excess crosslinker.  Even with relatively 

low sol fractions, those samples exhibited significant changes between the initial and final 

values.  We then validated the correlation between these two parameters directly in Figure 5.18 

and Figure 5.19.  We showed, however, that model PDMS behaves differently than Sylgard 

184 with respect to changes in –cos(θ) and Ab in Figure 5.20 and Figure 5.21.  In addition to 

initial and final values, we provided the relationship between –cos(θ) and Ab at each time-

sample interval throughout the experiments in Figure 5.23. 

Lastly, we investigated the product of these two parameters, -Abcos(θ), to yield a 

variable that represents a measure of the total interfacial energy that exists between the base of 
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the water droplet and the PDMS substrate in terms of the surface tension of water.  This 

variable was shown to decrease faster as a function of contact time in the systems prior to 

extraction compared to after extraction.  This means that post-extraction samples lack the 

mobile chains and crosslinkers that migrate to the interface and contribute to the decrease in 

interfacial energy as the system approaches equilibrium.  The r = 3 and B/C = 10 samples had 

the lowest deviation in this interfacial energy term when comparing pre- and post-extraction 

samples.  

 Now, we move on to a different type of analysis and demonstrate a brief example of 

how we can use this knowledge to design PDMS materials with controlled wetting dynamics.  

First, we will briefly dicsuss the relationships between wetting properties and dynamic 

mechanical proeprties discussed in Chapter 4 of this dissertation. 

Wetting & Mechanical Properties 

The previous discussion focused on relating dynamic water wettability to crosslinking 

chemistry, sol fraction, and the interfacial area between water and PDMS.  We demonstrated 

the significance of how wetting on PDMS materials changes before and after they undergo 

Soxhlet extraction to remove unbound material.  We now turn our attention briefly to the 

relationships between dynamic mechanical properties and dynamic water wetting on PDMS.  

In Figure 5.28, the difference in cos(θ) for pre-extracted (blue squares) and post-extracted (red 

circles) samples as a function of contact time (i.e., cos(θFinal) - cos(θInitial), where Final and 

Initial refer to the contact time between the water droplet and PDMS substrate, is plotted as a  

function of the percent change in mechanical properties due to extraction.  The percent change 

in mechanical properties due to extraction is defined as (MPost – MPre)/MPre where M is a 

mechanical property.  These data are only available for Sylgard 184 materials since mechanical 

properties on model PDMS were not acquired prior to extraction. 

 This may seem like a peculiar combination of parameters to plot.  The reason for doing 

so is the following.  The Δcos(θPre) term, with respect to contact time for the pre-extraction 

samples, demonstrates the role uncrosslinked material is playing in the surface wetting 

dynamics.  That is, before extraction, all of the material that is going to be part of the sol 
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fraction is still present and interacts with the water droplet to minimize the free energy of the 

system, resulting in lower interfacial energies as a function of contact time compared to post-

extraction samples (cf. Figure 5.25).  Thus, Δcos(θPre) provides a measure of the relative 

contribution of uncrosslinked material to the dynamic wetting properties.  The contribution of  

 

Figure 5.28 – Change in cos(θ) for the pre-extracted (blue squares) and post-extracted (red circles) Sylgard 184 

data with respect to contact time between water droplet and the substrate (cos(θInitial)– cos(θFinal))  is plotted as a 

function of the percent change in dynamic mechanical properties resulting from the extraction process.  The 

percent change is defined as (MPost – MPre)/MPre, where M is a dynamic mechanical property evaluated at an 

angular frequency of ω = 1 rad/s.  Plot a) shows the change in storage modulus, E’, plot b) gives the change in 

the loss modulus, E” and plot c) gives the change in tan(δ).  The linear best-fit-line has the form y = 0.07x + 

0.125 with an R2 value of 0.85.  Labels are B/C ratios. 

 

sol material would not be evident using Δcos(θPost) because all of the uncrosslinked material 

has already been removed and hence, cannot interact with the water droplet.  As shown in 

Figure 5.28, the post-extraction data (red circles) demonstrate very little to none dependence 

on mechanical properties and the quantities themselves are close to zero.  This means that the 

PDMS-water interface changes very little after extraction, and the change in mechanical 

properties due to extraction does not account for this lack of change. 

A similar measure of the contribution of sol material on mechanical properties is given 

by the % ΔM term.  Again, before extraction, the uncrosslinked material is still present and can 

contribute to the observed mechanical performance of the material, yielding a specific value 
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of MPre.  After extraction, the sol material is no longer present, and the MPost value reveals how 

the material behaves without the sol fraction present.  To gauge the contribution of sol material, 

the difference between the two terms is normalized by the term associated with the starting 

material, revealing the relative contribution of sol material to the mechanical properties. 

The pre-extraction Δcos(θ) values (blue squares) display greater variations than the 

post-extraction Δcos(θ) values (red circles) do in Figure 5.28.  Additionally, the pre-extraction 

values do not seem to exhibit any strong dependence on the change in storage modulus or 

change in tan(δ).  There seems to be a non-linear relationship to the storage modulus, but the 

only strong linear relationship that manifests itself is that between the change in cos(θ) for pre-

extraction samples and the change in the loss modulus, E” given is Δcos(θPre) vs. % ΔE”.  The 

linear-best-fit line reveals a fairly strong correlation between the two terms, with an R2 = 0.85.  

Importantly, the loss modulus is the only mechanical property to show significant changes due 

to extraction at both high and low B/C ratios as evident by the B/C ratios of 2 and 48 both 

showing >300% change in loss modulus due to extraction.  This change is similar to the data 

in Figure 5.17c which showed large changes in Δcos(θ) for B/C = 2 and 48.  The loss modulus 

being in correlation with the spreading of a liquid droplet on the surface is consistent with the 

theories of such systems that show energy is dissipated by the substrate as the liquid droplet 

spreads on the surface until an equilibrium is reached between viscoelastic contributions from 

the substrate and interfacial energies.16 

Wetting Ridge Height 

Although the storage modulus did not exhibit a strong linear correlation with the change 

in cos(θ), it is known to play another role at the PDMS-water interface.  As was discussed in 

the introduction to this chapter, soft substrates can be deformed by the surface tension of a 

probing droplet.  The length scale over which this deformation occurs is proportional to the 

elastocapillary length, γ/E, where γ is the liquid surface tension (in air) and E is Young’s 

modulus.  An approximation for the deformation of the substrate is given in Figure 5.29 where 

the quantity of approximate wetting ridge height is plotted as a function of storage modulus 

and sin(θ).  The value for approximate wetting ridge height, hwr, is taken at the final contact 
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time where, presumably, the equilibrium contact angle has been reached.  The wetting ridge 

height is plotted as a function of contact time for Sylgard 184 in Figure A5.28.  It did not show 

strong dependency on contact time.  The wetting ridge height for Sylgard 184 samples as a 

function of B/C ratio is given in Figure A5.29.   

In Figure 5.29 we observe that the wetting ridge height depends much more strongly 

on the storage modulus as opposed to the contact angle.  Most of the samples were deformed 

less than 1 micron, which was undetectable using the contact angle goniometer in our lab.  

However, this analysis illustrates the order of magnitude of surface deformations that can arise 

when probing the surface wetting behaviors of soft materials.  

 

 

Figure 5.29 – Approximation of the wetting ridge height for pre-extraction (blue squares) and post-extraction 

(red circles) Sylgard 184 samples. 

 

Silicone Oils Added to Sylgard 184 Networks 

 Now that we have learned about the sensitivity of the dynamic water wetting behavior 

on PDMS substrates to both the amount and composition of the sol fraction, we sought to 

control that dynamic wetting behavior.  To do so, we intentionally supplied additional inert 
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silicone oils to act as the artificial sol fraction in fully crosslinked networks, thereby controlling 

both the amount and type of mobile materials present in the sol fraction.  We chose 4 different 

silicone oils (all purchased from Gelest, Inc.) whose properties are given in Table 5.1.  The 

first is a cyclic compound called octamethylcyclotetrasiloxane, commonly referred to as D4.  

This is a common impurity in commercial silicones.  Additionally, we chose a series of 3 inert 

linear trimethyl-terminated PDMS oils, which we denote with Tx, where x represents the oil’s 

molecular weight.  All oils have the same chemical structure as PDMS for the repeat unit, 

OSi(CH3)2.  These oils were mixed in with the base and curing agent of Sylgard 184, which 

was prepared at the optimal B/C = 10 ratio, and then the silicone-oil infused samples were 

allowed to crosslink at the same conditions used for all other samples in this dissertation (i.e., 

2 h at room temperature followed by 24 h at 70°C).  We then probed the resulting samples by 

dynamic water wetting experiments according to the same procedure discussed in this chapter. 

 

Table 5.1 – Silicone Oils Added to Sylgard 184 Networks 

Shorthand 

Name 

Molecular Weight  

(kDa) 

Viscosity  

(cSt) 

D4 0.297 2.3 

T1 1 10 

T6 6 100 

T28 28 1000 

 

 In Figure 5.30, we demonstrate the effects these oils have on the surface wetting 

dynamics.  The D4 cyclic, low molecular weight, and low viscosity silicone oil does not seem 

to cause any change to the substrate compared to pure Sylgard 184, even when up to 10% oils 

by mass are added.  The higher molecular weight linear oils, however, demonstrate interesting 

surface wetting dynamics.  We see that there is a lag time in the decrease in contact angle and 

this lag time is greater for higher molecular weight oils compared to low molecular weights.  

We attribute this lag time to chain mobility, which will be slower for higher molecular weight 

PDMS linear chains.  The observed lag time in this system is similar to a recent observation of 

two different droplet velocities when droplets are placed on vertical slabs of silicone 
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elastomers.  An initial slow falling regime was followed by a fast regime after the droplet had 

accumulated enough leached silicone oils.67  Additional data further exploring the behavior of 

these oil-infused PDMS materials is provided in the end of the Appendix. 

 

 

Figure 5.30 – The water contact angle, θ (right ordinates), and cos(θ) (left ordinates) are plotted as a function of 

contact time between the water droplet and the silicone oil-infused Sylgard 184 PDMS substrate for 2.5, 5, and 

10% oils in plots a), b), and c), respectively.  Pure Sylgard 184 samples at the B/C = 10 ratio with no additional 

silicone oils are shown as black stars.  The D4 oil is shown as red squares, the 1 kDa oil is shown as blue 

triangles, the 6 kDa oil is shown as green circles, and the 28 kDa oil is shown as orange diamonds.   

Conclusions 

 In this chapter, we presented a thorough analysis of the dynamic water droplet wetting 

behavior on PDMS substrates.  Model PDMS was compared against the commercial Sylgard 

184 material where samples prepared from many different stoichiometric conditions, with 

respect to the crosslinking reaction, were studied.  A brief summary was already reported prior 

to the discussion of mechanical properties.  To continue from there, we demonstrated that the 

loss modulus is the most significant dynamic mechanical property when it comes to predicting 

the dynamic wetting behavior of a water droplet on a PDMS substrate.  We further 

demonstrated that the surface wetting dynamics can be tuned based on the properties of the 

soluble, uncrosslinked materials.  Higher molecular weight uncrosslinked materials result in 

slower wetting dynamics compared to lower molecular weights.  However, it seems that a 
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critically high molecular weight must be present in order to observe any changes in wetting 

dynamics whatsoever compared to the pure Sylgard 184 system.  The fact that the D4 oils do 

not change the wetting dynamics until very high loading (cf. Figure A5.30) means they are of 

too low molecular weight.  Thus, the region between 300 – 1000 Da should be explored further 

to determine when this transition occurs.  In addition to molecular weight, this may be related 

to the molecular structure of cyclic vs. linear, which will likely have different diffusivities 

through the PDMS matrix. 

 

 

Figure 5.31 – Schematic illustration depicting the dynamic wetting behavior of water on a PDMS substrate.  

The droplet starts at some initially high contact angle and small base area.  Over time, the drop settles into an 

equilibrium with a lower contact angle and greater base area.  Uncrosslinked polymers, oligomers, and 

crosslinkers present in PDMS materials prior to extraction can migrate to the water-interface and act like a 

surfactant, lowering the interfacial energy.  After extraction, the system approaches equilibrium much more 

quickly, when most of the uncrosslinked material has been removed. 

 

 The primary message of this chapter is that the PDMS-water interface is dynamic, as 

depicted in Figure 5.31.  PDMS substrates do not consist of only perfectly crosslinked 

polymers.  There are small molecules and free polymer chains that have mobility and will 

migrate to the interface to interact with a water droplet.  The system takes several minutes to 

reach equilibrium prior to extraction, but post-extraction, the water droplet rapidly reaches a 

stationary base area and does not grow or shrink with time.  The crosslinker molecules utilized 
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in commercial and model PDMS both have silicon-hydride (Si-H) chemical functionality, 

which is less hydrophobic than silicon-methyl groups (Si-CH3).  This results in observed 

contact angles lower than typical PDMS materials when excess crosslinker is used to prepare 

the network.  This chemical effect is greater than the influence of the sol fraction alone, which 

is a measure of only quantity, not type, of unbound material in the network.  The crosslinking 

stoichiometry and the sol fraction both must be taken into account when assessing the wetting 

behavior of a PDMS surface.   

 To elucidate the dynamics of the interface, we developed a measure of interfacial 

energy in the system by taking the product of the base area of the water droplet and the negative 

cosine of the contact angle.  This provided insight as to how the interfacial energy of the system 

was changing with respect to the surface tension of water.  This quantity showed more rapid 

decreases in the pre-extracted systems compared to the post-extracted systems, indicating that 

the sol fraction provides surfactant-like properties to the interface, permitting faster 

equilibration.  When the sol fraction has been removed, there are fewer mobile molecules in 

the system and the interface does not change as rapidly or to the same to degree compared to 

when the sol fraction is still present in the material. 

 As mentioned in the introduction to this chapter, many researchers have examined the 

so-called hydrophobic recovery of silicone elastomers after some form of surface treatment.  

Typical treatments of plasma or UV result in chain scission, making more small molecules 

available to interact with another phase at the interface.  Such treatments are used in the 

fabrication of microfluidic devices and many biological investigations employ microfluidics 

as tools for their research.  We have demonstrated clearly that the extraction process makes the 

interface less dynamic by removing many of the uncrosslinked species in the network.  We 

recommend such practices for those working in environments that may be sensitive to leached 

siloxane molecules, such as biological studies using microfluidics.  Although we did not study 

hydrophobic recovery or plasma treated surfaces, we demonstrated the leaching of siloxanes 

even without prior chain scission events.  Thus, small molecule siloxanes should always be 

considered when designing experiments with PDMS-based materials. 
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 The majority of the work presented was based on a simple technique using a fairly 

simple apparatus, i.e., a contact angle goniometer.  All one really needs to perform these 

experiments is a level surface, a syringe, and a camera capable of zooming in close to the 

droplet.  This technique acts as facile, quick test of the static or dynamic nature of a substrate.  

By observing the contact angle and associated droplet parameters as a function of time in 

contact with the substrate, one can elucidate qualitatively the presence or lack of uncrosslinked 

species in the substrate network.  Water, an immiscible liquid with PDMS, was able to show 

the effect of free molecules that have aqueous solubilities on the order of parts per billion (see 

Table A5.1).  Therefore, the probing liquid should not be miscible with the substrate to prevent 

its dissolution.  However, the small amounts of impurities leaching out will make their way to 

the interface and can be indirectly detected by monitoring the dynamic behavior of droplet on 

the surface.  

 Overall, we hope to have provided a broad community of researchers who use PDMS 

with the knowledge of the dynamic nature of PDMS materials.  Our hope is that researchers 

will consider both the chemical composition, as well as the physical properties (e.g., modulus) 

when choosing substrates for various applications and be aware of the challenges that come 

along with the benefits of using PDMS-based materials. 
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Low Molecular Weight Dimethylsiloxane Oligomers 

The high molecular weight (HMW), linear polymeric form of PDMS is prepared 

primarily by two different growth mechanisms.  One is from a ring opening polymerization 

(ROP) reaction where small cyclic molecules act as the monomer or base unit.  These cyclics 

typically take the form of 3-8 dimethylsiloxane (OSi[CH3]2) repeat units per ring molecule and 

are referred to in shorthand as Dx, where x is the number of repeat units in the ring.  Thus, the 

smallest cyclic is D3.  Smaller cyclics have greater ring strain and are more easily polymerized.  

The ROP reaction can take many forms such anionic, cationic, acid- or based-catalyzed.  

Anionic and cationic ROP are sensitive to humidity and must be carried out in a dry inert 

atmosphere such as nitrogen or argon, but these reactions run quickly at room temperature 

(~ 30 min) and typically result in rather monodisperse PDMS chains.  They are often initiated 

with moisture-sensitive, pyrophoric organo-lithium species such as n-butyl lithium.  On the 

contrary, acid- or base-catalyzed ROP reactions are insensitive to humidity, require high 

temperatures (~120°C) and longer durations (>2 h).  These reactions use much less dangerous 

acid or base initiators (e.g., lithium or potassium hydroxide salts, LiOH or KOH, respectively), 

and yield a greater molecular weight dispersity. 

The other form of polymerization reaction that leads to HMW linear PDMS is a 

condensation reaction of LMW silanol-terminated linear dimethylsiloxane oligomers that have 

the form HO-[Si(CH3)2O]m-OH where m is < 10.  This reaction is acid- or base-initiated and 

is insensitive to moisture.  In fact, water is generated during this reaction and must be removed 

by running at temperatures >100°C.  As with typical step-growth polymerizations, high 

molecular weights are only achieved after very high conversions (i.e., >99%), which means 

this reaction must be run on the order of >8 h before producing HMW PDMS.  Sometimes 

these linear oligomers used in condensation reactions have trimethyl termini instead of silanol 

termini.  These relatively inert trimethyl-terminated LMW linear oligomers can also be found 

mixed into HMW PDMS.  In shorthand, they take the form of MDyM, where y refers to the 

number of dimethylsiloxane repeat units between the two trimethylsiloxy end groups, M.   
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Both cyclic and linear LMW dimethylsiloxane oligomers are present after growing 

HMW PDMS and they are difficult to separate entirely.  They are often found in both 

commercial silicone elastomers and home-grown PDMS.  A summary of the properties of these 

molecules is given in Table A5.1. 
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Table A5.1 – Properties of low molecular weight (LMW) dimethylsiloxane oligomers.  References for “C” denote cyclics and “L” denote linears. 

Oligomer 

Type 
Name Code Formula CAS # 

MW 

(g/mol) 

ρ (g/mL)  

C(25°C)68 

L(20°C)69 

Tb 

(°C)70 

η (cSt.) 

at 25°C   

C68 L71 

γ (mN/m)    

C(25°C)68 

L(20°C)69 

Aqueous 

Solubility72 

Cyclic Hexamethy cylcotrisiloxane D3 C6H18O3Si3 541-05-9 222.46 1.02 136.45 
Tm =  

65°C 
- 

1.56 ± 0.03 

ppm 

Cyclic 
Octamethyl 

cyclotetrasiloxane 
D4 C8H24O4Si4 556-67-2 296.61 0.9497 175.45 2.3 17.37 

56.2 ± 2.5 

ppb 

Cyclic 
Decamethyl 

cyclopentasiloxane 
D5 C10H30O5Si5 541-02-6 370.77 0.9531 210.95 3.87 17.42 

17.0 ± 0.72 

ppb 

Cyclic 
Dodecamethyl 

cyclohexasiloxane 
D6 C12H36O6Si6 540-97-6 444.92 0.9613 245.05 6.62 17.61 

5.13 ± 0.48 

ppb 

Cyclic 
Tetradecamethyl 

cycloheptasiloxane 
D7 C14H42O7Si7 107-50-6 519.07 0.9664 275.55 9.47 18.30 - 

Cyclic 
Hexadecamethyl 

cyclooctasiloxane 
D8 C16H48O8Si8 556-68-3 593.23 1.77771 29071 13.23 - - 

Linear Hexamethyl disiloxane MM C6H18OSi2 107-46-0 162.38 0.7636 100.55 0.65 15.7 
930.7 ± 33.7 

ppb 

Linear Octamethyl trisiloxane MDM C8H24O2Si3 107-51-7 236.53 0.8200 152.55 1.04 16.96 34.49 ± 1 ppb 

Linear Decamethyl tetrasiloxane MD2M C10H30O3Si4 141-62-8 310.69 0.8536 194.35 1.53 17.60 
6.74 ± 0.8 

ppb 

Linear Dodecamehtyl pentasiloxane MD3M C12H36O4Si5 141-63-9 384.84 0.8755 229.95 2.06 18.10 
70.41 ± 8.3 

ppt 

Linear 
Tetradecamethyl 

hexasiloxane 
MD4M C14H42O5Si6 107-52-8 458.99 0.8910 24571 2.63 18.45 - 

Linear 
Hexadecamethyl 

heptasiloxane 
MD5M C16H48O6Si7 541-01-5 533.15 0.911 27071 3.24 18.60 - 

Linear 
Octadecamethyl 

octasiloxane 
MD6M C18H54O7Si8 556-69-4 607.03 0.913 29071 3.88 18.82 - 

Linear Eicosamethyl nonasiloxane MD7M C20H60O8Si9 2652-13-3 681.46 0.9173 307.571 4.58 19.24 - 

Linear 
Hexacosamethyl 

dodecasiloxane 
MD10M C26H78O11Si12 2471-08-1 903.92 0.9314 - - 19.56 - 

Linear 
Hexatriacontamethyl 

heptadecasiloxane 
MD15M C36H108O16Si17 18844-04-7 1274.7 0.9428 - - 19.87 - 



 

216 

Glassy Benchmark Materials 

We tested a variety of polymers that have much higher glass transition temperatures 

than PDMS.  These samples should have dramatically less chain mobility and small molecule 

impurities.  As expected, no non-linear behavior is observed with respect to the change in water 

contact angle and the droplet spreading.  The droplets exhibit similar evaporation rates to those 

on PDMS samples regardless of the surface exhibiting hydrophobic or hydrophilic behavior.  

That is, whether the contact angel is greater than or less than 90° does not change the 

evaporation rate of the system.  Therefore, the non-linear behavior we observe in PDMS 

samples is not due to evaporation. 

 

 

Figure A5.1 – Water contact angle, base area, volume, and surface area of water droplets on glassy polymer 

substrates are plotted as a function of contact time between the droplet and substrate in parts a), b), c), and d), 

respectively.  All data are fit well with linear best-fit lines. 
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Model Vinyl/TDSS PDMS Data for All Molecular Weights 

We performed the same analyses on all molecular weights used to prepare Vinyl/TDSS 

model PDMS networks that were shown for the 28 kDa system in the main body of this chapter.  

The following sections provide the same types of figures for each molecular weight.  Overall, 

similar trends were observed between all molecular weights. 

6 kDa Data 

The following plots provide data for the 6 kDa model PDMS system. 

 

Figure A5.2 – Water contact angle, θ (top), and base area, Ab (bottom), plotted as a function of contact time, t, 

between water droplet and PDMS substrate pre- (left) and post-extraction (right) for the model vinyl/hydride 

system of 6 kDa and various stoichiometric ratios.  The symbols are data while the lines are fits using the 

hyperbolic tangent function. 
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Figure A5.3 – Droplet volume (top) and surface area (bottom) plotted as a function of contact time before (left) 

and after (right) extraction for the 6 kDa system. 
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Figure A5.4 – Absolute change (left ordinate, solid lines, filled symbols) and percent change (right ordinate, 

dashed lines, open symbols) in contact angle (top row) and base area (bottom row) plotted as a function of 

stoichiometric ratio (left column) and sol fraction (right column) for the 6 kDa model PDMS system. Pre-

extraction data are blue squares and post-extraction data are red circles.  Numerical labels correspond to 

stoichiometry ratios. 
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Figure A5.5 – Absolute change in contact angle plotted as a function of absolute change in base area (a) and 

absolute change in volume (b) for the 6 kDa model PDMS system.  Pre-extraction data are blue squares and 

post-extraction data are red circles.  The numerical labels on the data points are the stoichiometric ratio values. 

 

Figure A5.6 – Post-extraction contact angle plotted as a function of pre-extraction contact angle for 6 kDa 

model PDMS system for stoichiometric ratios of r = 1, 1.5, 3, and 4 in a) through d), respectively.  The 

diagonal solid black line represents y = x.  Data to the left the y = x line occur when post-extraction contact 

angle is greater than pre-extraction contact angle.  The opposite occurs for data to the right of the y = x line.  

Stoichiometric ratio values are given by different shapes according to the legend.  The contact time at which 

each data point was acquired, both pre-extr. and post-extr. is categorized into 7 different colors according to the 

visible light spectrum.  Short times correspond to violet symbols while long times correspond to red symbols.   



 

221 

17 kDa Data 

The following plots provide data for the 17 kDa model PDMS system. 

 

Figure A5.7 – Water contact angle, θ (top), and base area, B (bottom), plotted as a function of contact time, t, 

between water droplet and PDMS substrate pre- (left) and post-extraction (right) for the model vinyl/hydride 

system of 17 kDa and various stoichiometric ratios.  The symbols are data while the lines are fits using the 

hyperbolic tangent function. 
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Figure A5.8 – Droplet volume (top) and surface area (bottom) plotted as a function of contact time before (left) 

and after (right) extraction for the 17 kDa system. 
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Figure A5.9 – Absolute change (left ordinate, solid lines, filled symbols) and percent change (right ordinate, 

dashed lines, open symbols) in contact angle (top row) and base area (bottom row) plotted as a function of 

stoichiometric ratio (left column) and sol fraction (right column) for the 17 kDa model PDMS system. Pre-

extraction data are blue squares and post-extraction data are red circles.  Numerical labels correspond to 

stoichiometry ratios. 
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Figure A5.10 – Absolute change in contact angle plotted as a function of absolute change in base area (a) and 

absolute change in volume (b) for the 17 kDa model PDMS system.  Pre-extraction data are blue squares and 

post-extraction data are red circles.  The numerical labels on the data points are the stoichiometric ratio values. 
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Figure A5.11 – Post-extraction contact angle plotted as a function of pre-extraction contact angle for the 17 

kDa model PDMS system for stoichiometric ratios of r = 1.5, 3, 4, 6, and 12 in a) through e), respectively.  The 

diagonal solid black line represents y = x.  Data to the left the y = x line occur when post-extraction contact 

angle is greater than pre-extraction contact angle.  The opposite occurs for data to the right of the y = x line.  

Stoichiometric ratio values are given by different shapes according to the legend.  The contact time at which 

each data point was acquired, both pre-extr. and post-extr. is categorized into 7 different colors according to the 

visible light spectrum.  Short times correspond to violet symbols while long times correspond to red symbols.  
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28 kDa Data 

The following plots provide data for the 28 kDa model PDMS system. 

 

Figure A5.12 – Droplet volume (top) and surface area (bottom) plotted as a function of contact time before 

(left) and after (right) extraction for the 28 kDa system.  
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Figure A5.13 – Post-extraction contact angle plotted as a function of pre-extraction contact angle for the 28 

kDa model PDMS system for stoichiometric ratios of r = 1.5, 3, 4, 12, and 20 in a) through e), respectively.  

The diagonal solid black line represents y = x.  Data to the left the y = x line occur when post-extraction contact 

angle is greater than pre-extraction contact angle.  The opposite occurs for data to the right of the y = x line.  

Stoichiometric ratio values are given by different shapes according to the legend.  The contact time at which 

each data point was acquired, both pre-extr. and post-extr. is categorized into 7 different colors according to the 

visible light spectrum.  Short times correspond to violet symbols while long times correspond to red symbols. 
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Figure A5.14 – Zoomed in plots from Figure 5.22 provide a more clear picture of the post-extracted –cos(θ) 

data as a function of base area. 
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63 kDa Data 

The following plots provide data for the 63 kDa model PDMS system. 

 

Figure A5.15 – Water contact angle, θ (top), and base area, B (bottom), plotted as a function of contact time, t, 

between water droplet and PDMS substrate pre- (left) and post-extraction (right) for the model vinyl/hydride 

system of 63 kDa and various stoichiometric ratios.  The symbols are data while the lines are fits using the 

hyperbolic tangent function. 
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Figure A5.16 – Droplet volume (top) and surface area (bottom) plotted as a function of contact time before 

(left) and after (right) extraction for the 63 kDa system. 
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Figure A5.17 – Absolute change (left ordinate, solid lines, filled symbols) and percent change (right ordinate, 

dashed lines, open symbols) in contact angle (top row) and base area (bottom row) plotted as a function of 

stoichiometric ratio (left column) and sol fraction (right column) for the 63 kDa model PDMS system. Pre-

extraction data are blue squares and post-extraction data are red circles.  Numerical labels correspond to 

stoichiometry ratios. 
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Figure A5.18 – Absolute change in contact angle plotted as a function of absolute change in base area (a) and 

absolute change in volume (b) for the 63 kDa model PDMS system.  Pre-extraction data are blue squares and 

post-extraction data are red circles.  The numerical labels on the data points are the stoichiometric ratio values. 
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Figure A5.19 – Post-extraction contact angle plotted as a function of pre-extraction contact angle for the 63 

kDa model PDMS system for stoichiometric ratios of r = 3, 4, 6, 12, and 20 in a) through e), respectively.  The 

diagonal solid black line represents y = x.  Data to the left the y = x line occur when post-extraction contact 

angle is greater than pre-extraction contact angle.  The opposite occurs for data to the right of the y = x line.  

Stoichiometric ratio values are given by different shapes according to the legend.  The contact time at which 

each data point was acquired, both pre-extr. and post-extr. is categorized into 7 different colors according to the 

visible light spectrum.  Short times correspond to violet symbols while long times correspond to red symbols.  
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117 kDa Data 

The following plots provide data for the 117 kDa model PDMS system. 

 

Figure A5.20 – Water contact angle, θ (top), and base area, B (bottom), plotted as a function of contact time, t, 

between water droplet and PDMS substrate pre- (left) and post-extraction (right) for the model vinyl/hydride 

system of 117 kDa and various stoichiometric ratios.  The symbols are data while the lines are fits using the 

hyperbolic tangent function. 
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Figure A5.21 – Droplet volume (top) and surface area (bottom) plotted as a function of contact time before 

(left) and after (right) extraction for the 117 kDa system. 
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Figure A5.22 – Absolute change (left ordinate, solid lines, filled symbols) and percent change (right ordinate, 

dashed lines, open symbols) in contact angle (top row) and base area (bottom row) plotted as a function of 

stoichiometric ratio (left column) and sol fraction (right column) for the 117 kDa model PDMS system. Pre-

extraction data are blue squares and post-extraction data are red circles.  Numerical labels correspond to 

stoichiometry ratios. 
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Figure A5.23 – Absolute change in contact angle plotted as a function of absolute change in base area (a) and 

absolute change in volume (b) for the 117 kDa model PDMS system.  Pre-extraction data are blue squares and 

post-extraction data are red circles.  The numerical labels on the data points are the stoichiometric ratio values. 
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Figure A5.24 – Post-extraction contact angle plotted as a function of pre-extraction contact angle for the 117 

kDa model PDMS system for stoichiometric ratios of r = 3, 4, 6, 12, and 20 in a) through e), respectively.  The 

diagonal solid black line represents y = x.  Data to the left the y = x line occur when post-extraction contact 

angle is greater than pre-extraction contact angle.  The opposite occurs for data to the right of the y = x line.  

Stoichiometric ratio values are given by different shapes according to the legend.  The contact time at which 

each data point was acquired, both pre-extr. and post-extr. is categorized into 7 different colors according to the 

visible light spectrum.  Short times correspond to violet symbols while long times correspond to red symbols. 
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Pure Sylgard 184 Data 

The following plots provide data for the Sylgard 184 PDMS system. 

 

Figure A5.25 – Droplet volume (top) and surface area (bottom) plotted as a function of contact time before 

(left) and after (right) extraction for the Sylgard 184 system. 
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Figure A5.26 – Post-extraction contact angle plotted as a function of pre-extraction contact angle for the 

Sylgard system for Base/Curing Agent ratios of B/C = 2, 5, 10, 15, 20, 27, 38, and 48 in a) through h), 

respectively.  The diagonal solid black line represents y = x.  Data to the left the y = x line occur when post-

extraction contact angle is greater than pre-extraction contact angle.  The opposite occurs for data to the right of 

the y = x line.  Stoichiometric ratio values are given by different shapes according to the legend.  The contact 

time at which each data point was acquired, both pre-extr. and post-extr. is categorized into 8 different colors 

according to the visible light spectrum.  Short times correspond to violet symbols while long times correspond 

to red symbols. 

 



 

241 

 

Figure A5.27 – Zoomed in plots from Figure 5.23 provide a more clear picture of the post-extracted –cos(θ) 

data as a function of base area.  

 

Wetting Ridge Height 

The wetting ridge height is plotted as a function of contact time for pre- and post-

extraction Sylgard 184 samples at various B/C ratios.  This parameter is more strongly 

influenced by storage modulus than contact angle, given that the values are approximately 

constant as a function of contact time. 

 

Figure A5.28 – Approximate height of the wetting ridge resulting from the vertical component of surface 

tension of the water droplet at the 3-phase contact line.   
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Figure A5.29 – Approximate wetting ridge height of Sylgard 184 samples at the final contact time for pre- and 

post-extracted samples in blue and red, respectively. 

Silicone Oils Added to Sylgard 184 Networks Data 

The data presented for these materials is only for pre-extraction samples.  No data is 

provided for post-extraction samples.  In Figure A5.30, we plot the water contact angle (left 

column) and base area (right column) as a function of contact time.  

 



 

243 

 

Figure A5.30 – Water contact angle (left column) and base area (right column) plotted as a function of contact 

time between water droplet and the substrate.  Substrates are B/C = 10 Sylgard 184 samples with various mass 

fractions of silicone oils of various molecular weights.  Plots a) and e) are for the cyclic siloxane oligomer, D4.  

Plots b) and f) show data for samples filled with a linear trimethyl-terminated PDMS silicone oil of molecular 

weight 1 kDa and viscosity of 10 cSt.  Plots c) and g) show data for a 6 kDa and 100 cSt. silicone oil.  Plots d) 

and h) show data for 28 kDa and 1000 cSt. silicone oil. 

 

As we look down the left column, higher viscosity oils result in a greater “lag-time” before 

dramatic decrease in contact angle.  I believe there is some mixing effect going on or some 
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diffusion limitation.  After this delay passes, the water droplet is allowed to slide.  WE also see 

that higher concentrations of smaller molecule oils can persist before the onset of rapid 

decreasing behavior.  It takes 20% oils of D4 to cause the dramatic decrease, whereas this 

occurs with only 2.5% oils for 1 kDa linear silicone oil.  The delays correspond will with the 

delays in spreading base area.  However, unlike pure systems without oils, the base area shows 

a decrease at long times.  I believe the droplets get pinned without oils and just shrink as 

evaporation occurs.  With a slippery surface, however, the droplet shrinks as it evaporates.  

 

 

Figure A5.31 - Changes in interfacial energy between water droplet and silicone-oil-infused PDMS substrates 

as a function of contact time (left columns).  The oil is a cyclic, D4, with ~0.3 kDa and 2.3 cst.  Various mass 

fractions of oils are shown.  The interfacial energy terms are plotted as a function of base area in the right 

columns. 
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Figure A5.32 - Changes in interfacial energy between water droplet and silicone-oil-infused PDMS substrates 

as a function of contact time (left columns).  The oil is 1 kDa and 10 cst.  Various mass fractions of oils are 

shown.  The interfacial energy terms are plotted as a function of base area in the right columns.  
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Figure A5.33 – Changes in interfacial energy between water droplet and silicone-oil-infused PDMS substrates 

as a function of contact time (left columns).  The oil is 6 kDa and 100 cst.  Various mass fractions of oils are 

shown.  The interfacial energy terms are plotted as a function of base area in the right columns. 

 



 

247 

 

Figure A5.34 – Changes in interfacial energy between water droplet and silicone-oil-infused PDMS substrates 

as a function of contact time (left columns).  The oil is 28 kDa and 1000 cst.  Various mass fractions of oils are 

shown.  The interfacial energy terms are plotted as a function of base area in the right columns. 
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Figure A5.35 – Changes in interfacial energy between water droplet and silicone-oil-infused PDMS substrates 

as a function of contact time (left columns).  The mass fraction of oil is constant at 2.5% and the oils change 

according to the legend.  The interfacial energy terms are plotted as a function of base area in the right columns. 
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Figure A5.36 – Changes in interfacial energy between water droplet and silicone-oil-infused PDMS substrates 

as a function of contact time (left columns).  The mass fraction of oil is constant at 5% and the oils change 

according to the legend.  The interfacial energy terms are plotted as a function of base area in the right columns. 

 

 



 

250 

 

Figure A5.37 – Changes in interfacial energy between water droplet and silicone-oil-infused PDMS substrates 

as a function of contact time (left columns).  The mass fraction of oil is constant at 10% and the oils change 

according to the legend.  The interfacial energy terms are plotted as a function of base area in the right columns. 

 

Matlab Image Analysis Code 

Code for Contact Angles >90° 

%************************************************************************* 

% This file will determine drop parameters and contact angles for multiple 

% images in a directory with user-defined 3-phase contact points 

% (i.e., where the base of the droplet interfaces with the substrate. 

% This only works for hydrophobic droplets, i.e., contact angle > 90 

% degrees and TIFF (.tif) files. 

 

% Written By Matthew Melillo 

% North Carolina State University 

% Updated February 1, 2017 

 

clc 
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clear all 

close all 

 

%*******  Read Image Files From Current Directory 

 

files = dir('*.tif'); %Reads in all tif files in directory 

numfids = length(files); %Determines number of files 

filenames = cell(numfids,1); %Copies all of the names into a vector 

Results = cell(numfids+1,19); %Creates an empty cell to store results 

Results(1,:) = {'Filename', 'Time(sec)', 'Time(min)', 'Pixels/mm', 'Major radius (mm)', 

'Minor radius (mm)', 'Drop Height (mm)', 'Contact Line length (mm)', 'Contact Angle (deg)', 

'Drop Base Area (mm^2)', 'Drop Volume (mm^3)', 'Drop Surface Area (mm^2)','Substrate Angle 

(deg)','Ellipse R2', 'Root MSE', 'Major Radius Bounds', 'Minor Radius Bounds', 'Contact Angle 

Bounds', 'Drop Volume Bounds'}; 

mkdir('Fitted_Images'); %Creates a directory to save the fitted images 

cd('Fitted_Images'); 

fpath = pwd; %Gets path of newly created directy 

cd ../; %Moves back up to current directory 

 

%******* Begin Loop that Performs Operations on Every Image in Directory 

 

for j=1:numfids 

    filenames{j}=files(j).name; %Adds filename to variable 'filenames' 

    Current_filename = filenames{j}; 

    [pathstr,name,ext] = fileparts(Current_filename); 

    %Find the index at the beginnig of the word "Spot" of "spot" in filename 

    spot = strfind(Current_filename,'Spot'); 

    if isempty(spot) == 1; 

        spot = strfind(Current_filename,'spot'); 

    end 

 

    %Find time (sec) from filename 

    time_sec(j) = str2double(Current_filename(end-6:end-4)); %Stores time in sec 

    if isnan(time_sec(j)) == 1; 

        time_sec(j) = str2double(Current_filename(end-5:end-4)); 

    end 

    if isnan(time_sec(j)) == 1; 

        time_sec(j) = str2double(Current_filename(end-4:end-4)); 

    end 

    time_min(j) = time_sec(j)/60; % Stores time in min 

 

    new_name = strcat('Fit_',name); 

 

    % ********* Performs Operations on Image 

    I = imread(filenames{j}); 

    % Sharpen Image 

    Isharp = imsharpen(I, 'radius',2,'amount',1.5); 

    % Convert to black and white binary 

    %****** use 2nd input for values between 0 and 1 for thresholding) 

    % Lower number means higher gray values in each pixel are needed to be 
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    % turned to black. Higher number means pixels closer to white (light 

    % gray) will still be turned to black 

    BW = im2bw(Isharp, 0.1); 

    % Convert such that droplet is white and background is black 

    WB = imcomplement(BW); 

    % Fill in holes 

    WB2 = imfill(WB,'holes'); 

 

    % ************** Set Scale bar based on needle width ****************** 

    scaleIndex = find(WB2(50,:)); %Finds needle width 50 pixels from top 

    needleWidth = scaleIndex(end)+1/2-(scaleIndex(1)-1/2); 

    Scale_barX = [scaleIndex(1)-1/2 scaleIndex(end)+1/2]; 

    pixel_mm = needleWidth/0.72; % length of needle in pixels/0.72 mm 

 

    %Find top of droplet by searching for next black pixel below middle of 

    %needle 

    needle_center = round((scaleIndex(1)+scaleIndex(end))/2); 

    center_rows = find(WB2(:,needle_center)); %Finds all rows below center of needle 

    change = center_rows(diff(center_rows)~=1); %Looks for the difference between row n and 

(n-1) to be not equal to 1 

    drop_top = [needle_center,center_rows(change(1)+1)]; %Drop top is the first row where the 

change isn't equal to 1 

 

    %Skips images that are distorted due to camera/stage shake 

    if (250 - drop_top(2)) > 100 

        continue 

    end 

 

    % ****************** Finds boundaries in the image ******************** 

    [height,width] = size(I); 

    boundary = bwboundaries(WB2, 'noholes'); %Finds the boundary of the outer white edge of 

the drop shape and all other white features in image 

    voids = cellfun('size',boundary,1); %Finds the number of data points in each array in 

boundary 

 

    %Search through all arrays within "boundary" cell to find one that 

    %matches the outline for hte top of the droplet 

    for m=1:length(boundary) 

        for n=1:length(boundary{m,1}) 

            if drop_top(2) == boundary{m,1}(n,1) && drop_top(1) == boundary{m,1}(n,2) 

               droplet_index = m; 

            end 

        end 

    end 

 

    outline = boundary{droplet_index,1}; %Returns boundary coordinates of the first image 

feature (only 1 for WCA images) 

    x = outline(:,2); %defines x values of the outline from the 2nd column of the boundary 

    y = outline(:,1); %defines y values of the outline from the 1st column of the boundary 
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    totalHeight = max(y)-min(y); %Height of top of edge to bottom, including reflection in 

pixels 

 

    % ******** User-defined three-phase contact points (vertices) ********* 

    figure(j) 

    imshow(Isharp) 

    fig = figure(j); 

    set (fig, 'Units', 'normalized', 'Position', [0,0,1,1]); 

    %User zooms into LEFT contact point region, clicks enter, then clicks on left contact 

points, then clicks "enter" 

    zoom on 

    pause; 

    %datacursormode on %Allows for seeing the exact pixel coordinates 

    %pause; 

    [x_coord(1), y_coord(1), Pixel_value] = impixel; 

    close 

    zoom off 

    %datacursormode off 

 

    figure(j) 

    imshow(Isharp) 

    fig = figure(j); 

    set (fig, 'Units', 'normalized', 'Position', [0,0,1,1]); 

    %User zooms into RIGHT contact point region, clicks enter, then clicks on left contact 

points, then clicks "enter" 

    hold on 

    plot([1,600],[y_coord(1),y_coord(1)],'r--'); 

    zoom on 

    pause; 

    [x_coord(2), y_coord(2), Pixel_value] = impixel; 

    close 

    zoom off 

 

    %Calculate the substrate angle in degrees 

    substrate_angle = atan((y_coord(2)-y_coord(1))/(x_coord(2)-x_coord(1)))*180/pi(); 

 

    xVertexLeft = x_coord(1); 

    xVertexRight = x_coord(2); 

    yVertexLeft = y_coord(1); 

    yVertexRight = y_coord(2); 

    CL_length = sqrt((x_coord(2)-x_coord(1))^2+(y_coord(2)-y_coord(1))^2); %Length in pixels 

of contact line 

    CL_height = (yVertexLeft + yVertexRight)/2; %Height in pixels of contact line 

 

    % *************** Identifying Droplet Shape Parameters **************** 

    %Find coordinates of top of droplet 

    yTop = min(y); % Top of drop, y-coordinate, in pixels 

    xTopFirstIndex = find(y == min(y), 1, 'first'); %left-most x index for ytop 

    xTopFirst = x(xTopFirstIndex); %value of left-most ytop x pixel 

    xTopLastIndex = find(y == min(y), 1, 'last'); %right-most x index for ytop 
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    xTopLast = x(xTopLastIndex);% value of right-most ytop x pixel 

    xTopCenter = (xTopFirst + xTopLast)/2;% center of top of droplet, x coordinate 

 

    %Find the left and right edges of the droplet, looking at y values not at 

    %the top or the bottom of the green outline. 

 

    %Finds all the indices with non-zero values droplet top and 

    %above intersection line 

 

    LeftRightEdgeIndex = find(y >= min(y) & y <= (CL_height) & x >= (x_coord(1)-20) & x <= 

(x_coord(2)+20)); 

    x_drop = x(LeftRightEdgeIndex); 

    y_drop = y(LeftRightEdgeIndex); 

 

    % Find coordinates of left droplet edge 

    xLeft = min(x_drop); %Left-most x point, edge 

    LeftIndex = find(x_drop == xLeft); %Index of left-most x point 

    %Finds left most y index, averaged to center in height 

    yLeftIndex = round(length(LeftIndex)/2); 

    yLeftCenter = y_drop(LeftIndex(yLeftIndex)); %y value in pixels for left edge 

 

    % Find coordinates of right droplet edge 

    xRight = max(x_drop); %highest number in x pixels, i.e., farthest right edge 

    RightIndex = find(x_drop == xRight); %index of right edge of drop x pixels 

    %Finds right most y index, averaged to center in height 

    yRightIndex = round(length(RightIndex)/2); 

    yRightCenter = y_drop(RightIndex(yRightIndex)); 

    %yRightCenter = yLeftCenter; % Major axis should be horizontal 

 

    %Take average y-value of left and right edges of droplet 

    yMajor = (yLeftCenter + yRightCenter)/2; 

 

    %Find the outline only for the top half of the drop 

    drop_top_index = find(y_drop < (yMajor) & x_drop > (xLeft) & x_drop < (xRight)); 

    x_drop_top = x_drop(drop_top_index); 

    y_drop_top = y_drop(drop_top_index); 

 

    %If white circle in center of drop meets bottom of substrate, the 

    %outline may connect the drop edge to the center of drop. Use the "final" drop top 

    %variables in the optimization function 

 

    if length(x_drop_top) > 285 

        changes = diff(x_drop_top); %Takes the difference between row n and n-1 

        final_index = find(abs(changes) > 1); %Looks for the difference between row n and (n-

1) to be > 1 (correspondign from jump from edge of droplet to center white spot) 

        if final_index < 100 

            x_drop_top_final = x_drop_top(final_index+1:end); 

            y_drop_top_final = y_drop_top(final_index+1:end); 

        else 

            x_drop_top_final = x_drop_top(1:final_index); %Drop top is the first row where 
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the change isn't equal to 1 

            y_drop_top_final = y_drop_top(1:final_index); 

        end 

 

    end 

 

    %Perform fitting of top half of ellipse to outline 

 

    %Initial guess of fitting parameters 

    param0(1) = abs(xLeft - xRight)/2; %major radius, half the distance between user-selected 

3-phase points 

    param0(2) = abs(yTop - yMajor); %minor radius, diffence between top of drop and 3-phase 

contact line 

    param0(3) = yMajor; %vertical offset, height of 3-phase contact points 

    param0(4) = xTopCenter; %Horizontal offset 

 

    %Function to minimize sum of square differences between outline and 

    %function for top half of drop, y = k - b*sqrt(1-((x-h)^2/a^2)) 

    yPosFun = @(param,xdata)param(3)-param(2)*sqrt(1-((xdata-param(4)).^2/param(1)^2)); 

 

    if length(x_drop_top) > 285 

        [param,resnorm,residual,exitflag,output,lambda,jacobian] = 

lsqcurvefit(yPosFun,param0,x_drop_top_final,y_drop_top_final); 

    else 

        [param,resnorm,residual,exitflag,output,lambda,jacobian] = 

lsqcurvefit(yPosFun,param0,x_drop_top, y_drop_top); 

    end 

 

    %Ignoring imaginary parts of parameters 

    a = real(param(1)); %major radius 

    b = real(param(2)); %minor radius 

    k = real(param(3)); %vertical offset 

    h = real(param(4)); %horizontal offset 

 

    %Ignoring imaginary parts of parameters 

    real_param = real(param); 

    real_res = real(residual); 

    real_jac = real(jacobian); 

 

    %Determine 95% confidence intervals on 4 parameters, a, b, h, k (rows 

    %1-4). Lower bounds are column 1, upper bounds are column 2 

    conf = nlparci(real_param,real_res,'jacobian',real_jac); 

    a_upper = conf(1,2); 

    a_lower = conf(1,1); 

    a_bounds = ((a_upper - a) + (a - a_lower))/2; 

    b_upper = conf(2,2); 

    b_lower = conf(2,1); 

    b_bounds = ((b_upper - b) + (b - b_lower))/2; 
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    % Define boundaries of ellipse in x-direction 

    x_ell = x_coord(1)-15:1:x_coord(2)+15; 

    %x_ell = x_drop_top; 

 

    %Define x-values and y-values for fitting 

    yPos = zeros(length(x_ell),1); 

    yNeg = zeros(length(x_ell),1); 

 

    % Fill vectors for top and bottom half of ellipse 

    for i=1:length(x_ell); 

        yPos(i) = k - b*sqrt((1-(x_ell(i)-h).^2/a^2)); 

        yNeg(i) = k + b*sqrt((1-(x_ell(i)-h).^2/a^2)); 

    end 

 

    %Measure of Goodness-of-fit for ellipse to droplet 

    r2 = real(1 - resnorm/sum((yPos-mean(yPos)).^2)); %Should be close to 1 

 

    if length(x_drop_top) > 285 

        RootMSE = sqrt(resnorm/(length(y_drop_top_final)-4)); %Should be close to 0 

    else 

        RootMSE = sqrt(resnorm/(length(y_drop_top)-4)); 

    end 

 

    %Define major and minor radii of ellipse, in mm 

    amm = a/pixel_mm; 

    bmm = b/pixel_mm; 

 

    amm_bounds = a_bounds/pixel_mm; 

    bmm_bounds = b_bounds/pixel_mm; 

 

    % *********** Contact Angle and Drop Parameters Calculations ********** 

    % Determine contact angle based on slope of tangent line to ellipse at 

    % intersection of base contact line and ellipse 

 

    ydist = k - CL_height; % Distance from contact line to height of major axis 

    Drop_Height = CL_height - yTop; % Height of drop, in pixels 

 

    slope = -b*sqrt((b^2)-(ydist^2))/(a*ydist); 

 

    %Bounds of slope, 95% confidence from fitting ellipse 

    slope_high = -b_upper*sqrt((b_upper^2)-(ydist^2))/(a_lower*ydist); 

    slope_low = -b_lower*sqrt((b_lower^2)-(ydist^2))/(a_upper*ydist); 

 

    %Bounds of contact angle, CA, 95% confidence from fitting ellipse 

    CA_upper = (pi()-abs(atan(slope_low)))/(pi()/180); 

    CA_lower = (pi()-abs(atan(slope_high)))/(pi()/180); 

 

    %Tangent lines 

    LeftTan = [20/slope+x_coord(1) y_coord(1)+20; -75/slope+x_coord(1) y_coord(1)-75]; 

    %LeftTan = [x_coord(1) y_coord(1); -75/slope+x_coord(1) y_coord(1)-75]; 
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    RightTan = [-20/slope+x_coord(2) y_coord(2)+20; 75/slope+x_coord(2) y_coord(2)-75]; 

    %RightTan = [x_coord(2) y_coord(2); 75/slope+x_coord(2) y_coord(2)-75]; 

 

    % Drop Parameters, Hydrophobic, > 90 deg. 

    CA = (pi()-abs(atan(slope)))/(pi()/180); %Hydrophobic, > 90 deg. 

    CA_bounds = ((CA_upper - CA) + (CA - CA_lower))/2; 

 

    DBA = pi()*(CL_length/pixel_mm)^2/4; %Drop Base Area, in mm 

 

    DV = ((pi()*a^2)/(3*b^2)*Drop_Height^2*(3*b-Drop_Height))/((pixel_mm)^3); %Drop Volume in 

mm^3 

    DV_upper = ((pi()*a_upper^2)/(3*b_upper^2)*Drop_Height^2*(3*b_upper-

Drop_Height))/((pixel_mm)^3); %Max drop volume 

    DV_lower = ((pi()*a_lower^2)/(3*b_lower^2)*Drop_Height^2*(3*b_lower-

Drop_Height))/((pixel_mm)^3); %Min drop volume 

    DV_bounds = abs(((DV_upper - DV) + (DV - DV_lower))/2); 

 

    ell = sqrt((a^2)/(b^2)-1); %Ellipticity = sqrt(a^2/b^2-1) 

    ell2 = 1-Drop_Height/b; % ellipticity_2 = 1 - drop height/minor axis 

    DSA = pi()*amm*bmm*(amm/bmm-ell2*sqrt(1+ell.^2*ell2.^2)+1/ell*(asinh(ell)-

asinh(ell*ell2))); 

 

    % Write results to a matrix cell 

    Results(j+1,:) = {filenames{j}, time_sec(j), time_min(j), pixel_mm, amm, bmm, 

Drop_Height/pixel_mm, CL_length/pixel_mm, CA, DBA, DV, DSA, substrate_angle, r2, RootMSE, 

amm_bounds, bmm_bounds, CA_bounds, DV_bounds}; 

 

    % Visualize results 

    figure(j) 

    imshow(I) 

    axis ij 

    axis equal 

    axis on 

    hold on 

    set(gca,'TickDir','in') 

    title(Current_filename(1:spot+5),'interpreter','none') 

 

    % Plot scalebar 

    plot(Scale_barX,[50 50],'g-','Linewidth',0.5) 

 

    %Plot outline of ellipse itself 

    plot(x_ell,yPos,'r','Linewidth',0.5) 

    plot(x_ell,yNeg,'r','Linewidth',0.5) 

 

    %Plot boundary determined from Matlab function 

    plot(x,y, 'g:', 'Linewidth', 1) 

    %plot(x_drop,y_drop, 'g:', 'Linewidth', 1) 

 

    %Plot tangent lines 

    plot(LeftTan(:,1),LeftTan(:,2), 'b','Linewidth',0.5) 
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    plot(RightTan(:,1),RightTan(:,2), 'b','Linewidth',0.5) 

 

    %Plot user-defined 3-phase contact line points 

    plot(x_coord,y_coord,'y--','Linewidth',0.5) 

    plot(x_coord,y_coord,'yx', 'Markersize', 3,'Linewidth',0.5) 

 

    %Output drop parameters to image and PDF file 

    str = sprintf('Contact Time = %.2f min \nContact Angle = %.2f +/- %.2f\\circ \nDrop 

Volume = %.2f +/- %.2f \\muL \nDrop Base Area = %.2f mm^2 \nDrop Surface Area %.2f mm^2 

\nSubstrate Angle = %.2f\\circ \nEllipse R^2 = 

%.4f',time_min(j),CA,CA_bounds,DV,DV_bounds,DBA,DSA,substrate_angle,r2); 

    text(20,75,str) 

    str2 = sprintf('%.2f pixels/mm',pixel_mm); 

    text(Scale_barX(2)+15,50,str2) 

    print(gcf,fullfile(fpath,new_name),'-dpdf'); 

    print(gcf,fullfile(fpath,new_name),'-dtiff'); 

    close 

end 

xlswrite(new_name(1:end-3),Results); 

Published with MATLAB® R2015a 

Code for Contact Angles < 90° 

%************************************************************************* 

% This file will determine drop parameters and contact angles for multiple 

% images in a directory with user-defined vertex points (i.e., where the 

% base of the droplet interfaces with the substrate. This only works for 

% hydrophilic droplets, i.e., contact angle < 90 degrees and TIFF (.tif) 

% files) 

 

% Written By Matthew Melillo 

% North Carolina State University 

% Updated February 1, 2017 

 

clc 

clear all 

close all 

 

%*******  Read Image Files From Current Directory 

 

files = dir('*.tif'); %Reads in all tif files in directory 

numfids = length(files); %Determines number of files 

filenames = cell(numfids,1); %Copies all of the names into a vector 

Results = cell(numfids+1,19); %Creates an empty cell to store results 

Results(1,:) = {'Filename', 'Time(sec)', 'Time(min)', 'Pixels/mm', 'Major radius (mm)', 

'Minor radius (mm)', 'Drop Height (mm)', 'Contact Line length (mm)', 'Contact Angle (deg)', 

'Drop Base Area (mm^2)', 'Drop Volume (mm^3)', 'Drop Surface Area (mm^2)','Substrate Angle 

(deg)','Ellipse R2', 'Root MSE', 'Major Radius Bounds', 'Minor Radius Bounds', 'Contact Angle 

http://www.mathworks.com/products/matlab
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Bounds', 'Drop Volume Bounds'}; 

mkdir('Fitted_Images'); %Creates a directory to save the fitted images 

cd('Fitted_Images'); 

fpath = pwd; %Gets path of newly created directy 

cd ../; %Moves back up to current directory 

 

%******* Begin Loop that Performs Operations on Every Image in Directory 

 

for j=1:numfids 

    filenames{j}=files(j).name; %Adds filename to variable 'filenames' 

    Current_filename = filenames{j}; 

    [pathstr,name,ext] = fileparts(Current_filename); 

    %Find the index at the beginnig of the word "Spot" of "spot" in filename 

    spot = strfind(Current_filename,'Spot'); 

    if isempty(spot) == 1; 

        spot = strfind(Current_filename,'spot'); 

    end 

 

    %Find time (sec) from filename 

    time_sec(j) = str2double(Current_filename(end-6:end-4)); %Stores time in sec 

    if isnan(time_sec(j)) == 1; 

        time_sec(j) = str2double(Current_filename(end-5:end-4)); 

    end 

    if isnan(time_sec(j)) == 1; 

        time_sec(j) = str2double(Current_filename(end-4:end-4)); 

    end 

    time_min(j) = time_sec(j)/60; % Stores time in min 

 

    new_name = strcat('Fit_',name); 

 

    % ********* Performs Operations on Image 

    I = imread(filenames{j}); 

    % Sharpen Image 

    Isharp = imsharpen(I, 'radius',2,'amount',1.5); 

    % Convert to black and white binary 

    %****** use 2nd input for values between 0 and 1 for thresholding) 

    % Lower number means higher gray values in each pixel are needed to be 

    % turned to black. Higher number means pixels closer to white (light 

    % gray) will still be turned to black 

    BW = im2bw(Isharp, 0.4); 

    % Convert such that droplet is white and background is black 

    WB = imcomplement(BW); 

    % Fill in holes 

    WB2 = imfill(WB,'holes'); 

 

    % ************** Set Scale bar based on needle width ****************** 

    scaleIndex = find(WB2(50,:)); %Finds needle width 50 pixels from top 

    needleWidth = scaleIndex(end)+1/2-(scaleIndex(1)-1/2); 

    Scale_barX = [scaleIndex(1)-1/2 scaleIndex(end)+1/2]; 

    pixel_mm = needleWidth/0.72; % length of needle in pixels/0.72 mm 
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    %Find top of droplet by searching for next black pixel below middle of 

    %needle 

    needle_center = round((scaleIndex(1)+scaleIndex(end))/2); 

    rows = find(WB2(:,needle_center)); 

    change = rows(diff(rows)~=1); 

    drop_top = rows(change(1)+1); 

 

    %Skips images that are distorted due to camera/stage shake 

    if (250 - drop_top) > 100 

        continue 

    end 

 

    % ****************** Finds boundaries in the image ******************** 

    [height,width] = size(I); 

    boundary = bwboundaries(WB2, 'noholes'); %Finds the boundary of the outer white edge of 

the drop shape and all other white features in image 

    voids = cellfun('size',boundary,1); %Finds the number of data points in each array in 

boundary 

 

    %Search through all arrays within "boundary" cell to find one that 

    %matches the outline for hte top of the droplet 

    for m=1:length(boundary) 

        for n=1:length(boundary{m,1}) 

            if drop_top == boundary{m,1}(n,1) 

               droplet_index = m; 

            end 

        end 

    end 

 

    outline = boundary{droplet_index,1}; %Returns boundary coordinates of the first image 

feature (only 1 for WCA images) 

    x = outline(:,2); %defines x values of the outline from the 2nd column of the boundary 

    y = outline(:,1); %defines y values of the outline from the 1st column of the boundary 

 

    totalHeight = max(y)-min(y); %Height of top of edge to bottom, including reflection in 

pixels 

 

    % ******** User-defined three-phase contact points (vertices) ********* 

    figure(j) 

    imshow(Isharp) 

    fig = figure(j); 

    set (fig, 'Units', 'normalized', 'Position', [0,0,1,1]); 

    %User zooms into LEFT contact point region, clicks enter, then clicks on left contact 

points, then clicks "enter" 

    zoom on 

    pause; 

    %datacursormode on 

    %pause; 

    [x_coord(1), y_coord(1), Pixel_value] = impixel; 
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    close 

    zoom off 

    %datacursormode off 

 

    figure(j) 

    imshow(Isharp) 

    fig = figure(j); 

    set (fig, 'Units', 'normalized', 'Position', [0,0,1,1]); 

    %User zooms into RIGHT contact point region, clicks enter, then clicks on left contact 

points, then clicks "enter" 

    hold on 

    plot([1,600],[y_coord(1),y_coord(1)],'r--'); 

    zoom on 

    pause; 

    [x_coord(2), y_coord(2), Pixel_value] = impixel; 

    close 

    zoom off 

 

    %Calculate the substrate angle in degrees 

    substrate_angle = atan((y_coord(2)-y_coord(1))/(x_coord(2)-x_coord(1)))*180/pi(); 

 

    xVertexLeft = x_coord(1); 

    xVertexRight = x_coord(2); 

    yVertexLeft = y_coord(1); 

    yVertexRight = y_coord(2); 

    CL_length = sqrt((x_coord(2)-x_coord(1))^2+(y_coord(2)-y_coord(1))^2); %Length in pixels 

of contact line 

    CL_height = (yVertexLeft + yVertexRight)/2; %Height in pixels of contact line 

 

    % *************** Identifying Droplet Shape Parameters **************** 

    %Find coordinates of top of droplet 

    yTop = min(y); % Top of drop, y-coordinate, in pixels 

    xTopFirstIndex = find(y == min(y), 1, 'first'); %left-most x index for ytop 

    xTopFirst = x(xTopFirstIndex); %value of left-most ytop x pixel 

    xTopLastIndex = find(y == min(y), 1, 'last'); %right-most x index for ytop 

    xTopLast = x(xTopLastIndex);% value of right-most ytop x pixel 

    xTopCenter = (xTopFirst + xTopLast)/2;% center of top of droplet, x coordinate 

 

    %Find the left and right edges of the droplet, looking at y values not at 

    %the top or the bottom of the green outline. 

 

    %Finds all the indices with non-zero values droplet top and 

    %above intersection line 

 

    LeftRightEdgeIndex = find(y >= min(y) & y < CL_height & x >= x_coord(1) & x <= 

x_coord(2)); 

    x_drop = x(LeftRightEdgeIndex); 

    y_drop = y(LeftRightEdgeIndex); 

 

    %Perform fitting of top half of ellipse to outline 
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    %Initial guess of fitting parameters 

    param0(1) = (x_coord(2)-x_coord(1))/2; %major radius, half the distance between user-

selected 3-phase points 

    param0(2) = y_coord(1)-yTop; %minor radius, diffence between top of drop and 3-phase 

contact line 

    param0(3) = y_coord(2); %vertical offset, height of 3-phase contact points 

    param0(4) = xTopCenter; %Horizontal offset 

 

    %Function to minimize sum of square differences between outline and 

    %function 

 

    %Top half of ellipse: yPos = k - b*sqrt(1-(x-h)^2/a^2) 

    yPosFun = @(param,xdata)param(3)-param(2)*sqrt(1-((xdata-param(4)).^2/param(1)^2)); 

 

    [param,resnorm,residual,exitflag,output,lambda,jacobian] = 

lsqcurvefit(yPosFun,param0,x_drop,y_drop); 

 

    %Ignoring imaginary parts of parameters 

    a = real(param(1)); %major radius 

    b = real(param(2)); %minor radius 

    k = real(param(3)); %vertical offset 

    h = real(param(4)); %horizontal offset 

 

    %Ignoring imaginary parts of parameters 

    real_param = real(param); 

    real_res = real(residual); 

    real_jac = real(jacobian); 

 

    %Determine 95% confidence intervals on 4 parameters, a, b, h, k (rows 

    %1-4). Lower bounds are column 1, upper bounds are column 2 

    conf = nlparci(real_param,real_res,'jacobian',real_jac); 

    a_upper = conf(1,2); 

    a_lower = conf(1,1); 

    a_bounds = ((a_upper - a) + (a - a_lower))/2; 

    b_upper = conf(2,2); 

    b_lower = conf(2,1); 

    b_bounds = ((b_upper - b) + (b - b_lower))/2; 

 

    % Define x-values (in pixels) that will be used to fit ellipse 

    x_ell = zeros(length(x_drop)+50,1); 

    yPos = zeros(length(x_ell),1); 

    yNeg = zeros(length(x_ell),1); 

 

    for i=1:1:25 

        x_ell(i) = x_drop(1)-(25-i); 

    end 

 

    for i=26:1:length(x_drop)+25 

        x_ell(i) = x_drop(i-25); 
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    end 

    n=1; 

    for i=length(x_drop)+25:1:length(x_drop)+50; 

        x_ell(i) = x_drop(end)+n; 

        n=n+1; 

    end 

 

    % Fill vectors for top and bottom half of ellipse 

    for i=1:length(x_ell); 

        yPos(i) = k - b*sqrt((1-(x_ell(i)-h).^2/a^2)); 

        yNeg(i) = k + b*sqrt((1-(x_ell(i)-h).^2/a^2)); 

    end 

 

    %Measure of Goodness-of-fit for ellipse to droplet 

    r2 = real(1 - resnorm/sum((yPos-mean(yPos)).^2)); %Should be close to 1 

    RootMSE = sqrt(resnorm/(length(y_drop)-4)); 

 

%     if length(x_drop) > 275 

%         RootMSE = sqrt(resnorm/(length(y_drop_top_final)-4)); %Should be close to 0 

%     else 

%         RootMSE = sqrt(resnorm/(length(y_drop_top)-4)); 

%     end 

 

 

    %Define major and minor radii of ellipse, in mm 

    amm = a/pixel_mm; 

    bmm = b/pixel_mm; 

 

    amm_bounds = a_bounds/pixel_mm; 

    bmm_bounds = b_bounds/pixel_mm; 

 

    % *********** Contact Angle and Drop Parameters Calculations ********** 

    % Determine contact angle based on slope of tangent line to ellipse at 

    % intersection of base contact line and ellipse 

 

    ydist = k - CL_height; % Distance from contact line to height of major axis 

    Drop_Height = CL_height - yTop; % Height of drop, in pixels 

 

    slope = -b*sqrt((b^2)-(ydist^2))/(a*ydist); 

 

    %Bounds of slope, 95% confidence from fitting ellipse 

    slope_high = -b_upper*sqrt((b_upper^2)-(ydist^2))/(a_lower*ydist); 

    slope_low = -b_lower*sqrt((b_lower^2)-(ydist^2))/(a_upper*ydist); 

 

    %Bounds of contact angle, CA, 95% confidence from fitting ellipse 

    CA_upper = abs(atan(slope_low))/(pi()/180); 

    CA_lower = abs(atan(slope_high))/(pi()/180); 

 

    %Tangent lines 

    LeftTan = [20/slope+x_coord(1) y_coord(1)+20; -75/slope+x_coord(1) y_coord(1)-75]; 
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    %LeftTan = [x_coord(1) y_coord(1); -75/slope+x_coord(1) y_coord(1)-75]; 

    RightTan = [-20/slope+x_coord(2) y_coord(2)+20; 75/slope+x_coord(2) y_coord(2)-75]; 

    %RightTan = [x_coord(2) y_coord(2); 75/slope+x_coord(2) y_coord(2)-75]; 

 

    % Drop Parameters, Hydrophilic, < 90 deg. 

    CA = abs(atan(slope))/(pi()/180); %Hydrophilic, <90 deg. 

    CA_bounds = ((CA_upper - CA) + (CA - CA_lower))/2; 

 

    DBA = pi()*(CL_length/pixel_mm)^2/4; %Drop Base Area 

 

    DV = ((pi()*a^2)/(3*b^2)*Drop_Height^2*(3*b-Drop_Height))/((pixel_mm)^3); %Drop Volume 

    DV_upper = ((pi()*a_upper^2)/(3*b_upper^2)*Drop_Height^2*(3*b_upper-

Drop_Height))/((pixel_mm)^3); %Max drop volume 

    DV_lower = ((pi()*a_lower^2)/(3*b_lower^2)*Drop_Height^2*(3*b_lower-

Drop_Height))/((pixel_mm)^3); %Min drop volume 

    DV_bounds = abs(((DV_upper - DV) + (DV - DV_lower))/2); 

 

 

    ell = sqrt((a^2)/(b^2)-1); %Ellipticity = sqrt(a^2/b^2-1) 

    ell2 = 1-Drop_Height/b; % ellipticity_2 = 1 - drop height/minor axis 

    DSA = pi()*amm*bmm*(amm/bmm-ell2*sqrt(1+ell.^2*ell2.^2)+1/ell*(asinh(ell)-

asinh(ell*ell2))); 

 

    % Write results to a matrix cell 

    Results(j+1,:) = {filenames{j}, time_sec(j), time_min(j), pixel_mm, amm, bmm, 

Drop_Height/pixel_mm, CL_length/pixel_mm, CA, DBA, DV, DSA, substrate_angle, r2, RootMSE, 

amm_bounds, bmm_bounds, CA_bounds, DV_bounds}; 

 

    % Visualize results 

    figure(j) 

    imshow(I) 

    axis ij 

    axis equal 

    axis on 

    hold on 

    set(gca,'TickDir','in') 

    title(Current_filename(1:spot+5),'interpreter','none') 

 

    % Plot scalebar 

    plot(Scale_barX,[50 50],'r-','Linewidth',0.5) 

 

    %Plot outline of ellipse itself 

    plot(x_ell,yPos,'r','Linewidth',0.5) 

    plot(x_ell,yNeg,'r','Linewidth',0.5) 

 

    %Plot boundary determined from Matlab function 

    plot(x,y, 'g:', 'Linewidth', 0.5) 

    %plot(x_drop,y_drop, 'g:', 'Linewidth', 1) 

 

    %Plot tangent lines 
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    plot(LeftTan(:,1),LeftTan(:,2), 'b','Linewidth',0.5) 

    plot(RightTan(:,1),RightTan(:,2), 'b','Linewidth',0.5) 

 

    %Plot user-defined 3-phase contact line points 

    plot(x_coord,y_coord,'y--','Linewidth',0.5) 

    plot(x_coord,y_coord,'yx', 'Markersize', 3,'Linewidth',0.5) 

 

    %Output drop parameters to image and PDF file 

    str = sprintf('Contact Time = %.2f min \nContact Angle = %.2f +/- %.2f\\circ \nDrop 

Volume = %.2f +/- %.2f \\muL \nDrop Base Area = %.2f mm^2 \nDrop Surface Area %.2f mm^2 

\nSubstrate Angle = %.2f\\circ \nEllipse R^2 = 

%.4f',time_min(j),CA,CA_bounds,DV,DV_bounds,DBA,DSA,substrate_angle,r2); 

    text(20,75,str) 

    str2 = sprintf('%.2f pixels/mm',pixel_mm); 

    text(Scale_barX(2)+15,50,str2) 

    print(gcf,fullfile(fpath,name),'-dpdf'); 

    print(gcf,fullfile(fpath,name),'-dtiff'); 

    close 

end 

xlswrite(name(1:end-3),Results); 

Published with MATLAB® R2015a 
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CHAPTER 6: Summary & Outlook 

Summary 

Chapter 1 

In chapter 1 we introduced PDMS and demonstrated examples of its many advantages 

over purely hydrocarbon and alkane-backbone based polymers.  The expanding use of a 

commercial silicone elastomer, Sylgard 184, in numerous research communities was brought 

to light.  The challenges that arise from using commercial materials, such as imprecise 

knowledge of chemical composition and, likely, non-ideal network topology were mentioned.  

We also noted that a direct comparison between two common forms of model PDMS, 

vinyl/TDSS and silanol/TEOS, has not been published to the best of our knowledge.  The 

overarching goal of this Ph.D. dissertation has been to provide molecular level structure to 

macroscopic property relationships by systematically investigating the performance of PDMS 

materials made from two different model crosslinking reactions and a commercial product. 

Chapter 2 

We began our analysis in chapter 2 of this dissertation by providing the preparation 

details for making silicone elastomers that were studied throughout the remainder of the 

dissertation.  Two model systems, vinyl/TDSS and silanol/TEOS, and one commercial product 

were prepared from silicones with a variety of different molecular weights and crosslinking 

stoichiometric ratios while maintaining the same curing conditions (temperature and time) and 

relative amounts of catalyst (see chapters 2-5 for details).  The gel fractions of the networks 

were calculated by measuring the mass of samples before and after Soxhlet extraction in 

toluene, which allowed molecules that were not covalently attached to or permanently trapped 

in the network to diffuse out of the gel and into the pure toluene solvent, thus lowering the 

sample mass.  The influence of stoichiometric ratio on gel fraction was examined.  We found 

that a rapid increase in gel fraction occurs with minimal increases in crosslinker loading for all 

systems up to an optimal level of crosslinker loading.  From there, the gel fraction plateaued 
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with increasing crosslinker loading.  For the vinyl/TDSS and Sylgard systems, we observed a 

decrease in gel fraction at large excesses of crosslinker, but not for the silanol/TEOS system.  

This is due to the TEOS molecule being able to react with itself, but TDSS (and all silicone 

hydride, Si-H, functional groups) being unable to react with itself.  When a massive excess of 

TEOS was added, the crosslinker molecules clustered together and formed aggregates, which 

were verified by SEM.  In contrast, when a massive excess of TDSS was present, these 

crosslinker molecules reacted individually with each polymer chain end, but with no other 

unique polymer chains, thus creating an “end-capping” effect that causes those chains to 

become inert and part of the sol fraction. 

Chapter 3 

Next, in chapter 3, we used the knowledge of precise chemical composition and the 

extent of the gelation reactions as inputs to a polymer network theory called the Miller-

Macosko model.1,2  This powerful model, which has been verified experimentally,3 provided a 

plethora of information pertaining to the network topology, such as the fractions of elastic and 

pendant material, the molecular weight between chemical crosslinks, and the average effective 

functionality of the crosslinker molecule, which, did not fully react.  Significant differences 

for networks formed from polymers below and above the critical molecular weight of 

entanglement were noted.  Specifically, samples prepared from the lowest molecular weight 

achieved the highest average crosslinker functionality and highest elastic fraction.  We infer 

that this behavior has to do with reactive groups being present in lower concentrations for high 

molecular weight systems and reduced chain mobility for samples above the entanglement 

molecular weight, which limits the extent of the gelation reaction.  The derivations of the model 

and the final equations used to determine such parameters are not trivial, but taking the time to 

understand them and apply them is worth the effort based on the vast topological network 

knowledge gained. 



 

274 

Chapter 4 

The findings from the Miller-Macosko model revealed information about network 

topology and have ramifications specifically on the dynamic mechanical properties of silicone 

elastomers.  Hence, in chapter 4, we investigated those properties.  We performed dynamic 

mechanical analyses on both vinyl/TDSS and silanol/TEOS model systems as well as Sylgard 

184 to elucidate both the viscous and elastic responses of these materials.  We found that the 

silanol/TEOS system demonstrated a broader range of possible mechanical properties, 

depending on the material composition.  That is, the mechanical properties depended more 

strongly on molecular weight and crosslinking stoichiometry in this system compared to the 

vinyl/TDSS system.  Overall, the possibilities of purely polymeric materials were limited in 

that only strong and brittle or soft and flexible materials could be made, as opposed to both 

strong and flexible materials with particles.  The samples with massive excess in TEOS loading 

formed aggregates and exhibited similar mechanical properties to Sylgard 184, which is known 

to contain up to 50% of fumed silica particles added.  The addition of particles to polymer 

networks adds both strength and flexibility by creating a secondary network of filler particles 

and creates additional surfaces wherein polymer-filler and filler-filler interactions provide for 

dissipation mechanisms.  We showed that the dynamic mechanical properties of storage 

modulus, loss modulus, and tan(δ) together demonstrate the advantages of Sylgard 184 and 

filled polymer composite materials over purely polymer materials. 

The topological network parameters obtained from the Miller-Macosko model were 

compared to the dynamic mechanical properties in the vinyl/TDSS system.  We found that the 

storage modulus correlated well with the elastic fraction (i.e., the fraction of material that is 

elastically effective) and the stoichiometric ratio that yielded the highest storage modulus also 

coincided with the highest average effective crosslinker functionality.  Additionally, tan(δ), a 

measure of the material’s ability to dissipate forces and energy, correlated with a maximum in 

pendant fraction (i.e., the fraction of material that is not elastically effective).  By 

independently measuring network gel fraction and mechanical properties, and comparing them 

to outputs from the model, we demonstrated the strength of all three techniques to fully 

characterize the PDMS materials.  This analysis elucidated how and why materials act the way 
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they do under macroscopic deformations.  Their behavior was related back to molecular level 

topology.   

We also demonstrated the importance of the Soxhlet extraction technique in this 

chapter by comparing the mechanical properties of Sylgard 184 before and after extraction,  

The loss modulus was shown to change dramatically for Sylgard 184 materials prepared at 

sub- and super-optimal stoichiometry, particularly when deviating 5-fold in either direction 

from the prescribed 10:1 base to curing agent ratio.  This reveals the role that material in the 

sol fraction plays, such as acting like plasticizers to make materials softer.  Finally, we 

performed classical stress-strain experiments on Sylgard 184 samples of different formulations 

and revealed how the extent of crosslinking changed the material’s ultimate performance.  

Samples that were under-crosslinked could be stretched to large strains with very little applied 

stress, while the opposite was true for optimally crosslinked materials.  Overall, the systematic 

investigation of mechanical properties enabled us to present a cookbook of recipes for making 

model PDMS materials over a wide range of mechanical properties. 

Chapter 5 

Lastly, in chapter 5, we investigated the dynamic behavior of water droplets wetting 

PDMS substrates.  We observed non-linear wetting behaviors that were markedly different 

from linear behaviors seen on glassy polymer substrates.  The water contact angle, θ, and cos(θ) 

both decreased exponentially and the interfacial area between the water droplet and the 

substrate, i.e., the base area, increased exponentially with contact time until both leveled off 

reaching some equilibrium value.  The dynamic wetting behavior on model vinyl PDMS was 

compared to Sylgard 184 on samples both before and after the extraction process.  The non-

linear behavior was only observed prior to extraction, while after extraction, both systems 

demonstrated behavior similar to glassy polymers.  That is, the post-extraction samples rapidly 

reached equilibrium because the water droplets were encountering a largely static substrate, as 

opposed to pre-extraction samples that contained uncrosslinked materials that were mobile and 

could migrate to the interface.  This reveals the dramatic role small amounts of uncrosslinked 

materials play in the surface wetting dynamics of PDMS materials.   
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We demonstrated the dynamic nature of the interfacial energy between water and 

PDMS further by taking the product of the interfacial area and the negative cosine of the 

contact angle, which elucidates the changes in interfacial energy with respect to the probing 

liquid, water.  After that, we briefly compared the wetting behavior to mechanical properties 

for Sylgard 184 materials.  Here, we found that the percent change in loss modulus as a result 

of the extraction process correlated most with the change in cos(θ) with respect to contact time 

prior to extraction.  There was also a nonlinear correlation between storage modulus and 

change in cos(θ).  Lastly, we revealed the ability to tune the dynamic wetting behavior by 

incorporating extra inert silicone oils into otherwise fully crosslinked materials, thereby 

controlling both the amount and type of material that is present in the soluble fraction and able 

to migrate to the water-PDMS interface.  We found a lag time in the decrease in contact angle 

as a function of time.  This lag time was shorter for lower molecular weight oils and longer for 

higher molecular weight oils, indicating the mobility of the sol material is crucial in wetting 

dynamics. 

Conclusions 

Overall, we hope we have demonstrated that through careful formulation and 

preparation of PDMS materials, compared to simply mixing two formulations present in 

Sylgard 184, one can apply polymer network models to glean useful information about network 

topology, and that the benefits of doing so outweigh the costs.  We stress the importance of 

performing Soxhlet extraction to remove substantial amounts of unreacted components from 

PDMS materials, even when using optimal stoichiometry.  These mobile molecules that remain 

after crosslinking can alter significantly wetting behavior and readily leach into liquid 

environments.  However, it is equally important to stress that Soxhlet extraction will not 

remove all unreacted material.  Some will always remain in PDMS systems, especially if the 

materials have been physically treated in such a way as to cause chain scission, which is often 

the practice in preparing microfluidic devices.  Lastly, while Sylgard 184 is very well suited 

for some applications, we believe that the results presented in this dissertation demonstrate to 

researchers that the material does have its limitations and that other options are available. 
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Outlook 

The parameter space for preparing silicone materials is vast and only a small fraction 

was explored in this dissertation.  We emphasized the importance of molecular architecture 

and its relationship to macroscopic properties as well as the importance of the sol fraction in 

dynamic wetting properties.  However, the architectures we studied were limited to 

tetrafunctional crosslinkers connected by chains of varying but unimodal molecular weight 

distributions.  In one system, the crosslinker could react with itself, and in the other, it could 

not.  The molecular architecture can be changed in many more ways than those we studied.  

Now that the fundamentals of polymer network topology have been elucidated with 

tetrafunctional end-linking PDMS systems, this knowledge can be used to design materials of 

more complicated architectures.  Some examples of opportunities for interesting and useful 

architectures are outlined in the following section. 

Mechanical Properties 

While our dynamic mechanical analysis of model PDMS materials was thorough, more 

opportunities exist to study the stress-strain behavior these materials to elucidate their ultimate 

properties.  Beyond the model PDMS systems we studied, ample opportunities exist for 

enhancing the mechanical properties of silicone materials by further investigations of network 

architecture.  Below we outline some proposed areas of research. 

Composite Materials 

We demonstrated clearly in chapter 4 of this dissertation that composite materials that 

contain both polymers and particles exhibit superior dynamic mechanical properties.  The 

samples we prepared that had TEOS aggregates performed similarly to Sylgard 184.  Fumed 

silica particles are common fillers in PDMS materials, but a variety of fillers exist that can 

provide additional functionality such as electrical conductivity or magnetic responses in 

addition to simply enhancing mechanical properties.4,5  With the use of magnetic nanoparticles, 

one can impart anisotropy into the materials by aligning particles prior to crosslinking, then 

locking them in place by curing.  Such work has been explored in various polymers6 and in 
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PDMS materials.7  Opportunities for further research involve a systematic study of TEOS 

aggregation as a function of TEOS loading, molecular weight of polymer chains, catalyst type 

and amount, and reaction conditions.  Some work in this area has been done by Mark and co-

workers who studied excess TEOS during crosslinking,8 similar to the work done in this 

dissertation, and studied swelling PDMS in TEOS after curing and precipitating aggregates 

into the network.9  Only stress-strain rather than dynamic mechanical properties were 

investigated in these systems, however.  It would be advantageous to determine if in situ or 

mechanically blended particles produce better mechanical properties.  The in situ method has 

the advantage of reducing the uncertainty of blending into the preparation of the materials.  

Processing and blending conditions can alter mechanical properties significantly if, for 

instance, particles are dispersed well enough. 

High Crosslinker Functionality 

In regard to preparing model networks, we only studied tetrafunctional crosslinkers.  

Sylgard 184 uses a higher functionality crosslinker in the form a copolymer chain.  This 

material demonstrated a robustness in its ability to maintain similar wetting properties over a 

wide range of B/C ratios whereas the model PDMS prepared showed a more narrow range of 

constant wetting properties with respect to stoichiometric ratio.  Thus, higher functionality 

crosslinker molecules are a good area to explore in model networks.  When switching to 

copolymers, however, as the crosslinking copolymer gets large, the system resembles less end-

linking and more side-chain crosslinking, where the molecular weight between chemical 

crosslinks is less uniform.  The stress-strain behavior of higher functionality crosslinks was 

investigated by Meyers et al. who found the Young’s modulus increased until about a 

functionality equal to 20, after which the modulus plateaued for further increases.10  Similar 

results were found by Llorente and Mark.11  Such systems would be interesting to study using 

dynamic mechanical properties in addition to stress-strain experiments to determine how the 

loss modulus and tan(δ) change with increasing functionality. 
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Multi-Modal Chain Length Distributions 

In this dissertation, we studied PDMS with a variety of molecular weights in preparing 

silicone elastomers.  They all had unimodal chain length distributions.  Making materials of 

bimodal or multi-modal chain length distributions has been shown to enhance mechanical 

properties.  For example, double network hydrogels prepared with a short chain, stiff network 

and a secondary high molecular weight flexible network exhibited enhanced toughness over 

either of the unimodal networks used to make them.12,13  Additionally, PDMS materials, that 

are simultaneously crosslinked with a combination of ~ 90 mol% short chains and the 

remainder long chains, thus forming a single network with a bimodal chain length distribution, 

have been shown to increase ultimate stress and strain of materials significantly.14,15  Even 

trimodal chain length distributions have been explored,16 although the parameter space in such 

systems is immense.  Overall, heterogeneity in the network structure may actually be key to 

enhancing mechanical properties, as opposed to uniform chain length distributions. 

Chain Extension Elastomers 

In chapter 3 of this dissertation, we demonstrated that the Miller-Macosko model 

identified many instances of chain extension in our model systems.  The model also showed 

that the highest elastic fraction and highest crosslinker functionality was achieved with the 

lowest molecular weight system, 6 kDa, which was well below the entanglement molecular 

weight.  Even at optimal crosslinking stoichiometry, the model predicted a molecular weight 

between chemical crosslinks of ~ 10 kDa for this system, indicating chain extension was still 

occurring.  Recently, Goff et al. demonstrated that PDMS materials made of solely chain 

extension reactions exhibit remarkably high extensions before rupture and can be deformed to 

very high strains and return back to their original shape.17  They synthesized PDMS materials 

with one end hydride functional and the other end vinyl functional, then added a platinum 

hydrosilylation catalyst.  Thus, we propose investigating systems formed by chain extension 

with short, commercially available PDMS precursors.  This has the potential dual advantage 

of creating highly stretchable materials while achieving high extents of reaction. 
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We have done some preliminary work in this area by combining hydride-terminated 

and vinyl-terminated PDMS materials with different molecular weights and amounts and types 

of catalysts.  The reaction scheme and mechanical properties are given in Figure 6.1 a) and b), 

respectively.  Networks seem to form only under certain conditions with only low molecular 

weight initial polymers.  When they do form, gelation occurs rapidly at room temperature in a 

matter of minutes.  Gelation may not be occurring for high molecular weights due to reaction-

diffusion limitations in high molecular weight polymers.  The resulting materials are incredibly 

soft but can still be measured in tension for dynamic mechanical properties.  The parallel 

storage and loss moduli indicate a network-like structure, albeit the system is scarcely 

crosslinked since the storage modulus does not exhibit frequency-independent behavior.  

Nevertheless, these elastomers provide an exciting and interesting system to explore for 

fabricating soft materials. 

 

 

Figure 6.1 – Elastomers formed solely by chain extension through the combination of hydride- and vinyl-

terminated PDMS with a Pt catalyst (a) and corresponding dynamic mechanical properties (b). 

 

Bottlebrush Polymers 

Other architectures to explore in creating soft materials involve so-called “bottlebrush” 

polymers.  These are classified as graft-copolymers where side-chain polymers are chemically 

grafted to a polymer backbone.  With high grafting density, the polymer exhibits local 



 

281 

increases in stiffness due to steric hindrance of the side-chain polymers, which has the effect 

of reducing entanglements.  Thus, this serves as a way to achieve materials softer than the 

plateau modulus caused by entanglements.  PDMS materials of this architecture have been 

synthesized and characterized18 and the results of their work are given in Figure 6.2.  However, 

work remains to be done by exploring more parameters such as side-chain length vs. back-

bone length and grafting density along the backbone.  Additionally, one can conceive of a more 

controlled end-group crosslinking mechanism as opposed to side-chain crosslinking employed 

in their work to have better control over network architecture. 

 

 

Figure 6.2 – Reproduced from Cai et al.18 Soft PDMS bottle-brush polymers yielding storage modulus values 

below the entanglement plateau. 

 

Combining Techniques 

Given the propositions for controlling the mechanical properties beyond simply 

changing molecular weight and crosslinker previously described, one has to ponder what kind 

of properties such a material would exhibit if all of the different architectures were combined 

into a single material.  For instance, a bimodal chain length distribution of bottle brush 
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polymers crosslinked in solution through functional end-groups at high-functionality crosslink 

junctions combined with chain extenders and precipitated TEOS aggregates would potentially 

be a super soft yet super tough and perhaps highly extendable material.  Such materials are 

incredibly enticing to bring to fruition. 

Wetting Dynamics 

In addition to changing the architecture to enhance mechanical properties, further work 

remains to probe the wettability of PDMS materials.  In fact, as we showed, the bulk dynamic 

mechanical and dynamic surface wetting properties are related, so this upcoming discussion 

serves as a compliment to the preceding one.  As discussed extensively in chapter 5 of this 

dissertation, the components of the sol fraction of PDMS substrates influence greatly the 

dynamic water wetting behavior.  Thus, it is advantageous to develop materials of desired 

mechanical properties with known chemical compositions but also, crucially, very low sol 

fractions.  Some of the proposals outlined above may prove useful in making such materials. 

Soft Materials 

We mentioned in chapter 5 that soft materials resist water droplet spreading due to 

viscous dissipations of energy (recall relationship of wetting to loss modulus).  The sol fraction, 

however, seemed to have a stronger influence on dynamic wetting phenomenon than 

mechanical properties due to the chemical composition and quantity of sol material.  

Bottlebrush materials serve as excellent candidate materials to study the effects of substrate 

deformations by probing liquids.  They have the potential to be extremely soft where the 

wetting ridge height may be on the order of tens of microns.  Such a wetting ridge would allow 

easier observation and examination compared to nanometer scale ridges.  This could be 

achieved with a material that contains a low sol fraction so the influence of leached siloxanes 

is minimized, leaving only the physical forces to determine equilibrium. 

Additionally, the chain extension elastomers can also serve as candidate soft materials 

for wetting investigations.  We performed some preliminary wetting experiments on the same 

material whose mechanical properties are given in Figure 6.1 and were pleased to observe the 
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wetting ridge height visible to the naked eye.  The ridge remained visible for up to 3.5 min 

after the droplet was removed, as seen in Figure 6.3.  This particular sample did show a 

significant sol fraction on the order of 20%.  However, since no small molecule crosslinker 

with silicon-hydride (more hydrophilic) groups was used, the only material in the sol could 

possibly be other PDMS macromolecules (and any short chain impurities), which should have 

similar surface tensions to the network-like material. 

 

 

Figure 6.3 – Wetting ridge observed on same sample corresponding to mechanical properties given in Figure 6.1.  

A 6 μL water droplet was placed on the substrate and allowed to equilibrate for ~ 8 min.  Times in upper left 

correspond to time after droplet removal.  It was then removed and the wetting ridge remained visible for up to 

3.5 min after droplet removal.  The needle in the background has an outer diameter of 0.72 mm. 

 

Surface Roughness 

Surface roughness is readily imparted on materials to achieve superhydrophobic 

coatings with water contact angles >170°.  This property was not investigated in this 

dissertation, but would certainly provide a ripe area for examination.  Preliminary atomic force 

microscopy (AFM) measurements on some of our softest samples that exhibited the highest 

initial contact angles showed roughness on the order of <10 nm, indicating that surface 

roughness was not a major factor in our studies, although this property was not thoroughly 

investigated. 
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Wetting Experiments 

Besides changing the materials and investigating the surface roughness, the 

experiments themselves could be modified to yield more consistent results.  To remove the 

effect of evaporation, a chamber with controlled atmosphere could be used to conduct the 

dynamic wetting experiments.  Another option is to use mixtures of ethylene glycol and water, 

which have lower vapor pressure than pure water and have been used by others.19,20 

Functional Siloxane Polymers and Copolymers 

While PDMS has many beneficial attributes, it is certainly not the only polysiloxane.  

Other polymers such as poly(vinylmethylsiloxane) (PVMS) and poly(hydromethylsiloxane) 

(PHMS) and their corresponding copolymers with PDMS provide opportunities for chemical 

functionalization of siloxanes. 

Chemical Modification 

It is desirable to have orthogonal chemical functionalities on both the end-groups and 

side-chains of polysiloxanes.  This type of molecular architecture provides end-groups for 

crosslinking and side-chains for chemical functionalization.  Such materials, such as silanol-

terminated PVMS exist and have been studied in several instances, notably by Genzer, 

Efimenko, and co-workers.21–24  Importantly, PVMS maintains many of the favorable attributes 

of PDMS, such as high flexibility and low glass transition temperature despite having an extra 

carbon atom on every repeat group, making it slightly more bulky.  A systematic investigation 

of the network structure-property relationships based on different molecular weights and 

crosslinker loadings similar to the one carried out on PDMS in this dissertation is 

recommended for PVMS to help share the usefulness of this functional material.  

Self-Healing Materials 

Self-healing materials have received great attention lately due to their ability to provide 

mechanical integrity to materials over longer time-scales than traditional materials.  PDMS has 

been shown to function as a self-healing material by using metal-ligand complexes as crosslink 
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junctions, which permitted facile reversible “bonding,” albeit not quite covalent bonding.25  

Still, these materials were able to fully recover over repeated deformation cycles of up to 

1,500% strain.25 

Our proposal for self-healing PDMS based materials involves using disulfide bonds, 

which are weaker than C-C bonds but are reversible at room temperature.26  An interesting 

system to study would be silanol-terminated PDMS with sporadic thiol groups throughout the 

length of the molecule.  This could be achieved using the same tin catalyst for crosslinking 

with TEOS but instead using it for chain extension with mercaptopropyl dimethoxy 

methylsilane, depicted in Figure 6.4a.  After that, as indicated in portions b) and c) of the same 

figure, permanent crosslinks could be formed with TEOS (red circles) and reversible crosslinks 

could be formed by disulfide linkages (blue S-S links).  If first crosslinked with low TEOS 

loading, this would provide a loosely crosslinked permanent network structure and a more 

tightly crosslinked reversible network structure through the disulfide bonds, as shown in Figure 

6.4.  Additionally, one could add thiol-terminated PDMS chain extenders to make longer chain 

lengths between disulfide bonds, as shown in portion c). 

 

Figure 6.4 – Scheme for endowing silanol-terminated PDMS with functional thiol side-chains at sporadic 

intervals along the linear chain through chain extension reactions.  A primary permanently network could be 

formed by crosslinking with TEOS (red circles) and a secondary reversible network could be formed by disulfide 

bonds along the side-chains (blue S-S linkages). 

 

This self-healing scheme could be taken one step farther by either adding fumed silica 

particles or high TEOS doses.  Both would have the effect of incorporating silanol-functional 

particles into the PDMS matrix, which could react with the silanol-functional PDMS end 
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groups.  Additionally, mercaptopropyl trimethoxysilane could be added to create thiol 

functional and silanol functional particles to provide both permanent and reversible covalent 

attachments of the polymer chain to the particles.  This scheme is depicted in Figure 6.5.  

Perhaps such a system would exhibit stronger self-healing behaviors than one without particles. 

 

 

Figure 6.5 – Thiol-functional (blue circles) and silanol functional (red circles) silica particles for both reversible 

and permanent covalent attachment to PDMS chains. 

 

 Overall, there are many more polymer architectures to explore for numerous 

applications.  The results in this dissertation serve as the foundation upon which others can use 

to build materials of desired topological, mechanical, and surface properties. 
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