
ABSTRACT 

MAYS, ROBIN LYNN. Tuning Bulk and Surface Properties of Polymers for Micro- and 

Nanofabrication. (Under the direction of Dr. Jan Genzer and Dr. Michael D. Dickey). 

 

 This work describes the modification of bulk and surface properties of polymers used 

in micro- and nanofabrication.  Techniques used for the fabrication of small-scale features 

require precise tuning of surface chemistry and wettability as well as mechanical strength and 

elasticity.  Silicone elastomeric networks such as poly(dimethylsiloxane) (PDMS) are the 

foundation for the field of soft lithography, but PDMS is difficult to modify chemically and 

mechanically.  We therefore explore the modification of mechanical and surface properties of 

alternate polymeric materials to improve functionality in micro- and nanodevices. 

 We use photochemistry as a tool to modify the mechanical properties of silicone 

elastomers and to crosslink thiol-ene formulations.  Curing siloxane networks over a mold 

produces replicas which can be used to make microchannels or other microfluidic 

components.  Although PDMS is commonly used to build microchannels, by using 

poly(vinylmethylsiloxane) or PVMS as a more reactive microchannel matrix, we can locally 

modify the properties of the network to tune a microchannel for solvent compatibility.  

Increasing the crosslink density of a PVMS network through local crosslinking of the vinyl 

side groups by photoinitiated free radical chemistry results in a rigid polymeric network.  

Microchannels made from UV-treated PVMS resist swelling in organic solvents.  Although 

the modulus of the UV-treated PVMS networks is orders of magnitude higher than untreated 

PVMS, the surface is chemically similar to the original network.  Additionally, we 

investigate the use of nanoparticles as mechanical reinforcing agents in PVMS networks.  By 

incorporating appropriate amounts of  silica nanoparticles into elastomeric networks, the 



polymer films demonstrate improved elongation and toughness, making them suitable for 

microfluidic applications.   

 For increased functionality of PVMS surfaces in microfluidic devices, we investigate 

the attachment of biological molecules to vinyl functional groups.  We deposit stimuli 

responsive materials, specifically elastin-like polypeptides or ELPs, onto vinyl functional 

silicon surfaces.  ELPs collapse in warm aqueous solutions, and therefore we deposit heated, 

collapsed ELPs onto surfaces to increase the grafting density of the  polypeptides.  The 

morphology and thickness of the deposited ELP brush layers are characterized.  Using 

several chemically similar ELPs with varying amino acid sequence and distribution, we 

correlate the bulk solution collapse behavior with the morphology of surfaces in AFM.  

Heated deposition experiments reveal that a high grafting density of the ELP brush results in 

a loss of stimuli-responsive behaviors.  These conclusions impact future modification of 

PVMS surfaces or other substrates with densely packed polypeptides. 

 A further area of investigation is the preparation of mechanically tunable thermoset 

polymers using photochemistry. We assess the impact of modulus and surface chemistry on 

the adhesion of a rigid polymer resin to a metallic surface such as gold.  Nanowires used in 

microfluidic electronic devices are manufactured through a process called nanoskiving, in 

which a gold layer is embedded in a polymer resin and then sliced thinly into wires.  Because 

nanoskiving originated from biological microtomy, the original resins developed for this 

technique are poorly suited chemically for metal encapsulation and room temperature 

microtomy.  We therefore evaluate the performance of several thiol-ene based photocurable 

resins, which cure rapidly, exhibit low shrinkage, and are mechanically tunable.  We 



demonstrate the use of several epoxies and thiol-enes as gold wire embedding resins and 

compare the mechanical and adhesion properties of the resins.   
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CHAPTER 1. Introduction 
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1.1. Micro- and Nanofabrication Background 

 The expansive research and engineering field of microfabrication has roots in the 

electronics industry, where consumer demand drives the development of smaller and faster 

electronic devices.
1
  Integrated circuits, the backbone of electronic devices, are fabricated 

largely through photolithography, which is limited in resolution by the optical diffraction of 

light through the photomask.
2
  Even with the use of deep UV radiation (λ<250 nm), the 

resolution of features fabricated through photolithography is limited to ~50-200 nm.
3
  Prior 

to the 1990s, microfabrication primarily involved the construction of various electronic 

components on rigid substrates, such as silicon and glass.
4
  For targeted commercial 

applications such as diagnostics, bioanalysis, and environmental analysis which require 

rapid, inexpensive manufacturing techniques, polymer substrates are preferred due to their 

low cost and advantageous physical properties, such as oxygen permeability and optical 

transparency.
5
 

 The formation and replication of nanostructures by polymeric materials extends to 

numerous applications, including optics, data storage, and biological devices.
3
  

Microelectromechanical systems (MEMS), which were originally constructed only from rigid 

materials such as glass or silicon but are increasingly incorporating polymeric components, 

make use of the high throughput production processes developed by the semiconductor 

industry for biochemical applications, requiring pumps, sensors, and actuators all within one 

chip.
6
  This idea of encompassing an entire analytical lab or biological assay on one device is 

often referred to as "lab on a chip",
7
 and has been demonstrated for various systems including 

DNA analysis.
8
  Because of the small volumes used in these systems, the time scales over 
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which heat and mass transfer take place shrink, enabling fine control over chemical reactions, 

biological separations, and drug discovery.
7
   

 Numerous strategies for creating micro- and nanopatterned polymeric components 

exist in the literature.
1,2,9

  As seen in Figure 1.1, several techniques are available for 

fabricating micron scale polymeric features.
5
  For thermosets such as those used in 

photolithography, modification after curing is difficult, often requiring plasma etching or 

other relatively harsh physical treatment methods.  Using thermoplastics offers simpler 

processing, but often at the cost of fine detail in microfabrication, as molded thermoplastics 

do not completely fill in corners or edges of a mold.  Softer elastomers, which can be either 

physically or chemically crosslinked, are often utilized for their easy manipulation and 

flexibility. 

 

  
 

Figure 1.1: Techniques for microfabrication of devices from polymeric 

materials.
5
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1.1.1. Lithographic Techniques 

 Photolithography uses light to transfer a pattern to a photo-sensitive resist, as depicted 

in Figure 1.2, followed by an etching step to remove the uncured photoresist.  The result is a 

highly accurate, mechanically and chemically durable pattern, which can be used as a part of 

an integrated circuit or as a master mold for patterning a polymer.  Although 

photolithography is limited by both the optical diffraction of light through the mold as well 

as the depth of focus of the light system,
9
 it is still used for generating a master mold for 

other replication procedures, such as soft lithography.   

 

 

Figure 1.2: Common soft lithography techniques.
10
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 Soft lithography includes a variety of procedures all of which use soft elastomeric 

components, made typically of poly(dimethyl siloxane) (PDMS), for the creation of 

microscale surface features.
2
  Initially developed by the Whitesides research group at 

Harvard University, soft lithographic techniques became immensely popular due to the low 

cost, lack of specialized equipment needed, and control over surface chemistry patterning 

that these methods offer.
10

  PDMS is ca. 50 times cheaper than silicon on a volumetric 

basis.
11

  Additionally, elastomeric materials form tight seals with rigid substrates, such as 

glass and silicon.
11

  Some commonly used soft lithography techniques include replica 

molding, microcontact printing, and solvent assisted micromolding,
2
 all shown in Figure 1.2.  

Replica molding in particular has been widely used for creating microfluidic channels as well 

as other microdevices.   

 Replica molding involves the casting of an elastomeric material onto a rigid master 

mold, generating an elastomeric replica.  The fidelity of the replica depends on the 

interaction of the master with the replica material, including wetting properties and van der 

Waals forces between the two materials.
2
  PDMS is commonly used as a replica material for 

microfluidics and nanofluidics
12

 as well as a master for microcontact printing.  Because of 

the elastomeric nature of the PDMS network, it is easily released from the master even when 

replicating complex features.
1
  The properties of siloxane polymers, including PDMS, will be 

discussed further below. 

 The master mold for replica molding can be manufactured by photolithography or 

other patterning techniques.  For example, diblock copolymers self-assemble into complex 

topographies with features on the order of a few to a hundred nanometers, depending on the 
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molecular weights of the blocks and processing conditions.
13,14

  Colloidal assembly also 

generates highly ordered, hexagonal patterns which can be replicated by PDMS.
15,16

  Micro- 

and nanomachining through focused ion beam milling or scanning probe machining, while 

comparatively slow, have high spatial resolution.
17

  Natural materials, such as leaves or 

insect wings, have also been used as master molds.
18–20

 

 In microcontact printing, an elastomeric mold is coated with "ink" (vide infra), which 

is then transferred to a target substrate (see Figure 1.2).  This process is not limited by optical 

diffraction and is usually inexpensive, depending on the materials used.
21

  The inked areas 

can be used to selectively protect a gold layer from etching
22

 or to initiate polymer growth 

from the substrate, but also the ink can consist of a polymeric material that can covalently or 

physically attach to the substrate.
23

 

 Nanoimprint lithography (NIL), in contrast to soft lithography, uses rigid molds to 

imprint a polymer melt or a pre-polymer resist (as depicted in Figure 1.3).  The mold is 

brought into contact with a thermoplastic melt or a resist to deform it.  The resist during 

imprinting must have a lower Young's modulus than that of the mold as well as a relatively 

low viscosity
24

 in order to be successfully molded.  Once the resist is cured (or the melt is 

cooled), the mold is removed.  The final step involves the removal of the residual layer of 

resist with etching.  Nanoimprint lithography requires simple equipment at low costs while 

offering sub-100 nm resolution features, which makes it attractive both for industrial 

manufacturing and academic research.   
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Figure 1.3: Nanoimprint lithography process.  In step 1), the mold is pressed 

onto the polymer melt or pre-polymer resin.  Once the resist is cooled or cured 

until solid, the mold is removed.  In step 2), the residual layer is removed 

through etching (such as reactive ion etching or RIE).
24

  

 

 

1.1.2. Material Issues and Limitations 

 The various soft lithography methods require the polymer being used to possess 

specialized mechanical and chemical properties.  For example, microcontact printing requires 

that the material used has specific mechanical properties to prevent feature collapse or 

distortion.
21

  The modes of failure, like those seen in Figure 1.4, include lateral collapse 

(neighboring features touch and adhere), buckling, roof collapse, and surface tension induced 

feature rounding.  Exchange of soft materials with a higher modulus material eliminates these 

problems, but can lead to issues of cracking or lack of conformal contact with the surface 

being patterned.
21,25

  In addition, many organic solvents swell PDMS stamps, which alter the 
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dimensions of the stamp,
22

 while hydrophilic inks will not wet the hydrophobic surface of 

PDMS.
23

 

 Similar restrictions apply to replicating nanostructures with replica molding 

techniques.  If the tensile modulus of the material used to replicate the master mold is less 

than 2 MPa, then the features on the replica may be distorted through lateral or vertical 

collapse.
3
  A modulus less than 2 MPa of the replica limits the feature sizes to greater than 

300 nm and the aspect ratio (height/width) to a minimum of 0.4.
3
  By molding with polymers 

of higher strength (with Young’s modulus between 4 and 10 MPa), minimum feature size 

decreases to ~30 nm wide and 2 nm high.  Some estimate that features below 50 nm require a 

tensile modulus of 100 MPa or more.
26

  Ideally, the replica material would possess enough 

toughness to avoid tearing or breaking of the molded polymer and the rigidity to avoid 

feature collapse.   

 

 

Figure 1.4: Potential problems with soft molds.  (A) The initial PDMS mold; 

(b) lateral collapse for aspect ratios H/L > 5; and (c) roof collapse with aspect 

ratios H/L < 0.5.
10
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 Nanoimprinting relies on the mechanical molding of the polymer resist, which 

requires vastly different mechanical properties of the mold and the resist than soft 

lithography.  The mold itself must be rigid with a high mechanical strength and must not 

deform even at elevated temperatures, while still being flexible enough to conform to a large 

substrate.
24

  Additionally, if the resin being patterned is photocurable, the mold must also be 

transparent.  A mold material with a tunable modulus is advantageous for NIL, as the rigidity 

of the mold can be adjusted for the viscosity and shear modulus of the resist being used.
27

  

The surface chemistry of the mold and the resist also impact the quality of the replica.  

Surface energy alone is not necessarily a strong predictor of good mold release.
28

 

 Several materials have been suggested as alternatives to PDMS networks to achieve 

high aspect ratio replicas including photocurable PDMS,
29,30

 perfluoropolyethers,
31

 and 

organic-inorganic hybrids.
32

  A highly crosslinked network of siloxane rings, with a modulus 

of over 1 GPa, produces a successful NIL mold material.
33

  While many of these materials 

are useful for the fabrication of master molds, PDMS remains one of the simplest materials to 

use for constructing microfluidic devices.  We will therefore discuss the specific 

requirements of microfluidic materials and surfaces. 

 

1.2. Microfluidics 

 Microfluidics includes bioassays, purification and separation on a microliter scale, 

nanoparticle preparation,
34,35

 flexible electronics,
36

 and even soft robotics.
37

  Complex fluid 

flow phenomena occur in the confined geometries of microfluidic channels, allowing the 

study of non-linear behavior of polymer solutions, rheological properties of wormlike 
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micelles, and plug flow of colloidal solutions.
38

  Additionally, even smaller scale devices, 

nanofluidic devices, can manipulate DNA strands, perform electrokinetic experiments, and 

analyze increasingly dilute solutions.
39

  Researchers favor microfluidic systems for many 

reasons: only a small amount of reagent is necessary, multiple devices can be run in parallel, 

and prototyping a new device is not very time-consuming.
40,41

 

 Chemical engineers and physicists were particularly motivated to expand this 

research area due to the interesting phenomena which take place and can be observed on a 

microliter scale.  Fluid flow in small devices is laminar, mass transport is dominated by 

viscous dissipation, and heat transfer occurs rapidly.
40

  As the dimensions of a microchannel 

shrink, the impact of surface forces, such as surface tension or substrate-fluid interactions, 

dominate any volumetric forces.
42

  The literature on microfluidic devices and device 

fabrication is far too expansive to exhaustively detail it here.  Rather, we highlight a few 

important applications and considerations of microfluidics, as well as mechanical or chemical 

property requirements, to frame the importance of tuning both bulk and surface properties in 

microfluidic systems. 

 Microfluidic devices offer advances in synthetic chemistry by carefully controlling  

reaction time and component mixing to generate uniform polymers or nanoparticles as 

compared to traditional batch synthesis.
43

  For example, performing a living anionic 

polymerization in a microfluidic reactor with a relatively high concentration of monomer (42 

vol%) results in a final product with a high molecular weight and a narrow PDI.
44

  

Nanoparticle synthesis can also be more finely controlled in microfluidic devices, producing 

a more uniform population of particles than in batch synthesis.
45

  In order to perform organic 



 

 

11 

syntheses on a microfluidic chip, the device must resist common organic solvents, including 

tetrahydrofuran (THF), toluene, benzene, dioxane, and alcohols. 

 Bio-microfluidics involves the use of biopolymers or biomimetic materials to 

manipulate fluids on the nano- or microscale.
46

  Microfluidic devices have already been used 

to perform chromatography,
47

 bioanalysis,
48,49

 DNA amplification,
50

 and cellular 

manipulation.
51

  In addition, the study of the growth and manipulation of tissues, known as 

tissue engineering, benefits from highly controlled cellular microenvironments, which 

microfluidics can provide.
52

  Point-of-care biomedical applications utilize the small size and 

ease of use of microfluidics for devices like glucose testing in diabetics and home pregnancy 

tests;
53

 these devices often use commodity thermoplastics, paper, or textiles due to low cost.
54

  

Materials that were traditionally used for electronic components do not necessary lend 

themselves naturally to the manipulation of biological compounds; therefore much research 

is devoted to the chemical alteration of polymers,
55

 glass/silicon,
56,57

 or metals, to function 

properly in aqueous systems.  Any material used for commercial biomedical devices must be 

evaluated for toxicity or leaching.
58

  The limitations of PDMS for use in cell cultures were 

explored in detail by the Beebe research group, as indicated in Figure 1.5.
59

  Unreacted 

oligomers can leach out of the siloxane network into the cell culture media, potentially 

influencing protein movements across cell membranes or other signaling processes.
60

   

 The fabrication of micro- or nanofluidic devices relies on a vast toolbox of techniques 

for producing accurate, precise dimensions of channels.
61

  Functioning devices require 

components such as membranes, mixers, filters, and switches.
62

  The operations of a lab-on-
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a-chip system can be broken into a few categories: sample preparation, separations, sensing 

and detection, and fluid manipulation.
53

   

 

 

Figure 1.5: Issues integrating PDMS systems with cell biology.
59

 
 

 

 Sample preparation includes filtration, extraction of desired analytes, and purification.  

Separation steps involve chromatography, electrophoresis, or fractionation.  Sensors 

encompass a wide range of methods, depending on the sample type and device.  Optical 

sensors can be carried out with fluorescently labeled compounds and excitation by laser 

sources.  Monitoring can also be realized through electrochemical detection, mass 
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spectrometry, or surface plasmon resonance.  Fluid manipulation relies on traditional 

chemical engineering processes, with components such as pumps and valves.   

 All of these component categories depend on the physical and chemical properties of 

the materials used for device construction.  Because membranes need to maintain their shape 

to be functional, they are often constructed out of more rigid materials, which are then 

integrated in a PDMS device.
63

  Elastomeric valves, sometimes referred to as "Quake" valves 

(after the initial designer Stephen Quake from Stanford University), take up little space and 

require small forces to actuate because of their flexibility.
11

  Optofluidic devices, which are 

optical devices constructed with microfluidic technology, are made of fluids, dyes, and 

elastomers, with the tunability of the device dependent on both the refractive indices and the 

possible deformation of the elastomer.
64

 

 Although there is ongoing debate in the research community as to whether PDMS is a 

suitable material for commercial production of microfluidic devices,
58,59

 it remains the 

popular material of choice for microfluidics researchers.  It is important, therefore, to discuss 

the unique chemical and physical properties of PDMS networks and siloxane polymers. 

 

1.2.1. Siloxane Networks 

 Because of its low surface energy, flexibility, chemical inertness, and ease of use,
65

 

PDMS has become a ubiquitous tool of research.  Several properties of the Si-O backbone 

are unique in the polymer world.  The bond length of Si-O (1.64 Å) is longer than the C-C 

bond length (1.53 Å).
66

  The angle of the Si-O-Si bond is 143° (and can extend up to 180°), 

much larger as compared to the polyethylene C-C-C bond angle of 112° (or the general 
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carbon tetrahedral bond of 109.5°).
67,68

  Whereas for polyethylene the energy barrier for 

rotation is 14 kJ/mol, the rotational energy barrier for the siloxane backbone is nearly zero.
68

  

Because the backbone of a siloxane chain is inherently flexible regardless of the side groups, 

most siloxane networks exhibit remarkable surface reorientation in response to new 

environments.
68,69

 

 The thermal and chemical properties are also unique as compared to traditional 

organic polymers.  The siloxane bond energy of 450-570 kJ/mol is much higher than either 

the carbon-carbon bond (346 kJ/mol) or the carbon-oxygen bond (358 kJ/mol).
67,68

  

Additionally, the nature of the Si-O bond is surprisingly ionic in character, considering the 

difference in electronegativities in the silicon and oxygen atoms.
70

  The glass transition 

temperature (Tg) of PDMS, which is related to the backbone flexibility, is approximately 

‒125°C.
66

  Because the thermal conductivity of PDMS is 0.2 W/mK,
71

 silicones are 

frequently used as insulating materials. 

 Despite the general utility of this material, researchers often struggle to overcome 

problems with the hydrophobic nature of PDMS which influences surface wettability and 

solvent resistance.  Several approaches to alter the wettability and solvent resistance of 

PDMS have been developed,
72,73

 which we will discuss further below.  One approach to this 

problem is to use small molecules to react with and coat the interior of the channel with 

organic or inorganic groups to alter solvent resistance.
32

  Another solution is to physisorb 

polymers onto selective sites on the microfluidic channel to alter the wettability of the 

channel.
74

  Using UV light and small molecules or monomers, the methyl side groups will 
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participate in free radical reactions and the small molecules will graft onto PDMS,
75

 tailoring 

the surface properties.   

 Particularly in the area of microfluidics, the limitations of PDMS prevent wide-scale 

commercialization of lab-on-a-chip diagnostic systems and other devices.  As well as the 

problems mentioned above, production of PDMS devices involves slow curing steps, which 

would not be feasible in a manufacturing setting.
76

  There are several variations which make 

use of siloxane chemistry but are faster curing networks that can be used as alternatives.
29,33

  

Additionally, alternate crosslinking mechanisms can produce rigid PDMS, referred to as 

hard-PDMS or h-PDMS.
25

  This h-PDMS formulation makes use of the rapid hydrosilylation 

reaction by incorporating vinyl functionalized siloxane polymers and oligosiloxane 

molecules, decreasing the molecular weight between crosslink points in the network.  Rather 

than modifying PDMS networks physically or chemically, there are alternative polymers 

which suit the requirements for micro- and nanofabrication.  Research groups have reported 

using thiol-enes,
77

 epoxies,
78

 fluoroelastomers,
31,79,80

 or thermoplastics
81

 as replacements for 

PDMS. 

 Poly(vinylmethylsiloxane) or PVMS combines the flexibility of PDMS but with the 

added benefit of reactive vinyl functionality.  The vinyl group can be modified through 

several chemical reactions including thiol-ene addition,
82

 hydrosilylation,
83

 

hydrophosphination,
84

 epoxidation,
85

 and more.
86–88

  PVMS can be used to anchor proteins, 

enzymes, or other biologically-active molecules to enhance compatibility for cell growth.
89

  

Photochromic compounds can be embedded in PVMS and alterations of the vinyl groups can 

affect the network’s optical properties.
90

  Amphiphilic elastomer networks can be created by 
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attaching various side groups to the vinyl group, which creates a stimuli responsive 

surface.
69,91

  Because of these advantages, we investigated the use of PVMS for microfluidic 

devices in this dissertation.  We were interested in modifying both the surface and bulk 

properties of an elastomeric network for micro- and nanofabrication applications.  There are 

several tools available for polymer property surface and bulk modification, which we will 

discuss below. 

 

1.2.2. Surface Modifications 

 For components in a microfluidic system to function, material properties such as  

modulus
92

 and surface chemistry
93

 must be carefully tuned.  Properties such as wettability 

and adhesion influence both fabrication processes as well as the final microfluidic device, 

which is in contact with a particular fluid.  For example, in microcontact printing, the stamp 

should have sufficient wettability to pick up the "ink", but also needs to maintain its shape 

rather than swelling in the solvent.
22

  Polymers are generally not compatible with organic 

solvents as polymers will tend to solubilize and deform in the presence of organic solvents.
94

  

In order to use polymers with organic solvents, microchannels must be coated with an 

organic solvent repellant layer or with a silica-like layer,
31,32,94–96

 which will be discussed 

further below.  In addition, polymers are frequently hydrophobic, which makes their 

utilization in biological systems difficult.   

 When evaluating surface modifications, it is important to clarify the types of 

modifications and functionalizations that can be implemented.  The deposition and covalent 

attachment of small molecules which spontaneously assemble at a surface, forming self-
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assembled monolayers (SAMs), is a starting point for many surface modification techniques.  

These SAMs can be used to graft ligands, grow surface-anchored polymer assemblies, or 

simply to protect a surface from undesirable adsorption.
97

  Alternatively, noncovalent 

interactions between a surface and an adsorbing molecule can be used to modify a substrate 

via physisorption.  Electrostatic interactions may be strong enough to immobilize proteins, 

enzymes, or ligands on a surface.
97

  Oxygen plasma, UV/ozone, or UV light modify polymer 

interfaces and can be referred to as physicochemical modification.
97

 

 Because PDMS is so frequently used in microfluidics, there is a wealth of literature 

regarding the modification of PDMS surface properties.
73,98–102

  Several modification 

methods have been used on PDMS devices: gas phase processing including plasma, 

UV/ozone, or chemical vapor deposition; liquid chemical treatments such as layer-by-layer 

deposition, sol-gel coatings, or silanizations; and physisorption of polymers or proteins.
73,99

  

PDMS lacks chemically functional groups.  Researchers thus employ intense, often harsh, 

techniques to "activate" these surfaces for covalent bonding.  Blasting the inert PDMS 

surface with oxygen plasma or UV/ozone degrades the material to the point that silanol 

groups form.  Similarly, strong acids and bases can be used to activate the PDMS surface, 

also generating silanol and other hydrophilic groups.
101

  The alternative is to rely on 

physisorption of surfactants, amphiphilic copolymers, or peptides, presumably with strong 

enough interactions with the PDMS surface that the physisorbed layer will not wash away 

over time.
99

  Physisorbed coatings suffer from thermal and mechanical instabilities and 

therefore are not as robust as covalent modifications. 
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 Surface modifications can bestow static or dynamic properties on the polymeric 

surface, depending on whether the surface modifications are reactive or stimuli-responsive.  

Static surface modifications often rely on the chemical attachment of small molecules such as 

silanes to alter wettability or ionic characteristics.
103

  Additionally, patterning a microchannel 

with regions of differing wettability will "pin" organic or aqueous phases in place in a 

channel, creating stable liquid/liquid interfaces.
104

  We will discuss surfaces with dynamic 

properties, specifically stimuli responsive surfaces, in greater depth below. 

Stimuli Responsive Materials 

 Stimuli-responsive materials change their properties in response to various 

environmental stimuli such as pH, temperature, light, magnetic fields, or chemical agents.
105–

107
  Integrating stimuli-responsive materials on the surface of microfluidic devices enables 

fine control over fluid flow
56

 as well as the sensing or manipulation of biological or chemical 

compounds.
97

  For example, stimuli-responsive hydrogels are employed as actuators,
108

 

directing flow by changing in volume as a response to an environmental trigger.  Polymers 

which move in response to a stimulus are useful for drug delivery, actuators and sensors, 

robotics, textiles, coatings, and other applications.  Block copolymers or polymers with 

multiple moieties can potentially increase responsiveness if both blocks of the copolymer 

respond to different stimuli.
105,109

  While the literature on stimuli responsive materials is far 

too extensive to exhaustively cover here, we will briefly discuss the usage of these materials 

on surfaces, which can be applied in microfluidics for bioassays or other uses. 

 By integrating stimuli-responsive materials into microchannels, as shown in Figure 

1.6, both active and passive fluid control through external stimuli is possible.
56

  The response 
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time of these materials varies from microseconds to minutes, and response time is critical for 

performance in a device.  Stimuli-responsive hydrogels are capable of transducing a response 

from an external stimulus into mechanical action for fluid control.
110

  These and other 

stimuli-responsive materials can significantly improve the use of microfluidics for biological 

systems because of the need for effective manipulation and monitoring of biological 

compounds.
111

  Substrates coated with stimuli-responsive materials can prevent undesirable 

adsorption while encouraging intended cellular attachment by controlling cellular or 

biomolecular interactions on surfaces or interfaces.
112

   

 

 
Figure 1.6: Stimuli responsive coatings integrated into a microchannel.

56
 

 

 

 

 One of the most studied and applied responsive polymers is poly(N-

isopropylacrylamide) (PNIPAM), which collapses in aqueous solutions as the temperature of 

the solution is increased above ~32C.  This unusual property is a lower critical solution 
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temperature (LCST), and is contrary to most polymer solution behaviors which demonstrate 

increased solubility at higher temperatures.  Because the LCST of PNIPAM occurs close to 

physiological temperatures, it shows great promise for biomedical applications.  PNIPAM 

surfaces have been used for chromatographic separation,
113

 cell attachment and release,
114

 

and membrane modification.
115

  At low grafting densities, PNIPAM brushes exhibit behavior 

similar to behavior in the bulk, but at high grafting densities, the chains are conformationally 

constrained and can no longer rearrange in response to stimuli.
116

 

 We chose to use elastin-like polypeptides (ELPs) for the research in this dissertation 

because of their highly controlled amino acid composition, length, and transition 

temperature, which we will discuss further in Chapter 4. 

 

1.2.3. Bulk Modifications 

 Polymers are useful materials for MEMs and microfluidics for several reasons: 

polymers allow mechanical flexibility, can be processed at low cost, and provide a wide 

catalog of chemical, mechanical, and biological functionalities.
6
  In regards to the last point, 

polymers can be modified significantly to match the mechanical requirements of a system or 

system component.  Especially with thermoset polymer networks, tuning the amount of 

crosslinking in the network can alter the modulus by orders of magnitude.
117

  Increasing 

crosslink density by decreasing the molecular weight between crosslinks (Mc) has also been 

shown to tune effectively the mechanical properties of hydrogels.
118

  Using this technique in 

a microfluidic setup, cell researchers can investigate the interactions of cells with substrates 

with varying stiffnesses.
119
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 Additionally, choosing a stiff chain backbone will generate a more rigid network, 

whereas a flexible chain, such as a siloxane polymer, will create a softer, more elastic 

network.  A polyurethane with a high molecular weight but a rigid, cyclic aliphatic group in 

the backbone forms a stiff network and can replicate nanofeatures by replica molding
27

.  

Swapping out one crosslinking agent for a more flexible molecule will take the tensile 

modulus of the polyurethane network from 320 MPa down to 20 MPa.
120

 

 Polymers make excellent structural materials for microfluidic systems because it is 

possible to choose a material with a specifically tailored modulus for each application.
117

  

Combining different layers and component pieces will provide additional functionality due to 

differing mechanical performances of each material.  Microfluidic membranes must deform 

appropriately or resist deformation based on the pressure or flowrate within the device.
121

  If 

the membrane is made of PDMS, for example, making the surrounding channel out of a more 

rigid material, such as poly(methylmethacrylate) (PMMA), ensures that only the PDMS layer 

will deform with pressure.
122

  Microfluidic pumps rely on the careful tailoring of the 

flexibility of the diaphragm in the pumping chamber(s) with the application of pressure.
123

 

 Materials with micro- or nanostructures display complex mechanical properties, 

including mechanical metamaterials which may possess a negative dynamic modulus.
124

  

There is a growing interest in "dynamic" functional groups; these are molecular structures 

which chemically rearrange in response to external stimuli, including transitioning from a 

soft polymeric matrix to a harder matrix.
125

  Dynamic covalent bonds in polymeric systems 

can rearrange in response to stress, breaking bonds and forming new bonds, even after 

polymerization.
126

  For example, polyacylhydrazones form either hard or soft films through 
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monomer functional group tuning, and the softer films can be converted later into more rigid 

films with the dynamic inclusion of alternative monomers.
127

  

 Tuning of polymeric mechanical properties enables the construction of specialized 

components of microfluidic devices, as well as enabling dynamic behavior in response to the 

conditions within the microchannels.  One important consideration when applying any 

polymeric material to a chemical or biochemical device is the resistance of that polymer 

matrix to swelling in the presence of aqueous or organic solvents. 

 

1.2.4. Solvent Resistance 

 PDMS swells in the presence of many organic solvents and oils.
93

  PDMS networks 

can both absorb small molecules when used in microfluidic applications
128

 and leach out 

unreacted oligomers into solution.
93

  Coating PDMS with protective layers such as glass-like 

layers
129

 or fluoropolymers
130

 prevents swelling.  Although these coatings allow researchers 

to use familiar techniques and equipment to fabricate the initial PDMS channels, successfully 

generating solvent resistance requires several additional fabrication steps.  For the 

fluoropolymer, for example, a precursor is first flowed through the channel, followed by 

baking in the oven, an additional flow step, and a final bake.
130

  The generation of glass-like 

coatings by sol-gel techniques is time sensitive, which would undoubtedly lead to variations 

in coating quality and thickness based on the attentiveness of the researcher preparing these 

coatings.
129

 

 A common approach to deal with solvent resistance issues is to use alternative 

crosslinked polymers instead of PDMS.  Commercially available perfluroropolyethers, once 
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crosslinked, resist swelling in common solvents.
79

  These materials must be crosslinked 

stoichiometrically "off-ratio" in order to seal two layers of the perfluoropolyether to make a 

channel, and cannot be strongly adhered to glass.
79

  Thiol-ene resins, also cured off-

stoichiometric ratio, resist swelling when made using small molecules, as this leads to a 

highly crosslinked material.  Because thiol-enes do not shrink significantly when curing, they 

replicate microchannel master molds with high fidelity, but these channels require a 

complicated procedure to seal.
76

   

 

1.3. Polymer Modifications through Photochemistry 

 At the most basic level, photochemistry is the process through which a molecule 

absorbs a photon of energy causing the molecule's electronic state to transition from the 

ground state to an excited state, followed by a chemical reaction of some type.
131

  Because 

light delivers more energy over a shorter timescale than thermal processes, photochemical 

pathways are convenient as well as efficient.
132

  Additionally, light can be delivered locally 

for short periods of time, giving spatial and temporal control over the modification area.  

When light interacts with molecules, three reaction types are possible: isomerization 

reactions (cis to trans or vice versa), bond formation, or bond cleavage.
132

  In order for any of 

these reactions to occur, however, the target molecule must absorb the wavelength of light 

being used, and the photon must have enough energy to transition an electron from a lower 

orbital to a higher orbital.
131,132

 

 In polymer science, light can be used to synthesize polymer chains,
133

 to crosslink 

chains into networks,
134

 or even to provide energy for motion in polymer sheets.
135

  High 
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energy photons can also degrade polymeric materials, which can be a problem if long 

exposures are required to activate a crosslinking or polymerization reaction.  In PDMS, light 

can attack methyl side groups, removing the entire group or abstracting a hydrogen, which 

leads to further free radical reactions.
136

  Additionally, in the presence of both oxygen and 

UV light, silanol groups and silylhydroperoxide groups can form from a silyl radical, 

creating a more hydrophilic network.
137

  Using either UV/Ozone or oxygen plasma will 

create surface silanol groups and increase hydrophilicity, though the effects are usually 

temporary.
138

  We will primarily be discussing the use of photochemical reactions for the 

modification of surface and bulk properties of polymers in this dissertation.  We will now 

discuss photoinitiated reactions used in this dissertation, namely free radical reactions and 

thiol-ene reactions. 

 

1.3.1. Free Radical Reactions 

 Although there are thermally induced and photo-induced free radical reactions, we 

will discuss only photoinitiated reactions in this section.  In the case of photoinitiated free 

radical polymerizations, an initiator species first generates a radical which can then attack a 

monomer.  Generally, only the initiation step relies on light; the propagation and termination 

steps usually take place in either light or dark.
139

  There are several families of photoinitiators 

depending on the mechanism by which they generate a free radical.  The most effective is the 

photoscission of a photoinitiator generating a pair of free radicals.
140

  Other types of initiators 

generate radicals through hydrogen abstraction or through a photoinduced electron 

transfer.
140
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 Photopolymerization can refer to both the creation of polymer chains through 

photoinitiator and monomer system or to the crosslinking of existing polymer chains, which 

can react through side groups upon exposure to light, into a network.  For both of these 

processes, the increase in viscosity during the free radical reaction influences the ultimate 

conversion of reactive groups as well as the overall reaction kinetics.
141

  Free radicals have a 

short life span and are susceptible to quenching by oxygen.  Therefore if the radicals are 

unable to find an unreacted functional group nearby, the radical is essentially wasted.  In 

crosslinked systems, as the crosslinking density increases, radicals become more mobile 

through propagation reactions than by diffusion, called reaction diffusion-controlled 

termination.
142

  This high concentration of free radicals (despite the dwindling number of 

available double bonds for reaction), which are now diffusion controlled results in an 

increase in the radical reaction rate, referred to as autoacceleration or the Trommsdorff 

effect.
142

  

 As discussed in further in Chapter 2 and Chapter 5, photoinitiated crosslinking 

represents an effective tool for controlling mechanical properties of polymer networks.  

When crosslinking polymer films, it is important to note that for thick films, light may not 

penetrate the entire film, depending on the thickness and the absorption of the polymer.
139

  

Benzoyl groups are frequently used as the photoinitiators for free radical reactions as the 

aromatic carbonyl readily forms radicals through hydrogen abstraction or homolytic 

cleavage, as shown in Figure 1.7.
134

  Acrylates and vinyl groups both participate in free 

radical mechanisms. 
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Figure 1.7: A) Homolytic cleavage of a benzoyl photoinitiator.  B) Hydrogen 

abstraction of a benzoyl photoinitiator.
133

  
 

 

1.3.2. Thiol-ene Chemistry 

 The history of reacting sulfur containing groups with carbon-carbon double bonds is 

long and extensive, dating back more than 80 years.
143

  More recently, the popularity of thiol-

ene reactions expanded largely due to the inherent advantages of this system, including 

quantitative yields, insensitivity to oxygen, low shrinkage, and easy adaptability to a wide 

range of thiol or ene containing molecules.
144

  Photoinitiated thiol-ene reactions, depicted in 

Figure 1.8, represent a subset of free radical reactions: the mechanism involves step growth 

addition, but the propagation takes place through a free radical chain transfer process.
140

  The 

initiation step of thiol-ene reactions generates a thiyl radical, where hydrogen is abstracted 

from the thiol group.  This thiyl radical then attacks a carbon-carbon double bond, forming a 

carbon radical which can then attack another thiol, propagating the reaction.
145

 

 For thiol-ene systems to successfully crosslink, the rate of hydrogen transfer from the 

sulfur must be competitive with the rate of alkene polymerization or reaction.
139

  In other 
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words, the vinyl group should not prefer to homopolymerize, but rather should participate in 

the alternating thiol/ene propagation mechanism.
145

  While the thiol-ene reaction is 

remarkably tolerant of oxygen, it is necessary for the concentration of thiols to exceed the 

concentration of oxygen in the crosslinking system.
146

  

 

 

Figure 1.8: The basic photointiated thiol-ene reaction scheme.
146

   
 

 

 Thiol-ene reactions can also take place in the absence of photoinitiators.
147

  This is 

quite advantageous for polymers designed to be used outdoors: polymer systems with 

photoinitiators will degrade and age poorly with exposure to sunlight.  Thiol-ene 

polymerizations proceed rapidly when the reaction components are illuminated by 254 nm 

wavelength light.
147

  This is due to the absorption characteristics of thiols, which tend to 

absorb strongly at wavelengths below 300 nm.  It is possible, however, to crosslink a thiol-

ene system with 365 nm light, although the mechanism of this reaction is still unclear.
148

  The 

reaction kinetics of any thiol-ene system depend heavily on the types of thiol and alkene 

being used, as each system has a different reaction rate.
148

  For example, the stability of the 
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carbon radical and the electron density of the vinyl group both impact the reaction reactions 

of a particular thiol-ene system, with a low electron density increasing the overall reaction 

rate and a stable radical decreasing the rate of chain transfer reactions.
149

  

 

1.3.3. Photocurable Siloxanes 

 Photocurable silicones are used in medical products,
150

 as coatings,
151

 and for optical 

devices.
152

  Thiol-ene, acrylate, and vinyl-based photocurable siloxane systems have all been 

reported in the literature.  Polysiloxanes which can photocure contain either carbon-carbon 

double bonds or acrylate pendant groups.  Thiol-ene formulations contain vinyl functional 

chains, as in the Sylgard-184
®
 commercial kit (Dow Corning corporation), and another part 

mercaptosilicones.
140,153–155

  These thiol-ene reactions may be used for either crosslinking of 

siloxane networks
156

 or for side group modification.
157,158

  Interestingly, thiol-ene cured 

siloxane networks do not necessarily exhibit autoacceleration during crosslinking,
159

 possibly 

due to the high degree of flexibility of the siloxane backbone which would enable greater 

free radical mobility. 

 Silicone elastomer networks derived from thiol-enes are useful as rapidly curing, low 

modulus networks for applications such as ophthalmic devices, gaskets, and optical fiber 

coatings.
160

  Much of the work done using vinyl functional siloxanes in thiol-ene curing 

systems has been reported in patent literature.
153–155

  More recently, thiol-ene crosslinked 

silicone elastomers were impregnated with lanthanide compounds, giving the networks 

photoluminescence under UV light.
161

  Photocurable thiol-ene siloxanes made from 

oligosiloxanes rather than polysiloxanes exhibit transparency and good thermal stability.
162
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 The photoinduced crosslinking of siloxanes with acrylate pendant groups 

demonstrates the favorable material properties of silicones and the rapid crosslinking of 

polyacrylic esters.
141,151,163

  One advantage of siloxane acrylates over traditional epoxies or 

non-siloxane based acrylates is optical transparency in the near-UV range.
164

  However, 

because siloxanes are permeable to oxygen, the dissolved oxygen present in the siloxane 

polymer will inhibit the initiation of the reaction, delaying crosslinking of the acrylate until 

all oxygen is consumed.
141

  Adjustments to the light intensity and the type of photoinitiator 

used in a siloxane-acrylate photocrosslinking system will increase the overall conversion 

rate.
165,166

 

 While there is not much research carried out on specifically using free radical 

reactions to crosslink PVMS, vinyl-pendant siloxane free radical reactions have been 

explored in the literature.
82,167,168

  Vinylsiloxanes can be induced to participate in free radical 

reactions through the decomposition of peroxides into peroxide radicals when heated or 

exposed to light.
160

  The silicon-vinyl bond will not undergo photoscission when irradiated 

by wavelengths of light in the visible range (λ>300 nm),
167

 so photoinitiators must be used 

for visible light photocuring.  Monomers containing vinyl groups are used for 

photopolymerizations, both for crosslinked network formation,
142

 as depicted in Figure 1.9, 

and for polymeric chain synthesis.  Vinyl functional siloxanes also undergo crosslinking 

under high energy gamma irradiation with no photoinitiator present.
169
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Figure 1.9: The photopolymerization process and steps.
142

  

 

 

 

 Photosensitive PDMS has been investigated and tested in the literature.
170–172

  

Benzophenone, a dicyclic benzoyl type compound, is most frequently used in photo-sensitive 

PDMS materials.
171–176

  Although numerous free radical reactions have been proposed for 

PDMS,
177

 benzophenone is known to be able to abstract hydrogen atoms from almost all 

polymers,
178

 and is most likely attacking only the methyl groups of PDMS (cf. Figure 1.10).  

If C=C bonds are present as side groups in a poly(dimethyl-co-vinylmethyl siloxane) chain, 

the free radical reaction initiated by benzophenone or other photoinitiator is assumed to be 

taking place primarily through the vinyl groups.
173

   

 In microfabrication, UV-sensitive PDMS has been used both as a photoresist
171,175,179

 

and as a preparatory step for microchannel modification.
174

  Siloxane photoresists usually 

show poor resolution (minimum resolution 60-100 µm), with sloping sidewalls and a lack of 

fidelity to the original features.
171,172,175

  Photo-PDMS demonstrates some flexibility, 

elongating to approximately 50%, and a tensile modulus similar to that of Sylgard 184
®
.
171

  

For microfluidic modification, benzophenone dissolved in acetone and flowed through a 
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PDMS microchannel diffuses into the matrix around the channel, enabling UV grafting on 

the channel side walls.
174

  In Chapter 2 of this dissertation, we use a similar method of 

photoinitiator delivery to a poly(vinylmethylsiloxane) microchannel, but with significantly 

different results after UV treatment.   

 

 
Figure 1.10: Mechanism of action of benzophenone when exposed to UV 

light in the presence of PDMS.  Once in the triplet excited state, 

benzophenone relaxes by hydrogen abstraction from a methyl group.
174

  
 

 

1.4. Outline of the Work in this Dissertation 

 Ideally, a material used for soft lithography, nanoimprint lithography, or 

microfluidics, should be tunable based on the specific requirements of the final device.  

Being able to tune both the surface chemistry and the mechanical properties of a polymer 

would enable its use in a wide range of applications.  In this dissertation, we explore both 

surface modifications and mechanical adjustments for various micro- and nanodevices.  We 

use photochemistry and the covalent attachment of stimuli-responsive peptides to modify 

elastomeric materials for micro- and nanofabrication. 



 

 

32 

 First, we discuss the use of poly(vinylmethylsiloxane) (PVMS) for solvent resistant 

microchannels in Chapter 2.  Through local crosslinking of the vinyl side groups, we are able 

to locally harden the material and avoid swelling in organic solvents.  We demonstrate that 

although the modulus of the UV-treated PVMS network is orders of magnitude higher than 

untreated PVMS, the surface is chemically similar to the original network.  PVMS has the 

potential to be used as a drop-in replacement for PDMS, with the added functionality that the 

vinyl groups offer. 

 Next, in Chapter 3, we investigate the use of nanoparticles as reinforcement agents in 

PVMS elastomeric networks.  In contrast to the UV-treated PVMS microchannels, we target 

an elastic behavior in the PVMS networks, but with improved elongation and toughness.  

Using both fumed silica and in situ generated silica particles, we see improvements in the 

elongation and modulus of our reinforced PVMS networks. 

 We then turn to the modification of microfluidic surfaces with stimuli-responsive 

materials in Chapter 4.  Our goal in this case is to generate an elastin-like polypeptide (ELP) 

brush on the surface of PVMS networks for thermally responsive behaviors.  We first 

investigated a heated deposition technique to increase the grafting density of peptides on a 

control silicon surface.  By depositing collapsed peptides in a heated solution, we found that 

temperature responsiveness was lost because the deposited aggregates exhibited high 

stability, due both to ELP concentration and to non-specific interactions with the substrate.  

We also performed initial investigations of the modification of PVMS with polypeptides by a 

simple grafting method. 
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 Finally, in Chapter 5 we investigate the impact of modulus and surface chemistry on 

the nanofabrication method referred to as nanoskiving.  Because nanoskiving originated from 

biological microtomy, the original resins used in this technique were poorly suited for metal 

encapsulation.  We therefore investigate thiol-ene based photocurable resins, which cure 

rapidly, exhibit low shrinkage, and are mechanically adjustable. These resins are used to 

generate high quality sections of gold nanowires through ultramicrotomy.  We demonstrate 

the performance of several epoxies and thiol-enes and compare the mechanical and adhesion 

properties of the materials.  Using the thiol-ene resins, we evaluate the electrical performance 

of a nanoskived metal nanowires. 
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CHAPTER 2. Solvent Resistant PVMS Microchannels* 
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2.1. Introduction 

 Microfluidics involves the manipulation of small volumes of fluid typically 

accomplished with micro-scale channels.  Microfluidic channels are commonly fabricated in 

poly(dimethylsiloxane) (PDMS) because of numerous favorable properties, including optical 

transparency, ease of sealing, and chemical inertness.
1
  However, PDMS can contaminate 

microfluidic solutions with unreacted oligomers,
2
 absorb organic molecules from solution,

3
 

and swell upon exposure to most organic solvents.
4
  Alternative polymeric materials, such as 

perfluoropolyethers
5,6

 and thiol-enes,
7
 have also been explored as replacements for PDMS.  

While some of these materials overcome the organic solvent swelling drawback of PDMS, 

sealing these devices can be problematic or cumbersome.
8
 

 Another drawback of PDMS is that the methyl side groups are notoriously difficult to 

modify chemically.
1,9,10

  In contrast, a PVMS surface is easy to modify due to the presence of 

reactive vinyl bonds.  It is often desirable to chemically tune the interface of microfluidic 

channels to achieve a specific wettability, or to pattern the local wettability in a channel.
11–13

  

In many biological applications, sensing and screening depends on the attachment of 

enzymes, ligands, or proteins to desired regions of the channel.
9,14

  Extensive research exists 

on altering the surface properties of PDMS chemically, physically, or through grafting of 

polymers.
9,10,15 

 
Here, we demonstrate the utilization of PVMS, a material which can be chemically 

and mechanically modified, as a suitable drop-in replacement for PDMS.  Previous 

applications of PVMS have included cell studies,
16

 chemically responsive surfaces,
17

 

optically responsive materials,
18

 and mechanically tunable networks.
19

  The vinyl groups on 
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PVMS provide opportunities for applying thiol-ene click chemistry, cross metathesis, as well 

as free radical reactions to endow the base materials with useful new chemical 

functionalities.  Like PDMS, PVMS can be end-group cross-linked to form elastomeric 

networks that behave similarly to PDMS networks, exhibiting low surface energy, low 

modulus, mechanical flexibility, optical transparency, and hydrophobicity.  PVMS can be 

replica-molded into microchannels and sealed using methods identical to those employed in 

fabricating microchannels composed of PDMS.   

  By UV treating microchannels constructed from PVMS networks, we demonstrate 

siloxane-based microchannels that resist swelling in toluene. Although other research groups 

implement photo-sensitive PDMS in coatings or adhesive applications
20

 or as photo-

resists,
21–23

 little work has been done on modifying photo-sensitive PDMS microchannels in 

situ.
13,24

  PVMS homopolymers have not, to our knowledge, been used to construct 

microchannels.  In our system, reactive hydroxyl end-groups on the synthesized polymers 

create a siloxane network, while the vinyl side groups remain available for further reactions 

in a later step.  This method enables the localization of modifications by selectively 

delivering photoinitiator to specific regions of the polymer (in this case, the walls of the 

channel) for subsequent treatment with UV light.  These reactions can change the local 

interfacial energy and chemical composition, mechanical properties, and permeability. 

 

2.2. Experimental Methods 

 We synthesized hydroxyl-terminated PVMS by two methods, both of which have 

been previously reported in the literature.
25,26

  Step-growth polymerization
25

 involves the 
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reaction of short chain siloxanes with hydroxyl end groups (Dow Corning PJ Fluid) with 

lithium hydroxide (Sigma-Aldrich) dissolved in water.  The reaction vessel was heated above 

100°C to evaporate water, which is formed as a by-product.  Typically, the reaction vessel 

maintained a temperature of 115°C ±5°C with 500 mL of short-chain siloxanes and 30 ppm 

LiOH for 4 or more hours under constant nitrogen flux and vigorous stirring, until the 

mixture became viscous.  The viscosity increase over time indicated the approximate 

molecular weight of the polymer, with a targeted molecular weight of roughly 35 kDa.  The 

addition of dry ice terminated the reaction, resulting in PVMS with hydroxyl end groups.  

This material was then purified by passing the material through a Celite® filter cake, 

followed by two extractions in methanol.   

 Alternatively, one-pot anionic ring opening polymerization (ROP)
25,26

 produced 

hydroxyl terminated PVMS.  First, catalyst synthesis involved the procedure for making 

dilithium diphenylsilanolate reported elsewhere
27

 using diphenyl silane diol (Sigma-Aldrich) 

and n-butyl lithium (Sigma-Aldrich) as starting materials.  Distilled cyclic vinyl methyl 

siloxane (Dow Corning) was added to dry THF in a reaction vessel and kept under argon 

while reacting with the dilithium initiator.  A typical reaction would consist of 30 mmol vinyl 

methyl siloxane cycles, 0.3 mmol initiator, and 10 mL of dry THF.  The reactions proceeded 

quickly, reaching full molecular weight in less than an hour.  The reaction terminated with 

the addition of acetic acid, resulting in hydroxyl end groups on the polymers.  The resulting 

polymer was purified twice in methanol before using.  GPC determined the molecular weight 

of the materials, all of which were between 20 and 45 kDa. 
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 A tin catalyst (tin(II) 2-ethylhexanoate, Sigma Aldrich) diluted in tetrahydrofuran 

(THF) (ratio of 1:9 v/v of tin to THF) and a short chain crosslinker of 

poly(vinylmethoxysiloxane) (PVMES; Gelest VMM-010) mixed with PVMS formed the 

crosslinked PVMS networks.
25,28

  The amount of crosslinker varied according to the 

molecular weight of the polymer; a typical network consisted of 10 g PVMS, 0.48 g PVMES, 

and 0.1 g tin/THF solution (a mole ratio of approximately 1.3 mol PVMES: 1 mol PVMS: 

0.042 mol tin catalyst), which after degassing cured in a 60°C oven for an hour against a 

mold.  We made PDMS microfluidic channels with both the standard commercial Sylgard-

184 kit (prepared with 10:1 ratio of resin to hardener, as specified by the manufacturer) and 

an unfilled silanol terminated PDMS (Gelest, DMS-S35-100gm).  Network formation with 

the silanol-terminated PDMS followed the same method as with PVMS; that is, with the tin 

catalyst and a methoxy crosslinker.  All networks cured in an oven at 60°C for an hour (or 

more) until needed for microchannel fabrication. 

 Replica molding the polymers against a fluorosilane-treated master mold (SU-8 

patterned lithographically on a silicon wafer) produced a molded microfluidic channel.
29

  

After treating the channels for 20 seconds with oxygen (air) plasma, a molded sheet and flat 

sheet of siloxane sealed together with the application of gentle pressure.  PVMS channels can 

also be sealed to a glass slide using the same technique with oxygen plasma. 

 An FTA1000B goniometer determined the contact angles of deionized water and 

toluene.  We recorded at least three contact angles for each sample, and averaged multiple 

samples for all CA values reported.  The drops were 5-6 μL in volume. 
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 A 400W metal halide lamp (Uvitron IntelliRay 400) provided a source of UV light for 

post-assembly modification of the channels.  The lamp used emits primarily at 365 nm, 

though no optical filter was used to remove other wavelengths (a range of wavelengths are 

produced between 250 nm and 450 nm).  Networks soaked in a solution of photoinitiator (2-

hydroxy-2-methylpropiophenone, VWR International) 10 wt% in ethanol (Sigma-Aldrich) 

for 30-60 minutes before treating with UV light.  For microchannels, the solution flowed 

through the channel for 30 to 60 min at a rate of 1 mL/hr.  This process allowed the 

photoinitiator to diffuse slowly into the channel walls
24

 and the time of exposure controls the 

amount of photoinitiator added, as depicted in Figure 2.1.  While UV doses varied from 60 s 

to 30 min for the purposes of characterization (corresponding to an intensity of 3,500 to 

107,000 mJ/cm
2
); the more typical exposure doses used in the microchannels were between 

18,000 to 36,000 mJ/cm
2
 (5-10 min).  

 We used several analytical techniques to characterize the surface of the siloxane 

networks.  Fourier transform infrared spectroscopy in the attenuated total reflection mode 

(FTIR-ATR) was employed to characterize chemical changes using a Nicolet 6700 

spectrometer equipped with germanium ATR crystal (Ge-ATR).  For each sample, 256 scans 

were collected under constant nitrogen flux.   

 Dynamic mechanical analysis (Rheometric Scientific, model DMTA-IV) determined 

the material stiffness with varying UV treatment times.  Flat PVMS networks (1mm thick) 

cut into 20mm×10mm rectangles were immersed in a solution of photoinitiator and ethanol 

for 30-60 min (the same time as the exposure in microchannels).  After drying, the samples 
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were UV treated with varying exposure times (corresponding to an intensity of 3,500 to 

107,000 mJ/cm
2
).   

 

 

Figure 2.1: A) A cross-sectional depiction of PVMS microchannel fabrication 

by replica molding. First, the polymer is cured against a lithographically-

patterned master substrate.  The cured microchannel is then sealed to another 

sheet of PVMS by exposing both surfaces to oxygen plasma. B) A cross-

sectional view of PVMS microchannels depicting the diffusion of initiator into 

the walls of the channel and subsequent UV treatment to promote resistance to 

organic solvents.  Features not drawn to scale. 

 

   

Storage modulus (E’), loss modulus (E”), and loss tangent (tan δ) were recorded over 

frequency range from 1-100 rad/s with 5 points collected per decade at a strain of 0.1% in 

tensile mode, all within the rubbery plateau region.  We collected all data at room 

temperature (23°C). 
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2.3. Results and Discussion 

 We sought to demonstrate some of the advantages of UV treated PVMS relative to 

Sylgard-184.  The images in Figure 2.2 depict the performance of Sylgard-184 and UV-

treated PVMS under prolonged periods of exposure to toluene (flow rate of 1 mL/h).   

 

 

Figure 2.2: Organic solvent leaching in Sylgard-184 and PVMS.  The same 

solution (and therefore the same concentration of red dye) was used for both 

samples.  The black lines represent an average of five line scans of each image 

showing the intensity of the red color across the channel.  A) Sylgard-184 

channel at t = 0 min.  B) Sylgard-184 channel with extensive leaching and 

deformation at t = 60 min.  C)  Treated PVMS channel at t = 0 min.  D) 

Treated PVMS channel at t = 60 min. 

 

 

 

We chose toluene as a solvent because toluene diffuses into PDMS and swells it 

significantly.
30

  As toluene loaded with red dye flows through the channel, the dye diffuses 

into the PDMS matrix around the channel (Figure 2.2a-b).  In contrast, the UV-treated PVMS 

shows essentially no leaching (Figure 2.2c-d), even after two hours (Figure 2.3).  Despite the 

apparent difference in intensity of the red color, the concentration of red dye for both systems 
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remains the same.  The difference in color is likely due to the rapid absorption of red dye into 

the top and bottom walls of the PDMS channel, which is not seen in the treated PVMS 

channel even after an hour of exposure.  Model PDMS (containing no silica particle fillers) 

and untreated PVMS channels both show swelling in toluene, behavior indistinguishable 

from Sylgard-184.  Likewise, when we treat Sylgard-184 with photoinitiator and UV light, 

we see the same swelling behavior as pristine Sylgard-184.   

 

 

Figure 2.3: PVMS channel after two hours of exposure to toluene/red dye 

mixture.  Scale bar 500 m. 

 

 

 

 We used Fourier transform infrared (FTIR) spectroscopy to quantify the chemical 

changes resulting from UV-induced surface modification of PVMS (Figure 2.4).  Because 

free radical reactions are inhibited by the presence of oxygen,
31

 we covered the samples used 

to produce the FTIR spectra with a quartz slide during UV treatment, limiting oxygen 
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inhibition at the surface.  Other work done on the degradation of silicone rubbers and 

siloxanes proposes a number of reactions due to UV or oxidation as an effect of UV.
32

  

However, to our knowledge, little work has been done using a photoinitiator in a system with 

PVMS.  While the exact mechanism of the reaction is unknown, the decrease in IR signal 

originating from the vinyl groups (1407 and 1598 cm
-1

) indicates that a primary mechanism 

is the reaction involving those vinyl groups, resulting in additional crosslinks in the material.  

The appearance of a shoulder at 930 cm
-1

 is assigned to the formation of a -Si-CH2-CH=CH- 

group.
33

   

 

 

Figure 2.4: Analysis of PVMS by FTIR-ATR after UV treatment (black line 

= PVMS control; red line = PVMS UV treated  414 J/cm
2
).  The vinyl peaks 

at 1407 cm
-1

 and 1598 cm
-1

 decrease in intensity after UV exposure.  The IR 

spectra were normalized relative to the methyl vibration at 1259 cm
-1

. 
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Much of the published work involving photocurable siloxanes utilized either acrylate 

functionality or thiol-ene chemistry; however, work has been done using vinyl methyl 

siloxanes for free radical reactions and the network crosslinking density was found to depend 

primarily on the number of vinyl groups available, implying that the methyl side groups are 

not participating in the free radical crosslinking reaction.
34

 

 As the polymer network crosslinks through the vinyl side groups, the material 

stiffens.  Dynamical mechanical analysis (DMA) of 1 mm thick PVMS networks shows that 

infusing the networks with photoinitiator followed by UV exposure increases the storage 

modulus; this procedure as applied to flat networks is similar to the procedure used for 

generating solvent resistant channels, as described in the experimental methods section.  As 

seen in Figure 2.5, the modulus increases by two orders of magnitude within 10 minutes of 

UV light exposure.   

 

 

Figure 2.5: Storage modulus as determined by DMA shown as a function of 

UV exposure energy.  Trendline provided to guide the eye. 
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Variability in the modulus at long UV treatment times is primarily due to the uncontrolled 

nature of a UV initiated free radical reaction as well as the dependence of the extent of 

reaction on sample thickness.  Because of the variability in mechanical measurements, we 

caution that the values presented may differ with changes in PVMS molecular weight, UV 

lamp intensity, photoinitiator concentration, and sample thickness.  Nevertheless, the results 

illustrate that the mechanical properties change significantly with exposure to light.  The 

elastic modulus plateaus after 25 J/cm
2
 (7 min exposure time with our UV lamp for a 10 

wt% HMPP photoinitiator solution in ethanol).  

 The amount of photoinitiator and the dose of UV light determine the extent of 

reaction inside the microchannel and thus, the mechanical properties and permeability of the 

PVMS.  The amount of photoinitiator embedded in the elastomer depends on the 

concentration of the HMPP/ethanol solution and the amount of time the solution flows 

through the channel.  This diffusion-based process results in a gradient of photoinitiator from 

the channel into the surrounding matrix, similar to work done in PDMS channels.
24

  In a 

typical experiment, the UV-modified area extends into the surrounding matrix for 500-600 

m (Figure 2.6), as determined by optical microscopy of a cross-section of the channel.   

 Although the geometry of a PDMS microchannel changes with absorption of organic 

solvent,
4
 we did not see a corresponding deformation in UV-treated PVMS channels.  To 

further demonstrate this effect, we observed the deformation of wells of both PDMS and 

PVMS in the presence of solvent (Figure 2.7).   
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Figure 2.6: Cross-section of UV treated channel prepared by cutting a 

channel with a razor blade.  

 

   

The features deform with solvent absorption in PDMS, swelling over 100% by volume, and 

untreated PVMS (swelling of untreated PVMS not shown), but the UV-treated PVMS 

features do not change significantly in dimensions with exposure to toluene.  After UV 

modification of the PVMS surface, the siloxane networks maintain organic solvent 

wettability (Figure 2.8); yet they do not swell in the presence of the organic solvent.  A 

microfluidic chemical synthesis channel could make use of organic solvents without the 

concern that the solvent will leach into the surrounding network, thus changing the geometry 

of the channels (and therefore the flow profile) and the concentration of reactants inside the 

channel.
3
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Figure 2.7: Microwells swelling and deforming with exposure to toluene.  

Scale bar 100 m.  A) PDMS wells before exposure to solvent (top) and after 

swollen with toluene (bottom).  Swelling shown is approximately 200% by 

volume.  B) Untreated PVMS wells (top), UV treated PVMS wells before 

exposure to solvent (middle) and after exposure to toluene (bottom).  The UV 

treatment results in the change in appearance of PVMS seen in B) moving 

from the top to the middle image. 

 

 

 

 

Figure 2.8: Static contact angles using DI water (black circles), toluene 

(green crosses), and IPA (red diamonds) on pristine PVMS and UV-treated 

PVMS. 
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 During replica molding, the PVMS occasionally tears due to the lack of filler.  

Commercial PDMS kits, such as Sylgard-184, contain as much as 30-60 wt% silica particle 

fillers
35

 that are employed to increase the tear strength.  We chose to use the PVMS as is, 

although it is well known that adding fillers reinforces the network and increases tear 

strength.
36

  Tearing can sometimes be observed around the edges of the features (2.9 a and c), 

although this can also be seen with features reproduced with Sylgard-184 (Figure 2.9 d), as 

well as with the pure PDMS system (Figure 2.9 b).  Based on our preliminary results, adding 

fillers to the PVMS prevents tearing and increase tear strength to improve replica molding of 

PVMS channels. 

 

 

Figure 2.9:  Various degrees of tearing in pure PVMS, pure PDMS, and 

Sylgard-184 channels.  Microchannel composed of A) PDMS (no fillers) and 

B) PVMS (no fillers).  C) Tearing on a PVMS channel.  Edges of the channel 

are highlighted with yellow lines.  Significant tearing can be seen outside the 

channel walls.  D) Sylgard-184 channel with some tearing on the edges.   
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We further evaluate the impact of reinforcing nanoparticles on PVMS networks in Chapter 3 

of this dissertation. 

 Additionally, we investigated the use of other organic solvents with our UV treated 

PVMS microchannel system.  The formidable challenge in this case was the tubing rather 

than the PVMS networks, as most softer tubing swells in organic solvents, and solvent 

resistant tubing is stiff, resulting in punctures and tears during insertion.  We did have limited 

success with other solvents, however, as indicated in Figure 2.10. 

 

 

 

 

Figure 2.10: UV-treated PVMS microchannel during exposure to THF and 

chloroform.   
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 With both chloroform and tetrahydrofuran (THF), the UV-treated PVMS 

microchannel appears to resist swelling and leaching of red dye for short times.  Due to 

issues with the Tygon tubing swelling and blocking the inlet and the solvent resistant tubing 

(perfluoroalkoxy tubing or PFA tubing) being too stiff and breaking the channel or falling 

and preventing flow, we were unable to test a microchannel for times longer than 15 minutes.  

With a thicker PVMS network, the problems with solvent resistant tubing may be avoided.  

Our UV-treated PVMS networks did not successfully resist leaching when exposed to red 

dye dissolved in acetone, however, as shown in Figure 2.11.  It is unclear why this would be 

the case, but with future testing or modifications to the UV-treatment procedure, these issues 

with acetone may be overcome. 

 

 

Figure 2.11:  UV-treated PVMS microchannel during exposure to acetone.   
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2.4. Conclusions and Outlook 

 PVMS is an attractive alternative material for microchannel fabrication that offers 

several benefits in comparison with PDMS. Like PDMS, PVMS is optically transparent, easy 

to process, and flexible.  However, unlike PDMS, the ability to UV-modify the PVMS 

interface (e.g., the walls of microchannels, as shown here) allows the user to create flexible, 

transparent, molded elastomers that are compatible with organic solvents.  The UV treatment 

is also capable of tuning the modulus by two orders of magnitude using light, which may be 

useful for other applications. 

 The most significant drawback of PVMS, however, is the lack of a commercially 

available material.  We synthesized the materials used in this study in house; although the 

synthesis is straightforward, this additional step may be a deterrent to rapid implementation 

of PVMS devices.  Another consideration is the poor tear strength of unfilled silicone rubbers 

(both PDMS and PVMS); commercial PDMS products are often loaded with silica particles 

to overcome this problem.  Future work will focus on the improvement of mechanical 

properties for replica molding by including silica fillers like those used in commercial PDMS 

kits.   

 The UV treatment in this work is used primarily to modify the mechanical and 

diffusive properties of the material around the channel.  However, it may be possible to 

introduce other chemical functionality by grafting molecules to the vinyl functional groups 

on the surface for further tailoring of the properties of PVMS microchannels.  For example, 

grafting of dynamic covalent groups to the vinyl side groups of PVMS would provide an 

alternate route for mechanical modification of network properties.  Using siloxane polymers 
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with dynamic covalent acylhydrazone groups, rigid and flexible repeat units engage in 

monomer exchange, altering the mechanical properties of the film.
37

  Additionally, grafting 

groups with hydrophilicity or stimuli-reponsive behavior to the vinyl side groups of a PVMS 

microchannel will expand the utility of this technology.  The versatility and tunability of 

PVMS shows great promise for use in microfluidics or other soft lithographic applications. 
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CHAPTER 3. Nanoparticles for PVMS Reinforcement 
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3.1. Reinforced Siloxane Rubbers 

 Elastomeric materials are frequently reinforced mechanically to improve 

extensibility, modulus, and toughness.
1,2

  Composite materials consisting of organic 

polymers and inorganic nanoparticles (NPs) demonstrate both the processability and 

flexibility of polymers as well as the magnetic, electrical, or catalytic behaviors of the 

inorganic materials.
1
  Several researchers have successfully developed flexible iron 

NP/polymer composites which demonstrate magnetic response,
2,3

 which is notable because 

magnetic materials are usually rigid.  If the additional NPs added are more thermally 

conductive than the polymer matrix, the composite will usually have a higher thermal 

conductivity than the polymer itself.
4
  Organic nanomaterials with interesting electrical and 

mechanical properties, including carbon nanotubes, can also be used as reinforcing agents.
5
   

 Commercial siloxane polymers crosslinked into elastomeric networks are usually a 

mixture of polymer chains and a reinforcing agent such as fumed silica, carbon black, or 

other nanoparticles; this field of research dates back over fifty years.
8,9

  While fumed silica 

acts primarily as a mechanical reinforcing additive, other fillers such as nanotubes or clay 

particles can be used to alter electrical and optical properties of the network.
8
  The chemical 

nature and length scale of the additive determines enthalpic and entropic interactions of the 

polymer chain with the filler.
10

  Fillers which are less than 1000 nm in size show the best 

reinforcing properties, with the ideal particles being between 10-100 nm.
11

  In nanocomposite 

systems, there is an entropic penalty to the polymer chain as the NPs take up void space 

between chains (excluded volume effect
12

), and the way that fillers affect the movement of 

each polymer chain alters the mechanical properties of the elastomeric matrix.
13
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 For a typical silicone rubber filled with fumed silica, particle-particle interactions and 

particle-polymer interactions both contribute to the increase in tear strength.
14

  Hydrogen 

bonds between hydroxyl groups on the surface of silica particles are responsible for strong 

particle-particle interactions.  The silica particles act as additional crosslink points between 

siloxane chains, limiting their extension.
15

  Polymer molecules tend to interact through 

adsorption onto the silanol groups on the surface of the silica particles;
15

 these interactions 

depend on the particle concentration, specific surface area of the particles, and the molecular 

weight of the polymer.
14

  The phenomenon of a polymer chain strongly interacting with a 

filler particle forming an insoluble complex is referred to as "bound rubber".
6
   

 The mechanical properties of elastomers and rubber composites can be determined by 

applying tensile, compressive, flexural, or dynamic stresses, though most frequently tensile 

or dynamic tests are used.
16

  The notable properties are Young's modulus, elongation at 

break, and ultimate stress.  The sample toughness is determined by the area under the stress-

strain curve: the rupture energy is the force required to break the sample over the initial 

volume of the sample (initial cross-sectional area times initial length).
17

  Brittle materials 

may withstand a high stress but a low extension, whereas soft materials easily extend but 

break under a low stress.  Tough polymers undergo both high stress and high strain before 

failure.  Some example stress-strain profiles are demonstrated in Figure 3.1.
16

   

 The modulus increase of filled rubbers depends on the volume fraction of fillers in the 

rubber.  The modulus of rubber filled with dilute suspensions of particles show a linear 

correlation with filler volume fraction, whereas the modulus of rubber filled with higher 

concentrations of particles, in which particle-particle interactions as well as polymer-particle 
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interactions are important, show a quadratic correlation with volume fraction.
18

  If there is a 

repulsive force between the particles and the polymer chains due to particle surface 

chemistry, the mechanical reinforcement depends only on filler volume fraction.
19

  In 

addition, smaller particulate sizes correlate with improved reinforcement, even for 

energetically unfavorable interactions between polymer chains and particle surface.
20

   

 

 
Figure 3.1: Polymer stress-strain curves (constant temperature).

16
 A) 

Examples of stress-strain curves for brittle materials, fibers, and elastomers. 

B) A thermoplastic stress-strain curve with important characteristics labeled. 

 

 

 

 The preparation method of a polymer/filler composite material has a significant 

impact on the ultimate material properties of the composite.  Particles can be incorporated in 

a polymer melt (during extrusion), a polymer solution, or can be present as the polymers are 

being synthesized.
1
  When NPs are incorporated early in the processing steps, the rheological 

changes in the filler/polymer melt composite make other processing steps difficult.
11

  The 

linear viscoelastic regime seen at low shear stress disappears once a significant weight 

percent of fillers is incorporated.
11

  At low filler concentrations the preparation method has 

less influence on the final mechanical strength of the composite.
19

  Surprisingly, 



 

 

74 

agglomeration of particles during incorporation into the polymer matrix does not negatively 

impact the mechanical properties significantly, and in fact these agglomerates may dissipate 

energy efficiently.
15

  Nanoparticles are also thought to dissipate energy even after failure has 

occurred, thus preventing ultimate failure despite microscopic damage.
21

 

 Previous researchers have incorporated fillers into silicone networks by either in situ 

generation of particles or by ex situ mixing of particles into the liquid polymer prior to 

crosslinking.  Using a silica (or titania) precursor, a hydrolysis reaction will both crosslink 

hydroxyl end group functionalized polysiloxanes and precipitate particles within the network, 

thus creating particles in situ.
22–25

  Mechanically blending ex situ generated reinforcing 

particles into siloxanes requires processing time and energy.
14

  Incorporation of small 

amounts (5 wt%) of ex situ generated silica fillers in siloxane networks can increase the 

Young's modulus and the ultimate break strength, assuming strong chemical compatibility 

between the particles and the polymer chains.
26

 

 Siloxanes have also been filled with other functional NPs, including boron nitride, 

aluminum oxide, iron oxide, and zinc oxide.
4,27

  Though most conductive materials are rigid, 

flexible conductive PDMS composites are being developed and tested.
28–31

  There is also a 

growing interest in silicone/magnetic NP composites for microfluidic actuation or other 

responsive devices.
32

  Because magnetic NP filled silicones have a relatively low Young’s 

modulus with a high magnetization (M > 10
4
 A/m), application of a magnetic field 

significantly deforms these composites.
33

  By crosslinking magnetic NP filled PDMS in the 

presence of a magnetic field, the resulting elastomer network shows mechanical anisotropy, 

even with spherical particles.
34
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 The commercial silicone elastomer most commonly used, Sylgard 184
®
, has a tensile 

modulus between 1.3‒3 MPa and an elongation at break of more than 140% when cured at 

room temperature
35,36

 due to its incorporation of 30-60 wt% silica particles.
37

  Curing Sylgard 

184
®
 above room temperature reduces the elongation at break and increases the Young's 

modulus of the network.
35

  Although the high weight percentage of silica fillers may be 

related more to the manufacturer's cost or processing requirements, these particles certainly 

influence the mechanical properties of the final networks. 

 Because for the microfluidic work discussed in Chapter 2 of this dissertation we 

observed tearing of our microchannels at the edges of the features once removed from master 

molds, we decided to investigate the effects of silica fillers on PVMS networks.  Tear 

strength is defined as the energy required to propagate a tear through a polymer sample until 

the sample has torn through.  Evaluating tear strength can be difficult to reproduce in 

nanocomposite materials, as the fillers often create erratic crack propagation behavior,
38

 so 

we first decided to study simple stress-strain behavior to learn about the mechanical 

properties of PVMS composites.  We were motivated to improve not only the tear strength of 

our networks, but also to increase the extensibility and modulus of the networks.   

 There do not appear to be many studies investigating PVMS nanocomposites,
39

 even 

though the interactions with fillers will be different due to chemical interactions of the vinyl 

group.  For PDMS networks, it is known that the elastic modulus decreases with increasing 

chain length and increases with crosslinking density;
12

 both chain length and crosslink 

density relate to the distance between crosslink points in the network.  For our work with 

filled PVMS networks, we primarily worked with only one MW of PVMS. 
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3.2. Nanoparticle filled PVMS Networks 

3.2.1. Method 

 PVMS was synthesized as discussed in Chapter 2 of this dissertation.  Hydroxyl-

terminated PDMS was purchased from Gelest (DMS-S35-100gm) and used as received.  

Several techniques were evaluated for strengthening the PVMS networks, including the 

addition of silica nanoparticles (NPs) and the in situ generation of particles.  A methyl 

functionalized fumed silica filler, Aerosil
®
 R104, was added to PVMS in varying weight 

amounts from 5 wt% up to 25 wt%.  At 25 wt% and beyond, the incorporation of additional 

silica NPs became too difficult with the techniques available in our lab. 

 The silica particles and PVMS were agitated on a stand mixer for at least five minutes 

or until well incorporated into the liquid polymer.  While sufficient mixing is necessary for 

uniform incorporation of the NPs into the polymer, further mixing may reduce the silica 

particle chain structures between the polymer chains; these interparticle associations are 

thought to play an essential role in the strengthening mechanism of the fillers. 

 Following the addition of fumed silica particles, a crosslinker (vinylmethoxysiloxane, 

or VMOS) was added at a weight ratio of 0.48g VMOS for every 10g PVMS used.  This was 

stirred by hand and then degassed for 30 minutes to remove bubbles introduced during the 

particle addition step.  Finally, a tin catalyst (ethyl tin hexanoate) diluted in THF (at a 

concentration of 1 mL catalyst for 9 mL THF) was added and quickly stirred in.  The mixture 

would immediately begin to crosslink, so the contents would be poured into a petri dish or 

over a microchannel mold and placed in a 60°C oven to cure overnight. 
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 We also evaluated the in situ generation of particles as a method of strengthening 

PVMS networks.  For this method, the crosslinking agent also generates silica NPs as a by-

product of the condensation reaction taking place within the network.  In order to form 

particles, we had to use excess amounts of tetraorthosilicate (TEOS), and evaluated a 1:1, 2:1 

and 4:1 mass ratio of TEOS to PVMS.
24

  First, TEOS and PVMS were thoroughly mixed 

with the stand mixer for ten minutes.  Next, a small amount of dibutyltin dilaurate or DBTDL 

(0.17 mL per 10g of PVMS) was mixed into the polymer mixture for an additional ten 

minutes.  We then cured this mixture at room temperature for 48 h followed by 24 h in a 

60°C oven in a petri dish before evaluating the mechanical properties. 

 A UV-vis determined transparency of the elastomeric networks.  All samples 

measured had approximately the same thickness (~2 mm).  

 Samples tested on the Instron were poured into molds with dimensions for specimen 

type 5B as specified in the ISO 527 standards: gauge length 10 mm, thickness 1-2 mm, and 

width 2-4 mm.  The Instron tested samples at a constant rate of extension of 5 mm/min until 

the samples broke.  Stress was calculated as force over the initial cross-sectional area of the 

samples.  Percentage strain was calculated as the change in sample length divided by the 

original length. 

 

3.2.2. Results 

 We first characterized hydroxyl-terminated PDMS with fillers, generating stress-

strain behavior predicted from the literature, i.e. increased tensile stress and strain % at break 
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(Figure 3.2).  Even with a small amount of silica fillers, 1% by weight, the modulus and 

elongation at break increased significantly.   

 As predicted by filler-reinforcement results in PDMS, even a modest amount of filler 

increased the strength of PVMS networks (Figure 3.3).  The modulus of an unfilled PVMS 

network is similar to PDMS: for this system, we got a modulus of roughly 2.3 MPa.  From 

the stress-strain results, it is also noticeable that both the modulus and ultimate break stress 

increased for all filled samples.   

 

 

 

   

Figure 3.2: Hydroxyl terminated PDMS stress-strain results.  Filled PDMS 

contains functionalized fumed silica. 

 

 

 

For the sample with the highest amount of silica fillers, 25 wt%, the sample shows a 

significant increase in Young's modulus, but also appears to be the most brittle sample of all 

those tested.  This could be related to poor mixing of the filler with the liquid PVMS rather 

than a theoretical maximum weight percent.  The PVMS filled with 20 wt% silica fillers 
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extended nearly 100%, but this falls far short of the typical Sylgard-184 elongation.  Again, 

without repetition it is difficult to draw definitive conclusions regarding the differences 

between filled PDMS and filled PVMS.  Because we only tested networks made with one 

MW, this elongation may simply be reflective of the MW of the network. 

 Next, we evaluated PVMS networks reinforced with in situ generated particles.  For 

the highest amount of TEOS:PVMS, we found that the network never fully cured, as after a 

week at room temperature and more than 24 h in the oven, the mixture was still tacky to the 

touch.   

 

 

 

 
 

Figure 3.3: Fumed silica reinforced PVMS networks.  All filled samples show 

increased Young's modulus as compared to unfilled PVMS, but elongation 

and ultimate stress at break are not necessarily improved. 

 

 

 

We were able to test the samples with 1:1 and 2:1 ratio of TEOS:PVMS and found improved 

elongation at break as well as toughness (Figure 3.4).  By calculating the amount of SiO2 
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added as TEOS molecules, the final filler weight can be estimated to be roughly 20% for the 

1:1 ratio and 30% for the 2:1 ratio.
24

   

 Sol-gel methods for making nanoparticles with the procedure we describe result in 

various structures based on several reaction conditions such as catalyst, pH, and 

temperature.
40

  We therefore would need to optimize this process if we intended to use only 

in situ generated nanoparticles.  Unfortunately, the TEOS filled networks also showed 

reduced optical transparency, ultimately making their use in microfluidics unlikely (Figure 

3.5).  One of the advantages of siloxane networks for microfluidic devices is the inherent 

transparency.   

 

 

 

 
 

Figure 3.4: PVMS strengthened with in situ generated silica particles.  The 

ratios of PVMS to TEOS are mass ratios; the blue curve represents 

approximately 30 wt% silica particles and the red curve represents 

approximately 20 wt% silica particles.  The Young's modulus is similar for all 

three samples, but the toughness (the area under the stress-strain curve) is 

improved for both TEOS-filled samples. 
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Figure 3.5: PVMS strengthened with in situ generated silica particles.  The 

ratios of PVMS to TEOS are mass ratios.  The TEOS filled PVMS shows a 

significant decrease in transparency.  These samples were visibly grey in 

appearance. 

 

 

 

 Because the value of filling PVMS networks is the increased tear strength for 

removing networks from master molds, we also prepared several test microchannels to 

evaluate tearing along the edges of the features.  As seen in Figure 3.6, increasing the amount 

of fillers does appear to improve the fidelity the replica to the master mold by decreasing 

tearing of the network along the mold edges.  For the networks with significant amounts of 

filler, we were not always able to seal microchannels using oxygen plasma.  It is unclear why 

silica fillers in PVMS would have this effect considering that Sylgard 184
®
 channels contain a 

great deal of fillers and seal quite easily. 
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Figure 3.6: Images of PVMS microchannel replicas with varying amounts of 

silica filler.  A) Pure PVMS with no silica fillers; b) 10 wt% filled; c) 15 wt% 

filled; d) 20 wt% filled.  All scale bars are 500 µm. 

 

 

 

 

3.3. Alternate Reinforcement Mechanisms 

 Although we crosslinked our elastomeric networks through the hydroxyl end groups, 

there are alternate chemical reactions that are useful for crosslinking siloxanes.  Siloxane 

networks can also be crosslinked through the backbone if the side groups attached to the 

silicon atom are functional groups, e.g. vinyl groups or silicon hydride groups.  Because the 

molecular weight between crosslink points (Mc) decreases with this method, the rigidity of 

the network increases.  Backbone crosslinking is difficult to control, however, so in order to 

create a rigid siloxane network, shorter oligosiloxanes are often used in place of 
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polysiloxanes.
41–46

  These networks are useful for optical applications such as encapsulation 

materials for light-emitting diodes (LEDs)
41

 or coatings for optical fibers.
47

  Using cyclic 

siloxanes results in a glassy transparent polymer due to the extremely short distance between 

crosslinks.
48

   

 Interpenetrating networks (IPNs) consisting of a siloxane network and another 

polymeric network may demonstrate beneficial properties of both networks.  For example, an 

IPN of PDMS and a polyfluorinated acrylate demonstrated stronger mechanical properties 

than PDMS, a lower refractive index, and a more hydrophobic surface.
49

  PDMS has also 

been combined with epoxy resin,
50,51

 ethylene oxide,
52,53

 N-isopropyl acrylamide,
54

 and 

urethane.
55

  These IPNs are more useful if the two networks used are compatible, which can 

be a challenge when combining a siloxane with an organic polymer. 

 Siloxane networks cured by thiol-ene mechanisms, as an alternative to platinum-

based hydrosilylation or condensation curing methods, have been reported in the 

literature.
42,56,57

  End-group functional PDMS chains which are thiol-ene cured behave 

similarly to hydrosilylation cured networks,
57

 largely because the molecular weight of the 

polymer dominates the mechanical properties.  While a typical PDMS network displays a 

storage modulus (as determined by dynamic mechanical analysis) of less than 10 MPa,
58

 a 

thiol-ene cured oligosiloxane network at room temperature may have a storage modulus as 

high as 2000 MPa.
42

  Several reports of modifying PVMS or copolymers of PDMS and 

PVMS by thiol-ene reactions exist in the literature.
59–61

  Luminescent thiol-ene cured 

siloxane materials were also reported recently, made by incorporating lanthanide ions into a 

PVMS network.
62
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 We made a thiol-ene network by combining hydroxyl-terminated PVMS, a 

photoinitiator, and a multi-functional thiol.  Approximately 10g of PVMS was mixed with 

0.25g pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and 0.17g 2-hydroxy-2-

methyl-1-phenyl-propan-1-one.  The resulting mixture, which was cloudy due to some phase 

separation of the thiol crosslinker and the polymer, was UV treated for 5 to 10 minutes.  

PVMS networks made using this technique had a high Young's modulus (over 800 MPa) but 

demonstrated no elasticity, as shown in Figure 3.7.  

 

 

 

  
 

Figure 3.7: Stress-strain curves for end-group crosslinked PVMS (through 

hydroxyl end groups, using a condensation reaction with tin catalyst) and 

backbone crosslinked PVMS using a tetra-functional thiol compound.  

Because the thiol-ene cured PVMS networks breaks at such a high stress, the 

curve for the end-group PVMS is difficult to distinguish (it appears to be a flat 

line). 

 

 

 

Immediately after UV curing, the networks had a slightly pink color, as seen in Figure 3.8.  

This color is likely due to an excitation of the photoinitiator byproducts, and could be 
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removed by washing the network in solvent.  Thiol-ene networks which were not rinsed with 

solvent returned to the pink color with UV excitation.   

 

 

 

Figure 3.8: Photographs of thiolene cured PVMS networks A) immediately 

after curing and B) several hours after curing.  The pink/orange color is 

evident in the image on the left (A) which is the result of a by-product of the 

photoinitiator. 

 

 

 

3.4. Conclusion 

 We have demonstrated the mechanical reinforcement of a PVMS network by the 

incorporation of functionalized fumed silica particles.  The elongation at break and Young's 

modulus improve with moderate weight percent particles in PVMS.  We also observed 

reduced tearing at the edges of our microchannels with the incorporation of NPs.  

Additionally, we demonstrated a rigid thiol-ene cured PVMS network, which could 

potentially be useful for applications requiring a rapidly curing stiff material. 

 While we only tested a limited number of samples, replicating these results would 

confirm that silica nanoparticle filled PVMS networks demonstrate improved mechanical 

properties as compared to unfilled PVMS networks.  Because we are primarily interested in 

increasing the tear strength of our networks, future work in this area includes the 
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quantification of tear strength with the addition of silica fillers in PVMS.  The Instron 

extensometer used for stress-strain curves can also be used for determining tear strength as 

depicted in Figure 3.9. 

 

 

 

Figure 3.9: Schematic of a tear strength test.
38

  A tearing force (F) is applied 

to the arms of a sample (width 2a) on either side of a cut of length c. 

 

 

 

 We also demonstrated thiol-ene cured PVMS networks with a modulus orders of 

magnitude higher than traditional siloxane elastomeric networks.  While thiol-ene cured 

polysiloxanes have been reported in the literature, our PVMS has both silanol end groups as 

well as vinyl side groups, giving our system dual functionality.  Feasibly, a PVMS network 

could be both end-group cured and then additionally hardened with thiol groups, similar to 

the method used for the UV-hardened microchannels in Chapter 2 of this dissertation.   
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CHAPTER 4. Elastin-like Peptides for PVMS Surface Modification 
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4.1. Introduction 

 As discussed in Chapter 1 of this dissertation, stimuli-responsive materials exhibit 

changes in one or more physical or chemical property in response to various internal or 

external stimuli, such as pH, temperature, light, magnetic or electric field, or chemical 

agents.
1–3

  Polymers comprising two or more distinct chemical moieties offer opportunities 

for tailoring responsiveness if the responsive building blocks of the heteropolymer respond in 

a reversible fashion to different stimuli or respond differently to the same stimulus.
1,4

  

Stimuli-responsive materials can effectively manipulate and monitor biological compounds 

in microfluidic and bioanalytical devices.
5
  For example, control over cellular or 

biomolecular interactions on surfaces or at interfaces can prevent undesirable adsorption 

while encouraging intended cellular attachment.
6
  Additionally, the interface between 

biological systems and nanomaterials involves complex dynamic physicochemical and 

thermodynamic interactions; understanding these interactions is critical for the use of 

nanomaterials in biological applications.
7
  Many polypeptides self-assemble into complex 

nanomaterials.
8
  Thus, synthetic polypeptides are being explored for applications in drug 

delivery,
9
 biomedical engineering,

10
 and biomolecular purification.

11
 

We have chosen to study elastin-like polypeptides (ELPs), or elastin-like 

recombinamers,
12

 for their highly controlled amino acid composition, sequence, and length.  

These attributes endow ELPs with tunable and well defined physicochemical characteristics, 

such as a temperature trigger to transition from the coil to the globule conformation in 

aqueous environments.
13

 Additionally, ELPs are biodegradable,
14

 so they are excellent 

candidates for biomedical applications and are considered environmentally friendly 
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materials. Recombinantly synthesized ELPs consist of the repeat unit (Xaa-Gly-Val-Pro-

Gly), where Xaa can be replaced with any amino acid residue except proline. Most ELPs 

exhibit a lower critical solution temperature (LCST).  Adjustments to the guest residue and 

the sequence of the pentapeptides tune the LCST of the ELP, giving fine control over the 

responsiveness.
15

  Additionally, changes to pH and salt concentration may increase or 

decrease the LCST of an ELP by several degrees, increasing the parameter space for 

controlling ELP solutions.  

ELPs with a diblock copolymer architecture (diblock ELPs) exhibit two transition 

temperatures, one associated with the collapse of each block.  Thus, a diblock ELP will pass 

through a micelle stage before completely collapsing.
16,17

  Because micelle assembly is 

reversible in solution, stable nanoparticles are created through chemical crosslinking
18

 or 

through manipulation of the environment to favor stable aggregates.  For example, if the ELP 

contains lysine, crosslinking can be carried out with glutaraldehyde, and there is some 

evidence that naturally occurring tropoelastin undergoes irreversible aggregation
19

 under 

certain conditions (such as incubation at elevated pH), even in the absence of crosslinking 

agents.  However, in the absence of these stabilizing conditions, irreversible micelle 

formation or aggregation of ELPs has not been reported previously.  

 Although the covalent grafting of polymer chains onto surfaces is a rich field,
20

 many 

studies investigating the interaction of polypeptides with surfaces rely only on physical 

adsorption rather than covalent grafting.
21,22

  Surfaces modified with ELPs by other research 

groups may rely on adsorption
23

 or - stacking,
24

 and when covalently bound to the surface 

may rely on crosslinking through lysine groups.
25

  These previous reports indicate that when 
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ELPs are adsorbed onto a surface they do not interact with strongly, they rearrange and form 

aggregates on the surface over time.
23

  When adsorbed onto a more strongly interactive 

surface, however, ELPs will behave as "grafting-to" brushes, demonstrating temperature 

responsiveness.
24

  Research on polymer brushes exhibiting LCST behavior reveals that 

classical models do not necessarily fully describe the behavior of the brushes,
26

 so ELP 

brushes also may behave in unexpected ways. Other research groups also have investigated 

the adsorption of conventional diblock copolymer micelles on surfaces, studying the resulting 

features with TEM and AFM.
27–30

  Micelles typically adsorb onto an attractive surface in a 

sparsely populated monolayer due to surface exclusion effects.
30

  Over time, however, if the 

outer block of the micelle has a large affinity for the surface, the micelle can slowly break 

apart, allowing the outer block to spread over the surface, rearranging and forming a 

polymer-brush like layer.
29

 

 

4.1.1. ELPs for PVMS Modification 

 Developing bioassays and biosensors on substrates such as glass, gold, silicon, or 

polymers requires chemical modification through attachment of small molecules or 

proteins.
31–33

  When grafted onto a gold surface or other rigid surface, ELPs demonstrate 

responsive capture and release of targeted cells or proteins,
34,35

 but ELPS have not yet been 

utilized on softer elastomeric substrates.  PDMS is often used for microfluidic bioassays
36

 

because it is so easy to work with, though it is not particularly easy to modify chemically.  

Nevertheless, many researchers chose to work with PDMS for their biological devices and 

modify the surface using acids,
37,38

 plasma,
39

 UV light,
38,40

 or other techniques.
41–43
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 Some examples of biological applications using modified PDMS include cell 

adhesion,
44,45

  prevention of non-specific adsorption,
46

 or attachment of bioactive monolayers 

for biosensing.
47

  For example, researchers attempting to create an anti-microbial surface 

attached arginine−tryptophan-rich peptides to a PDMS surface using UV grafting.
48

 In 

another example, the uncured PDMS was doped with undecylenic acid to provide an 

anchoring group to attach a thiol-based monolayer, onto which they grafted DNA.
49

  While 

these PDMS modification techniques are innovative and useful for exploring this area, many 

approaches require several steps (five or more) to generate the desired functionalization.
50

 

 Our motivation was to create a temperature responsive ELP film on a polymer surface 

for applications in bio-microfluidics.  By attaching ELPs to the simple-to-modify PVMS 

vinyl side groups, we are enabling the rapid generation of bioactive surfaces.  First using 

thiol-ene chemistry to attach a mercapto-acid to the vinyl-rich surface, we could then 

generate a carboxylic acid monolayer.  The desired molecule or peptide can then be easily 

grafted with EDC/NHS chemistry, resulting in a simple two-step modification.  Because of 

the complicated nature of the diblock polypeptide, we first chose to perform control grafting 

experiments on simple substrates, namely silicon wafers. 

 In this work, we covalently grafted ELPs to silicon surfaces from solution 

temperatures that corresponded to fully solvated, micellar, or fully collapsed ELPs.  Thus, we 

considered conditions comparable to the typical "grafted-to" polymer brush system as well as 

systems in which diblock copolymer micelles are attached to surfaces.  The surface 

morphologies of our grafted ELP assemblies as characterized by AFM revealed significant 

differences between our system and typical grafted polymer assemblies.  Specifically, we 
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found that depositing ELPs at high temperatures formed stable aggregates on silicon surfaces 

modified with carboxylic acid functional monolayers.  We sought to expand our 

understanding of these deviations in phase behavior in several ways: by reversing which 

block grafted to the surface, comparing chemically grafted and physically adsorbed 

assemblies, and using surfactants to probe the stability of the surface-grafted ELP assemblies.  

We believe these findings will be important considerations for future design of responsive 

surfaces. 

 

4.2. Experimental Methods 

 Elastin-like peptides were synthesized as described elsewhere.
51

  The two diblock 

ELPs used had the following sequences: G-(SGVPG)40-(VGVPG)40, called the "G-Diblock", 

and G-(VGVPG)40-(SGVPG)40, called the "Reversed Diblock" or "R-Diblock".  The blocky 

copolypeptides had the following sequences: "alternating" SKGPG-(SGVPGVGVPG)40-

WPC, "blocky-5" SKGPG-[(SGVPG)5-(VGVPG)5]8-WPC, "blocky-10" SKGPG-

[(SGVPG)10-(VGVPG)10]40-WPC, and "diblock" SKGPG-(SGVPG)40(VGVPG)40-WPC.  We 

also had two homopolymers, "L1 4-80" SKGPG-(VGVPG)80-Y, and "L1 S-80" SKGPG-

(SGVPG)80-WPC. 

 2-(N-morpholino)ethanesulfonic acid buffer (BupH MES Buffered Saline, Thermo 

Scientific) was prepared by dissolving a packet of MES buffer solution in deionized (DI) 

water, resulting in a pH of 4.7.  A solution of 1 N NaOH (Fisher) was diluted in DI water to 

prepare a 0.1 N solution of NaOH.  This diluted NaOH was added to the MES buffer solution 

to bring the final pH up to 6.0.  Phosphate-buffered saline (PBS pH 7.4, Sigma-Aldrich) was 
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used to dissolve the ELPs for deposition.  The concentration of the deposition solution was 

25 μM of peptide in PBS. 

 Peptide solutions were prepared by dissolving 41.39 mg peptide in 5 mL filtered PBS.  

The solution was mixed with a touch mixer and then centrifuged (Thermo Scientific, 

SORVALL ST-16R) at 13000 rpm for 30 s.  The mixing/centrifugation was repeated three 

times.  The solution was then divided into 1 mL aliquots (250 μM) for future use.  An aliquot 

was diluted in 9 mL PBS before being used for depositions, bringing the concentration of 

ELPs in PBS to 25 μM. 

 Silicon wafers were cleaned with UV-ozone exposure (Model No. 2 UVO Cleaner, 

Jelight Co, Inc.) for 20 minutes.  Wafers were immediately immersed into a solution of 10-

undecenyltrichlorosilane (UDTS, Gelest) in anhydrous toluene (Sigma-Aldrich) and stored 

overnight (or until needed) at 5°C.  UDTS treated wafers were rinsed with fresh toluene, 

dried with nitrogen, and the UDTS layer was evaluated with ellipsometry (VASE, J.A. 

Woollam) at three angles of incidence (65, 70, 75) over wavelength range 400~800 nm and 

water contact angle (WCA, model 100-00, Rame-Hart).  Wafers were then covered in a 

solution of 11-mercaptoundecanoic acid (MUA, Aldrich) in IPA (Sigma-Aldrich) 

(concentration of 0.1 g MUA/ 1 mL isopropanol) and covered with a quartz slide for UV 

treatment.  Exposure to 254 nm light (Model ENF-260C, Spectroline) lasted for 30 minutes.  

The UV light grafted the MUA groups onto the UDTS by thiol-ene chemistry, providing a 

carboxylic acid terminated surface for further modification by ELPs. Wafers were then rinsed 

with methanol and isopropanol, and thickness was checked with ellipsometry (and WCA).  

Wafers were used immediately or stored in DI water until needed. 
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 The MUA-coated wafers were activated for peptide coupling with a solution of 1-

ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC, Thermo Scientific 

Pierce) and N-hydroxysulfosuccinimide (sulfo-NHS, Thermo Scientific Pierce) in MES 

buffer and stored in 5°C for 4-6 hours (0.015 g/5mL of EDC and 0.015 g/5mL of sulfo-NHS 

in MES buffer).  Activated wafers were rinsed with DI water to remove EDC/sulfo-NHS and 

submerged into peptide solutions for deposition of peptides.  Heated peptide depositions 

were performed by dropping an activated wafer into a test tube of peptide/buffer solution 

(concentration 25 µM or 0.83 mg/mL) and then placed in a pre-heated heating bath.  All 

depositions were carried out overnight (at least 12 hrs). 

 Wafers were sonicated post-deposition in a bath sonicator in ice water for 30 minutes 

to remove physically adsorbed peptides.  For control experiments, some wafers were 

additionally sonicated in sodium dodecyl sulfate (SDS) solutions of varying concentrations 

for an additional 20 minutes, then left in SDS solutions overnight before being thoroughly 

rinsed with DI water.  Wafers were also analyzed with ellipsometry and WCA and then 

stored in DI water at 5°C until needed for studies using atomic force microscopy (AFM).  

AFM images (Bruker Cantilevers: ScanAsyst-Fluid tips with nominal radius of 20 nm and 

spring constant 0.7 N/m, Bruker Multimode 8, Nanoscope 9.0) were recorded in air and DI 

water at room temperature using a fluid cell.  The fluid cell was cleaned with ethanol and 

dried with nitrogen prior to scans.  DI water was used for fluid images.  Water contact angle 

was recorded using a goniometer at room temperature. 
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4.3. Elastin-like Polypeptide Characterization 

 ELPs were characterized by dynamic light scattering and SDS-PAGE by our 

collaborators at Duke Unversity as follows in Figures 4.1-4.8. 

 

 

 

 
 

Figure 4.1: Blocky peptide sequence, molecular weight, and SDS-PAGE gel 

results. 
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Figure 4.2: Dynamic light scattering results for diblock (top) and alternating 

(bottom) ELPs. 
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Figure 4.3: Dynamic light scattering results for blocky-5 (top) and blocky-10 

(bottom) ELPs. 
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Figure 4.4: SDS-PAGE results for G-Diblock and R-Diblock.  Dynamic light 

scattering results for R-diblock ELP. 
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Figure 4.5: Dynamic light scattering results for the G-diblock ELP. 
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Figure 4.6: SDS-PAGE results for the hydrophilic L1 S-80 homopolymer.  

Transition temperature plotted as a function of NaCl concentration. 
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Figure 4.7: SDS-PAGE results for hydrophobic L1 4-80 homopolymer. 
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Figure 4.8: Dynamic light scattering results for L1 4-80 and L1 36-80 ELPs. 
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4.4. Results 

4.4.1. Diblock Copolypeptides 

 Our initial hypothesis was that by partially collapsing diblock ELPs, we would be 

able to increase the grafting density at the surface, as indicated by the schematic in Figure 

4.9.  By covalently grafting fully or partially collapsed diblock polypeptides, we theorized 

that the volume exclusion effects that normally prevent grafting-to polymer brushes from 

generating densely packed brushes would be minimized.  Once cooled, the grafted ELP 

micelles or aggregates would ideally resolubilize.  We found, however, that after deposition, 

the aggregates and micelles did not resolubilize as anticipated.   

 The behavior of ELPs in bulk was assessed by measuring the cloud points and 

hydrodynamic radius. The ELP deposition on surfaces was carried out at 25, 40, 50, 55, 60, 

65, 70, and 80°C, with these temperatures corresponding to the various transitions of the 

ELPs in bulk.  After sonication to remove physically adsorbed ELPs on the surface, we 

employed AFM and ellipsometry to characterize thickness and morphology, respectively, of 

the grafted ELPs on silicon surfaces (Figures 4.10-4.12). For all ELPs and deposition 

temperatures, a MUA surface that had not undergone EDC/s-NHS activation served as a 

control.  These controls were treated the same way as the grafted surfaces (i.e. sonicated in 

fresh DI water in an ice bath after deposition and then stored in DI water).  Through both 

ellipsometric measurements and AFM results (Figures 4.10-4.14), it is clear that less peptide 

remains on the surface of controls after sonication than in the grafted case.  Some peptide 

will remain physically adsorbed to the surfaces after sonication due to hydrogen bonding 
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between the carboxylic acid groups on the surface and the peptides, as will be discussed 

below.   

 

 
Figure 4.9: Desired result of deposited ELPs above either one or both 

transition temperatures.  A) Deposition of ELPs while fully solvated should 

result in a sparsely populated "mushroom" type polymer brush.  Once heated, 

ELP chains presumably collapse.  B) Hypothetical case when depositing ELPs 

above transition temperature of one block (while in micellar state).  A 

desirable outcome would be for the ELPs to re-solubilize when cooled.  D)  

Hypothetical case when depositing ELPs above both transition temperatures, 

when fully collapsed.  The desirable outcome once cooled would be a densely 

grafted polymer brush. 

 

 

 

 In some cases, the grafted film demonstrated in-plane structural heterogeneity which 

made thickness determination by ellipsometry difficult.  Thickness values shown in Figure 

4.10 represent averages of 3 measurements per sample, for 3 or more samples at each 
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temperature.  At low temperatures (23°C), the thicknesses as measured by ellipsometry 

indicate that the grafted peptide layer is roughly 20-30 Å (subtracting the MUA and UDTS 

thickness).  Considering that our peptides have 401 amino acids per chain, we can 

approximate the radius of gyration in solution to be ≈30 Å in a good solvent, or ≈15 Å in a 

poor solvent (using calculations from Rubinstein's Polymer Physics
56

).   

 

 

 
Figure 4.10: Ellipsometric results for heated depositions of G- and R-diblock.  

Both covalently grafted g-diblock ELPs (filled symbols) and physically 

adsorbed (hollow symbols) data are shown. 

 

 

 

For both G-diblock and R-diblock systems, the thicknesses of grafted films reach a maximum 

at 55°C, trailing off at higher temperatures.  This is likely due to the fact that the grafting end  
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Figure 4.11: AFM results for heated deposition and covalent grafting of the g-

diblock.  Images A-F are labeled with the deposition temperature.  

Hydrodynamic radius as determined by dynamic light scattering for the g-

diblock in a bulk phosphate buffer solution are shown.   

 

 

 

 

Figure 4.12: AFM results for heated deposition and covalent grafting of the r-

diblock.  Images A-F are labeled with the deposition temperature.  

Hydrodynamic radius as determined by dynamic light scattering for the r-

diblock in a bulk phosphate buffer solution are shown.   
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of the peptides becomes less available as the grafting block collapses.  At high deposition 

temperatures, both blocks are collapsed, reducing mobility and preventing attachment.  One 

exception is at 80°C for the R-diblock, though the physically adsorbed control shows 

approximately the same thickness as the grafted case, indicating that the grafted sample is 

mostly physically adsorbed material rather than a covalently grafted brush. 

 

 

 

Figure 4.13: AFM results for heated deposition of the g-diblock, with 

physical adsorption only.  Images A-F were taken at room temperature and are 

labeled with the deposition temperature.   

 

 

 

 AFM elucidates the morphology and thickness variability seen in the deposited ELP 

layers.  Significant roughness exists in the depositions done above LCST (roughness values 

reported in Figure 4.15), presumably due to the aggregation of ELPs precipitating out of 



 

 

113 

solution during the heated deposition process.  Although the feature sizes found in the AFM 

scans do not correlate perfectly with those from the DLS scans done in bulk, we do see a 

systematic increase in feature size with increasing temperature.  The unpredictable nature of 

the collapse of the chains resulted in varying features sizes and surface morphology at high 

temperature depositions.  We note that particle size determination from AFM scans is prone 

to errors for closely packed features, as the tip cannot penetrate fully between particles.  

 

 

 

Figure 4.14: AFM results for heated deposition of the r-diblock, with physical 

adsorption only.  Images A-F were taken at room temperature and are labeled 

with the deposition temperature.   

 

 

 

 As seen in Figure 4.11, at low temperatures for the g-diblock, we see a fairly 

homogeneous surface with few evident features.  As we increase the deposition temperature 
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for the g-diblock, we see densely packed aggregates on the silicon surface in AFM starting at 

55°C, with increasing aggregate size correlating with increasing temperature.  Similar 

patterns are evident for the r-diblock, shown in Figure 4.12.  Starting with the 40°C 

deposition, we see packed aggregates.  Once again, as we increase the deposition temperature 

for the r-diblock, the size of surface aggregates appears to increase in AFM.  

 AFM images of the peptide surfaces in water demonstrate that the peptides partially 

resolubilize at room temperature even after grafting to the surface (Figure 4.16).  This is 

indicated in the softening of features seen in AFM, especially at lower deposition 

temperatures.  However, in spite of resolubilizing, the aggregates stay attached to the 

substrate.  The aggregates deposited at higher temperatures for the diblock do not break apart 

in the presence of room temperature (RT) water.   

 

 

 
Figure 4.15: RMS roughness of AFM images for chemically grafted samples 

(filled symbols) and physically adsorbed samples (hollow symbols). 
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The irreversibility of aggregates on the surface is in contrast to previous work with ELPs.
52

  

Once the ELPs have deposited on the surface, the local concentration is higher than that of 

the bulk solution.  Because increasing concentration decreases the transition temperature,
53

 it 

is difficult to know whether room temperature is sufficiently low enough to disrupt these 

aggregates.  We note, however, that we keep wafers in water at ~4°C before imaging, which 

implies that if the stability of aggregates is due to a concentration related drop in LCST, the 

new transition temperature would be below 4°C.  

 

 

 

 

Figure 4.16: Comparison of air and water AFM images for select deposition 

temperatures.  The circled feature in the second set of images is the same in 

both images. 
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 To determine if the features we see are due merely to physical adsorption rather than 

covalent attachment, we carried out several control experiments.  First, we evaluated the 

possibility that micelles or peptide aggregates are merely adsorbing onto grafted ELPs.  To 

test this, we carried out a two-step deposition process.  We started by grafting a layer of 

ELPs at room temperature followed by a second deposition by submerging the room 

temperature brush in a heated peptide solution (Figure 4.17).  We found that neither the 

thickness nor the morphology matched that of our heated deposition case, eliminating this 

hypothesis. 

 

 

 

 
 

Figure 4.17: A) G-diblock RT covalently grafted brush followed by 55°C 

micelles deposition, total thickness 77Å (as compared to 150 Å for heated 

deposition). B) R-diblock RT covalently grafted brush followed by 55°C 

micelles deposition, total thickness 90Å (as compared to 130 Å for heated 

deposition) 

 

 

 

 Next, we considered the role the substrate material played in ELP adsorption.  To test 

this, we used UDTS-coated silicon wafers as a control, and found that much less peptide 

adsorbed onto UDTS substrates relative to the UDTS-MUA substrates (ELPs were roughly 
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20-40Å thinner on UDTS than MUA).  These findings reveal that the UDTS-modified 

substrate alone is not responsible for adsorption of peptides, rather the carboxylic acid groups 

present in the MUA play a role in attaching the ELPs.  We also created an analogue system 

with MUA grafted on gold, and saw significant adsorption of ELPs.  This observation further 

elucidates that the MUA layer acts as a source of physical binding to the ELP. 

 We attempted to disrupt the ELP aggregates with an ionic surfactant, sodium dodecyl 

sulfate (SDS) (Figures 4.18 and 4.19).  As demonstrated by the images shown in Figure 4.19 

exposure to a 4 mM SDS solution did not break up the surface ELP aggregates even after 30 

minutes during in situ AFM experiments.   

 

 

 

 

Figure 4.18: Comparison of AFM images for G-diblock after exposure to 

SDS solution.  The circled feature in the image is the same in both images. 

 

 

 

We also performed overnight exposure to varying concentrations of SDS solutions, and 

found no thickness changes in our samples after rinsing with DI water.  While the 
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morphology of the ELPs was somewhat altered, the consistency of film thicknesses indicates 

that there was merely surface rearrangement rather than removal of physically adsorbed 

ELPs (Figure 4.18).  

 Additionally, we deposited ELPs in the presence of SDS at varying concentrations.  

Depositions of the G-diblock ELP carried out at 55°C in the presence of 4 mM SDS showed 

a significant decrease in thickness and surface roughness (Figure 4.20).   

 

 

 

 
 

Figure 4.19: Deposited ELPs after overnight rinsing with SDS.  Under each 

image is the corresponding total thickness after rinsing.  Original thickness 

(corresponding to the top image) was 12 nm (120 Å), which includes the 

MUA/UDTS thickness. A) Original image, after rinsing with B) 4 mM, C) 0.1 

M, and D) 1 M SDS solutions, followed by DI water rinse. 
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Once the concentration of SDS reached its critical micelle concentration (CMC, 7-8 mM), 

the thickness of the ELP layer attained a normal thickness (~160 Å) and the surface 

morphology matched that of our typical deposition case.  For the 4 mM concentration, the 

SDS is not concentrated enough to form micelles.  Instead, it is most likely interacting with 

the ELP chains, preventing their aggregation, which has been demonstrated previously.
54

  For 

the 8 mM SDS case, the SDS should be assembled into micelles, presumably less able to 

interact with the polypeptides, and therefore it does not prevent their aggregation. 

 

 

 

 

Figure 4.20: 55°C G-diblock depositions in the presence of SDS   

Thicknesses as measured by ellipsometry shown below images.  The thickness 

of the 5 mM deposition was 40Å and the 6 mM deposition was 96Å.  *8mM 

SDS is above the CMC. 

 

 

 

 Helpful comparisons can be made between the imaging of traditional polymer diblock 

micelles adsorbed on surfaces
28

 and the aggregate features we report here resulting from 

covalent grafting of diblock ELPs.  By adjusting the concentration of polymers in solution, 
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diblocks will adsorb either as individual chains or as micelles. Before reaching the CMC, 

single diblock polymer chains adsorb onto the surface.  At concentrations greater than the 

CMC, most copolymer chains in solution get incorporated into micelles and only a few 

chains are present in a non-micellar form.  Under these conditions, the entire micelle, rather 

than individual polymer chains, will adsorb onto the surface.  A similar phenomenon may 

explain the irreversible aggregation of ELPs in our case, but with increasing temperature 

being the critical variable rather than concentration.  As temperature increases, more ELPs 

exist as either micelles or collapsed aggregates instead of single chains.  Other researchers 

have demonstrated that physically adsorbed ELPs exhibit dynamic behavior on silicon, 

rearranging to form fibrils or nanoclusters.
55

  Flamia et al. used AFM to study the dynamic 

behavior of P(VGGVG) deposited on silicon and found that ELP suspensions from methanol 

rearranged over several days, whereas aqueous suspensions did not evolve towards other 

structures after several days.  Our results correlate with these prior reports.  Even with our 

physically adsorbed ELPs, we do not see evidence of dynamic behavior in our AFM scans.  

Is it unclear whether this is due to strong bonding with the carboxylic acid groups at the 

surface or kinetic trapping. 

 In order to understand the stability of ELP aggregates on our surfaces compared to the 

reversibility of ELP aggregates in solution, we turn to conventional polymer physics.  

Polymers which collapse in a poor solvent tend to stick together due to the high cost of the 

surface energy of the polymer globules.
56

 Looking at the thermally responsive polymer 

poly(N-isopropylacrylamide) (PNIPAM) in particular, altering grafting density of the brush 

influences the collapse behavior of the polymer.
57

  Lateral domain structures are not always 
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observed above the LCST of PNIPAM brushes, depending on the molecular weight of the 

polymer as well as the grafting density. 

 Work has also been done investigating the physisorption of PNIPAM regarding the 

differences of layer formation while above or below the LCST.
58

  While swollen PNIPAM 

deposited below its LCST resulted in only monolayers, collapsed PNIPAM appeared to 

deposit multilayers.  This was partially due to the interactions of the swollen polymer coils 

with the solvent.  Once the chains collapse, the chemical potential of PNIPAM in solution 

increases, which favors the deposition of additional chains on the surface.
58

  Similar to results 

found from the physisorption of swollen vs collapsed PNIPAM, we found that our collapsed 

ELP adsorption resulted in thicker layers.
58

   

 Because other researchers have found that longer times at elevated pH can create 

irreversible coacervation of tropoelastin,
19

 we investigated the time dependence of the 

features we saw in heated depositions (Figure 4.21).  We found that after a relatively short 

time (60 minutes), the thickness of the grafted R- and G-diblock layers deposited at 55°C 

leveled off at around 100 and 150 Å, respectively.  Although the morphology in AFM scans 

shows some changes with increasing deposition time, we do see spherical surface aggregates 

early on, especially for the R-diblock samples.  These results indicate that the phenomenon 

responsible for the results we see is not simply the degradation of the polypeptides at high 

temperatures. 
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Figure 4.21: Time trials for both G-diblock and R-diblock. AFM images are 

taken at various time points as noted above the scans.  Thickness plots 

correspond to additional time points performed; each data point represents 3 

measurements on 1 sample. 

 

 

 

 Although it appears that we have successfully grafted our diblock ELPs to the UDTS-

MUS modified silicon surface, it is difficult to distinguish between physical adsorption and 

covalent grafting based on morphology.  The thickness data presented in Figure 4.10 suggest 

that we have more ELPs in all of our grafted cases (except the 80°C R-diblock case) than our 
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adsorbed controls.  Also, though we attempted to remove any adsorbed ELPs in our grafted 

samples, we found that cold temperatures, sonication, and exposure to SDS did not 

significantly decrease the thickness of our layers.  Because it would be difficult to correctly 

assess through FTIR or other chemical analysis tool whether our MUA is covalently attached 

to our ELP chains, we must rely on controls, ellipsometry, and AFM data to support the 

assertion that the polypeptides are not merely laying on the silicon surface. 

 

4.4.2. Blocky Copolypeptides 

 We also performed experiments using polypeptides with varying "blockiness", as 

indicated in Figure 4.1.  In this study, we sought to characterize the effect of blockiness on 

ELP copolymers grafted to a silicon surface.  The recombinant synthesis of ELPs carefully 

controls for molecular weight, chemical composition of pentapeptide repeat units, and order 

and number of pentapeptide units.  The chemical composition of our blocky peptides was 

constant for all ELPs; only the order of the 80 pentapeptide repeat units was altered.  These 

"blocky" ELPs, with the exception of the diblock, had one transition temperature rather than 

two distinct transitions (as seen in Figure 4.2-4.3), although the transitions were not as sharp 

as with homopolymers.  The existence of only one transition temperature is consistent with 

other researchers' work using varying sequences and distributions of amino acids along the 

ELP chain.
53

  The morphology of blocky ELPs deposited above and below LCST 

demonstrates poorly ordered aggregates (Figures 4.22-4.23); these ELPs are not likely to 

transition through an ordered micellar or other nanostructured phase.  The alternating 

copolymer in particular is rough and disordered, which may reflect a more complicated 
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collapse behavior due to the solubility of the Serine-containing pentapeptide repeat unit and 

the hydrophobicity of the Valine-containing repeat unit. 

 

 

 

 

Figure 4.22: Blocky ELPs deposited at room temperature, AFM images 

performed in air and water. 

 

 

 

 

 

Figure 4.23: Blocky ELPs deposited at 55°C, AFM images performed in air 

and water. 
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Figure 4.24: Diblock room temperature  and heated ELP depositions imaged 

in air and water. 

 

 

 

 The diblock ELP demonstrates more complex behavior  both in solution (Figure 4.2) 

and when grafted to the silicon wafer (Figure 4.24) than the blocky ELPs. At lower grafting 

temperatures, the diblock does not form large aggregates on the silicon surface.  Once 

exposed to water, the peptides appear to resolubilize, particularly in the 35°C case in which 

the AFM image in water appears to have lost any well defined spherical structures.  In 

contrast, the depositions at higher temperatures such as 65°C and 70°C resulted in large, 

stable aggregates which did not completely break apart once submerged in water.  

Particularly in the 65°C case, the diameter of the diblock aggregates corresponds to the 

feature sizes seen in DLS and are not disrupted by exposure to cold water. 
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 As another technique for investigating the impact of grafting density on surface 

morphology, we created gradients in MUA grafting density and therefore in ELP grafting 

density.  Using a shutter during the UV-based thiol-ene reaction moving at a speed of 1.33 

cm/min, we created a gradient in MUA thickness that extended over 2-3 cm of a 5 cm long 

silicon wafer.  The remaining reactive vinyl groups on the UDTS layer were backfilled with 

an inert small chain (a polyethylene glycol short chain with a thiol terminal group) before 

ELP grafting.  The resulting thickness of the MUA layer and the ELP layer are plotted versus 

position on the wafer as shown in Figures 4.25-4.27.  We investigated both room temperature 

deposited blocky-ELPs as well as heated ELPs.  

 For the RT deposition using blocky-10 ELP on an MUA gradient sample (Figure 

4.25), we see a gradual thickness change across the wafer in the MUA and ELP layers.  The 

morphological characteristics of the ends of the gradient reflect a gradual increase in packing 

of peptides on the surface.  In particular, the AFM image at 32.5 mm on the wafer indicates 

an increase in roughness and more packing of spherical features.  We also generated several 

samples using gradient MUA substrates and a heated grafting deposition process.  Using both 

blocky-5 and diblock ELPs, we performed depositions at 55°C and recorded the resulting 

thicknesses and morphological characteristics with ellipsometry and AFM, respectively.  In 

Figure 4.26, the AFM scan shown at position 43 mm reflects the PEG-modified surface 

primarily, which we conclude from the very low thickness of the peptide layer.  At 39 mm on 

the wafer, scattered grafted peptides are evident on the surface as spherical features.   
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Figure 4.25: Room temperature deposition of Blocky-10 ELP on a gradient 

MUA surface.  The thickness of the MUA layer before ELP grafting is shown 

in the plot (red line), and the ELP thickness after grafting is shown in blue.  

The corresponding AFM images are labeled with the position on the sample 

which corresponds to the x axis of the plot. 

 

 

 

 

Figure 4.26: 55°C deposition of Blocky-5 ELP on a gradient MUA surface.  

The thickness of the MUA layer before ELP grafting is shown in the plot 

(green line), and the ELP thickness after grafting is shown in blue.  The 

corresponding AFM images are labeled with the position on the sample which 

corresponds to the x axis of the plot. 
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Figure 4.27: 55°C deposition of Diblock ELP on a gradient MUA surface.  

The thickness of the MUA layer before ELP grafting is shown in the plot (red 

line), and the ELP thickness after grafting is shown in blue.  The 

corresponding AFM images are labeled with the position on the sample which 

corresponds to the x axis of the plot. 

 

 

4.5. Preliminary Results on PVMS 

 The ultimate goal for studying the behavior of ELPs on surfaces is to graft 

temperature responsive peptides onto PVMS for use in microfluidic channels or for 

biological applications.  To that end, we used the same basic procedure for grafting MUA to 

a PVMS network as we have outlined for grafting to a UDTS-modified silicon wafer.  Initial 

attempts attaching MUA directly onto PVMS through UV-triggered thiol-ene chemistry 

proved difficult due to wrinkling of the PVMS surface, as shown in Figure 4.28.  Longer 

treatment times were associated with increased buckling on the PVMS surface, as seen in the 

network treated for 18 minutes.     
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Figure 4.28: Optical microscopy images of MUA treated PVMS networks.  

Time indicated above photographs of images is UV treatment time.   

 

 

 

Because of the consistent buckling of the PVMS network surface during MUA treatment, we 

were unable to study the grafting of ELPs to PVMS networks as initially intended.  However, 

it is expected that with optimization of the MUA grafting procedure or with the grafting of an 

alternate carboxylic acid group, PVMS modification with ELPs will be practical.  

Furthermore, previous work with PVMS successfully demonstrated the attachment of small 

molecules through thiol-ene chemistry for the purposes of responsive surfaces and for cell 

adhesion studies.
59,60
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4.6. Conclusions and Outlook 

 We were motivated in this work to create and study a densely grafted ELP surface for 

stimuli-responsive applications.  We found, however, that by attempting to pack more 

polypeptides onto a surface, we lost the beneficial responsive properties.  This work is 

relevant to researchers designing a stimuli-responsive surface, as considerations need to be 

made in the balance of full surface coverage versus optimal stimulus response.  Although it is 

unclear what the optimal grafting density of ELPs on a surface may be, grafting of 

polypeptides in mushroom-regime, sparsely-populated brushes demonstrates responsive 

behavior and should be sufficient for surface modification and functionalization. 

 One potential future direction for the grafting of ELPs onto a soft PVMS network 

rather than silicon wafers would be the introduction of nanoparticles into the PVMS 

networks in order to stabilize the network and potentially prevent wrinkling.  There have also 

been reports of modifying PDMS for peptide attachment, though this path would be more 

difficult chemically, as has been discussed throughout this dissertation.  Additionally, it may 

be possible to modify a PVMS microchannel in situ by flowing through the channel in 

sequence: first MUA in the presence of UV light, followed by EDC/s-NHS, and finally ELP 

solution.  A PVMS surface which has been constrained as a microchannel may suffer from 

less buckling than a free network of PVMS. 
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CHAPTER 5. Thiol-ene Resins for Nanoskiving* 
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5.1. Introduction 

 Nanoskiving is a form of edge lithography that uses an ultramicrotome equipped with 

a diamond knife to section thin films (e.g., gold) embedded in a polymer matrix.
1
 The 

conventional polymer used for embedding these films is typically a liquid pre-polymer that 

cures with minimal shrinkage to produce a hard bulk polymer that facilitates handling and is 

necessary for sectioning.   Adhesion between the sample (i.e., often a metal film in the case 

of nanoskiving) and the polymer matrix is important to assure that the final composite does 

not disintegrate during microtomy sectioning.   

Epoxies are popular embedding resins for microtomy because they are hard, shrink 

minimally during curing, and adhere conformally to most materials.  Epoxies, however, do 

not adhere well to gold (or other smooth, metallic structures).  Gold is often used for 

nanoskiving because it is easy to deposit and section, is not brittle, and does not oxidize 

readily.  

The two most commonly used commercially available epoxides are Araldite and 

Epofix. Araldite is advantageous because it is easy to trim (a necessary first step in 

nanoskiving) and forms mechanically stable sections even at very thin (< 100 nm) 

thicknesses that are common in nanoskiving.  However, Araldite is a three-part epoxy with a 

lengthy curing time (~ 48 hours for optimal mechanical properties) and is optimized for soft 

materials (e.g., biological specimens). Epofix is a two-part, thermally-curable epoxy that is 

designed specifically for sectioning hard materials, but it is considerably harder than Araldite 

which leads to unstable sections and an increased susceptibility to “chattering,” in which the 

diamond knife skips across the surface of the epoxy block leading to non-uniform 
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thicknesses in the resulting sections. Neither Araldite nor Epofix adhere particularly well to 

smooth metal surfaces, especially gold.  

 We hypothesized that incorporating monomers with thiol functionality into the 

embedding polymer would improve the adhesion between gold and the polymer during 

sectioning by introducing chemisorption via the spontaneous formation of gold-thiolate 

bonds. We evaluated photocurable thiol-ene polymers because they possess properties that 

are well suited for microtomy, i.e.: (1) their mechanical properties can be tailored by the 

choice of monomers, (2) they have low viscosity before curing, which facilitates embedding, 

(3) they photocure quickly on demand to deep thicknesses, which allows for rapid 

prototyping, and (4) they cure by step-growth polymerization, which leads to low shrinkage 

compared to most free-radical polymerizations.  We also studied a thiol-epoxy formulation, 

which has many of the same desirable attributes of the epoxy networks, but includes thiol 

functionality.   We compared the most relevant properties of the new embedding resins such 

as mechanical behavior, polymerization shrinkage, and adhesion to gold to evaluate the 

advantages and limitations relative to conventional epoxy resins.  We also fabricated gold 

nanowires of various dimensions and examined the resulting sections by optical microscopy, 

measured the conductance of the nanowires, and compared the etching rates by plasma 

oxidation to demonstrate that the thiol-containing embedding resins are superior to 

conventional epoxy resins for nanoskiving.  

Nanoskiving is a simple and convenient edge lithography technique for fabricating 

nanostructures by sectioning embedded films (typically metal or polymer) using an 

ultramicrotome.
1
  Figure 5.1 outlines the procedure for fabricating nanostructures by 
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nanoskiving.  Preparing the sample (or "block") for sectioning by microtome is a key aspect 

of nanoskiving.  Typically, the fabrication process begins with a substrate consisting of a 

cured embedding resin that can either be flat or have topography (defined by soft 

lithography,
2-4

 for example).   

 

 

 

Figure 5.1: A schematic of the fabrication of a gold nanowire by nanoskiving.   

 

 

 

Thin films can be deposited onto this substrate with precise thickness by a number of 

methods (e.g., spin coating, physical vapor deposition, sputtering).  The entire substrate is 

then embedded in additional resin.  Prior to sectioning the face of the block is trimmed 

manually into a trapezoidal shape (~1-15 mm
2
) using a razor blade.  Sectioning the resulting 

block with an ultramicrotome equipped with a diamond knife attached to a boat filled with 

water yields thin polymer slabs that float on the surface of the water and that can be 
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transferred to a substrate directly (e.g., by dipping a substrate in the boat) or via a drop of 

water. Structures formed by nanoskiving are often composed of gold because it is easy to 

deposit, does not oxidize, and is soft relative to most metals, which facilitates sectioning and 

results in stable, electrically continuous nanostructures.  Exposure to oxygen (or air) plasma 

removes selectively the embedding resin and generates freestanding nanostructures.  The 

topography of the original substrate, the thickness of the deposited film, and the thickness of 

the sections cut by the ultramicrotome (as thin as 15 nm) determine the dimensions of these 

nanostructures.  The ability to control the dimensions of the nanostructures without the use of 

sophisticated lithographic tools or a clean room makes this technique very attractive for rapid 

prototyping.  Nanostructures can be fabricated from materials that are not compatible with 

conventional photolithography/etching.  Nanoskiving produces hundreds of thousands of 

identical sections from a single block and the thin polymeric sections can be positioned onto 

various substrates.
5
  

 Biologists and material scientists use ultramicrotomy conventionally to produce thin 

(~100 nm thick) sections of cells, tissues, and materials for analysis by electron 

microscopy.
6,7

  Embedding is done by infiltration of the sample with a liquid embedding 

medium that polymerizes to produce a solid block that can be handled and sectioned using a 

microtome.  An embedding medium for conventional biological samples should have the 

following properties: commercial availability, uniformity from one batch to another, 

solubility in dehydrating agents, low viscosity as a monomer for ease of handling, uniform 

polymerization, minimal volume change upon polymerization to avoid distortion of the 

sample, ease of sectioning and stability in an electron beam.
6
  Embedding resins for 
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nanoskiving do not require solubility in dehydrating agents nor stability in an electron beam, 

but should be able to be etched by oxygen plasma.   

 None of the embedding media developed so far possesses all the desired qualities for 

microtomy, although several commercial epoxies (e.g., Araldite and Epofix) work well for 

most microtome applications.
1,8

  Epoxies are generally cross-linked and possess relatively 

large elastic moduli (Young’s modulus, E >1500 MPa), which is well suited for sectioning at 

room temperature.
9
  Hardening of epoxies occurs via an addition reaction that results in very 

little change of volume.  Epoxy resins also adhere well to many materials with polar surfaces 

(i.e. surface oxides) by hydrogen bonding.
10   

    

 Most nanoskiving work to date relied on Araldite and Epofix epoxy resins, which 

offer convenience at the expense of performance.
7,11

  Unfortunately, epoxy-based embedding 

resins exhibit poor adhesion to gold, which can lead to catastrophic delamination of the 

nanostructures from the embedding resin during sectioning or during preparation of the 

sample blocks.  Sectioning is a mechanical cutting process and relies on the smooth and 

continuous advance of the block past the edge of the knife. Delamination diminishes 

significantly the quality of the sectioning process and should be mitigated when possible. For 

applications in which the epoxy matrix is used to electrically isolate the top face of gold 

nanostructures, delamination is catastrophic.
12

  Delamination between the epoxy and gold has 

been minimized–but not eliminated–previously by careful handling and ensuring that the 

epoxy completely encapsulates the gold film on all sides.
1
   

 We sought to evaluate polymeric embedding materials that possess the important 

material characteristics required for microtoming, while enhancing the binding to gold and 
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increasing the rate of curing with minimal shrinkage. We chose polymers that contained 

thiols because they form strong bonds with many metals including gold, silver, palladium, 

copper, and many others.
13

 Although in some circumstances it may be possible to improve 

adhesion between metal and the embedding resin by modifying the gold films with self-

assembled monolayers (SAMs), we have had limited success with epoxide and carboxylate-

terminated SAMs with both Epofix and Araldite. Thus, we sought to develop a simpler and 

more universally useful resin that contained thiols so that no additional steps would be 

required to improve adhesion to gold.  In this paper, we evaluate the critical properties of 

several thiol-containing resins within the context of microtomy and demonstrate the utility of 

these materials in nanoskiving.     

 

5.2. Methods 

5.2.1. Experimental Design 

 Thiol-esters:  We evaluated two commercially available, photocurable, mercapto-

ester systems: NOA 63 and NOA 81.   Norland Products sells many photocurable adhesives, 

but we selected these polymers because they possess elastic moduli similar to that of 

conventional epoxy resins.  The manufacturer does not provide chemical information other 

than to call these products ‘mercapto-esters’ and we use the term ‘thiol-ester’ to be consistent 

with our other notations. These resins are also sold in smaller quantities than Araldite and 

Epofix, as they are optical adhesives that are optimized for transparency, not embedding.   

 Thiol-enes:  The photopolymerization of mixtures of thiols and alkenes is an efficient 

method for the rapid production of crosslinked polymer networks.
14

  Thiol-ene 
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photopolymerization proceeds rapidly by a step-growth free-radical chain transfer reaction.
14

  

We formulated thiol-ene resins using commercially available monomers, pentaerythritol 

tetra(3-mercaptopropionate) and triallyl-1,3,5-triazine-2,4,6-trione (referred to as PETMP 

and TATATO, respectively).  PETMP/TATATO has been studied a potential dental 

restorative material, which also has the requirements of minimal shrinkage and hardness.
15

  

The properties of this formulation can be tuned by varying the composition and 

stoichiometry of the reacting monomers. We evaluated 3:4 and 1:1 molar compositions of 

PETMP/TATATO.  The 3:4 molar mixtures have stoichiometric amounts of functional 

groups, whereas 1:1 mixture has an excess of thiol functional groups but comprises 

stoichiometric amounts of monomer molecules.   

 Thiol-epoxies: We also evaluated a thiol-epoxy catalyzed by an amine, which 

involves a multistep reaction resulting in the opening of the epoxide ring followed by the 

addition of a thiol anion.
16

  The motivation for using these materials is driven by the low 

shrinkage and mechanical properties enabled by epoxies and by the ease with which a 

commercial thiol (PETMP) can be added to a commercial epoxy embedding resin (Epofix).
17

  

These materials are cured thermally at room temperature using the chemistry developed for 

conventional resins (i.e., using an amine initiator).  

 Benchmark embedding resins. We selected two conventional epoxy-based resins, 

Araldite 502 and Epofix, as benchmarks to compare the thiol containing resins.  Both 

embedding resins have been used previously for nanoskiving.
4,12

  Araldite cures at 60°C over 

a 24-48 h period, whereas Epofix cures at room temperature over 8-10 h.  The main 

difference between these two epoxies is the nature of the curing agent that adds across the 
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epoxy groups of the resin molecules to provide cross linking.  In Araldite, the curing agent is 

an anhydride, whereas in Epofix, it is an aliphatic amine.  

 Characterization:  We sought to measure the properties and compare the performance 

of the new resins to the benchmark resins. Previous studies have shown that stress-strain 

tensile measurements provide the best metric for predicting a priori whether a material will 

be a satisfactory embedding resin.
9
  Ideal materials are hard enough to prevent sample 

deformation (i.e., they possess a large modulus), but are not too brittle so as to prevent 

cracking.  We therefore use stress-strain behavior as a primary metric for predicting ideal 

embedding resins.   Of course, the ultimate metric for evaluating new resins is their 

performance during nanoskiving.   

 

Table 5.1 Materials Studied as Embedding Resins for Nanoskiving.   

Material Polymer Type 

Epofix 

Araldite 502  

NOA 63 

NOA 81 

PETMP/TATATO (1:1) 

PETMP/TATATO (3:4) 

PETMP/Epofix 

Epoxy 

Epoxy 

Thiol-Ester 

Thiol-Ester 

Thiol-Ene 

Thiol-Ene 

Thiol-Epoxy 

 

 

 There are also some additional fundamental properties of polymer networks that help 

predict whether a resin will perform well; these include glass transition temperature (Tg), 
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shrinkage, and adhesion to gold.
9
  Thermomechanical analysis provides insight into the glass 

transition temperature of the polymer networks. The Tg is a physical property of polymers 

that can indicate the best temperature settings needed for microtomy.  As a general rule, 

polymers that are hard (Tg > room temperature) can be sectioned at room temperature while 

soft materials (Tg < room temperature) need to be sectioned at lower temperatures.
9  

Shrinkage of the resin during preparation of the block should be minimized to avoid sample 

distortion and adhesion of the resin to gold during sectioning should be maximized to avoid 

delamination.   

 

5.2.2. Materials and Preparation 

 Materials and preparation: We purchased Epofix and Araldite 502 as a kit (Electron 

Microscopy Sciences).   The Epofix kit consists of two components, a resin (contains 

bisphenol-A-diglycidyl ether) and hardener (triethylenetetramine).  Following the 

instructions from the kit, we mixed the resin and hardener in 25:3 (w/w) ratios and stirred 

rigorously for two minutes, keeping the mixture in vacuum for no longer than 20 min 

removed visible trapped air bubbles.  Epofix cures at room temperature for 8-10 h,
18

 
 
though 

it performs better when cured at 60°C presumably because it lowers the viscosity before 

hardening. Araldite 502 kits consist of three components, Araldite 502 resin, DDSA 

(dodecenyl succinic anhydride) and DMP-30 (2,4,6-tri-(dimethylaminomethyl)phenol) and 

those are mixed in 20:22:0.65 (v/v) ratios, respectively.  Araldite cures at 60°C in an oven for 

24-48 h.
18  
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 We purchased PETMP and TATATO (Sigma Aldrich) monomers and mixed all 

formulations with 0.1 wt% of 2,2-dimethoxy-2-phenylacetophenone (DMPA, Ciba-Geigy) as 

the photoinitiator.  Figure 5.2 depicts the chemical structures of the monomers.  All materials 

were used as received. We purchased NOA 63 and NOA 81 (Norland Optical Adhesive) 

from Norland Products.  We cured the thiol-ene and NOA resins for 60 s (75 mW/cm
2
) to 

ensure thorough curing.  The NOA curing time varied with sample thickness as outlined in 

the technical data sheets.
18

  A mercury UV Floodlight (Intelli-Ray 400 from Uvitron 

International) cured the formulations.  To formulate the thiol-epoxy, we mixed  PETMP 

(thiol, 0.6 g), Epofix resin (epoxy, 1.4 g) and DMP-30 (0.1 g, 5 wt%) as the catalyst, 

resulting in stoichiometric amounts of functional groups (epoxy and thiol).  The mixture 

cured at room temperature for 30 min to 1 h. 

 

 

 

 

Figure 5.2: Chemical structures of the thiol and ene monomers 

 

 

 

 Polymerization shrinkage.  We analyzed the shrinkage by measuring the density of 

the resin before and after curing.  Equation 1 defines the percentage volumetric shrinkage, 

ΔV,  
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%100



cured

uncuredcuredV




    (1) 

in which ρcured and ρuncured are the densities of the mixtures before and after curing, 

respectively.  This method has been used previously for determining the volumetric 

shrinkage of cured polymers.
19

  We weighed 10 mL of each monomer formulation to 

determine ρuncured and averaged 4-5 measurements.   

 We measured the density of the cured polymer samples by the flotation method in 

mixed solvents.
20

  Cured polymer samples floated on carbon tetrachloride (ρ= 1.594 g/cm
3
)
20

 

in a graduated cylinder with a magnetic stir bar.  A burette added dropwise a light solvent – 

toluene (ρ = 0.8668 g/cm
3
)
20

 – to the carbon tetrachloride.  Aluminum foil covered the 

container except for a small hole for the toluene to drop through to minimize evaporation.  

Equation 2 determines the density of the sample at the point when the sample floated halfway 

in the cylinder:  

CTT

TTCTCT

sample
VV

VV









     (2) 

where ρ is the density, V is the volume of the solvent which is either toluene (T) or carbon 

tetrachloride (CT).  The samples did not swell with exposure to solvent, nor did the weight of 

the samples change significantly after immersion in solvent. 

 Tensile Properties. An extensometer (Instron 5943) measured the stress and 

elongation at the breaking point as well as the elastic modulus. We followed the ISO 527-2 

standard using a specimen type 5A.  All samples cured in a stainless steel mold coated with a 

non-stick layer. 
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 Dynamic Mechanical Anaylsis.  DMA determined the glass transition temperature of 

the cured polymers.  Curing the pre-polymer formulations in a Teflon Petri dish produced the 

specimens (6-8 mm wide, 0.6-1.0 mm thick and 15-17 mm long) for analysis.  We conducted 

DMA (TA Q800 DMA, TA instruments) studies over a temperature range of 0-120°C for 

epoxy and -50-120°C for thiol containing systems, with a ramping rate of 5°C/min using 

tensile mode (sinusoidal stress of 1 Hz frequency).   

 Peel test. We evaluated the adhesion of polymer to gold using an extensometer in 

peel test mode.
21

  Figure 5.3 illustrates two approaches used to prepare the samples. To study 

the adhesion of polymer cured on gold, we used electron beam evaporation to deposit 

titanium (5 nm) followed by gold (30 nm) onto clean glass slides and then spun cast thin 

films (15-17 µm thick, as verified by profilometry) of monomer onto the gold surface.   

 

 

 

Figure 5.3: Comparison of peeling using glass/Ti/Au/polymer and 

glass/polymer/Au/polymer substrates.  In the first case (“single polymer/gold 

interface”) peeling primarily occurs at the Au/polymer interface.  In the 

second case, peeling could occur at two interfaces, as shown. 
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 An additional set of experiments measured the peel strength of the interface between 

gold and polymer formed by depositing gold onto cured polymer.  We cured a thin film of 

the polymer on glass and deposited a thin (30 nm) film of gold onto the cured polymer 

surface by e-beam evaporation.  We cast a thin film of the same pre-polymer formulation on 

the gold surface and cured it against a backing material that can be gripped by the Instron.   

We pressed a suitable backing material (e.g., Scotch tape) on top of the pre-polymer film and 

cured the polymer.    The backing material had to be thin (so that it could be bent easily) and 

had to have sufficient adhesion to the polymer to avoid delamination during the peel test. 

Commercial Scotch tape served as the backing material for most of the measurements, 

although Kapton film (DuPont) served as the backing material for the Epofix samples 

because Epofix showed poor adhesion to the Scotch tape.  Peeling the backing tape slowly 

(~5 mm/s by hand) from the substrate provided a qualitative evaluation of the nature of 

failure. The Instron measured the force required to peel the polymer film (90
o
 peel angle and 

a 1.0 mm/s peel rate) from the gold coated substrate at room temperature. 

 Nanoskiving.  We prepared samples for ultramicrotome sectioning by first depositing 

a thin film of gold (thickness 50 or 100 nm) on a Si-wafer by e-beam evaporation.  We spin 

coated (or drop cast for Epofix) the pre-polymer on the gold surface and cured it.  The gold-

film adhered to the polymer as it was peeled from the Si surface and cut into small strips of 

(5-7 mm long, 3 mm wide).  Embedding the gold strips in more pre-polymer formulation in a 

mold produced the block.  A razor blade trimmed the edges of the sample block into a 

trapezoid shape (about 1 X 1 mm) to expose the metal. 
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 A Leica UC-6 Ultramicrotome prepared sections from the blocks containing gold 

films with thicknesses of 50, 100, 150, and 200 nm using a 2 mm 35° Diatome diamond 

knife at 1 mm/s except for the 50 nm sections which we sectioned at 0.8 mm/s.  

 

5.3. Results and Discussion 

 Tensile Testing and Young’s modulus. Tensile tests represent the best method for 

predicting the usefulness of embedding resins.
9
  The Young's modulus (i.e., the initial slope 

of the stress-strain plot) is important in sectioning since mechanical damage by compression 

can occur in softer samples and cracking occurs in hard, brittle samples.  Embedding 

materials with Young’s moduli of 1.5-3 GPa generally provide high quality sections in 

ultramicrotomy.
9
 Softer resins (with moduli < 1.5 GPa) can be cut below room temperature, 

but so-called “cryo-sectioning” is more challenging than room temperature sectioning.  

Resins should also undergo minimal plastic flow (i.e., low ductility) to avoid distortions 

during sectioning. Figure 5.4a shows that the two conventional epoxy resins have all of these 

desirable features (Figure 5.4a).  In contrast, the commercial NOA resins have highly 

undesirable deformation and ductility, which reduces the usefulness of the NOA resins for 

nanoskiving.   

 The PETMP-based resins behave favorably (Figure 5.4b), with limited yielding and 

low ductility.  Notably, the 1:1 PETMP/TATATO has significant variability in its stress-

strain curves (Figure 5.5), likely due to the non-stoichiometric nature of the network.  This 

variability limits the utility of this resin for reliable sectioning.  The 3:4 PETMP/TATATO 

showed almost identical behavior to the Araldite resin and therefore appeared to be the most 
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promising of all the thiol containing resins studied.  The PETMP/Epofix sample had the 

highest yield stress and showed low ductility, which suggests this thiol-epoxy resin may be 

useful for nanoskiving too. 

 

 

 

Figure 5.4: (a) Conventional embedding resins and commercial photocurable 

‘thio-esters’ (NOA 63 and 81). Not shown: The break point of NOA 81 occurs 

at 15.8%. (b) Thiol-ene and thiol-epoxy embedding resins and Araldite (for 

comparison).  

 

  

 

 

Figure 5.5: Variations in stress-strain behavior for 1:1 PETMP/TATATO.  

Colors indicate samples from the same batches. 
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 The slope of the initial linear portion of the stress-strain traces provided the modulus 

values listed in Table II.  Using the elastic moduli of Araldite and Epofix as benchmark 

values (2.01 and 2.15 GPa, respectively), the values for NOA 63 and NOA 81 are low.  

Although the modulus value of 3:4 PETMP/TATATO is lower than the benchmark values, it 

is larger than the 1:1 PETMP/TATATO and still acceptable for room temperature sectioning.  

The value also agrees with modulus values found for similar formulations in the literature
22

 

and is consistent with the known trend that increasing the amount of ene in the thiol-ene 

formulation increases hardness.
17

  The thiol-epoxy formulation also yielded sample blocks 

with modulus values slightly greater than the benchmark.     

 Cure time. The thiol containing polymers evaluated in this study cured rapidly 

compared to the epoxy based networks (Araldite and Epofix).  The benchmark resins require 

several hours to cure completely.  In contrast, the thiol-ene and NOA resins cured within 

minutes.  Previous studies on the curing kinetics of PETMP/TATATO polymerization 

suggest that 60 s of irradiation (at 5.0 mW/cm
2
) resulted in 90% conversion of the TATATO 

allyl group and 77% conversion of the PETMP thiol functional group.
15

  The shorter cure 

time of the thiol-enes and  NOAs offers a potential advantage over conventional epoxy-based 

embedding resins in terms of rapid prototyping. 

 The thiol-epoxy system required ~30 min to cure at room temperature, as estimated 

by the time required to get a non-tacky hard-set polymer. Notably, the polymerization begins 

almost immediately upon mixing as indicated by the increase in viscosity.  This characteristic 

makes it challenging to process the resin (i.e., mixing it rapidly and uniformly without 



 

 

153 

entraining air bubbles).  Of the approximately twenty-five samples we produced for 

nanoskiving, three were too soft to section, presumably due to poor mixing.   

 Polymerization shrinkage. Table 5.2 summarizes the shrinkage measurements. 

Epoxies are known to undergo a low extent of shrinkage during polymerization; a volume 

reduction around 4-5% is expected for epoxy resins, but can vary based on filler content 

(embedding resins usually lack filler because the filler can damage diamond knives) and 

preparation conditions of the resin such as mixing or initial resin temperature.
10

  Araldite 502 

shrunk 4.8% and Epofix shrunk ~6%. NOA 63 and NOA 81 underwent 5.7% and 8.8% 

shrinkage, respectively.   PETMP/TATATO formulations undergo 7.7% and 7.5% shrinkage 

for the 1:1 and 3:4 formulations.  The shrinkage reported for a 3:4 stoichiometric 

PETMP/TATATO resin composition by the static volume change method is 6.2%.
22

  We 

speculate that our shrinkage values are slightly higher than those measured previously 

because during curing our samples were not confined by the walls of the sample container.  

We did not observe any adverse effects of shrinkage in the samples prepared by nanoskiving, 

and the amount of shrinkage is less than some embedding resins that have been used 

previously (e.g., PMMA which has a 15-20% shrinkage
23

).   

 Dynamic Mechanical Analysis.  Table 5.2 summarizes the Tg.  As a general rule, the 

Tg of an embedding resin must be greater than room temperature if sectioning is to be done at 

room temperature,
24

 and practically, the Tg should be 47°C or greater for proper sectioning.
9
  

The benchmark epoxy polymers had Tg values between 70-76°C.  The Tg of all the thiol-

containing polymers studied are lower than the epoxies, but well above room temperature 

(and all but the NOAs were above 47°C), suggesting that the sectioning can be done at room 
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temperature.  The PETMP/TATATO based networks exhibited a higher glass transition 

temperature than both NOAs.  As the amount of alkene bonds decreases in the 

PETMP/TATATO formulation (going from 3:4 to 1:1 molar), the Tg decreases.   

 

Table 5.2 Tg, Young's modulus, and percent shrinkage of embedding resins 

Materials Tg 

(°C) 

Young's 

Modulus 

(GPa) at 25°C 

% Shrinkage 

Araldite 

Epofix 

NOA 63 

NOA 81 

PETMP/TATATO (1:1) 

PETMP/TATATO (3:4) 

PETMP/Epofix 

76 

72 

44 

35 

51 

73 

60 

2.01 ± 0.15 

2.15 ± 0.22 

1.54 ± 0.08 

0.85 ± 0.05 

1.43 ± 0.09 

1.70 ± 0.13 

2.19 ± 0.08 

4.8 

6.3 

5.7  

8.8 

7.7 

7.5 

3.0 

 

 

The inclusion of thiol in epoxy networks also reduces the Tg (from 72 °C for Epofix to 60°C 

for PETMP/Epofix).  The Young's modulus of the thiol-ene cured resins correlates well with 

similar thiol-ene resins.
25

 

 Peel tests. Peel tests evaluated the adhesion of the polymers to gold (Figure 5.6). The 

peeling mechanism differed for the benchmark resins and thiol containing polymers both 

qualitatively and quantitatively.  Epofix and Araldite delaminated primarily at the gold-

polymer interface (i.e., adhesive failure), confirming that the adhesion between Au-epoxy is 

weak.  Based on visual inspection of the substrate, we estimate that the epoxy peeled cleanly 

from at least 90% of the surface area of the gold substrate .  Surprisingly, we observed the 

same behavior for NOA 63 samples despite the presence of thiols (although the technical 
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data sheet from Norland suggests that NOA 81 binds more strongly to metals than NOA 63).   

In contrast, NOA 81, PETMP/TATATO, and the thiol-epoxy left polymer on the gold 

substrate after peeling.  This qualitative observation suggests that the adhesion of these 

polymers to gold is better than that of Epofix, Araldite, and NOA 63.  

 A 90° peel test quantified the peel force.  PETMP/TATATO, NOA 81, and 

PETMP/Epofix had larger average peel forces than Epofix and NOA 63 as shown in Figure 

5.6.  It is difficult to assign definitive meanings to the absolute values of the peel force 

measurements.  Regardless, the values obtained provide an insight into relative forces 

required to induce delamination of polymer from the gold surface. 

 

 

 

 

Figure 5.6: The comparison of average load required to peel the polymers 

from gold surface of glass/Ti/Au/polymer substrates. 
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 Although the benchmark epoxy resins contain amines, which provide some adhesion 

to gold,
26

 thiols are known to bond roughly two times more strongly to gold.
27

  Thiol is much 

more abundant in these resins, too.  It is therefore expected that the force required to peel a 

thiol-containing resin from a gold layer would be higher than for an amine containing resin; 

indeed, the peel test results confirm this hypothesis.  The addition of a thiol group to Epofix 

approximately doubles the peel force necessary to remove the polymer from the gold layer 

relative to pure Epofix. 

 We also evaluated qualitatively the interface between gold and polymer formed by 

depositing gold onto pre-cured polymer (polymer/Au/polymer sandwiches).  We expected 

this interface to be weaker than the interface created by curing polymer against gold.  During 

the peeling of Epofix samples, the bottom polymer layer (i.e., the pre-cured layer) and gold 

failed adhesively suggesting that the adhesion of pre-cured polymer to gold is weaker than 

that formed by curing polymer against a gold film.  In all the thiol-containing samples, 

patches of gold remained attached to both the top and bottom polymer layers, as might be 

expected due to the presence of thiol on both sides of the gold.  According to theoretical 

models, Au-Au bonds in bulk gold break with a force of 0.8-0.9 nN.
28

  It is expected that the 

S-Au bond, with a strength of 1.4 nN,
27

 would break after the Au-Au bond which is 

consistent with our observations. 

 Nanoskiving.  The sample blocks for each polymer system contained an embedded 

film of gold (50 or 100 nm-thick).  Prior to sectioning with ultramicrotome, we trimmed 

these specimens to a rough trapezoid shape (~1 x 1 mm) as shown in Figure 5.7.    
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Figure 5.7:  Photographs of sample blocks prepared by cutting polymer with 

a razor blade.  A) Epofix does not contain thiol and delaminates from gold in 

some cases.  B) PETMP/TATATO contains thiol and adheres to gold.   

 

 

 

We only sectioned the Araldite, Epofix, NOA 81, and PETMP/TATATO 3:4; the mechanical 

properties of the blocks formed from the other embedding resins precluded trimming and 

sectioning, primarily because they were too soft and deformed during the trimming process 

(Figure 5.8).  In some cases, the brittle nature of Epofix, combined with its poor adhesion to 

gold, cause the polymer to delaminate and break away in chips, requiring the block to be 

rough-cut and re-trimmed. An example of this type of failure is shown in Figure 5.7a, which 

is contrasted with a block containing thiols (PETMP/TATATO, Figure 5.7b).   

 The PETMP/Epofix gave the most unexpected result; some of the sample blocks (3 

out of 25) were too soft to trim (Figure 5.8) and the remaining ones were brittle (they could 

be snapped into two pieces by hand). Although the macroscopic measurements suggest 
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PETMP/Epofix has desirable mechanical properties, we believe this inconsistency arises 

because the addition of PETMP to Epofix initiates a rapid polymerization that precludes 

effective mixing on the microscale. The relatively small blocks (and extremely small slabs 

formed during nanoskiving) are sensitive to small, localized variation in mechanical 

properties arising from the inefficient mixing. This variation manifested itself as block-to-

block inconsistencies; some of the blocks could, in fact, be trimmed, (Figure 5.8) but we did 

not continue the nanoskiving test because of the irreproducibility of the blocks. 

 Figure 5.9 shows optical micrographs of the resulting sections of thicknesses of 50, 

100, 150, and 200 nm. With the exception of NOA 81, we produced sections down to 40 nm 

(not shown) before they became too fragile to handle, though the technical limit of the 

ultramicrotome is 15 nm. Although the resolution of these micrographs (250X magnification) 

is not sufficient to directly image the gold structures, which are 50-100 nm thick, the 

mismatch in the indices of refraction between the embedding resins and the gold appears as a 

dark line.  The thickness of the sections can be verified by the color of the sections, which 

results from thickness-dependent interference; 50 nm appears grey, 100 nm turquoise, 150 

nm blue, and 200 nm orange-brown. The NOA 81 sections all appear blue-turquoise, 

however, indicating that the actual thickness of the sections deviated from the set thickness.  
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Figure 5.8: Photographs of the blocks of the different embedding resins being 

trimmed with a razor blade prior to sectioning. The photographs marked with 

a red X indicate blocks that could not be trimmed because the polymers were 

too soft, causing the block to deform, and/or the stress induced by the razor 

blade caused macroscopic adhesive failure–i.e., the block fell apart. The 

photographs marked with a green check mark indicate blocks that could be 

trimmed, but not necessarily sectioned. Three different blocks of thiol/Epofix 

are pictured, highlighting the block-to-block variability; one block (bottom-

left) was too soft to be trimmed, one (bottom-center) could be trimmed (but 

was not sectioned), and one (bottom-right) was too flexible to be mounted for 

trimming. 
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Figure 5.9: Optical micrographs (250X) of sections of the four embedding 

resins that could be nanoskived. The vertical arrows at the left of each image 

indicate the position of the gold nanowire and the dashed ovals indicate 

delamination of the resin from the gold. The thickness of each section is 

indicated in the lower left corner. The horizontal bands present in some 

images are the result of chattering, the severity of which depends on the 

mechanical properties of each resin. Sections of NOA 81 < 50 nm 

disintegrated upon formation and chattering was severe enough to preclude 

accurate section-thicknesses, which is evident from the predominantly blue 

color in the 200 nm section. Tearing, bubbles, and compression artifacts were 

predominant in the Epofix sections, while Araldite exhibited the most severe 

delamination. 

 

 

 

This deviation is the result of the mechanical properties of the NOA 81 which is likely too 

ductile and produces too much friction against the advancing edge of the diamond knife. The 

result is uneven sections, which is the case in Figure 5.9 (lower-left) where only a band of 

orange-brown (i.e., 200 nm-thick resin) is apparent in the 200 nm section. The average 

thickness of these sections also alternates as the block advances by the set-thickness before 
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each stroke, but differing thicknesses of epoxy are skived (not pictured). The result is that 

NOA 81 is unsuitable for forming gold nanowires by nanoskiving at any thickness.  

 The most obvious feature of the Araldite (Figure 5.9; top-left) sections is 

delamination, which is indicated with dashed ovals and appears as almost complete adhesive 

failure in the 50 and 200 nm sections. While the degree of delamination varies between 

sections, the images shown in Figure 5.9 are representative. Aside from delamination, 

Araldite produces–unsurprisingly–very high quality sections with minimal chattering, which 

appears as horizontal bands of color. These bands of color are the result of the knife skipping 

(chattering) as it passes through the polymer and are the result of the compressibility of the 

polymer and the amount of friction generated at the trailing edge of the knife. Chattering 

should not be confused with transient vibrations, which can be controlled externally (e.g., 

with a dampening table). From these results we conclude that Araldite, while functional, is 

not an ideal embedding resin for gold structures. 

 Epofix, which is designed for ultramicrotomy on hard materials, performs very poorly 

at thicknesses below 100 nm. The 50 nm-thick section pictured in Figure 5.9 (top-right) is 

rife with artifacts, the most severe of which is the compression visible in the lower part of the 

section. Also present are bubbles, which form when the two parts of the pre-polymer are 

mixed and which cannot be removed completely before the resin cures. There is also 

significant tearing, which is usually the result of a knick in the diamond knife, but can also be 

caused by dust particles. In this case, we ascribe the tearing to a minor defect in the knife 

(which is very common) that is only apparent in the 50 nm-thick sections of Epofix because 

of the brittle nature of that resin. In addition to being difficult to trim, this brittleness also 
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leads to sections that craze and are predisposed to separating into pieces in the boat (not 

shown) as a result of tearing and compression artifacts. The most prominent artifact in the 

Epofix sections, surprisingly, is not delamination–which is visible to some extent in 50 and 

150 nm-thick sections–but chattering, which is evident as prominent bands of color in all of 

the sections. While chattering is not necessarily detrimental to the formation of nanowires of 

gold, which are cut parallel to the edge of the knife, more complex metallic structures will 

not have a uniform height/thickness when sectioned using Epofix. 

 The only embedding resin that produced sections (nearly) free of artifacts and with no 

delamination at all thicknesses was 3:4 PETMP/TATATO. The only visible artifacts are 

smudges, which are the most pronounced in the 50 nm-thick sections shown in Figure 5.9 

(bottom-right). It is not clear what causes these smudges, but they are not tears, bubbles, 

compression artifacts or the result of chattering nor do they appear to negatively affect the 

nanoskiving process. The 3:4 PETMP/TATATO sections were the easiest to trim and section, 

show almost no chattering, and form very stable sections even at thicknesses below 50 nm 

(not shown). Interestingly, the dark line indicating the position of the gold is barely 

discernable in the 50 nm-thick sections, which we ascribe to the small dimension of the gold 

wire (50 x 50 nm) and the excellent adhesion of the polymer to gold. It is clearly visible and 

free of any signs of delamination in the 100, 150, and 200 nm-thick sections.  To verify that 

the embedding resins do not interfere with the electrical properties of the gold nanowires, we 

measured I/V curves for 100 nm-thick sections of Araldite, Epofix, NOA 81, and 3:4 

PETMP/TATATO. We measured 50 nm-thick gold nanowires (~1 mm x 50 nm x 100 nm) 
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by painting small (~1 mm
2
) pads of silver paste at either end of each nanowire and contacting 

them in a home-built probe station.  

 

 

Figure 5.10: Plots of current (mA) versus potential (V) for 50 nm-thick gold 

nanowires fabricated using 100 nm-thick sections of Araldite (black squares), 

NOA 81 (blue triangles), Epofix (red squares), and 3:4 PETMP/TATATO 

(pink diamonds). Each trace is an average of four sections. All four wires 

exhibit ohmic I/V characteristics indicating that the wires are electrically 

continuous. The slightly lower conductivities of the wires in NOA 81 and 

Araldite are the result of differences in the lengths of the wires. 

 

 

 

The resulting data are plotted in Figure 5.10 and show ohmic conduction for all four 

nanowires, indicating that none of the embedding resins affected the electrical properties of 

the gold nanowires. The magnitude of the current (~ 10
–4

 A) is consistent with previous 

measurements on gold nanowires of similar dimensions fabricated using nanoskiving.
29

  The 
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slightly lower conductivities of NOA 81 and Araldite are the result of differences in the 

lengths of the nanowires.  

 From these measurements and the optical micrographs in Figure 5.9, we can conclude 

that all four resins are capable of producing electrically continuous gold nanowires; however, 

3:4 PETMP/TATATO yields the least delamination and, qualitatively, the highest quality 

sectioning and general ease of handling the sections. Moreover, 3:4 PETMP/TATATO is 

photo-curable in a fraction of the time of the thermally-curable Araldite and Epofix epoxies. 

While delamination is, in this case, not a critical parameter–it leads to some deformation of 

the wires, but not catastrophic failure–it is of critical importance for delicate and/or complex 

metallic features and for applications that leverage the insulation that the polymer slab 

provides. For instance, nanowires fabricated using 3:4 PETMP/TATATO can be contacted 

using silver paste with no leakage (hence electrical shorts) to the supporting substrate, and 

the top face of the wire can be selectively functionalized with, for example, a SAM or 

addressed by a fluid for sensing applications. 

 For applications in which it is desirable to remove the polymer slab, leaving only the 

metallic nanostructure–in our case nanowires–on the substrate, we compared the time 

required to ash 100 nm-thick slabs of each of the four resins completely using oxygen 

plasma. We exposed each to 1 mbar of pure oxygen plasma until there were no traces of 

polymer remaining by optical microscopy. These results are summarized in Table III and 

show that the thiol-containing polymers (3:4 PETMP/TATATO and NOA 81) take 

considerably longer (30 min) to ash than do the epoxies, and that Araldite ashes in about one 
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third the time (5 min) of Epofix (15 min). We expect these times to scale according to the 

power output of the plasma oxidizer; we used a relatively low power plasma cleaner. 

 

Table 5.3 Time required to ash 100 nm-thick sections with oxygen plasma (1 mbar).    

Material Oxygen Plasma 

Exposure (min) 

Epofix 

Araldite 502  

NOA 81 

PETMP/TATATO (3:4) 

15 

5 

30 

30 

 

 

5.4. Conclusion 

 We identified new embedding resins for nanoskiving that have similar properties to 

conventional epoxy-based embedding resins, but are photocurable and have improved 

adhesion to gold because of the inclusion of thiol functional groups.  We compared these 

thiol-containing resins to two conventional, benchmark epoxy-based resins (Araldite and 

Epofix).   Of the thiol-containing materials in our study, the 3:4 PETMP/TATATO appears to 

have the most promising properties for nanoskiving.  It cures quickly, possesses mechanical 

properties similar to commercial resins, adheres well to gold, and produces high-quality 

microtome sections.  NOA 81 also produced samples that could be sectioned using an 

ultramicrotome, but the resulting sections had irregular thicknesses.   

 A draw-back of the 3:4 PETMP/TATATO system is that it shrinks slightly more than 

conventional epoxies, which may result in some deformation or stress in delicate samples.  
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We observed no evidence of this being an issue in our samples as determined by measuring 

the electrical properties of the gold nanowires, but it may be an issue for more sensitive 

geometries (e.g., fragile gold structures that might deform under stress). For particularly 

sensitive samples, users may consider exploring techniques from the literature to reduce 

thiol-ene shrinkage such as allyl sulfide addition-fragmentation chain transfer.
30,31

  The 

ability to partially cure thiol-enes to produce oligomers prior to embedding provides an 

additional route to lower the shrinkage. 

 Physical and mechanical measurements suggest that the thiol-epoxy formulation – 

which can be formed by simply adding thiol to a commercial epoxy—could be a suitable 

resin.  We found, however, that the rapid polymerization associated with this approach 

resulted in sample-to-sample variability, presumably due to poor mixing.  Future work could 

focus on optimizing this formulation to control the rate of polymerization, although there 

appear to be few benefits of this resin relative to the 3:4 thiol-ene.   

 The improved adhesion of the thiol-containing embedding polymers to metals reduces 

the occurrence of delamination during sample preparation and microtome sectioning.  We 

anticipate that the enhanced properties offered by thiol-containing systems, such as reduced 

cure time, excellent adhesion to gold, and sufficient hardness, will be useful for nanoskiving.    

The use of light to initiate the reaction allows for rapid prototyping but may also enable 

better spatial-temporal control of the resin during sample preparation.  Nanoskiving of gold 

nanowires has already proven useful to numerous applications,
11,29

 and with this new 

embedding resin there is increased potential for further use of this unconventional 

nanofabrication technique in a wider range of areas with more reliable sectioning.
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CHAPTER 6. Summary and Outlook 
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6.1. Summary 

 Throughout this dissertation, we have demonstrated the tuning of mechanical 

properties and surface chemistry of polymeric materials for applications in micro- and 

nanofabrication.  In particular, we used photochemistry to modify mechanical properties of 

PVMS networks, to graft ELPs to silicon wafers, and to cure thiol-ene based embedding 

resins for nanoskiving.  We also demonstrated the strengthening of PVMS networks with the 

incorporation of silica nanoparticles.  The importance of tunability of materials used in 

micro- and nanofabrication was highlighted for applications in soft lithography, 

microfluidics, biological systems, and nanowire preparation. 

 We postulated that PVMS would be an attractive alternative material for 

microchannel fabrication that offers several benefits in comparison with PDMS.  PVMS, like 

other silicone elastomer networks, is optically transparent, easy to process, and flexible.  The 

vinyl side groups in PVMS enable additional chemical reactions for property manipulation in 

microfluidics, as explored in this dissertation, as well as other applications.  We successfully 

increased the modulus of PVMS using UV treatment by two orders of magnitude.  

Additionally, we demonstrated the use of a local modification of PVMS microchannels by 

selective delivery of photoinitiator, resulting in a small area of modification for use in solvent 

resistance.  Furthermore, we evaluated the strengthening of PVMS with nanoparticles, which 

increased the elongation and toughness of the networks without creating rigid, brittle 

materials.  These tough networks were less likely to tear when removed from the surface of a 

mold during replica molding.  We also demonstrated thiol-ene cured PVMS networks with a 

modulus orders of magnitude higher than traditional siloxane elastomeric networks.  While 
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thiol-ene cured polysiloxanes have been reported in the literature,
1,2

 our PVMS has both 

silanol end groups as well as vinyl side groups, giving our system dual functionality.  

Feasibly, a PVMS network could be both end-group cured and then additionally hardened 

with thiol groups, similar to the method used for the UV-hardened microchannels in Chapter 

2 of this dissertation.   

 Next, we explored the modification of vinyl-functional silicon surfaces with stimuli-

responsive polypeptides as an analogue for the modification of PVMS microchannel surfaces 

in biological systems.  We were motivated to create and study a densely grafted ELP surface, 

expecting that a densely packed surface would possess desirable reversible physicochemical 

behavior as a result of application of thermal stimuli.  We found, however, that by attempting 

to pack high densities of polypeptides onto a surface, we lost the beneficial responsive 

properties.  Because the LCST of an ELP is dependent on concentration, our highly 

concentrated ELP grafted surfaces have reached a packing density that prevents even cold 

water from resolubilizing the peptides.  This work informs us of the delicate interplay of full 

surface coverage versus optimal stimulus response when grafting stimuli-responsive 

polypeptides. 

 As an extension of our work using photochemistry to tune mechanical properties of 

networks, we identified new embedding resins for nanoskiving with improved adhesion to 

gold because of the inclusion of thiol functional groups.  We compared these thiol-containing 

resins to conventional, benchmark epoxy-based resins.  Of the thiol-containing materials in 

our study, the stoichiometric ratio of 3:4 PETMP/TATATO appeared to have the most 

promising properties for nanoskiving.  We preferred this resin due to the short cure time, 
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mechanical properties similar to commercial resins, good adhesion to gold, and production  

of high-quality microtomed sections.  Physical and mechanical measurements suggest that 

the thiol-epoxy formulation, the combination of adding thiol to a commercial epoxy, could 

also be suitable resin; however this formulation suffered from excessive sample-to-sample 

variability.  The improved adhesion of the thiol-containing embedding resins to gold reduces 

the occurrence of delamination during microtomy.  The use of light to initiate the reaction 

allows for rapid prototyping and enables spatial-temporal curing control during sample 

preparation.   

 

6.2. Outlook 

 For any application, polymer properties can be tuned through modification or by 

synthesis of a new polymer or polymer network.  The appeal of polymer modification is the 

use of a material with known properties, merely tailoring either the surface chemistry or the 

bulk mechanical behavior to suit new fabrication techniques.  Siloxane polymers are perhaps 

unique in the flexibility and tunability they offer.  The silicon-oxygen backbone is by nature 

flexible but chemically and thermally stable.  Mechanical properties of siloxanes can be 

tuned either through reinforcing particles or by increasing crosslink density.  The beauty of 

this technique is that it enables researchers to use one polymer chain to generate both 

networks with elasticity and high elongation and rigid, glassy networks. 

 The UV treatment used to modify the mechanical and diffusive properties of PVMS 

operated by reacting the vinyl side groups together.  However, introduction of increased 

chemical functionality by grafting molecules to the vinyl functional groups on the surface 
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enables further tailoring of the properties of PVMS microchannels.  For example, grafting of 

dynamic covalent groups such as acylhydrazone groups to the vinyl side groups of PVMS 

would provide an alternate route for mechanical modification of network properties.  

Additionally, grafting groups with hydrophilicity or biologically compatible stimuli-

reponsive behavior to the vinyl side groups of a PVMS microchannel will expand the utility 

of this technology into biotechnology.  Indeed, PVMS and vinyl methyl siloxanes are being 

investigated for cell growth
3
 and anti-biofouling currently, and have been used in a variety of 

applications to date.
4–6

 

 One potential area of development would be the use of PVMS/PDMS copolymers, 

which would limit the available functional groups while retaining mechanical properties.  

Using a copolymer, less extensive modification would be possible, though a critical 

concentration of vinyl groups must be available for crosslinking as used in Chapter 2 of this 

dissertation.  Additionally, because of the lack of availability of PVMS on a commercial 

scale, Sylgard 184
®
 could be used as a support structure for a thin layer of PVMS.  In our 

work, we discovered that PVMS networks will adhere strongly to PDMS networks after 

exposure to oxygen plasma, which could be used to modify an otherwise inert PDMS 

network by attaching a PVMS network layer to the PDMS surface. 

 Although we only demonstrated the use of PVMS for resisting swelling in organic 

solvents, the potential applications of PVMS in microfluidics are boundless.  For example, 

spatially patterning the surface energy or surface chemistry of a microchannel with PVMS 

could be faster and more precise than with Sylgard 184
®
.
7
  Additionally, any number of small 

molecules or polymer chains could be grafted to PVMS by thiol-ene chemistry through the 
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vinyl groups, enabling precise tuning of the PVMS wettability or biofunctionality.  An 

important aspect of using PVMS in a wider range of applications is the incorporation of 

nanoparticles to increase the mechanical robustness of the network.  By incorporating 

nanoparticles into PVMS networks prior to modification with thiols, the fillers may 

potentially prevent wrinkling and enable the grafting of ELPs successfully.  Another 

conceivable avenue of research for incorporation of nanoparticles into PVMS would be the 

addition of functional particles, including magnetic, catalytic, optically active, or conductive 

particles, creating a more versatile elastomeric network.
8
 

 We were unable to graft and characterize elastin-like copolypeptides on our PVMS 

networks, but this route is still an attractive possibility.  Collaborators through the Triangle 

MRSEC program at Duke University have successfully grafted stimuli-responsive synthetic 

polymer brushes such as PNIPAM to PVMS networks for use in anti-biofouling research; 

these results are being prepared for publication currently.  ELPs show great promise in 

biomolecular detection as stimuli-responsive trap-and-release functional groups.  

Incorporation of ELP-functionalized PVMS networks in microfluidic channels would be a 

simple, effective application of this technology, assuming grafting difficulties can be 

overcome.  

 Many interesting experimental results with PVMS were discovered on the path to the 

writing of this dissertation.  One example is the unexpected self-organized buckling on 

rectangular PVMS networks which were UV-treated for long times; these samples were 

prepared for the purpose of evaluation in dynamic mechanical analysis.  Because of the 

ordering of the buckles and cracks on the PVMS network surface, the samples were found to 
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have angle-specific diffraction characteristics.  In Figures 6.1 and 6.2, this effect is 

demonstrated: under microscopy, the buckling and cracking is clearly seen.  The images in 

Figure 6.2 show two samples which were rotated with respect to the camera, showing an 

angle dependent diffraction effect.   

 

 

Figure 6.1: Optical microscopy of the surface of a PVMS network that has 

been infused with photoinitiator and UV treated for 7000 seconds. 

 

 

 

In these samples, the alignment of buckles could be either parallel to the long axis or 

perpendicular, depending on the affinity of the network for the surface beneath it during UV 

treatment (PVMS adheres to glass well, but not as well to other substrates or to textiles).  In 

Figure 6.2 a and b, the sample is rotated along the long axis of the sample, becoming 

transparent or diffracting light depending on rotation.  In Figure 6.2 b and c, the other sample 

was rotated along the short axis of the sample.  The PVMS network in the top of Figure 6.2 

was UV-treated while resting on a glass slide, while the network in the bottom of the image 

was treated while resting on a Kimwipe. 
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Figure 6.2: Video still images of UV-treated PVMS networks (treatment time 

7000 seconds).  A) and b) are the same sample which was UV-treated while 

on a glass slide, c) and d) was UV-treated while on a Kimwipe. 

 

 

 The potential for the application of photocurable PVMS networks in micro- and 

nanofabrication is vast, and hopefully will be explored by future researchers to its full 

potential. 



 

 

178 

6.3. References 

 
[1] Cole, M. A. & Bowman, C. N. Evaluation of thiol-ene click chemistry in functionalized 

polysiloxanes. J. Polym. Sci. Part Polym. Chem. 51, 1749–1757 (2013). 

[2] Müller, U., Kunze, A., Herzig, C. & Weis, J. Photocrosslinking of Silicones. Part 13. 

Photoinduced Thiol-Ene Crosslinking of Modified Silicones. J. Macromol. Sci. Part A 

33, 439–457 (1996). 

[3] Ahmed, S. et al. Poly(vinylmethylsiloxane) Elastomer Networks as Functional Materials 

for Cell Adhesion and Migration Studies. Biomacromolecules 12, 1265–1271 (2011). 

[4] Yang, H.-K., Evren Özçam, A., Efimenko, K. & Genzer, J. Photochromic materials with 

tunable color and mechanical flexibility. Soft Matter 7, 3766 (2011). 

[5] O’Shaughnessy, W. S., Gao, M. & Gleason, K. K. Initiated Chemical Vapor Deposition 

of Trivinyltrimethylcyclotrisiloxane for Biomaterial Coatings. Langmuir 22, 7021–7026 

(2006). 

[6] Trujillo, N. J., Wu, Q. & Gleason, K. K. Ultralow Dielectric Constant 

Tetravinyltetramethylcyclotetrasiloxane Films Deposited by Initiated Chemical Vapor 

Deposition (iCVD). Adv. Funct. Mater. 20, 607–616 (2010). 

[7] Abate, A. R. et al. Photoreactive coating for high-contrast spatial patterning of 

microfluidic device wettability. Lab. Chip 8, 2157 (2008). 

[8] Althues, H., Henle, J. & Kaskel, S. Functional inorganic nanofillers for transparent 

polymers. Chem. Soc. Rev. 36, 1454 (2007). 

 



 

 

179 

APPENDICES 



 

 

180 

Appendix A 

A.1. Siloxane Synthesis 

 The history of siloxane synthesis dates back to 1872, when Ladenburg reported on the 

successful synthesis of a siloxane polymer.
1
  Since that time, siloxanes have been 

synthesized, studied, and manufactured on a large commercial scale.  The industrial 

precursors to siloxane polymers are usually dichlorosilanes.
1
  A reaction of methylene 

chloride with silicon in the presence of a catalyst generates dimethyl dichlorosilane. The 

dichlorosilane molecules react with aqueous hydrochloric acid, forming short chain linear 

and cyclic siloxanes.
2
  Although both linear and cyclic products are formed, tuning of the 

reaction conditions will favor one over the other as primary reaction products.
1
  Hydroxyl-

terminated linear short chains are used in  condensation polymerization of siloxanes, while 

cyclic groups are used in ring-opening polymerization.
3
   

 

A.1.1. Condensation Polymerization 

 Condensation reactions are step growth polymerizations in which a small molecule is 

liberated with each monomer addition.  Industrial manufacturing of siloxanes has made use 

of polycondensation reactions of silanols for over 50 years.
4
  Either an acid or a base can 

catalyze the condensation of silanols, with either system being a reversible reaction when 

water is present.
1
  It is therefore important to remove water during condensation reactions in 

order to drive the reaction to the polymer chain as a primary product.  The reaction rates of 

silanols vary with molecular size; for example, the single unit of dimethylsilanediol is twice 

as reactive as the dimer.
1
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 The starting material we used in our work is called PJ Fluid, which is an intermediate 

product from Dow Corning containing short chain PVMS molecules with hydroxyl end 

groups.  The polycondensation reaction, shown in Figure A.1, is a lithium hydroxide 

catalyzed condensation reaction with water as a by-product.  An aqueous solution of lithium 

hydroxide is added to a pre-heated reaction vessel of linear silanol short chains. The reaction 

flask is kept above 100°C to vaporize the by-product, and a nitrogen purge is swept across 

the surface of the reaction mixture to transport the water out of the system.  This mixture is 

continuously stirred and heated for several hours or until it becomes viscous.  An addition of 

carbon dioxide in the form of dry ice terminates the reaction.  Once cooled, the mixture is 

filtered through diatomaceous earth (Celite
®
).  

 

 

Figure A.1: Polycondensation reaction of short silanol oligomers into 

siloxane polymers using lithium hydroxide as a catalyst (m=4-6, n=100+). 

 

 

 

 Two purification methods were investigated for samples made using the condensation 

reaction.  The first method was to dissolve the reaction mixture in diethyl ether, followed by 

a dropwise addition of methanol until the mixture became cloudy, indicating that the polymer 
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molecules precipitated out of solution.  Once agitation was removed, the solution separated 

into two layers, with the polymer product as the bottom layer.  The small molecules 

remaining in the reaction mixture migrated into the methanol phase and were removed by 

decanting the top layer.  Any residual solvent in the bottom polymer layer was removed with 

several hours of rotary evaporation.  For the second purification method, the PVMS was put 

into a separatory funnel with an excess of methanol.  The funnel was then vigorously shaken 

for roughly 5 minutes, and degassed periodically.  The funnel was left to separate, and the 

bottom layer containing PVMS was drawn off.  This layer was then subjected to rotary 

evaporation to remove any remaining methanol.  Both of these procedures were repeated two 

or more times until a final clear liquid with no solvent smell was obtained.  The final product 

was then analyzed by gel permeation chromatography to determine molecular weight and 

polydispersity index. 

 The first PVMS synthesized by condensation reaction used 30 ppm LiOH and 500 

mL PJ fluid at 120°C for 180 min.  A second batch of PVMS used 40 ppm LiOH and 400 mL 

pre-filtered PJ fluid at 110°C for 110 minutes.  As shown in Figure A.2, using a higher 

amount of lithium hydroxide resulted in a higher molecular weight as well as a broad 

distribution of molecular weights.  This result is unexpected, as using a lower amount of 

catalyst for a longer time should result in a smaller PDI but an equally high molecular weight 

as the batch with a high amount of initiator.  The molecular weights of polymers made by 

condensation and ring-opening polymerization, discussed below, are summarized in Table 

A.1.  The preferable method for purification of condensation reaction polymers was 

determined to be using methanol only, not methanol and diethyl ether, due to the improved 
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removal of lower molecular weight compounds using the methanol-only method.  This 

method of polymerization was fairly simple to perform, although an inability to obtain more 

PJ Fluid from Dow Corning necessitated the exploration of other polymerization reactions. 

 

 

 

 
Figure A.2: Molecular weight distributions resulting from polycondensation 

reactions. 

 

 

A.1.2. Ring Opening Polymerization 

 Ring opening polymerizations (ROP) occur through a number of mechanisms, 

including equilibrium ring-opening polymerization and ring-opening metathesis 

polymerization.
5
  Generally, siloxane ROP consists of cationic or anionic processes that can 

be quenched at equilibrium or before equilibrium conditions are reached.
5
  For anionic ring-
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opening polymerization (AROP), the active propagation group is a silanolate anion paired 

with the initiator counterion.
5
  The rate of polymerization decreases with an increasing 

counterion size; for example, sodium or potassium counterions result in a slower reaction rate 

than lithium counterions.
5
  Siloxane AROP is significantly affected by the solvent and the 

presence of a promoter, such as DMSO, which can reduce aggregation of silanolate sites, 

therefore increasing yield.
5
  The ring size is also an important factor for yield, as larger rings 

do not have the ring strain necessary for rapid conversion to polymer chains.  By controlling 

the reaction kinetically, high yields of approximately 80-95% can be obtained.
6
 

 PVMS was synthesized by AROP as shown in the reaction scheme in Figure A.3.   

 

 

 

Figure A.3: Anionic ring-opening polymerization reaction of cyclic siloxanes 

into siloxane polymers using a lithium initiator (such as butyl lithium) as a 

catalyst (n=100+). 

 

 

 

First, monomers were distilled from a mixture of siloxane groups (Dow Corning INT 4-2782 

labeled “vinyl methyl cyclics") over activated molecular sieves to obtain only six-membered 

vinyl methyl siloxane cyclics (abbreviated VM3 or V3, abbreviated in the literature 

occasionally as VD3); the distilled monomers were then stored under argon.  The distilled 
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material that was collected had a boiling point of 80-85°C under vacuum (at an absolute 

pressure of roughly 40 mmHg).  The distilled and undistilled monomers were evaluated by 

gas chromatography/mass spectroscopy (GC-MS).  The distillate did appear to be primarily 

six-membered cyclic groups, as demonstrated in Figure A.4.  Prior to distillation, the cyclic 

mixture contained larger cyclics (Figure A.5). 

 

 
 

Figure A.4: Gas chromatography/mass spectrometry of vinyl methyl cyclic 

monomers after distillation. 
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Figure A.5: Gas chromatography/mass spectrometry of vinyl methyl cyclic 

monomers before distillation. 
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 The distilled vinyl methyl monomers were added to a flame-dried flask along with 

dry THF in an argon atmosphere.  Lithium was introduced quickly and the reaction was 

stirred at room temperature until most monomers had reacted.  Using commercially available 

butyl-lithium will create a polymer with only one functional end group.  Although AROP is 

kinetically much faster than condensation, some reaction attempts were allowed to proceed 

several hours, after which the reaction was terminated with excess acetic acid, resulting in 

one hydroxyl end group.  This mixture was then purified by first precipitating the polymer in 

methanol (twice) and then removing residual methanol with rotary evaporation.  One small 

batch of PVMS homopolymer was made using this distillate and butyl lithium as the initiator.  

As an example, 0.12 mL BuLi (0.3 mmol), 7.75 mL VM3 (28.5 mmol), and 7.75 mL distilled 

THF were used.  The ratio of moles of monomer to moles of lithium should theoretically 

determine the molecular weight of the final monomer; a ratio of 100 moles monomer (cycles, 

not 100 moles of each repeat unit) to 1 mole catalyst should result in a PVMS with MW of 

roughly 25,000 g/mol.   

 Using butyl lithium as a catalyst is convenient because it is commercially available, 

but in order to use the polymer as part of an alkoxy-cured network, both ends of the polymer 

should be functional.  To make a polymer with two hydroxyl end groups, a bifunctional 

initiator was made.  The method for making dilithium diphenylsilanolate (DLDPS) is well 

established.
7
  First, diphenyl silane diol (DPSD) was dried using two approaches: either by 

several freeze-dry cycles, or by melting the DPSD under vacuum to evaporate any water 

present.  Dry THF was distilled over sodium, and dry benzene was distilled over molecular 

sieves.  Then, the dry benzene and dry THF (≈ 20 ppm water) were used in a 50/50 volume 
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ratio to make a solution with the dried silane diol.  Butyl lithium was added dropwise until all 

the silane diol was converted into dilithium diphenylsilanolate.  

 Di- and triblock copolymers of PVMS and PDMS were made with butyl lithium or 

the DLDPS initiator (see Figure A.6 for reaction scheme, Figures A.8-11 for GPC results).   

 

 

 

 

Figure A.6: Anionic ring-opening polymerization reaction of cyclic dimethyl 

and vinyl methyl siloxanes into diblock siloxane polymers using butyl lithium 

as a catalyst, and into triblock siloxane polymers using dilithium 

diphenylsilanolate as a catalyst (m and n=100+). 
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Figure A.7: Gas chromatography/mass spectrometry of dimethyl cyclic 

monomers after distillation. 

 

 

 

Unfortunately, the yields for these reactions were low, as the distilled dimethyl siloxane 

cycles were primarily eight-membered rings (see Figure A.7), which are much less reactive 

than both six-membered rings of dimethyl cyclics and  eight-membered rings of vinyl methyl 

cyclics. 
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Figure A.8:  Comparison of different AROP synthesis GPC results. Ratios are 

moles of monomer to initiator.  Diblock and triblock copolymers are PDMS-

PVMS copolymers. 

 

 

 
Figure A.9:  Kinetic study of PVMS AROP using butyl lithium as a catalyst.  

Time indicated is the time of reaction after injecting lithium.  The reaction 

goes to completion quickly. 
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Figure A.10:  PVMS homopolymer made with difunctional initiator, showing 

both polymer (at elution time ~28 min) and residual monomer (elution time 

~41 min). 

 

 

 
Figure A.11:  Molecular weight comparison of PVMS and PVMS-co-PDMS 

made with butyl lithium catalyst using AROP.  The copolymer is lower 

molecular weight due to the usage of eight-membered dimethyl siloxane 

cycles, which are less reactive than vinyl methyl siloxane cycles. 
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 Many AROP reactions did not proceed properly due to the difficulty of preventing 

any air or water from entering the reaction vessel.  First of all, the glassware and solvents 

must be thoroughly dried, and the THF in particular is difficult to keep sufficiently dry.  

Additionally, the difunctional initiator would deactivate over time due to exposure to water 

or air.  Finally, when the reaction was allowed to proceed for long times, lower molecular 

weights may have resulted due to backbiting, which has been noted by other groups.
8
  

Reports from other researchers
9,10

 indication that monomers are consumed by 90-95% within 

3 hours (see Figure A.12). If the reaction proceeds with only 10% of the original amount of 

monomer remaining, it is possible that there will be more chain cleavage occurring, which 

will decrease the polymer molecular weight. Also, because the reactivity of monomers varies 

by the size of the ring as well as the constituents on the ring, the less reactive monomer 

should always be added first, followed by the more reactive monomer.
5
  

 

   

 
 

Figure A.12: Copolymerization of six-membered rings of both vinyl methyl 

siloxane (V3) and dimethyl siloxane (D3) in THF initiated with n-BuLi at 

25°C.
11
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 Although the starting material for the condensation reactions (PJ Fluid) is not 

currently available, it is also possible to make these short chain hydroxyl terminated PVMS 

and PDMS precursors in the lab. A dichlorosilane treated with an aqueous hydrochloric acid 

solution will give both short chain segments and rings.
2
  These short chains can be used for 

condensation reactions for making PVMS, PDMS or random copolymers of PDMS/PVMS. 
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Table A.1 Summary of synthesized PVMS and PDMS-PVMS copolymers.  Molecular 

weights are rounded to the nearest thousand g/mol.  N/A indicates the molecular weight or 

PDI were not determined, usually due to insufficient yields. 

 

Synthesis 

Date 

Polymer Type Synthesis 

Method 

Molecular 

Weight 

(g/mol) 

PDI Initiator Type, 

Amount 

5-17-2010 PVMS 

Homopolymer 

Condensation 10,000 1.438 LiOH, 30 ppm 

5-28-2010 PVMS 

Homopolymer 

Condensation 33,000 2.443 LiOH, 40 ppm 

6-28-2011 PVMS 

Homopolymer 

AROP N/A N/A BuLi, 1 mol 

Li:100 mol 

Monomer 

6-30-2011 PVMS-co-PDMS Di AROP N/A N/A BuLi, 100 mol 

D3: 250 mol 

V3:1 mol Li 

7-13-2011 PVMS-co-PDMS Di AROP N/A N/A BuLi, 100 mol 

D3: 100 mol 

V3:1 mol Li 

7-21-2011 PVMS-co-PDMS Di AROP N/A N/A BuLi, 80 mol D3: 

20 mol V3:1 mol 

Li 

4-4-2012 PVMS 

Homopolymer 

(Kinetic Study) 

AROP 25,000 1.077 BuLi, 100 mol 

V3: 1 mol Li 

4-6-2012 PVMS-co-PDMS Di AROP 8,000 1.066 100 mol 

monomer: Li  

5-16-2012 P(DMS-co-PVMS) 

diblock 

AROP 29,000 1.046 300 mol D3: 56 

mol V3: 1 mol Li 

8-28-2012 PVMS 

Homopolymer 

AROP 39,000 N/A DLDPS, 300 mol 

V3 : 1 mol 

DLDPS (2 mol 

Li) 

8-9-2013 PVMS 

Homopolymer 

AROP 78,000 1.584 400 mol V3: 1 

mol Li 

5-23-2013 PVMS 

Homopolymer 

Condensation 15,000 N/A LiOH, 10 ppm 
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