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can be created and transferred onto a strained elastomer, which upon 

destrain will form wrinkles.  Irradiation with 365 nm light (or a light 

source matching photoinitiator absorbance) will create bond 

reshuffling, relaxing the stress in the thin film that was introduced 

during the wrinkle process, thus regenerating a flat surface.  If the 

bilayer is restrained, and the surface irradiated with light, the thin film 

will relax in the elongated state, and upon destrain will wrinkle again.  

The generic functional group, R, denotes attachment to a thiol-ene 

network. ................................................................................................... 99 
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 5.3.   Formation of wrinkled particles using CuAAC ‘click’ chemistry. 
Organic multifunctional azide and alkyne monomers and organic 

solvent are suspended in an aqueous solution containing copper (I) 

and stabilized at the oil-water droplet interface by surfactant.  Because 

specific species of copper (I) do not readily dissolve in the organic 

phase, polymerization is limited to the droplet interface, forming a 

shell.  Diffusion of the copper into the droplet will dictate shell 

thickness.  Upon filtering the particles and deswelling the organic 

solvent, wrinkles will spontaneously form due to the elastic modulus 
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Wrinkling/buckling on elastomers represents a cost-effective approach to 

creating surface topography, leading to a broad range of coating and templated assembly 

applications.  Despite the versatility of wrinkling, several challenges hinder the 

development of wrinkled performance materials including a limited ability to confine 

and orient the wrinkles and the lack of commercial scalability due to the processing 

techniques that are currently utilized in wrinkle formation.    

Using thiol-ene ‘click’ chemistries, characterized by rapid kinetics and high 

selectivity under ambient conditions, we have developed rapidly-curing photo-wrinkle 

systems.  To generate wrinkles, tetra-thiol and excess di-acrylate, embedded 

photoinitiator and photoabsorber, is reacted to form a thick acrylate-rich elastomer.  

Upon straining and irradiating the material with UV light, the photoinitiator triggers free 

radical polymerization of the pendant acrylates in the network, while the photoabsorber 

confines the light to a thin layer at the surface of the elastomer, thus creating the 

conditions necessary for wrinkling. Light affords spatiotemporal control over wrinkle 

formation, which enables facile wrinkle alignment and confinement, the formation of 

complex patterns with multiple distinct wrinkle wavelengths, and the formation of 

gradient wrinkles, all under ambient conditions. 

Leveraging oxygen inhibition of the free radical polymerization, we can also 

post-functionalize the wrinkled surfaces through sequential thiol-ene reactions of 

functional monomers.  By first reacting the surface acrylates to excess tetra-thiol in 

solution, which converts the acrylate-rich surface into a thiol-rich surface, we develop 
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a functionalization scheme that enables photopatterning of chemical moieties using a 

second photoinitiated thiol-ene reaction.  As a demonstration, we employ these wrinkled 

substrates as cell culture platforms for the alignment of human mesenchymal stem cells 

(hMSCs) towards tissue engineering applications.  Specifically, substrates 

functionalized with an RGDS-containing peptide showed drastic increases in hMSC 

density and spreading.  Importantly, when cultured on wrinkled substrates, these hMSCs 

exhibit cell alignment along the troughs of the wrinkle structures, demonstrating the 

importance of both topography and chemistry in controlling surface properties.     

Alternatively, wrinkles can be formed via flowcoating and polymerizing thiol-

ene monomer thin films, which can be transferred onto a softer thiol-ene elastomeric 

substrate.  The flowcoating process enables formation of sub-micron wrinkle 

wavelengths by controlling film thickness and modulus mismatch between the film and 

the substrate layers.  Through photopatterned UV light, wrinkle features can be spatially 

confined and aligned, and using a layer-by-layer process, wrinkle features can be 

discretely tuned across the surface.  Importantly, due to the modular nature of thiol-ene 

‘click’ chemistry, monomers can be exchanged to not only independently control the 

modulus of the film and the substrate, but may also facilitate future development of 

functional and stimuli-responsive polymer thin film systems.  

The versatility of the thiol-ene polymerization allows the design of more 

intricate polymer networks towards wrinkling applications.  Through careful selection 

of the monomers used and precise stoichiometric control, the ‘click’ nature of the thiol-

ene reaction ensures high tunability of the of the elastomer, ultimately enabling tailored 

control over modulus, chemistry and topography for targeted material applications. 
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INTRODUCTION 

 Polymer science and engineering, first investigated in the early-1800s, has 

expanded into a rich field of research, which has led to the development of widely-

recognized materials including nylon, Kevlar, Teflon/PTFE, poly(styrene), bisphenol 

A, among many others.  Even DNA, itself a polymer, has been self-assembled into 

unique configurations such as the iconic smiley-face, in what is now known as DNA 

origami. [1]  While the library of polymerization techniques and chemistries has 

expanded, the main motivation for polymer science and research has remained 

consistent – understanding structure-property relationships, which enable tunability of 

properties toward materials development.   

 For fields such as biotechnology, coatings, thin films and nanotechnology, 

understanding the surface properties of polymers is vital to new materials development.  

Viscoelasticity is a critical property that is controlled to engineer polymer surfaces.  In 

pressure sensitive-adhesives (PSAs), for example, it has been shown that the storage 

(G’) and loss (G”) shear moduli determine the end-use applications of the PSA, [2] as 

the elastic and dissipation components of the shear modulus will affect how the PSA 

will adhere to and delaminate from a surface.   Another example of moduli-influenced 

behavior is in the biomaterials field, where many authors have demonstrated moduli-

dependent cell proliferation and differentiation. [3-9] 

 Surface chemistry presents another avenue for surface property tunability.  From 

physical adsorption to covalent reactions of functional moieties, different methods have 
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been employed to modify the chemistry at the surface of a material.  Glass, for example, 

has been functionalized through both covalent (i.e., silane agents) [10,11] and 

noncovalent means (i.e., layer-by-layer (LbL)). [12]  Commercial products, such as 

Rain-X, which renders car windshields hydrophobic through adsorption of a proprietary 

chemical mixture, have also been developed.  3,4-dihydroxyphenylalanine (DOPA), a 

chemical found in the adhesive protein of mussel glue, has found uses in coating 

applications, including adhesives and electroless metal deposition [13-16].  

Polytetrafluoroethylene (PTFE) (i.e., Teflon) has been used in a number of coating 

applications (i.e., non-stick pans, biomedical devices, etc.) [17] due to its high chemical 

inertness which is a direct consequence of strong carbon-fluorine intramolecular 

bonding.  With the rapid growth in biomaterials and biotechnology research, significant 

efforts have been invested in mediating or preventing cell attachment (antifouling) to 

material surfaces. [18-20]  

Despite the extensive body of literature on the effects of modulus and surface 

chemistry on material performance, there is a limit on these two material parameters in 

designing polymer surfaces.  While polymer materials with moduli ranging from pascals 

to gigapascals have been developed, to induce different responses from either the 

material or the environment that a material is in, requires changing the moduli several 

orders-of-magnitude.  In the case of PSAs, a roughly two order-of-magnitude difference 

in the storage and viscous moduli are required to tailor the application of the PSA (i.e., 

from cold temperature PSAs to high-shear PSAs). [2]  Likewise, neural stems cells can 

differentiate into neurons on substrates with moduli ranging from 100-500 Pa or glial 

cells on substrates with moduli ranging from 1000 – 10,000 Pa. [21]  More recent studies 

have also shown that substrate modulus will affect the efficiency of cell attachment. 
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[18] Surface functionalization is limited by the available surface area that can be 

functionalized.   

 To overcome these limitations, researchers are increasingly focused on nature – 

specifically on a diverse set of naturally occurring materials that contain texture or 

topography. Topography is a critical component in materials design, responsible for a 

multitude of naturally-occurring phenomena like the superhydrophobicity and self-

cleaning properties of the lotus leaf. [22-24] the drag reduction of shark skin, [24] the 

bed-bug-trapping capability of a special bean leaf that has microhooks on its surface, 

[25] and the quintessential example of topography in action – the gecko foot. [26-32]  

The gecko foot contains nearly five hundred thousand hair-like setae, which branch off 

into billions of nanoscopic spatulae.  Combined, these hairs create billions of adhesive 

contacts due to molecular van der Waals interactions between the gecko foot and the 

surface to which it is attached.  The result is a reversible, super adhesive that leaves no 

residue and can be used repeatedly across just about any surface.     

 Because of the unique properties afforded by topography, there has been 

concentrated efforts in adapting these micro- and nano- structures to synthetic materials 

such as polymers.  Synthetic gecko tape, for example, is being developed by NASA as 

a potential replacement for Velcro in space, while the micropapule structures on the 

surface of lotus leaves have led to the development of superhydrophobic polymer 

materials. [23]  Interestingly, Velcro itself is a bio-inspired material based on burr seeds, 

which contain millimeter-sized hooks that allow the seeds to cling to animal fur for 

dissemination.   

 To create these ‘bioinspired’ designs, various techniques have been employed 

to replicate the surface structures on polymeric materials, including chemical etching, 
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[33-36] e-beam lithography/laser ablation, [37,38] imprint lithography, [35,39] and 

more recently 3D-printing. [40,41]  However, many of these protocols are time and 

labor intensive, which prohibit translation into industrially relevant applications.  An 

alternative approach to generating topography is material wrinkling or buckling on 

polymer surfaces.  Though wrinkles are traditionally viewed as defects, they were 

deliberately introduced onto polymer surfaces in 1998, and have since provided a rapid, 

low-cost method for generating topography, ranging from millimeter to nanometer 

length scales, over large surface areas.  Because of the facile fabrication techniques to 

produce wrinkled structures, the last 20 years has seen a rapid growth in the volume of 

wrinkle literature towards phenomenological understanding and application 

development.   

 The following sections will introduce wrinkling theory, wrinkling applications 

and provide an overview of photopolymerizations, polymer networks and ‘click’ 

chemistry concepts. 

1.1 Material Wrinkling/Buckling Theory 

Wrinkling or buckling are out-of-plane mechanical instabilities that occur in 

composite materials, leading to the formation of a periodic surface topography that can 

span length scales ranging from kilometers to nanometers.  Traditionally, buckling has 

been viewed as a material defect (i.e., buckling railroad tracks under heat [42] or the 

buckling of composite airplane wings during WWII [43]), with studies dating back to 

1744, when Euler analyzed columns under compressive loads. [44]  More recent 

investigations of wrinkling phenomenon in the last 60-70 years has led to the 

development of important wrinkling theories and equations which lend themselves to 
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the understanding and characterization of wrinkled features. [42,44,45]  The simplest 

view of wrinkling is a two-layer composite plate [42,44,45] (Figure 1.1).   

 

1.1  Wrinkle Formation Schematic.  Wrinkles form when a thick foundation 

exerts lateral compressive stresses on a thinly adhered skin layer.  Wrinkle 

wavelength is a function of skin (or film) modulus (Es), foundation (or 

substrate) modulus (Ef) and thickness of the film, hs. 

The first layer is an infinitely thick elastic foundation with a modulus of Ef.  This 

foundation layer is deformed, most typically through thermal expansion, solvent 

swelling, or mechanical strain, upon which a thin, high modulus (Ef) skin layer is 

strongly adhered.  When the deformation on the foundation is released, it will exert an 

in-plane compressive stress on the skin layer.  Above a critical force, sinusoidal wrinkle 

structures spontaneously form in the skin, the result from the minimizing the bending 

energy of the skin layer (which favors large wavelengths) under compression and the 

stretching energy of the foundation (which favors small wavelengths). [43]   The 

equation for wrinkle wavelength is:  
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where λ is the wrinkle wavelength, h is the height of the skin layer, subscript f and s are 

the foundation and skin, respectively, ν is the Poisson ratio and E is the elastic modulus.  

As shown in Equation (1), the wrinkle wavelength is a function of the material 

properties of the skin and foundation layers and scales linearly with the thickness of the 

skin layer.  The wrinkle amplitude equation is given as [46]: 
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where ε is the applied strain and εc is the critical strain, defined only by the modulus 

mismatch of the skin and foundation layers:  
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There are several considerations that must be considered when applying the above 

equations. First, these equations assume a linear mechanical response in the material 

under strain. For viscoelastic materials (e.g., polymers), the applied strain must lie 

within the linear viscoelastic region (LVR) for that specific material.  Under large 

deformations, Jiang and coworkers demonstrated a strain-dependent wrinkle 

wavelength and amplitude [47]: 
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where λ0 and A0 are the wrinkle wavelength and amplitude equations 1.1 and 1.2 

respective, and  = 5ε(1+ε)/32.   
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The second limit occurs when either the skin layer is too thick or the foundation layer 

is too thin, resulting in a macroscopic bending of the entire bilayer composite as shown 

in Figure 1.2.  This phenomenon is known as global buckling (as opposed to wrinkling, 

which is called ‘local buckling’).  Wang et al. investigated material conditions that led 

to the local to global buckling transition, developing a global critical strain equation, 

global

c , [48] and found that the type of buckling was determined by the ratio of the film 

and substrate thicknesses and the ratio of the length of the material to the film thickness 

(Figure 1.2b).    
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a. 

 
b. 

 

1.2  Criteria for Local vs Global Buckling. A) When a thick substrate 

exerts lateral compressive stresses on a thin film, local or global 

buckling may occur.  Local buckling results in periodic sinusoidal 

structures, otherwise known as wrinkling.  In global buckling, the 

bilayer experiences a deformation that affects the entire material.  

B) The global to local buckling transition is governed by the ratio 

of the material length to the film thickness as well as the substrate 

to film thickness ratio.  Images adapted with permission from 

Wang S. et al. Appl. Phys. Lett., 2008, 93, 023126.  Copyright 2008 

AIP Publishing LLC. [49]  
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A multitude of non-sinusoidal wrinkled structures have been experimentally and 

theoretically identified, including ridges, folds, creases, double wrinkles (period-

double), and delamination.  In 2015, Wang et al. through computational and 

experimental design, created the first wrinkle phase diagram, carefully mapping out the 

prerequisite conditions for each of these phases [50].  As shown in Figure 1.3, the three 

parameters that dictate wrinkle morphology are modulus mismatch, mismatched strain 

(defined as [Lengthskin-Lengthfoundation]/Lengthskin), and adhesion strength of the skin to 

the foundation.  At low strains and low moduli mismatch (i.e., below the critical strain), 

bilayer materials will remain in a flat state as expected.  Increasing the modulus 

mismatch at low strains will induce sinusoidal wrinkling structures, while the opposite 

will introduce creasing and folds.  At high strains and high modulus mismatch, ridges 

and period doubling will occur.  The adhesion parameter affects where these transitions 

occur, with low adhesion energy favoring delamination of the skin layer.  
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1.3  Phase diagram for various wrinkling structures.  Type of topography 

is dictated by the film modulus to substrate modulus ratio (μf/μs), the 

mismatched strain (εm) and normalized adhesion energy (Γ/μsHf).  Image 

adapted with permission from Wang, Q. and Zhao, X. Scientific Reports, 

2015, 5, 8887.  Copyright 2015 Nature Publishing Group. [51] 

 Experimentally, many wrinkling systems have been developed with various 

combinations of elastic polymer foundations (elastomers) and high modulus skin layers.  

With these material systems, three methods of elastomer deformation have been 

commonly utilized to form wrinkles: thermal expansion, solvent or monomer swelling, 

or mechanical strain.  

In the very first demonstration of controlled wrinkling by Bowden and 

coworkers in 1998, a thin skin layer of gold or titanium was deposited via electron beam 

evaporation onto a poly(dimethylsiloxane) (PDMS) elastomer foundation. [52]  In this 

example, mechanical deformation was introduced via local heating of the PDMS surface 



 11 

during the gold deposition process; heating of the polymer surface results in thermal 

expansion at the surface.  Upon cooling, the PDMS surface returned to its original length 

and given the modulus mismatch between the gold layer and the PDMS elastomer, 

wrinkles were formed.  Following this work, Bowden et al. developed an alternative 

method of wrinkle formation. [53]  Exposing a heated PDMS elastomer surface to 

oxygen plasma, the siloxane at the PDMS surface was chemically transformed into a 

hard, nanometer-thick silicate (glass) skin. Upon cooling the system, wrinkles were 

again, spontaneously generated.  This process was unique as it enabled the formation of 

a covalently-bound skin layer, preventing delamination of the skin from the foundation, 

especially when the material was exposed to large deformations.  A number of other 

groups have also employed PDMS elastomers, either opting to form the skin layer 

through other oxidation methods (i.e., UV-ozone (UVO) or strong acids [54-58]) or by 

transferring thin, flowcoated/spincoated polymer films onto a strained PDMS elastomer. 

[59,60] The latter option enables more tunability of the surface properties (i.e., thermo- 

or photoresponsive wrinkle systems). [61,62] 

 Swelling-induced wrinkling has also been studied.  The Crosby group, for 

example, used stencils to mask specific areas of the PDMS surface, selectively oxidizing 

only the exposed portions of an unstrained PDMS elastomer surface. [63] Though in the 

absence of strain, this bilayer system remained planar, solvent could be swelled into the 

material to induce wrinkling.  Alternatively, Chan and Crosby used photocurable n-

butyl acrylate as the swelling agent.  In this instance, the n-butyl acrylate could be 

photocured after swelling into the PDMS, thereby stabilizing the wrinkle structures that 

were formed.  Guvendiren and coworkers developed a photocured hydrogel system, 

using poly(hydroxyethyl methacrylate) (PHEMA), photoinitiator, and a crosslinked 
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ethylene glycol dimethacrylate (EGDMA). [64]  Due to oxygen inhibition of the 

photopolymerization, a modulus gradient was introduced into the surface of the 

hydrogel.  Upon water exposure, lamellar, peanut, and hexagonal patterns were 

observed, depending on the amount of crosslinker that was added, since the crosslinker 

amount affects mechanical properties at the surface of the hydrogel.  As the authors 

noted, the swelling-induced structures formed as a result of competing forces of osmotic 

pressure at the surface and lateral confinement of the material.   It is worth noting, 

because swelling ratios can be large, especially in hydrogel systems, the mechanical 

deformation that is introduced into the polymer is far greater than the critical strain 

necessary for wrinkling.  This results in high aspect ratio creasing structures, rather than 

the low aspect ratio sinusoidal wrinkles.   

One of the main drawbacks of thermal or swelling-induced wrinkling is poor 

wrinkle alignment.  In the first works by Bowden et al. for example, wrinkle alignment 

could only be induced by placing physical stencils on top of the PDMS elastomer or by 

introducing step changes in the PDMS elastomer surface prior to the skin formation. 

These two processes introduced boundaries, which forced the wrinkles to align 

perpendicular to these boundaries.  In swelling-induced wrinkling, because the osmotic 

pressure at the surface of the polymer is isotropic, the resultant wrinkle structures may 

form in any orientation, only aligning at material boundaries.   

Rather than using thermal expansion or solvent swelling to form wrinkles, 

Efimenko and coworkers showed that aligned wrinkles could be formed by uniaxial 

mechanical straining a PDMS. [56]  Upon skin formation and destrain, wrinkles aligned 

perpendicular to the direction of strain.  Interestingly, the authors showed that the 

wrinkling phenomenon exhibited a hierarchical fractal design under high prestrain.  
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Similar to the multi-length scale hairs found on the gecko foot, five generations of 

wrinkle wavelengths, ranging from tens of nanometers to hundreds of microns, were 

discovered through slow and careful destraining of the PDMS/silicate system.  Each 

generation of wrinkles were ‘nested’ in the next larger generation of wrinkles, thereby 

forming a fractal structure.  Yang and coworkers extended this concept to two 

dimensions, creating well-aligned herringbone structures through sequential biaxial 

strain. [65] 

1.2 Wrinkle Applications 

Wrinkling has found its way into a plethora of material applications.  Because 

of the optical transparency of many polymers, wrinkles and wrinkling techniques have 

been applied to the development of optical coatings, diffraction gratings, and lense-like 

materials.  Chandra et al. developed concave and convex microarray lenses, employing 

a hexagonally packed hole array copper grid to pattern UVO-treated, strained PDMS. 

[57]  Upon removal of the mask and destrain, the exposed holes on the surface of the 

PDMS buckled, generating the microarray.  Because of the elastic properties of the 

PDMS, the microarray focal length could be tuned simply by stretching the film.  Kim 

and workers used wrinkled photovoltaic devices to increase light harvesting in their 

organic photovoltaic device, demonstrating a 47% improvement in photocurrent 

compared to a flat control device. [66]   Finally, Ende et al. established a voltage-

controlled wrinkling system.  Using a dielectric elastomer, sandwiched between two 

conducting electrodes, wrinkles could be removed by simply turning the power source 

on or off.  The wrinkle wavelengths themselves were tuned by the amount of voltage 

that was applied.  As the authors note, such a system offers promising applications in 
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switchable mirrors, smart glass, and variety of other tunable electricity-based systems. 

[67] 

Exploiting the topography from wrinkles, a number of different coatings 

applications have also been developed.  Wrinkled PDMS substrates, for example, were 

shown to exhibit increased resistance to marine fouling (i.e., barnacles) for over 16 

months when submerged into seawater and also aided in removal of smaller marine 

organisms by gentle wiping using a Kimwipe. [68]  Wrinkles can also be used to 

fabricate materials capable of tunable adhesion.  Lin et al. demonstrated increased 

adhesion as a wrinkled PDMS elastomer was slowly stretched due to increased contact 

surface area between the PDMS elastomer and a glass probe that was used to measure 

the pull-off force required to detach from the elastomer. [69]  Davis et al. noted modulus 

and wavelength-dependent adhesion of the probe to PDMS elastomers with varied 

mechanical properties. [70]  Several researchers have also combined wrinkles with other 

forms of topography to enhance material functionality, fabricating hierarchical 

structures.  Jeong and coworkers, for example, introduced periodic pillars on top of 

microwrinkled PDMS (λ = 75 μm), creating an adhesive that maintained its original 

adhesion strength over 100 cycles of attachment and detachment, similar to a gecko’s 

foot. [71] 

The influence of topography on cell response has attracted considerable interest 

in the fields of biomaterials and tissue engineering. Specifically, topography has been 

shown to induce physical alignment of the cell body and has also been shown to promote 

cell differentiation among several stem cell lines. [20,36-38,40,72-85]  In the human 

body, for example, major tissues, such as cardial, neural, and bone tissue, require 

cellular alignment for appropriate biological function.  Wrinkles have been utilized as a 
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material platform for inducing cell alignment and differentiation. [64,77,78,80,86]  

Through directed cell differentiation, human mesenchymal stem cells, for example, 

exhibited osteogenic differentiation when cultured on lamellar wrinkle morphologies, 

while hexagonal wrinkle morphologies promoted adipogenic differentiation. [64]  

Myogenic differentiation was also established using an alternative poly(ε-caprolactone) 

wrinkle system with smaller wavelengths. [81]  Wrinkles, being dynamically tunable, 

have also been employed to control hMSC alignment.  Using fibronectin-coated, 

wrinkled PDMS, Guvendiren and Burdick demonstrated reversible cell alignment 

through stretching and destretching of the polymer. [87]  In a prestretched state, the 

material exhibits no wrinkling and thus cannot align the hMSCs.  However, upon 

destrain, wrinkles formed, thus directing cell alignment.  This process could be repeated 

to either induce hMSC alignment or to remove it.      

Stafford and coworkers even adapted the wrinkling phenomenon in developing 

a new measurement technique, strain-induced elastic buckling instability for 

mechanical measurements (SIEBIMM) to probe the elastic moduli of thin films. [59,88]  

In this approach, a thin high modulus polystyrene film was either spincoated or 

flowcoated onto a silicon wafer.  Through interferometry, the thickness of the film was 

measured, and transferred onto a strained PDMS elastomer of known modulus. Upon 

releasing the strain on the PDMS, wrinkles, with wavelength λ, were formed.  

Employing the wrinkle wavelength equation with the measured wrinkle wavelength, 

skin thickness, and elastomer modulus, the modulus of the skin layer is obtained. The 

authors demonstrated that they were able to capture accurately capture the modulus of 

the polystyrene films as thin as 40 nm.   
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1.3 Photopolymerizations 

Photochemistry describes a class of reactions that are activated upon application 

of light (ultraviolet (UV), visible or infrared (IR)) and is a versatile tool in the polymer 

chemistry toolbox, with applications in dental materials, [89-94] 3d-printing, [95] 

microchip fabrication, [96] stimuli-responsive materials, [97-103] among many others.   

For a photochemical reaction to occur, the absorption spectra of the initiating 

species (i.e., photoinitiator) must have some overlap with the emission spectra of the 

light source.  Upon irradiation, the initiating molecule will absorb an incoming photon; 

in photochemical processes, one photon will lead to a single reaction event.  However, 

for the reaction schemes discussed in this thesis, the initiating species triggers a 

‘cascade’ event.  If the absorbed photon has sufficient energy, electrons in the target 

molecule will transition to an excited singlet state. [104]  At this point, the excited 

molecule can experience either (1) fluorescence (excited state to ground state), (2) 

intersystem crossing (ISC) to a triplet state, which generates a reactive intermediate that 

can trigger the desired chemical reaction, (3) phosphorescence (triplet state to ground 

state), or (4) dissipation of the absorbed energy in the form of heat.  In the context of 

photochemical reactions, only (2) can lead to a chemical transformation in the form of 

isomerizations, bond forming or bond breaking, all of which have been demonstrated in 

a variety of photopolymerization systems.   

Photochemistry offers several unique advantages over traditional reactions.  

First, due to the high energy of photons, photochemical reactions can be carried out 

rapidly under ambient conditions. [104]  The energy of a single photon can be calculated 

using Ephoton = ħc/λ, where ħ is Planck’s constant, c is the speed of light, and λ is the 

wavelength of light used.  At commonly used wavelengths, including 365 nm, 405 nm, 

and 470 nm, the energy of an incident photon is roughly 130 times, 120 times, and 100 
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times, respectively, more than the thermal energy, kT, required to activate a reaction at 

room temperature.  A consequence of using such high energy photoinitation is that 

photoactive species tend to be stable at room temperature in the absence of the light 

source. This leads to the second advantage, spatiotemporal control.  By simply turning 

the light source on or off, the reaction can be activated or deactivated, offering a facile 

means to initiate or terminate a photochemical process at any time. Moreover, 

photochemical reactions can also be controlled spatially, often utilized in development 

of micro- or nano- structured polymer materials.  For 2D spatial control, photomasks 

are employed to selectively expose or shield the photoactive material to the light in a 

process known as photolithography.  Exposed areas will polymerize, while the 

unexposed areas remain unreacted and can subsequently be rinsed away with solvent.  

With more complex optical setups, it is also possible to gain 3D spatial control, enabling 

the formation of 3D polymeric structures with nanoscale resolution. [105-108]  Lastly, 

because many photochemical procedures can operate in the absence of solvent or harsh 

processing environments, they are also considered a ‘greener’ process.   

While photochemistry offers excellent control over reactions, there are two 

primary limitations.  First, reactions are affected by the light intensity and is governed 

by the Beer-Lambert Law, as shown in Equation 1.6:  

 𝐼 =  𝐼0 10−𝜀𝑐𝑑  (1.6 ) 

where I is the intensity exiting the photoactive material, I0 is the incident intensity, ε is 

the molar absorption coefficient, c is the concentration of the absorbing species and d is 

the optical path length (i.e., thickness of the photoactive material).  In other words, light 

intensity decays exponentially as it passes through a material. For 
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photopolymerizations, because the rate of polymerization Rp, scales with absorbed light 

intensity, Ia [109]: 

 𝑅𝑝 ~ (𝐼𝑎[𝑃𝐼])𝛼  (1.7)

  

where [PI] is the photoinitiator concentration and α is a constant (0.5 for bimolecular 

termination and 1.0 for unimolecular termination), the rate of reaction in the lower 

layers of the material will be slower compared to the rate at the surface.  Additionally, 

the absorption profile may change as a function of time.  As the photopolymerization 

occurs, and various species chemically transform, the absorbance of the material can 

increase (photodarken) or decrease (photobleaching), which may further alter the rate 

of polymerization.  Because of the Beer-Lamber law, the absorption profile of a material 

may also be tuned via the addition of photoabsorbers, compounds that absorb specific 

wavelengths of light strongly but do not contribute to the reaction.  For commercial 

photoabsorbers, the energy absorbed by the photoabsorbing molecule is converted into 

an intramolecular bond-forming process.  The above factors must be considered when 

designing photopolymerized systems, particularly if the samples are ‘optically thick’, 

as the variation in polymerization rates may lead to variations in material property 

within the sample.  

Photolithography also sets a lower limit on polymerization resolution.  Because 

of light diffraction, it is impossible to spatially pattern features smaller than the 

wavelength of the light source that is used.   However, recent advances have enabled 

patterning of sub-diffraction features, including multiphoton absorption [105-107] and 

two-beam optical lithography. [108,110,111]  In multiphoton absorption, the 

photoactive species must absorb n photons to reach an allowed excited state.  Through 

a pulsing femtosecond infrared laser, focused through a high numerical aperture 
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microscope objective, it is possible to confine features down the hundreds-of-

nanometers length scale. In two-beam optical lithography, two beams are superimposed 

over the area where reaction is desired.  The first beam is used to excite the photoactive 

molecules. A second donut-shaped beam (center of the beam is dark) is overlapped with 

the former, inducing depletion of the excited state of the molecules in the outer areas 

around the first beam, inhibiting any reaction from occurring where the two beams 

overlap. This process has led to the polymerization of nanowires with as low as 9 nm 

diameters. [110] 

1.4  ‘Click’ Chemistry and Polymer Networks 

In 2001, Sharpless, Kolb and Finn defined a new concept for the chemical 

synthesis called ‘click’ reactions, allowing the linking of heteroatoms (C-X-C). 

[112,113]  To be considered a ‘click’ reaction, it had to be ‘modular, wide in scope, give 

very high yields, generate only inoffensive by products that can be removed by 

nonchromatographic methods, and be stereospecific’. Other criteria included 

insensitivity to oxygen and water, reacting under mild conditions, and orthogonality to 

other chemical reaction schemes. These criteria pointed to one thing – simplicity.  The 

purpose of the ‘click’ concept was to develop a library of simple reactions, regardless 

of when the reaction was first discovered. 

One of the more widely utilized ‘click’ chemistries is the thiol-ene reaction.  

Despite being utilized as early as the 1930s, thiol-ene chemistry wasn’t recognized as a 

‘click’ reaction until 2010 by Hoyle and Bowman. [114,115]   

The thiol-ene reaction is a reaction between a thiol with a vinyl (C=C) functional 

group, generating a single covalent S-C bond.  The reaction can proceed via one of two 

mechanisms as shown in Figure 1.4, which is dictated by the ene species.  If the ene is 
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electron deficient, this reaction will proceed through Michael-type addition (Figure 

1.4a).  In the presence of a base catalyst, a hydrogen will be abstracted from the thiol, 

generating a thiolate anion.  This thiolate anion will subsequently attack an ene, forming 

a S-C bond and a carbanion.  Finally, this carbanion can abstract a hydrogen from a new 

thiol molecule, creating another thiolate anion.  In the presence of a nucleophilic 

catalyst, a carbanion is generated on the ene as the starting point in the reaction rather 

than a thiolate.  It is also worth mentioning that special photo-caged base catalysts have 

been developed to afford spatiotemporal control to the thiol-Michael reaction. [116,117]  

These photo-caged bases are molecules that cleave when irradiated with a specific 

wavelength of light, generating a highly reactive base catalyst to trigger the thiol-

Michael reaction.  

If the ene is electron-rich, the thiol-ene reaction will proceed through a radical-

mediated pathway in the presence of a radical initiator (Figure 1.4b).  The reaction 

mechanism is similar to that of the base-catalyzed Michael reaction, with the thiyl 

radical being formed rather than the thiolate anion.  It is important to note that despite 

being a radical mechanism, this reaction is not inhibited by oxygen, unlike traditional 

free radical homopolymerizations.  This is because when a thiyl radical reacts with 

oxygen (O2) to form S-O-O., which can further abstract a hydrogen from a thiol to 

continue the reaction cascade.   

1.4.1 Thiol-ene kinetics 

The structure of thiol and ene monomers will affect the reactivity and kinetics. 

[114,115,118-121]  With respect to ene monomers, the functional group reactivity 

increases as the electron density of the ene decreases, as follows: 
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norbornene > vinyl ether > propenyl > alkene > N-vinylamide > allyl 

ether > allyltriazine/allylisocyanurate > acrylate > N-substituted 

maleimide > methacrylate > styrene > conjugated diene   

 

The four exceptions to the reactivity trends here are norbornene, which has the highest 

reactivity associated with instability due to ring strain, and 

methacrylates/styrene/conjugated dienes which are less reactive, being a more stable 

intermediate when a hydrogen is abstracted.     

For radical mediated thiol-ene reactions kinetics, the more electron-rich the C=C 

is, the faster the reaction will proceed.  Because the C=C is adjacent to an electron 

donating moiety, these reactions will proceed in a step-growth mechanism with thiol 

monomers rather than a chain growth mechanism with itself, which commonly 

associated with free radical polymerizations.  
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a. 

 
b. 

 

1.4  Thiol- Michael and thiol-ene reaction schemes.  A) In a thiol-Michael 

reaction, a catalytic base abstracts a hydrogen from a thiol monomer, 

generating a thiolate anion, which will subsequently form a covalent bond 

to an electron deficient ene.  This generates a carbanion on the ene species 

which can further abstract another proton from a thiol monomer, thus 

repeating the entire cycle. B) The thiol-ene reaction follows a similar 

mechanism except that it requires an initiator (i.e., photoinitiator) to 

catalyze the reaction.  
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For thiol-Michael reactions, Chan et al. showed varied success when reacting 

different base catalysts with thiol and electron-deficient ene monomers. Simple 

alkylamine and catalysts (i.e., triethylamine) showed faster kinetics with increasing 

nucleophilicity of the catalytic species. [119]  The authors also employed a series of tri-

substituted phosphine nucleophilic catalysts, which exhibited reaction rate constants 

orders of magnitude higher than their alkylamine counterparts.  Other nucleophiles that 

can be used include water-soluble bicyclic amidines and imidazoles.  Beyond the rapid 

kinetics of the nucleophile-mediated Michael addition, Chatani and co-workers 

introduced temporal control, combining catalytic amounts of triphenylphosphine with 

methanesulfonic acid. [122]  The incorporation of methanesulfonic acid created an 

induction period, where no reaction occurred.  After the induction period, the reaction 

proceeded at the same rate as if no acid was introduced.  This temporal control is 

significant as it allows time for the thiol-ene monomers to be mixed and cast without 

any significant reaction occurring. One final important consideration in the utilization 

of nucleophilic catalysts is the potential to trigger unwanted side reactions including the 

aza-Michael or oxa-Michael reaction in the presence of water.  However, given the 

speed of the reaction, the temporal control, and the relatively small amount of 

nucleophilic species added (catalytic), the desired thiol-Michael reaction is easily 

achieved with minimal side reaction.   

1.4.2 Polymer Networks 

To form the elastomers used in wrinkling applications, liquid monomers are 

typically reacted to form a single, continuous polymer network.  Multifunctional 

monomers can be used to physically or chemically join two or more polymer chains 

together, known as ‘crosslinking’.  As conversion, p, for a liquid monomer species goes 
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from zero (no reaction) to one (complete conversion), low molecular weight polymer 

chains begin to form.  As the polymer molecular weight increases further, the polymer 

will become insoluble in the liquid monomer, thus forming a gel.  The conversion at 

which an infinite polymer network is formed  through linking of smaller polymer units 

is called the ‘gel point’. [123]  Further conversion of the liquid monomer will add to the 

solid gel until the liquid monomer is either fully reacted or cannot reach a reactive site 

due to diffusion limitations.   

The molecular weight evolution of the polymerization can occur through two 

distinct reaction mechanisms, step-growth and chain-growth.  A step-growth 

mechanisms are characterized by very rapid consumption of the monomers to form a 

distribution of low molecular weight species, which ultimately further react to form a 

continuous network.  The presence of the low molecular weight species at the initial 

stage of the polymerization enables the reaction to proceed to very high functional group 

conversions before gelation occurs.  Macroscopically, networks formed via step growth 

mechanisms tend to be more homogeneous.  

A chain-growth mechanism, on the other hand, is characterized by a very rapid 

increase in polymer molecular weight at low monomer conversions. As opposed to 

forming smaller dimers/trimer/tetramer units which will add to one another, chain-

growth polymerizations promote addition of monomers to a few propagating chains. 

Because high molecular weight polymers are generated rapidly, chain-growth polymers 

achieve gelation at lower monomer conversions, which can lead to diffusion-limited 

conversion of the monomer species and a more heterogeneous network compared to a 

step-growth polymer.    
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The mechanical properties (i.e., modulus) of the resultant networks can be tuned 

by the molecular structure of the monomer species and number of functional groups per 

monomer.  Monomer species containing flexible aliphatic chains (polybutadiene), for 

example, will yield more stretchable polymers, whereas monomer species with more 

rigid ring structures (i.e., BPA, polycarbonate) will yield much higher modulus 

materials.  The number of functional groups per monomer affects the crosslink density 

of a network, which is a measure of how many crosslinks exist per unit volume and can 

be related to the macroscopic material modulus via equation 1.8. 

 G kT   (1.8) 

where G is the shear modulus, k is the Boltzmann’s constant, T is the temperature, and 

ν is the crosslink density.  As demonstrated in Equation 1.8, the modulus increases with 

increasing crosslink density.  Thus, selection of monomers with a high degree of 

functionality will yield higher crosslinked or higher modulus materials.   

1.5 Thiol-Ene Networks 

Thiol-ene chemistry has been utilized extensively to form polymer networks.  

Mechanistically, both the thiol-Michael and the thiol-ene reactions proceed via step-

growth polymerization.  As such, thiol-ene networks typically achieve full monomer 

conversion forming a macroscopically homogenous material.   

The versatility of thiol-ene chemistry in creating polymer networks lies in the 

diverse library of thiols and enes that are either readily synthesized or commercially 

available.  As shown in Figure (1.5), there is a wide variety of multifunctional thiols and 

enes that can be selected to create a thiol-ene network.  As mentioned previously, careful 

selection of the monomer species as well as the number of functional groups per 

monomer will lead to the formation of networks with tunable mechanical properties 
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ranging in several orders of magnitude. Because the thiol-ene reaction is self-limiting 

(i.e., reaction terminates once one species is fully reacted), controlling the stoichiometry 

of the thiols and enes monomers will enable tunability of the chemistry.  Specifically, 

if a polymer is created with either excess thiols or excess enes, those residual 

functionality will remain unreacted in the network after their complementary 

functionality has achieved full conversion. These tools are instrumental in the design 

and formulation of thiol-ene materials.  
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1.5  Typical thiol and ene structures.  Number of functional groups and 

molecular architecture (i.e., ring structures) dictate thermomechanical 

properties of resultant crosslinked network.  The blue enes are electron 

deficient enes, requiring the use of a nucleophile or base catalyst.  The red 

enes are electron rich, requiring a radical initiator to catalyze the reaction.  

Many of these compounds are commercially available. 
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1.6 Thesis Overview 

The goal of this thesis was to develop a multi-tiered approach to control polymer 

surface properties through elastic modulus, surface chemistry and surface topography. 

Specifically, spatially confined and aligned wrinkle structures were developed using 

thiol-ene chemistry and photolithography, which enable rapid formation of surface 

texture.  These wrinkled surfaces were modified in a step-by-step functionalization 

process to enable control over surface chemistry.  Finally, through thiol-ene 

formulation, polymers with moduli ranging from MPa to GPa could be easily formed, 

thus affording control over modulus.  As many of the techniques and processes 

employed in this thesis, including photopolymerization, are a widely-utilized industrial 

techniques, the work described in this thesis should provide a template for facilitating 

commercial scale-up of wrinkling technology.  

The development of a rapid, facile method to generate wrinkled surfaces using 

a two-tiered polymerization approach is presented in Chapter 2.  The first thiol-ene 

polymerization generates the chemically-crosslinked, low modulus elastomeric 

foundation, while the second acrylate free-radical photopolymerization creates the 

higher modulus skin layer.  This process is faster than previously established wrinkle 

systems and affords control over wrinkle orientation, confinement and material shape, 

facilitating potential efforts for commercialization.  In Chapter 3, surface topography 

meets surface chemistry.  Through ‘click’ chemistry, I demonstrate the ability to 

efficiently functionalize the surface of these wrinkle structures, leveraging oxygen 

inhibition effects associated with the photopolymerization process used to form the 

wrinkles initially.  As a demonstration of a potential application, in collaboration with 

Dr. April Kloxin’s biomaterials group, human mesenchymal stem cells (hMSCs) are 

cultured on the surface of wrinkled polymer.  In the presence of covalently 
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functionalized RGDS-peptides, the hMSCs will bind to the polymer surface.  However, 

surface passivation is also possible by introducing hydrophilic moieties, hydroxyl ethyl 

acrylate, which prevent the hMSCs from spreading.  More importantly, the hMSCs 

exhibit cellular alignment when seeded on the wrinkled topography of the polymer.  

This is of particular interest to the tissue engineering community, where cellular 

alignment is often required for tissue functionality (i.e. nerves, muscles, and bones).  

The simplicity of the ‘click’ reactions allow for a wide array of functionality to be 

introduced to the material surface, presenting an additional control handle for materials 

development.  In Chapter 4, submicron photowrinkle formation is introduced.  

Employing flowcoating processes, a nanoscale thiol-ene skin layer is generated with 

ene-rich functionality.  This skin layer is subsequently transferred to a thiol-rich thiol-

ene elastomer. The excess functional groups are linked through photopolymerization, 

producing a covalently attached bilayer wrinkle system.  Flowcoating enables the sub-

micron wrinkles formation via nanometer-thick films, affords control over the skin and 

foundation moduli through formulation, and allows spatial confinement and alignment 

of wrinkles through photolithography.  These features offer an unprecedented level of 

control over modulus, chemistry and topography.  Importantly, the ability to flowcoat 

photocurable monomer systems enables new thin film applications (i.e. membranes) and 

stimuli responsive systems through the incorporation of custom-synthesized ene 

monomers, which can be integrated into the thiol-ene formulation.  Finally, in Chapter 

5, summary and perspective on future directions for photodirected wrinkling is 

provided.   
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PHOTOWRINKLING ON A THIOL-ELASTOMER: TWO-TIERED 

POLYMERIZATION [124] 

All text and figures reprinted with permission from Ma, S. J., Mannino, S. J., Wagner, 

N. J. and Kloxin, C. J., ACS Macro Letters. 2013, 2, 474-477.  Copyright 2017 

American Chemical Society. 

2.1 Introduction 

The majority of the investigations of wrinkling phenomenon in elastomer 

materials utilize poly(dimethylsiloxane) PDMS [52-59,63,65,70,87,125-141].  This is 

because (1) the material is commercially available as a two-component precursor which 

can be easily mixed in specific ratios to achieved a desired modulus, (2) the material is 

easily deformable and (3) the surface is readily converted into a high modulus, thin 

silicate skin layer upon exposure to UV–Ozone (UVO), plasma oxidation, or strong 

acids (i.e., nitric acid). A variety of techniques have been reported for deforming the 

PDMS foundation, including thermal expansion, [53,142] swelling, [129,136,143] and 

mechanical strain. [43,46,54,56,65,68,69,133,144] Bowden and coworkers 

demonstrated wrinkling through thermal expansion of a PDMS substrate followed by 

subsequent UVO treatment [53] or gold deposition [52] atop the heated surface.  Upon 

cooling, the PDMS foundation will contract to its original size and the mismatch 

between the skin and foundation layers generates buckles.  Crosby and coworkers 

presented a novel one-step swelling approach to wrinkle formation by using acrylic 

monomers to both form and swell the foundation layer using UV-oxygen. [143]  Lin et 
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al. [65] established the ability to create well-ordered herringbone structures through 

sequential biaxial mechanical strain on PDMS.   

Despite this growing body of research, the precise control and orientation of the 

wrinkle formation necessary to engineer the surface topography for specific applications 

remains a challenge.  Spatial variations of modulus can direct wrinkling through lateral 

stress-dissipation, which results in the alignment of wrinkles perpendicular to regions 

of lower modulus. [43,53]  However, as UVO treatment is a flood cure process, the 

spatial control of stress-dissipation has primarily been limited to physical stencils, 

[43,53] or holes placed into the PDMS foundation [54] prior to UVO treatment.  After 

UVO treatment, the unoxidized regions allow the harder silicate layer to dissipate the 

high lateral stress and direct wrinkling. Huck et al. [145] demonstrated a novel 

alternative to generate wrinkles, where PDMS was swollen in a dichloromethane-

benzophenone solution and irradiated using photomasked UV light (254nm, 10-30 min), 

resulting in a higher crosslink density in the exposed regions.  The sample was 

subsequently heated, causing different extents of thermal expansion in the elastomer 

due to differences in the moduli between the exposed and unexposed regions.  These 

samples were also coated with gold prior to cooling, providing a greater modulus 

mismatch and enhancing wrinkling.  Importantly, the photopatterned regions were 

shown to establish a boundary condition that directs the wrinkling phenomenon in a 

manner similar to the utilization of physical constraints. [145] 

In this chapter, I introduce a new method to generate highly ordered and 

confined wrinkles using a photodirected two-tiered polymerization approach.  Thiol-

ene elastomer is formulated with excess acrylates, which can be further 

photopolymerized to generate a higher modulus skin layer in the presence of a 
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photoabsorber.  In employing photopolymerization, I demonstrate spatiotemporal 

control of the wrinkle formation while maintaining the ability to orient the wrinkles in 

a variety of configurations.  Lastly, I can also independently control the geometry of the 

material, facilitating lamination of these films in coating applications.   

2.2 Materials and Methods  

2.2.1 Materials 

Pentaerythritol tetramercaptopropionate (PETMP) was kindly supplied from 

Evans Chemetics.  Tetraethyleneglycol diacrylate (TEGDA) was purchased from TCI 

America.  The base catalyst, triethylamine (TEA), was purchased from Sigma Aldrich.  

The photoinitiators, Irgacure 184 (1-hydroxy-cyclohexyl-phenyl-ketone) and Irgacure 

819 (bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide), and the photo-absorber, 

Tinuvin 328 (2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol), were donated from 

BASF-CIBA.  All chemicals were used without purification. 

2.2.2 Elastomer formulation 

Resins were formulated with PETMP and TEGDA at a functional group ratio of 

1:2 (thiol to acrylate) with 0.5 wt% Tinuvin 328 (T328) and 0.5 wt% Irgacure 184 

(I184).  T328 was mixed with TEGDA and vortexed until fully dissolved.  I184 was 

mixed with PETMP and heated slightly to increase the rate photoinitiator dissolution.  

The TEGDA-T328 mixture was subsequently poured into the PETMP-I184 mixture and 

vortexed.  If bubbles were present after mixing, the mixtures were degassed for up to 5 

minutes.  Finally, 2.5 wt% TEA was added to each sample to catalyze the first-stage 

Michael-addition polymerization, and mixed for an additional 20 seconds before 

pouring the mixture into a gasket mold (0.16 cm thickness).  For the uniaxial stretching 
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experiments, the gasket molds were cut into 4 cm x 2 cm rectangle.  For the biaxial 

stretching experiments, the mold dimensions were 4 cm x 4 cm.  All samples were used 

within 24 hours of curing.   

To lock in the shape of the wrinkled polymer in an arbitrary geometry, 0.5 wt% 

Irgacure 819 (I819) was added to the formulation and vortexed.  Once the wrinkles were 

formed using the aforementioned procedure, tape was used to hold the substrate in a 

specific geometry and exposed to 405 nm light (60 W/m2, 16 minutes).   

2.2.3 AFM Modulus Measurements 

The modulus was determined by a Bruker Bioscope Catalyst AFM mounted on 

a ZEISS Axiovert 2000 using an unmodified Scanasyst Air AFM tip.  The moduli 

obtained were relative to a 2.5 MPa PDMS calibration sample.  5 µm x 5 µm areas were 

scanned in tapping mode at 0.501 Hz. Elastomer samples dosed with UV light for 5, 10, 

and 20 seconds were created and moduli measurements were taken on both the skin and 

foundation sides.   

2.2.4 Wrinkle Formation 

The stretching apparatus was constructed using manually controlled micrometer 

linear stages attached to an optical breadboard (Figure 2.1).  Samples were affixed onto 

each stage by taping the bottom side of the film with double-sided tape and the top of 

the film with single-sided tape.  All samples were irradiated under 20% strain. 

The modulus mismatch was created using the aforementioned second-stage 

radical polymerization using 365 nm light (Exfo, Omnicure Series 2000 UV lamp) at 

80 W/m2.  Experiments were conducted at discrete exposure times (5 to 40 seconds) 

and constant strain. Glass coverslips were overlaid atop half the samples to determine 
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the effects of oxygen inhibition.  The coverslip was place on top of the polymer film 

with intimate contact, which served as an oxygen barrier between the atmosphere and 

the surface of the polymer film during the radical polymerization. 

 

2.1 Linear stage set up for uniaxial and biaxial strain.  Polymers were cut, centered, 

and held in place with tape.  Samples were then strained and released in a sequential 

manner.   

2.2.5 Wrinkle gradients and photopatterning 

Gradient experiments were conducted by covering strained samples with an 

opaque polyester sheet prior to second-stage polymerization.  The opaque sheet was 

attached to a syringe pump apparatus and pulled across the sample at a constant rate, 

slowly exposing the sample to the irradiating source.   

Wrinkle confinement experiments were conducted by irradiating the sample 

through a transparency photomask.  Prior to second-stage polymerization, the 

photomasks were placed on top of polymer samples (ca. 1mm above the surface).   
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2.3 Results and Discussion 

Here, I employ a two-stage polymerization strategy similar to that of Nair et al. 

[146,147], where an elastomer is formed via one polymerization mechanism, but the 

second photopolymerization, which increases crosslink density, is restricted to the 

elastomer’s surface.  In the first polymerization, a base elastomer is synthesized using a 

stoichiometric imbalance of tetra-thiol and di-acrylate monomers, yielding a polymer 

network with excess acrylate functional groups (see Figure 2.2).   Note that the initial 

thiol-ene polymerization is not inhibited by oxygen and cure times are significantly 

shorter than that of, for example, PDMS [119].  The second-stage, photopolymerization 

of the pendent acrylates is confined to a thin “skin” layer by introducing a photo-

absorber (T328) into the formulation. Combining this approach with mechanical 

deformation (i.e., mechanophotopatterning) [97], enables wrinkle formation and 

confinement through photopatterning, rather than through physical defects or stencils, 

to design intricate patterns and facilitate local control over wrinkle wavelength.   
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2.2 Method of Generating Wrinkles on a thiol-ene surface.  Monomers a) 

pentaerythritol tetramercaptopropionate (PETMP) and tetraethylene glycol 

diacrylate (TEGDA) were reacted with triethylamine, photoinitiator (I184), 

and photoabsorber (T328) to produce a (b) thiol-ene network with a uniform 

crosslink density and excess pendant acrylates (first-stage polymerization).  

(c) Applying strain and 365 nm light induces radical polymerization of the 

acrylates (second stage polymerization).  The photoabsorber confines the 

light to a thin skin layer at the surface.  (d) Upon releasing the strain on the 

film, wrinkles are formed with a crosslink density (modulus) gradient 

To generate wrinkles, the elastomer is mechanically stretched using linear 

stages.  A skin layer is formed via photoinitiated radical homopolymerization of the 

pendant acrylate groups in the thiol-ene network in as little as 5 seconds, even in the 

presence of oxygen. As the second polymerization occurs within a very thin layer at the 

substrate surface, both irradiation time and oxygen exposure can be used to control the 

modulus and thickness of the skin layer. Oxygen can readily and continually diffuse 

into the matrix and will inhibit the acrylate polymerization.  To further interrogate the 

effects of oxygen inhibition, samples with and without an oxygen barrier (i.e., coverslip) 

were examined with stylus profilometry.    As shown in Figure 2.3a, samples employing 
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a coverslip have significantly increased wrinkling wavelength owing to a higher 

modulus in the skin layer.  As the irradiation dosage is increased, the wrinkle 

wavelength increases with both the skin thickness and modulus (i.e.,   λc~h(Es⁄Ef )
(1⁄3) , 

where λc is the wrinkle wavelength, h is the height of the skin layer, and E is elastic 

moduli and subscripts s and f denote the skin and foundation, respectively. [43,46]  
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2.3 Stylus profilometry of wrinkle wavelength versus dosage.  a) Films with 

a coverslip (red circles) and without a coverslip oxygen barrier (black 

squares) were irradiated for 5 to 40 seconds using 365nm light at 80 W/m2.  

Wrinkle wavelength increased as a function of increasing irradiation 

duration.  Samples masked with a coverslip exhibited larger wrinkles than 

the unmasked samples due to the absence of oxygen inhibition.  Inset: Stylus 

profilometry schematic.  b) Profilometry from wrinkle gradients (solid black 

line) shows good agreement with discrete wavelength data (red circles) (0 to 

20 seconds, 365 nm at 80 W/m2 with coverslip).  Accompanying amplitude 

data (inset) are consistent with scaling equation (see supporting information 

for profilometry setup).   
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It should be noted that our system does not have a well-defined foundation-skin 

interface, but rather a gradient in properties due to the attenuation of light with 

increasing depth into the elastomer.   Using tapping mode AFM, I was able to 

approximate Es and Ef, and thus, calculate an ‘effective’ skin thicknesses of 80 µm at 

20 second UV exposure.  As expected, this thickness is a function of irradiation dose.  

In the absence of inhibition, the polymerization rate is highest at the surface but 

decreases exponentially according to the Beer–Lambert law (i.e., Rp~I1/2~I0e
-A/2, where 

I0 is the incident intensity and A is absorption) [123].  At longer cure times, the acrylates 

at the surface reach maximum conversion while the acrylates within the elastomer 

continue to photopolymerize.  In this manner, a controlled frontal polymerization 

proceeds into the elastomer. The ‘effective’ skin thickness is limited by the penetration 

depth of the light, which is dictated by the incident intensity and concentration of 

photoabsorber (i.e., T328).  As a consequence, the wrinkle wavelength, shown in Figure 

2.3a, increases with increasing dosage, but eventually plateaus for longer dose times. In 

contrast to the samples with coverslips, which show immediate increase in wrinkle 

wavelength with dosage time, samples without coverslips show no significant change 

for the first 10 seconds, which I attribute to oxygen inhibition at the interface [148,149]. 

Our approach of using photopolymerization to form wrinkles enables spatioselective 

control of the wrinkle wavelength.  As a demonstration, I have created a wrinkled 

surface with a linear gradient wrinkle wavelength (Figure 2b).  After the first-stage 

polymerization, samples with a coverslip oxygen barrier were strained and covered with 

an opaque photomask that was subsequently removed at a constant rate during 

irradiation over a 20 second period.   
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2.4 Wrinkle formation via photopatterning on a biaxially stretched 

specimen.  a) Photolithography guides the alignment of the wrinkles 

perpendicular to the low stress regions of the thiol-ene elastomer.  Samples 

were irradiated for 20 seconds under 365 nm light at 80 W/m2.  Scale bar 

represents 10 mm (inset: corresponding photomasks) b) Photopolymerized 

sample showing alternating wrinkle wavelengths.  This pattern is created by 

stepwise dosing, first with a coverslip only (80 W/m2, 5 seconds) followed 

by two photomasks (80 W/m2, 5 seconds and 80 W/m2, 10 seconds).  c) 

Employing two different photoinitiatiors allows for wrinkle formation and 

shape memory.   Wrinkles were formed using a procedure similar to (a).  The 

coil shape was held in place using tape and exposed to 405 nm light (60 

W/m2, 16 minutes). 

Profilometry data of the gradient wrinkles plotted in Figure 2.3b (solid black 

line) shows the local wrinkle topology is in good agreement with experiments performed 

at the corresponding, uniform irradiation doses (red circles).  These gradient wrinkles 



 41 

will facilitate experiments to probe surface interactions over a continuum of length 

scales on the same sample.  Wrinkle amplitudes (Figure 2.3b (inset)) are on the micron 

scale and increase with increasing dosage.    

Our method also presents a novel approach to direct wrinkling using a 

photomask (Figure 2.4a).  The regions of the polymer substrate that are exposed to light 

undergo the second-stage polymerization while the masked areas remain unchanged, 

thereby creating well-defined boundaries for wrinkle confinement.  The low modulus 

regions allow the high modulus regions to relieve in-plane stresses, aligning the 

wrinkles perpendicular to the boundary of the mask.  This is particularly advantageous 

because no additional chemical treatments are required nor are extra physical defects 

introduced into the polymer foundation.  This approach provides a rapid method for 

generating wrinkles on an untreated thiol-ene foundation with excellent pattern fidelity.  

Moreover, by overlaying photomasks and irradiating the substrates in a stepwise 

manner, I can form several distinct wavelengths Figure 2.4b.  This sequential masking 

introduces a pattern with controlled variations in irradiation on the elastomer, resulting 

in the novel wrinkle patterns shown in Figure 2.4b.  The longer wavelengths are a 

consequence of longer exposure times, while the second alternating pattern contains 

smaller wrinkles.  

Last, I illustrate the ability to use two photo-orthogonal photoinitiators to 

independently control surface wrinkling and increase the bulk modulus of the material. 

As the photoabsorber, T328, is transparent above 400 nm, a second, visible light 

photoinitiator can be utilized to trigger polymerization of acrylates in the bulk.  A visible 

light photoinitiator, I819, which absorbs above 400 nm, was added to the monomer 

mixture prior to the first-stage polymerization.  Wrinkles were created using the 
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aforementioned procedures with 365 nm light.  The film was held in a coil shape and 

exposed to 405 nm light (Figure 2.4c).  The resulting bulk polymerization creates new 

crosslinks, significantly increasing the modulus and thus “locking” the shape whilst 

maintaining the wrinkle structures.   Thus, the final modulus of the material as well as 

its shape is controlled independently of the modulus of the surface layer and the wrinkle 

topography.  This may have benefits for engineering surface-wrinkled materials with a 

broader range of surface and bulk moduli.  

2.4 Conclusion 

Photopolymerization is a novel approach to spatioselectively control wrinkle 

formation, including gradients and complex patterns.  Our system is highly tunable; 

modifying the types and amounts of photoabsorber, photoinitiator, and thiol–ene 

monomers as well as utilizing different light wavelengths and intensities provides 

multiple controls over the mechanical properties, shape, and surface topography of the 

material.  Photo-orthogonality not only allows wrinkle formation but also enables the 

bulk polymer to be molded into desired geometries.   The implementation of surface 

confined polymerization in a thiol–ene elastomer presents an attractive alternative to 

PDMS and other elastomers for the exploration of wrinkling phenomenon and 

ultimately for the a priori design and engineering of surface topography. 
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CHEMICAL SURFACE FUNCTIONALIZATION OF WRINKLED THIOL-

ENE ELASTOMERS 

All cell seeding experiments and confocal image analysis were performed in 

collaboration with Eden Ford and Dr. April M. Kloxin. 

3.1 Introduction 

Wrinkling or buckling on polymer surfaces presents a fast, cost-effective 

approach to generating surface topography. To generate wrinkles, a high modulus thin 

film is mounted on a strained, thicker lower modulus substrate.  Upon destraining the 

elastomer, lateral compressive stress on the thin film results in spontaneous formation 

of wrinkle structures with wrinkle wavelength, λ~h(Ef/Es)
(1/3), where h is the film 

thickness and Ef and Es are the film and substrate modulus, respectively.   Through this 

approach, topography can be rapidly generated over large surface areas of material, and 

has led to numerous applications including optical and photovoltaic coatings, [66,67] 

switchable wetting surfaces, [144,150,151] tunable diffraction grating, [152] antifouling 

coatings[68], substrates for directed cell-alignment, [64,77,78,82]  and flexible 

optoelectronics, [153,154] among many others.  Despite the versatility of wrinkling, the 

majority of studies are performed on poly(dimethylsiloxane) (PDMS) polymers, 

[52,53,56-58,65,68,126,130,132] which lack facile methods to confine and align 

wrinkle features. Moreover, control over surface chemistry, an important handle for 

enhancing material performance, is limited.   
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To achieve functionalization, the PDMS surface is typically treated with plasma 

or ultraviolet oxidation (UVO), which transforms the naturally hydrophobic surface 

hydrophilic, [155-163] which occurs due to the formation of a nanometer-thick SiOx 

surface.   Unfortunately, this is a short-lived effect, as PDMS undergoes hydrophobic 

recovery, a process which restores the hydrophobic state of the PDMS surface over long 

times. [155,156,160]  Hydrophobic recovery occurs due to inversion of polar groups 

from the surface into the bulk, diffusion of low molecular weight PDMS chains to the 

surface, and condensation of any free silanol groups. [155-157,164] Recent attempts 

have been made to stabilize the hydrophilicity through post-functionalization. 

[20,159,162,163,165,166]  However, these protocols require long surface chemical 

treatment times, lack spatial control, [167] and require the use of plasma treatments, all 

of which limit the commercial viability of wrinkling technology for material 

applications. Extended plasma treatments have also been shown to induce crack 

formation in the PDMS surface. [168] On wrinkled PDMS substrates, functionalization 

has been introduced through physical adsorption of surface moieties, which also lack 

spatial control over chemical modification and results in a less mechanically robust 

coating. [87]  

To address these limitations, we employ a two-tiered polymerization approach 

to generate wrinkled materials, with surface functional handles that can be modified 

after wrinkle formation. [124]  The two-tiered polymerization scheme employs a thiol-

Michael reaction of tetrathiol with excess diacrylates to generate an elastomer substrate 

with excess pendant acrylates in the network backbone.  Through strained irradiation of 

the elastomer, free radical polymerization of the excess pendant acrylate moieties 

enables formation of the higher modulus skin layer.  Light intensity and irradiation time 
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control the size of wrinkle features and through photopatterning, topography can be 

spatially confined and aligned.    

To achieve surface functionalization of this wrinkled material, we leverage the 

oxygen inhibition associated with the radical photopolymerization used to form the skin 

layer. Specifically, unreacted acrylate moieties (due to O2 inhibition) at the surface can 

be post-functionalized using the rapid efficiency of thiol-ene click reactions.  By first 

coupling thiols to the surface acrylates, we demonstrate the ability to spatially control 

functionalization through radical mediated thiol-ene chemistry.  To demonstrate the 

efficacy of our method, we employ our materials as cell culture substrates for directed 

cell-alignment of human mesenchymal stem cells (hMSCs), a cell line that exhibits 

alignment in the presence of wrinkled topography, which may promote a particular 

differentiation pathway (i.e., osteogenesis). [38,64,81,169,170]   We establish that the 

material cannot only be modified with chemical cues (i.e., RGDS) to promote cell 

adhesion and spreading on the surface, but also induces cellular response to the 

topography through alignment with the troughs of the wrinkled structures.  

3.2 Materials and Methods 

3.2.1 Materials 

Pentaerythritol tetramercaptopropionate (PETMP) was donated by Bruno Bock. 

Tetraethyleglycol diacylate (TEGDA, >90%), 1,3,5-trimethylbenzene (TMB), 1,8-

diazabicyclo[5.4.0]undec-7ene (DBU), quinine, 3-allyloxy-1,2-propanediol (APD), and 

methanesulfonic acid (MsOH, >99.0%) were purchased from TCI America. 

Photoinitiator, Irgacure 651 (I651) (2,2-dimethyoxy-1,2-diphenylethan-1-one) and 

Irgacure 819 (I819) (Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide), and 
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photoabsorber, Tinuvin 479 (T479) were donated by BASF.  Triphenylphosphine (TPP, 

99%) was purchased from Acros Organics.  Diisopropylethylamine (DIPEA), hydroxy 

ethyl acrylate (HEA), 1H-1H-2H-2H-perfluorodecane thiol (PFDT) and 

dimethylphosphine (DMPP) was purchased from Sigma Aldrich.  Acetonitrile (ACS 

Certified), dimethylformamide (DMF), methanol, and tetrahydrofuran (THF) were 

purchased from Fisher Scientific. Deuterated acetonitrile, methanol, and water were also 

purchased from Fisher Scientific.  Amino acids, including alloc-protected lysine 

(K(alloc)), used in peptide sequencing were purchased from Chem-Impex or Chempep.  

Fluorescent label, Alexafluor 647 was purchased from Life Technologies Corporation.  

Trifluoroacetic acid (TFA) and triisopropylsilane (TIPS) was purchased from Chem-

Impex.  All chemicals were used without further purification. 

3.2.2 Generation of wrinkled elastomers 

Photoinitiator I651 (0.5wt%), I819 (0.1wt%) and photoabsorber T479 (1.0wt%) 

were added to TEGDA in a scintillation vial and stirred at 1000 RPM until all 

components were fully dissolved. TPP (1.0 wt%) and MsOH (0.3 wt%) were then added 

to the mixture and stirred for 15 minutes. PETMP was then added to the mixture in a 

1:2 thiol:acrylate stoichiometry and stirred for 3 additional minutes. The mixture was 

then cast between two glass slides with 1/16 inch spacer and allowed to cure overnight.  

All films were irradiated and wrinkled roughly 14.5 hours after casting. 

Elastomer samples were placed on a custom made stretching apparatus and 

strained 20% uniaxially. A glass coverslip was placed atop the elastomer, which was 

then irradiated with 365 UV light (1 mW/cm2) (Omnicure S2000, equipped with a liquid 

light guide) for a preset amount of time.  Samples are held in the strained position for 

five minutes after irradiation is complete, then destrained to yield wrinkles.     
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Photopatterned samples were processed similiarly, with a photopattern placed 

on top prior to 365nm irradiation. Gradient samples were created by covering elastomers 

with a mask, which was slowly withdrawn over the irradiation duration.  After 365 nm 

irradiation, samples were held in the strain position for 5 minutes.  All samples were 

then destrained, placed on a glass slide, and irradiated with 405 nm light (2 mW/cm2, 

10 minutes) without a coverslip to react the remaining free acrylates in the bulk.  

Samples were cut into 6mm x 6mm squares for functionalization. 

3.2.3 Peptide Synthesis 

Pendant RGDS-containing peptides were synthesized as a functional handle to 

promote cell adhesion on the elastomer surface. Briefly, a sequence 

AhxWGRGDSK(alloc)G (RGDS) was synthesized using standard Fmoc solid phase 

peptide synthesis techniques. [171-173]  After final deprotection of the Ahx monomer, 

2 mg of the Alexa Fluor 647 (AF647) carboxylic acid succinimidyl ester was dissolved 

with 0.5 mmoles of peptide in 8 mL of DMF with 100 μL of DIPEA overnight.  

Following this reaction, the peptide was cleaved from the resin using a solution of 

TFA/TIPS/deionized water (95/2.5/2.5) for three hours and precipitated from diethyl 

ether. The crude peptide was purified via HPLC, lyophilized, and analyzed by mass 

spectrometry. 

3.2.4 LAP Synthesis 

The LAP photoinitiator was synthesized according to previously established 

protocols. [173, 174] Briefly, 2,4,6-trimethylbenzoyl chloride (1.6 g, 0.009 mol) was 

reacted with an equimolar amount of dimethyl phenylphosphonite (1.5 g, 0.009 mol). 

The solution was stirred for 18 hours at room temperature under argon, and subsequently 
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lithium bromide in 2-butanone was added to the solution at a 4x molar excess and heated 

to 50 °C for 10 minutes.  After cooling, the solid precipitate was filtered and rinsed 3 

times with 2-butanone to remove unreacted reagents. The remaining product was dried 

and analyzed using 1H NMR.  

3.2.5 Functionalization 

Solutions containing PETMP in acetonitrile (15 mg/mL) were prepared in 20 

mL scintillation vials.  Catalyst, DMPP was then added (0.15mol %) and the mixture 

was vortexed for 30 seconds.  Elastomer squares were submerged into the thiol 

containing solution for 60 seconds to functionalize the surface.  After functionalization, 

the elastomer squares were removed and sonicated a 4 mL of acetonitrile for an 

additional 60 seconds.   

HEA solutions were prepared by adding 0.5 mol% DBU to 2 mL of pure HEA.  

Freshly prepared thiol-functionalized elastomers were submerged into the HEA solution 

for 60 seconds.  Samples were then removed and sonicated in 4 mL of deionized water 

for 60 seconds. 

To prepare RGDS-functionalize samples, 25 μL of RGDS solution (40 mg/mL 

in deionized water, 22 mM LAP) were added to the surface of thiol-functionalized 

elastomers placed between two 1/16” Teflon spacers.  A glass coverslip was 

immediately placed on top of the sample to ensure even coverage of the RGDS on the 

surface.  Samples were irradiated with 365 nm UV light (10 mW/cm2, 60 seconds).  

Samples were subsequently sonicated in 3 mL of deionized water for one minute. 

All samples were sonicated in an additional 4 mL of DI water for 60 minutes 

and dried under high vacuum at room temperature overnight.   
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3.2.6 Contact Angle Goniometry 

Static contact angle measurements were performed by depositing 2 mL of water 

(purified with a Milli-Q water purification system) on the various functionalized 

samples (native, thiol, PETMP/HEA, and PETMP/RGDS) and analyzed using a Krüss 

GmbH FM41 Easy Drop goniometer under ambient conditions.  Images were taken 1 

second after droplet deposition and analyzed using the accompanying Drop Shape 

Analysis software.  All measurements were performed in triplicate. 

3.2.7 X-ray photoelectron spectroscopy (XPS) 

To determine the appropriate operating solution concentrations for surface 

functionalization, XPS experiments were conducted using a Thermo Fisher K-Alpha+ 

XPS on PFDT-functionalized elastomer substrates, at varying PFDT solution 

concentrations between 0 mg/mL to 70 mg/mL.  PFDT was selected due to the high 

fluorine signals observed in XPS.  Surveys were conducted using 100 eV pass energy, 

1 eV step size and 10 ms dwell time.  For high resolution fluorine data, 20 eV pass 

energy, 0.1 eV step size and 50 ms dwell time were used.  All experiments were 

conducted using the flood gun for charge compensation. 

3.2.8 Fourier Transform Infrared Spectroscopy (FTIR) 

Kinetic data was obtained out using a Nicolet iS350 FTIR in transmission mode.  

All experiments were performed in near-IR.  Time-dependent conversions, ρ(t), were 

taken as 1 – Peak Area(t)/Peak Area (t=0) for both thiols (2612-2509 cm-1) and the C=C 

ene bond (6131-6265 cm-1). Formulations were casted between two glass slides, 

separated by 0.635 mm PVC shims.  Long-time experiments (4 hours) for the thiol-

Michael reaction were conducted using a room temperature DTGS detector, with a 

spectral resolution of 4 cm-1, averaging over 32 spectra.  To characterize the free radical 
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polymerization, which is significantly faster, FTIR spectra was obtained using the MCT 

detector, averaging over 8 spectra with a spectral resolution of 4 cm-1.  Conversion data 

was collected for 3 minutes, with the irradiation of the films starting 30 seconds after 

FTIR data collection began in order to obtain a baseline.   

3.2.9 Nuclear Magnetic Resonance (NMR) spectroscopy 

To probe reactions of various monomer couplings for surface functionalization, 

h-NMR studies were performed using a Bruker AVIII 400 or AVIII 600 NMR 

spectrometer.  Excluding PETMP/K(alloc), which was dissolved in 70/10 acetonitrile-

d/d2O due to solubility issues, all other reactions were performed in deuterated 

acetonitrile.  Solutions were prepared with equimolar thiol and ene, with 1,3,5-TMB 

was added as an internal reference in a 1:3 molar ratio to the ene.   

For thiol-Michael reaction, NMR spectra was collected with and without the 

addition of catalyst, representative of pre- and post-reaction.  For radical-thiol ene 

reactions, all components, including photoiniator, were mixed and spectra taken before 

and after UV irradiation.  To conserve peptide material, Fmoc-protected K(alloc) was 

substituted for the RGDS peptide to monitor the reaction of the radical thiol-ene 

reaction. 

3.2.10 Human mesenchymal stem cell culture and seeding 

Bone marrow-derived human mesenchymal stem cells (hMSCs) were expanded 

on tissue culture treated polystyrene in low glucose Dulbecco's Modified Eagle's 

Medium (DMEM) supplemented with 50 U/mL penicillin, 50 μg/mL streptomycin, 

0.2% v/v Amphotericin B, 10% v/v fetal bovine serum, and 1 ng/mL basic fibroblast 
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growth factor (bFGF). Cells were fed every 2-3 days and were passaged at 

approximately 85% confluency. 

Prior to cell seeding, all material samples were sterilized via germicidal UV light 

irradiation (254nm) for 30 minutes and placed into non-tissue culture treated 48 well 

plates. Cells were trypsinized from the tissue culture treated plates, centrifuged, and 

counted with a hemocytometer. Cells were then suspended in phenol red- and serum-

free DMEM (supplemented with 50 U/mL penicillin, 50 μg/mL streptomycin, 0.2% 

Amphotericin B), and were seeded on top of the materials at 10,000 cells cm-2. After 12 

hours of culture the media was switched out for 10% fetal bovine serum-containing 

phenol red-free DMEM (in addition to 50 U/mL penicillin, 50 μg/mL streptomycin, 

0.2% Amphotericin B). 

3.2.11 Confocal Microscopy 

Cells were washed with Dulbecco’s phosphate-buffered saline (DPBS) after 3 

days of culture on the substrates and fixed with 4% paraformaldehyde for 15 minutes at 

room temperature. After washing 1 x 5 min. with DPBS and 2 x 5 min. with 3% w/v 

bovine serum albumin (BSA) + 0.05% v/v Triton-X in DPBS, cells were blocked and 

permeablized (5% w/v BSA + 0.1% v/v Triton-X in DPBS) at room temperature for 1 

hour. Cells were then incubated with Phalloidin Tetramethylrhodamine B 

isothiocyanate (Phalloidin-TRITC) solution (1:250 dilution, 5% w/v BSA, 0.1% v/v 

Triton-X in DPBS) for 3 hours at room temperature, followed by 1 x 5 min. DPBS wash 

and staining with DAPI (700 nM in DPBS, 30 minutes at room temperature). The 

substrates were washed 3x in DPBS prior to imaging. 

Samples were imaged on a Zeiss LSM 880 confocal microscope (z-stacks, 80 

images per stack, 2 μm spacing). For quantification of nuclear orientation relative to 
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wrinkles, average cell area, and cell density, fluorescent images (nuclei and F-actin) 

were processed and analyzed using NIH ImageJ software (Figure 3.1). 

 

3.1  Nuclear alignment quantification. (A) The direction of wrinkles was 

assigned as 0° and nuclei direction was determined as the angle relative to 

the wrinkle direction. (B) Nuclei were stained with DAPI for visualization. 

Scale bar 100 μm. (C-D) Nuclei images were processed and each nucleus 

fitted with an ellipse, from which the angle of orientation was 

determined. Scale bar = 50 μm. 
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3.3 Results and Discussion 

To generate wrinkled materials, tetrathiol and excess diacrylate were mixed with 

photoinitiators (Irgacure 651 and Irgacure 819), photoabsorber (Tinuvin 479) and a 

catalytic amount of triphenylphosphine to form a homogeneous base elastomer (Figure 

3.2).  Methanesulfonic acid (MsOH) was added to create a reaction inhibition time 

allowing the thiol and ene components to be mixed and casted as films before 

polymerization occurs, as previously demonstrated in literature. [122]   
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3.2    Two-tiered polymerization for wrinkle formation.  Tetrathiol, PETMP, 

and excess diacrylate, TEGDA, were mixed with photoinitiators (Irg 651 

and Irg 819), photoabsorber (T479), and TPP to generate an acrylate-rich 

elastomeric substrate.  Straining and irradiating the elastomer with 365nm 

UV light triggers radical polymerization of the pendant acrylates.  The 

photoabsorber, which absorbs 365 nm light, prevents light penetration into 

the bulk, thus confining the second polymerization to the surface.  Upon 

destraining the material, wrinkles are generated due to the elastic moduli 

mismatch between the film and substrate. 

Because of the self-limiting nature of the thiol-Michael reaction, the thiols 

reached full conversion, leaving behind excess pendant acrylates that were attached to 

the crosslinked network backbone.  Consistent with the 1:2 thiol:ene stoichiometry used 

to form the elastomer, in situ FTIR spectra of conversion vs time for the thiol-Michael 
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reaction (Figure 3.3) confirms quantitative thiol conversion and roughly 50% acrylate 

conversion.   

 

3.3   Conversion data of thiol and ene during elastomer formation.  In situ 

FTIR measurements of the 1:2 PETMP:TEGDA system confirms 

quantitative conversion of thiol and roughly 50% conversion of the 

acrylates, which is consistent with the thiol:ene stoichiometry used in 

formulation. 

The thiol-ene elastomer is then strained above the critical strain necessary for 

wrinkle formation, with a coverslip placed directly on top, which creates an oxygen 

barrier at the surface and prevents oxygen inhibition of the second free radical 

polymerization, which is employed to form the film.  Through timed irradiation with 

365 nm UV light and the presence of a UV photoabsorber, which creates an optically 

thick material to the 365 nm light source, acrylate homopolymerization is confined to 

the very surface of the material, resulting in the formation of a high modulus film layer.   

Samples were held in the strained state for over a minute after irradiation since dark 
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polymerization occurs in the material.  As seen in Figure 3.4, ene conversion continues 

to increase for roughly 30 seconds after the initial UV irradiation.   

 

3.4  Dark polymerization observed in the free radical polymerization.  

Despite irradiating the thin film elastomer substrate for only 5 seconds 

(green highlighted region), acrylate conversion continues to rise for 

another 30 seconds before hitting a plateau conversion.  This dark 

polymerization is likely due to diffusion limited radical termination.   

This dark polymerization is most likely due to limited diffusion of radical 

species in the elastomer network generated during the photoirradiation, which hinders 

radical termination.  The coverslip is subsequently removed and the elastomer 

destrained to yield wrinkles.  Wrinkle features can be controlled through irradiation time 

and intensity (Figure 3.5), with larger wavelengths observed at higher intensity and 

longer irradiation times due to increasing crosslink density of the film layer.   
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3.5   Wrinkle wavelength vs Time and Intensity. As light controls the film 

formation necessary to generate wrinkles, both light intensity and 

irradiation time dictate the size of wrinkle features.  Increasing both the 

intensity and time will lead to increasing wrinkle wavelengths. 

The surface chemical functionalization procedure is shown in Figure 3.6.  In 

short, the wrinkled polymer was subjected to 405 nm irradiation (without coverslip) to 

further crosslink the acrylates in the bulk of the elastomer, increasing the crosslink 

density and mitigating diffusion of solvent into the network during the functionalization 

procedure.  Because this irradiation step was carried out in the presence of oxygen, free 

radical polymerization is inhibited at the air/polymer interface, ensuring pendant 

acrylates were available for post functionalization.   
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3.6  Chemical modification of the acrylate-rich elastomer surface.  Wrinkled 

surfaces are irradiated with 405 nm light to induce bulk radical 

polymerization of the remaining acrylates.  This post-processed material is 

then submerged into a solution of tetrathiol, PETMP, which converts the 

acrylate-rich surface into a thiol-rich surface via the thiol-Michael 

reaction.  In generating the thiol-rich surface, a second modification can 

be carried out.  In the presence of a nucleophile or base catalyst, the 

pendant thiols will undergo a second thiol-Michael reaction with electron-

poor enes (i.e., hydroxyethyl acrylate).  Alternatively, thiols can react with 

electron-rich enes (i.e., allyl) through a photoinitiated radical thiol-ene 

mechanism.  Because this latter reaction is light-triggered, spatial control 

over chemical functionalization is possible.  A RGDS containing peptide 

was synthesized with an alloc-protected lysine amino acid residue, which 

contains the electron rich ene that can be coupled to the thiol-rich 

elastomer. 

The acrylate-rich surface was modified using a tetrathiol, PETMP, to produce a 

thiol-rich interface.  High thiol solution concentration ensures excess thiols are present 

after reaction at the surface, which can be further modified through additional thiol-ene 

couplings.  X-ray photoelectron spectroscopy (XPS) experiments were performed on a 
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surface functionalized with a monofunctional thiol, perfluorodecanethiol (PFDT), 

revealed that PFDT concentrations as low at 15 mg/mL (0.31 M) in solvent were 

sufficient to approach the saturation limit at the polymer surface (Figure 3.7).   Thus, 

using PETMP (MW = 488 g/mol), which has four times the number of thiols as the 

PFDT (MW = 480 g/mol) at the same mass concentration (i.e.,15 mg/mL), is sufficient 

to create a thiol-rich elastomer surface.  

 

3.7    XPS spectra of fluorine peak area versus PFDT solution concentration.  

XPS data confirms that eve at 0.31 M (15 mg/mL) of the PFDT in solution, 

the amount of fluorine approaches saturation.  Further increases in solution 

concentration does not increase the surface concentration of the PFDT.  

Using a tetrathiol, PETMP (MW = 488 g/mol), to do the actual surface 

modifications yields roughly four times the amount of thiol at the same 

mass concentration as the PFDT (MW = 480 g/mol), which ensures excess 

thiol functionality at the surface of the polymer.   

The thiol-rich surfaces can be functionalized further through a second thiol-ene 

reaction (Figure 3.6).  In the presence of an electron-deficient ene (i.e., acrylates) and 

phosphine catalyst, the excess surface thiols can react via the same thiol-Michael 
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reaction that was used to form the network and to attach the thiols to the surface 

acrylates.  As hydrophilic surfaces exhibit antifouling properties, [175-177] 

hydroxyethyl acrylate (HEA) was selected for the second thiol-Michael 

functionalization to impart hydrophilicity to the surface of the elastomer.  Alternatively, 

with an electron-donating ene (i.e., allyl), the reaction will proceed through a radical-

mediated reaction, in the presence of a photoinitiator.  Through photopatterned UV 

light, this latter thiol-ene reaction introduces spatial control over chemical modification 

of the polymer surface.  Peptide, AF647-AhxWGRGDSK(alloc)G (AF647-RGDS) was 

synthesized (Figure 3.8) not only as an electron-donating ene through the allyl of the 

alloxycarbonyl protecting group on the Lysine residue K(alloc), but also to promote cell 

adhesion of human mesenchymal stem cells (hMSCs) through integrin binding of the 

RGDS sequence. [178] 
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3.8   ESI MS of AF647-RGDS peptide.  Calculated mass: [m+1, H+] = 1059 

Da, [m+2H+] = 1060 Da.  Measured [m+1, H+] = 1058.5 Da, [m+2H+] = 

529.76x2 = 1059.52 Da 

Prior to surface functionalization for cell seeding experiments, NMR studies 

were conducted on the various equimolar thiol-ene combinations.  PETMP/TEGDA, 

which simulates thiol attachment to the acrylate surface, was previously characterized 

using FTIR (Figure 3.3) and was not analyzed in the NMR studies.  To mimic the 

attachment of HEA to the thiol-modified surface, PETMP/HEA was reacted in the 

presence of either a phosphine (DMPP) or nucleophilic (DBU) catalyst (Figure 3.9 – 

3.10).   
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3.9     NMR Spectra of PETMP/HEA with base catalyst DBU in Acetonitrile-

d before (top) and after (bottom) reaction.  Reaction achieves roughly 80% 

conversion as determined by the peaks located between 5.5-6.5 ppm 

associated with the C=C acrylate moieties of the HEA (red hydrogens).  

The peak at 6.8 ppm is the trimethylbenzene reference peak. 

To conserve peptide material for the radical thiol-ene system, the Fmoc-

protected K(alloc) was used in place of the AF647-RGDS, since both molecules 

undergo the radical thiol-ene reaction through allyl moiety on the K(alloc).  Solutions 

of PETMP/K(alloc) were irradiated with UV light to induce thiol-ene coupling.  Due to 

solubility issues with the photoinitiator, lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), a 70/10 acetonitrile-d/D2O solvent mixtures was 

used (Figure 3.10).  It is important to note, that while ene conversion in the 

PETMP/K(alloc) can be measured exactly one minute after starting the reaction by 

turning off the UV light, NMR spectra for the post-thiol-Michael reactions were taken 
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roughly five minutes after catalyst addition due to a lack of temporal control over the 

reaction.  

 

3.10 NMR Spectra of PETMP/K(alloc) with photoinitiator LAP in 70/10 

Acetonitrile-d/D2O before (top) and after (bottom) reaction.  Reaction 

achieves roughly 30% conversion as determined by the peaks located 

between 5.5-6.5 ppm associated with the C=C acrylate moieties of the 

HEA (red hydrogens).  The peak at 6.8 ppm is the trimethylbenzene 

reference peak. 

As seen in Figures 3.9 and 3.10, ene conversion is monitored the three peaks in 

the 5.5 – 6.5 ppm range, corresponding to the three hydrogens on the alkene.  The thiol-

Michael reactions proceeded quantitatively while PETMP/K(alloc) approaches roughly 

30% ene conversion.   
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The functionalized surfaces were further characterized using contact angle 

goniometry (Figure 3.11).  Native (acrylate-rich) samples exhibited a contact angle of 

32.1 ± 1.8°.  The thiol-rich surfaces, created by reacting a hydrophobic PETMP to the 

acrylate-rich surface showed a commiserate increase in contact angle (75.5 ± 4.3°).  

With further coupling of the excess surface thiols to hydrophilic monomers (i.e., 

hydroxyethyl acrylate, AF647-RGDS), the surfaces are rendered more hydrophilic, thus 

lowering the contact angle. 

 

3.11 Static Contact angle measurements on functionalize elastomer 

surfaces.  Native surfaces exhibited a contact angle of 32±1.8°.  When 

functionalized with hydrophobic PETMP, the contact angle rises to 

75.5±4.3°.  With further modification of the thiols with either hydrophilic 

hydroxyethyl acrylate (HEA) or AF647-RGDS, the contact angle of the 

surfaces decrease again to 37.5±1.2° and 65.6±4.3°, respectively.   
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Having established chemical reaction of functional moieties, the polymer 

materials were modified with the various functional handles for cell culture experiments 

using human mesenchymal stem cells (hMSCs).  hMSCs are multipotent progenitor 

cells that can differentiate into a variety of tissues, including bone and connective 

tissues, that require cellular alignment for proper morphology and function. 

[38,83,179,180]   Elastomer surfaces, fully treated with both 365 and 405 nm irradiation, 

were functionalized with PETMP, PETMP/HEA or PETMP/RGDS (Figure 3.12a).  

hMSCs were seeded on flat, chemically modified surfaces to determine surface 

chemistry effects on cell density and spreading (Figure 3.12b and c).  As expected, 

PETMP/RGDS functionalized elastomers significantly promoted both cell attachment 

and spreading (Figure 3.12b and c) compared to the native and PETMP/HEA surfaces.   

Thiol-rich surfaces also facilitated hMSC attachment and spreading but to a lesser 

extent.  It is worth noting that acrylate-rich elastomers phototreated with just the AF647-

RGDS (with LAP) also facilitated similar cell density and spreading as PETMP 

surfaces.  We suspect this may be due to some homopolymerization occurring between 

the acrylate surface and the allyl group on the RGDS peptide in the presence of 

photoinitiator both in solution (LAP) as well as in the polymer (Irgacure 651, Irgacure 

819). 
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3.12 hMSCs seeded on flat functionalized surfaces.  a) Representative 

confocal microscopy images of hMSCs seeded on various functionalize 

surfaces (Native, PETMP (thiol-rich), PETMP/HEA (hydrophilic), 

PETMP/RGDS, and RGDS only). Scale bar represents 100 μm. Cell nuclei 

are stained blue, while the cytoskeleton is shown in red.  hMSCs seeded 

on PETMP/RGDS-functionalized surfaces exhibited significant 

improvements in cell spreading (b) and cell density (c) as compared to 

other functionalization conditions.  For PETMP-functionalized samples, 

hMSCs attached and spread to a lesser degree, possibly due to nonspecific 

interactions with the free thiol moieties.  Homopolymerization of the allyl 

moiety in the AF647-RGDS sequence (RGDS only) to the free acrylates 

may also promote hMSC attachment. 

With notable differences observed on the functionalized materials, hMSCs were 

seeded on PETMP/RGDS-functionalized wrinkled elastomers prepared using three 
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different 365 nm irradiation times (5.5, 7.0 and 9.0 seconds) corresponding to three 

distinct wrinkle wavelengths (λ~ 150, 325, 450 μm, respectively) (Figure 3.13a).   

 

3.13  hMSCs seeded on PETMP/RGDS-functionalized wrinkled substrates 

with increasing wrinkle wavelength.  a) Representative confocal 

microscopy images of hMSCs seeded on wrinkled substrates reveal 

alignment of cells with the troughs of wrinkles structures versus a flat 

PETMP/RGDS-functionalized flat substrate.  Scale bar represents 100 μm.  

Cell nuclei are stained in blue while the cytoskeleton is stained red. b) As 

the cells tend to settle and spread along the troughs of the wrinkle 

structures, increasing the wrinkle wavelengths increase the accessible 

surface area in the troughs for the cells to spread.  c)  Cell density decreases 

with increasing 365 nm irradiation time.   
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Cell spreading increases with increasing wrinkle wavelengths (Figure 3.13b), 

due to the cells’ preference to settle in the troughs of the wrinkle structures.  As wrinkle 

wavelengths increase, the troughs of the structures widen and the curvature near the 

trough begins to flatten, increasing the surface area of the troughs for cells to settle and 

spread.  Consistent with this trend, flat samples, which can be thought of as an infinitely 

large wrinkle, have the largest degree of cell spreading associated with the largest degree 

of accessible surface for cell deposition.   

In contrast, the cell density of hMSCs decreases with increasing wrinkle 

wavelength (Figure 3.13c).  One reason for this may be due to variations in 

PETMP/RGDS density.  Since the wrinkle formation process is carried out with a 

coverslip (i.e., negligible O2 inhibition), some acrylate conversion is expected at the 

very surface of the elastomer.  As wrinkle wavelength increases with increasing 365 nm 

irradiation, the amount of remaining pendant acrylates available for post modification 

should decrease, thus lowering the final RGDS surface concentration.   

Cell nuclear alignment was also analyzed based on previously established 

protocols [87] with aligned cells taken within ±15° off the axis parallel to the wrinkle 

wavelength direction (Figure 3.14).  All nuclei (>30 nuclei per image) not in contact 

with the edge of the image were analyzed.  In comparison to flat PETMP-RGDS 

samples, wrinkled samples exhibit a two-fold increase in nuclear alignment, with no 

statistical difference in nuclear alignment between the three wrinkle wavelength 

conditions (λ~150-450 μm).   It should be noted the wrinkle sizes used in this study 

were an order of magnitude larger than wrinkle features used in previous studies, [87] 

which analyzed hMSC alignment on topographic features that were roughly 20 – 30 μm. 
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3.14  Nuclear Alignment vs wrinkle wavelength on PETMP/RGDS surfaces.  

Cell alignment measurements, taken as ±15° parallel to the wrinkle 

wavelength, demonstrated two-fold increase in nuclear alignment of 

hMSCs on PETMP/RGDS-fucntionalized wrinkle substrates as compared 

to a flat substrate.  Red stars denote significance as compared to flat 

PETMP/RGDS functionalized sample. 

3.4 Conclusion 

Thiol-ene photowrinkle systems present a powerful tool for controlling surface 

interactions of polymer materials.  Through stoichiometrically controlled thiol-ene 

formulations, two-tiered polymerization schemes can be implemented towards rapid 

generation of wrinkles.  Importantly, this topography can be further enhanced through 

post-chemical functionalization, by leveraging oxygen inhibition associated with the 

free radical photopolymerization.  By employing thiol-ene chemistry to chemically 

modify wrinkle surfaces, it is possible to independently tailor the topography and the 

surface chemistry towards a targeted application.  While in this study we implemented 

a two-step functionalization protocol to adapt the elastomer for cell culture experiments, 
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due to the modular nature of thiol-ene ‘click’ chemistry, many commercially available 

and synthesizable multifunctional thiols and enes can be utilized.  In conjunction with 

the ability to rapidly form spatially aligned and confined topography, the versatility of 

this approach to controlling surface properties will enable the development of next 

generation functional coating materials.   
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PHOTO-WRINKLE FORMATION VIA FLOWCOATING – SUB-MICRON 

WAVELENGTHS WITH INDEPENDENT CONTROL OVER MODULUS AND 

CHEMISTRY 

4.1 Introduction 

Material wrinkling or buckling on polymer substrates offers a rapid low-cost 

method for generating topography over large surface areas, for applications in optical 

lenses [57, 130], adhesives [69-71], antifouling coatings [68], cell culture [64, 77, 87] 

and flexible electronics [153, 154], among many others.  To form wrinkles, a thick low 

modulus substrate exerts lateral compressive stresses on an attached thin, high modulus 

film.  Above a critical stress (or strain), periodic sinusoidal wrinkle structures 

spontaneously develop in the film layer, resulting from a minimization in the film’s 

bending energy and the elastomer’s strain energy (Equation 1.1)  

There are several approaches to develop controlled wrinkled surfaces on 

elastomeric substrates. [52, 53, 56, 57, 59, 64, 65, 68, 124, 130]  One of the first 

examples of deliberate wrinkling on a polymer substrate was by Bowden and coworkers, 

in which a thin layer of metal was coated on top of a poly(dimethylsiloxane) (PDMS) 

elastomer. [52]  Later work utilized UV ozone (UVO) or plasma oxidation to convert 

the surface of a strained PDMS elastomer into nanometer-thick silicate thin film. [53, 

56, 65]  Upon releasing the strain on the PDMS, wrinkles were introduced into the 

silicate layer.   Alternatively, a number of groups have coated thin films from a polymer 

solution, which were subsequently transferred onto an elastomeric substrate. [59, 125, 
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181]  This method facilitates generation of nanometer-thick polymer films, producing 

submicron wrinkle structures.  Additionally, films with gradient thicknesses have been 

generated through flowcoating by controlling the coating acceleration.  Stafford and 

coworkers used this procedure to develop SIEBIMM (strain-induced elastic buckling 

instability for mechanical measurements), a measurement technique that extracts the 

elastic modulus of the thin film from the wrinkling wavelength using equation (1) (after 

experimentally determining the film thickness and elastomer modulus). [59, 88]    

Despite these advances to create wrinkled topography using flowcoating, several 

challenges remain.  Specifically, because the thin films are not covalently attached to 

the elastomer foundation, delamination and cracking has been observed, particularly 

under large elastomer deformations. [125] Additionally, flowcoating or spincoating 

generates a continuous film, and thus wrinkles are formed across the entire surface.  

While the introduction of photoreversible moieties, such as azobenzene, can be used to 

spatially modulate wrinkling, these structures are not permanent and relax over time. 

[62]  Finally, the majority of bilayer wrinkle systems lack the ability to tune the modulus 

of the thin films; typically, the films are glassy (with an elastic modulus >1 GPa), 

resulting in a large modulus mismatch between the film and elastomer and setting a 

lower limit  on the wrinkle wavelength (see Equation 1).    

To address these limitations, we present a new approach to polymer wrinkling 

using flowcoating of thiol-ene ‘click’ monomers [114, 115, 121, 182, 183] to target 

submicron wrinkle structures.  The versatility of the thiol-ene reaction, [114, 115, 121] 

characterized by rapid kinetics under ambient conditions, high reaction selectivity, and 

spatiotemporal control, has led to the development of chemically-crosslinked polymers 

networks with tunable modulus [from <0.1 kPa (i.e., hydrogels [18, 184, 185]) to >1 
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GPa (i.e., dental composites[186])].  With the incorporation of specially-designed 

monomers, stimuli-responsive characteristics, including self-healing[187-189] and 

light-triggered mechanical actuation (i.e., liquid crystal elastomers), [190] among 

others, can also be imparted into the network. 

Using a model system, we establish thiol-ene formulations to independently 

control the modulus of each layer to produce nanometer-sized features. Through thiol-

to-ene stoichiometric control, we also develop ene-rich films that are covalently bonded 

to complementary thiol-rich elastomers.  Employing photopatterning, we demonstrate 

spatial control over wrinkle formation and wrinkle alignment. Finally, by flowcoating 

multiple patterned layers, we spatially control the size of wrinkles, as the wrinkle 

wavelength is dictated by film thickness. 

4.2 Materials and Methods  

4.2.1 Materials 

Triallyl-1,3,5-triazine-2,4,6-trione (TATATO) and triethylene glycol divinyl 

ether (TEGDVE) was purchased from Sigma Aldrich.  3,6-dioxa-1,8-octanedithiol 

(DOODT) was purchased from TCI America.  Pentaerythritol tetramercaptopropionate 

(PETMP) was kindly supplied by Evans Chemetics.  Irgacure 651 (2,2-Dimethoxy-1,2-

diphenylethan-1-one) was donated from BASF-CIBA.  All chemicals were used without 

further purification.   

4.2.2 Thiol-rich Elastomer formulation: 

Photoinitiator, Irgacure 651 (0.1wt%), was mixed with TEGDVE and vortexed 

until fully dissolved.  Next, tetrathiol, PETMP, and dithiol, DOODT, were added to the 

TEGDVE and vortexed for 30 seconds.  The PETMP:DOODT:TEGDVE functional 
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group stoichiometry was 1.5:2:3.   This ratio ensures a thiol-rich elastomer.  The mixture 

was then casted between two glass slides with 1.58 mm Teflon spacers and irradiated 

with 365 nm UV light (EXFO S2000) at 1 mW/cm2 for five minutes to initiate radical-

mediated thiol-ene polymerization to yield an elastomer.   

4.2.3 Flowcoating Ene-rich films: 

All glass slides were triple rinsed with acetone, isopropanol, and distilled water 

prior to use.  All glass slides and silicon wafers were then placed in a UVO cleaner 

(model 342, Jelight Co., Inc.) for at least 1 hour prior to film casting to remove residual 

organic contaminants.  After removal from the UVO chamber, all substrates were rinsed 

with toluene and dried with nitrogen three times before casting.  

Thiol-ene monomers, PETMP and TATATO were added in a 1:1.1 thiol: ene 

stoichiometry and dissolved in toluene (10wt% monomers in toluene) with 0.5 wt% 

Irgacure 651 based on monomer weight.  Cleaned glass substrates (or silicon wafers) 

were mounted on a motorized stage and monomer solution (75 μL) was injected between 

substrate and a 1.6 cm coating blade (200 μm gap height).  The motorized stage was 

then moved unidirectionally at a constant velocity to generate a uniform monomer thin 

film.  After casting, the films were irradiated with 365 nm UV light (10 mW cm-2, 90s) 

to crosslink the thiol-ene monomers.  

To photopattern the films, a photomask was placed over a monomer thin film, 

prior to UV irradiation.  After curing, the films were rinsed with toluene and dried with 

nitrogen three times to remove any unreacted monomers.  All films were heated at 

100°C for 2 hours to remove any residual toluene.   



 75 

4.2.4 Measuring film thickness: 

Films were casted on silicon wafers at the same conditions as on glass slides.  

Wrinkles generated from both silicon wafers and glass slides showed similar wrinkle 

wavelengths, indicating the two substrates a similar with respect to flowcoating  

All samples were photocured for 90 seconds at 10 mW/cm2, and post-heated for 

2 hours at 100°C to remove any residual solvent. The final crosslinked polymer film 

thickness was measured using a spectral reflectometer (Filmetrics, F20-UV).   

4.2.5 Transferring films to the elastomers 

The ene-rich flowcoated film was brought in contact with a thiol-rich elastomer, 

which was strained 4% on a custom-built stretching apparatus using manually controlled 

micrometer linear stages attached to an optical breadboard.  Elastomers were affixed 

using clamps.  Wetting was observed between the elastomer and film surfaces.  The 

system was subsequently irradiated with 365 nm UV light (10 mW cm-2, 60s) to 

covalently attach the film to the elastomer.  The entire set up was then submerged into 

water to delaminate the glass slide from the bilayer polymer system for a few hours.  

Upon removal from water, the system was vacuum dried overnight.  After destraining, 

wrinkles were imaged under optical microscopy or scanning electron microscopy. 

4.2.6 Dynamic Mechanical Analysis (DMA)  

Modulus of bulk thiol-ene polymers were measured using a TA Q800 DMA in 

tensile mode, using a strain of 1% at a frequency of 1 Hz.  Moduli values were taken in 

triplicate. 
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4.2.7 Optical Microscopy 

Optical microscopy images were collected in transmittance mode using a Nikon 

Eclipse LV100, 5 MP CCD camera.  Images were taken using 20x, 50x and 100x 

objective lenses.   

4.2.8 Scanning electron microscopy 

For wrinkle wavelengths below the resolution of the optical microscope, a Zeiss 

Auriga 60 Field Emission Scanning Electron Microscope was employed.  Prior to 

obtaining microscopy images, all wrinkled samples were coated with a thin layer of 

Au/Pd alloy using a Denton Vacuum Desk IV Cold Sputterer. 

4.2.9 Thermogravimetric Analysis (TGA) 

TGA was performed on a TA Discovery TGA.  Thin film PETMP:TATATO 

samples were heated at 10°C/min to 100°C under nitrogen atmosphere, and held 

isothermally for 2 hours.   

4.2.10 Atomic Force Microscopy (AFM) Modulus 

The modulus of thin films were obtained on a Bruker Catalyst AFM with a 

BioScope II Controller in peak force tapping mode.  A Bruker AFM Probe (Model 

TAP525A – MPP13120) with spring constant, k = 200 N/m was used.  1μm by 1μm 

scans (256 x 128 modulus data points) were taken on three separate films.  The modulus 

data was fitted to a Gaussian and the mean value was taken as the film modulus. 

Measurements indicate the modulus of thin films were >1 GPa (Figure 4.1), which is 

consistent with bulk DMA measurements. 
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4.1  Modulus of thin films. Modulus histograms for AFM peak force tapping 

measurements of PETMP/TATATO (1:1.1)thin films. A) Poly(styrene) 

standard with a mean of 3.37 GPa and a standard deviation of 0.87. b) 

PETMP:TATATO thin film with a mean of 3.59 GPa and a standard 

deviation of 0.34.  C) Second replicate of PETMP:TATATO film with an 

average of 4.75 and a standard deviation of 0.46. D) Third replicate of the 

PETMP:TATATO thin film with an average of 4.17 and a standard 

deviation of 0.39.  These data indicate that these film thicknesses of the 

PETMP:TATATO films retain their glassy bulk modulus. 
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4.3 Results 

The thiol and ene monomers used to formulate the elastomer and thin film were 

selected based on their molecular structure (i.e., number of functional groups per 

molecule, backbone flexibility, thiol and ene reactivity, etc.), which directly influences 

the mechanical properties of the final crosslinked material.  For the ene-rich flowcoated 

film, a 1:1.1 PETMP:TATATO mixture was used (monomers shown in Figure 4.2a). 

The combination of monomer functionality (tetrathiol and triene) and rigid backbone 

(specifically of TATATO) is known produce a glassy material at room temperature (1.9 

± 0.05 GPa). [186]  The film is formed using flowcoating, where a monomer solution 

of the PETMP/TATATO and photoinitiator (Irgacure 651) is injected between a coating 

blade and a precleaned glass substrate.  The glass substrate is actuated using a linear 

motorized stage, resulting in a thin uniform coating of monomer on the glass.  This 

coating is subsequently crosslinked through a radical mediated thiol-ene 

photopolymerization. Unlike traditional photopolymerizations that employ 

meth(acrylate) type monomers, thiol-ene chemistry is insensitive to oxygen, which 

enables the photopolymerization of the nanometer-thick films under ambient 

conditions.  Films are subsequently heated for two hours at 100°C to completely remove 

excess solvent in the films, which was confirmed using thermogravimetric analysis 

(TGA). 

Three monomers were used to formulate the elastomer foundation: tetrathiol 

(PETMP), dithiol (DOODT), and diene (TEGDVE) (Figure 4.2b).  The tetrathiol-to-

dithiol monomer ratio is used to tune the molecular weight between crosslinks, and 

correspondingly the elastomer modulus.  The elastomer formulation was cast between 

two glass slides, separated by 1.6 mm spacers and irradiated with 365 nm UV light.  A 

fully cured thiol-rich elastomer with a monomer functional group stoichiometry of 
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1.5:2:3 (PETMP:DOODT:TEGDVE) possessed a modulus of 2.5 ± 0.2 MPa and was 

capable of reversible strains of >4%. 

 

4.2  Thiol-ene Film and Elastomer Formulation for Polymer Wrinkling.  

Two independent thiol-ene formulations are employed to generate the 

thick elastomeric substrate and the thin, high modulus film necessary for 

wrinkling.  A) Tetrathiol and triene (1:1.1 thiol:vinyl functional group 

stoichiometry) are mixed with photoinitiator (Irgacure 651) and dissolved 

in toluene.  This solution is used to flowcoat nanometer thick films on a 

glass slide, which are subsequently crosslinked to form a high modulus 

polymer with excess vinyl functional groups and post-heated to remove 

residual solvent. B) Separately, tetrathiol, dithiol, and diene (1.5:2:3 

thiol:thiol:vinyl functional group stoichiometry, respectively) are mixed 

with photoinitiator and photocured between two glass slides to generate a 

thicker low modulus elastomer with excess thiol functional groups.     
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A wrinkled bilayer was created by transferring and covalently attaching the 

flowcoated film to the pre-stretched elastomer as shown in Figure 4.3.  In this illustrative 

example, the flowcoated film exhibited a continuous dark blue color on a silicon wafer, 

indicating a uniform thickness of roughly 100 nm (Figure 4.3a). The film was then 

brought into contact with a thiol-ene elastomer under 4% strain and irradiated to 

promote covalent attachment at the film–elastomer interface.  Upon removing the 

silicon wafer, only the parts of the film in contact with the elastomer delaminated 

(Scheme 2c), leaving behind a discontinuity in the original coated film on the silicon 

wafer. This film transfer only occurred upon UV irradiation. If the film was contacted 

to the elastomer without irradiation, the film remained adhered to the silicon wafer upon 

removing the wafer from the strained elastomer, verifying that the ene-rich film was 

reacting to the thiol-rich elastomer interface.  As a result of the covalent bonding of the 

film to the elastomer, the elastomer broke when we attempted to delaminate the silicon 

wafer from the thin film; the section of the elastomer that was in contact with the silicon 

wafer/thin film remained bonded to the wafer after the elastomer fractured.  To 

successfully remove the wafer from the bilayer system, the entire system (bilayer 

polymer + stretching apparatus) was submerged into distilled water.  The water 

infiltrates between the silicon wafer and the ene-rich film, which enables removal of the 

coating substrate without damaging the bilayer.  It should be noted that similar wrinkle 

features are obtained when using a glass slide rather than a silicon wafer.  
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4.3  Film Transfer of Flowcoated Film onto a Thiol-ene Elastomer for 

Wrinkle Formation.  a) Thin films are flowcoated and polymerized on a 

silicon wafer (or glass slide) and before they are placed in contact with a 

strained thiol-ene elastomer (b).  Irradiation initiates reaction of the excess 

vinyls at the film interface with the excess thiols at the elastomer interface, 

to form a covalently attached laminate.   The coating substrate is 

subsequently removed by submerging the entire 

Research on flowcoating using linear polymer chains identified several key 

parameters for controlling film thickness, [191, 192] including polymer concentration 

and coating velocity.  As established by the Landau-Levich theory (Equation 4.2), the 

film thickness, twet, is a function of a constant c1 (=1.34), the characteristic length scale 

(radius of the rear meniscus of the coating solution), L, the solution viscosity (μ), the 

plate velocity (U), and the solution surface tension (γ):   
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In this theory, it is assumed that evaporation of the solvent is negligible during 

the coating process; previous investigations on flowcoating polymer solutions revealed 

that an evaporation front formed after the blade during the coating process. 

As expected from Equation 4.2, thiol-ene thin films (after crosslinking and post-

heating) exhibit an increase in thickness with increasing velocity (Figure 4.4a), which 

is consistent with previous flowcoating experiments performed on dilute polymer 

solutions.[192]  Similar to increasing velocity, increasing monomer concentration 

(while maintaining constant thiol:ene stoichiometry) also displays increased coating 

thickness (Figure 4.4b).  These experiments indicate that coating with monomer 

solutions is comparable to coating with polymer solutions since the flowcoating 

phenomenon is based on the solution viscosity.  Since the monomer solution viscosities 

are lower than polymer solutions at a given concentration, higher monomer 

concentrations may be coated using this method.  For example, 20wt% monomer 

solutions are readily coated in contrast to previously reported 10wt% using 50K 

poly(styrene). [192]   
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4.4    Film thickness versus coating velocity and monomer concentration A)  

Film thickness plotted as a function of velocity shows a linear increasing 

trend.  As velocity increases, more monomer is left behind on the 

flowcoated substrate, thereby increasing the film thickness.  B) The film 

thickness increases with increasing monomer concentration.   

Furthermore, it was confirmed for polymer solutions that the velocity and 

Capillary number (μU/γ) followed the 2/3 scaling dictated by the Landau-Levich 

Theory.[191]  As seen in Figure 4.5, in which the logarithm of the film thickness is 
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plotted against the logarithm of velocity, a slope of 0.62 ± 0.06 is obtained, consistent 

with the Landau-Levich theory.  

 

4.5   Log10(Film Thickness) plotted as a function of Log10(Velocity) yields an 

0.62 scaling, consistent with the Landau-Levich theory.   

The wrinkle wavelength decreases with decreasing film thickness, as expected 

from the wrinkle wavelength equation.  However, as shown in Figure 4.6 the wrinkle 

wavelength scales with h to the 1.20 ± 0.06 power, which is a slight deviation from the 

expected value of 1.   
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4.6 As predicted by Equation 2, wrinkle wavelength scales with h.   

The deviation is more pronounced when wavelengths of film thicknesses 

approaching 40 nm are included in the fit (Figure 4.7), resulting in the wavelength 

scaling of h1.43.  The scaling indicates that as film thicknesses decrease below roughly 

40 nm, the apparent modulus of these films are lower than the bulk modulus, resulting 

in a wrinkle wavelength that is lower than expected. This modulus-depression 

phenomenon has been reported in literature. [88] 
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4.7  Observed thickness scaling deviations of the wrinkle wavelength as film 

thickness approaches 40 nm; the wavelength scaling on thickness 

becomes λ~h1.43 instead of the expected h1.   

Unlike other flowcoated wrinkle systems, the wrinkle wavelength of the thiol-

ene system is readily tuned by changing the solution formulation.  By controlling the 

monomer formulation and thiol:ene stoichiometry, the crosslink density is modulated.  

As shown in Figure 4.8, a different PETMP:TATATO formulation (thiol:ene ratio 

0.7:1.1, red triangles) was used as the coating solution to generate thin films for 

wrinkling. As compared with 1:1.1 films, the modulus of 0.7:1.1 films is lower, resulting 

in lower wrinkle wavelengths at the same film thicknesses, while retaining the same 

scaling as the 1:1.1 wrinkle systems. With further formulation optimization, such as 

using dithiols instead of tetrathiols in the film formulation, the film modulus could be 

further reduced to achieve even smaller wrinkle features. 
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4.8  Wrinkle wavelength vs film thickness for films of different moduli.   
Wrinkle wavelength can be tuned through modulus of the thin films via 

monomer structure and/or thiol:ene stoichiometry.  Thiol:ene formulations 

using 1:1.1 (modulus = 1.9 GPa) yield larger wrinkle wavelengths as 

compared to 0.7:1.1 formulations (modulus = 1.5 GPa).  A similar concept 

can be applied to the elastomer substrate as well.    

While flowcoating polymer solutions results in a continuous film, the use of UV 

irradiation enables spatial deposition of polymer via subsequent photopatterning and 

rinsing steps.  By placing a photomask over the flowcoated film (Figure 4.9a) and 

irradiating the materials with UV light, crosslinking only occurs in the exposed areas of 

the film.  The unexposed areas remain in monomer form, and are readily rinsed away 

without damaging the crosslinked polymer.  Consequently, once the films are 

transferred onto the strained elastomer, wrinkle patterns are also confined. As an 

example, a flowcoated film was transferred to the uniaxially-strained thiol-ene 

elastomer and was irradiated through a flower photopattern (Figure 4.9b).  The 

unexposed regions of the film where then rinsed away and the strained elastomer was 

released to reveal a photopatterned iridescent film.   Optical microscopy of the wrinkle 

patterns show high pattern fidelity in the photopatterned films, as the wrinkle structures 
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have clearly defined boundaries.  Moreover, the wrinkles themselves align 

perpendicular to the direction of strain (Figure 4.9b).   

 

4.9 Spatial Control over Wrinkle Formation using Flow-coated 

Photopolymerization.  A) After flowcoating monomer thin films, a 

photomask is overlaid on top of the preirradiated film, separated by a thin 

spacer (1 mm).  Exposure to UV irradiation spatioselectively crosslinks 

the materials, after which the unexposed, unreacted monomer is rinsed 

away with toluene.  The photopatterned film is transferred to  the strain 

elastomer (as described in Scheme 1).  Releasing the stain produces 

wrinkles approaching submicron wavelengths, resulting in iridescent 

films.  B) Patterned films reveal very distinct boundaries (yellow box – 

scale bar 500 μm). Unidirectional strain generates aligned wrinkles 

perpendicular to the strain direction, regardless of the pattern orientation 

(green and red boxes – scale bar is 5 μm).   

 Flowcoating and photopatterning provides a rapid route towards wrinkle 

confinement with multiple distinct wavelengths.  By coating and photopatterning 
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multiple layers of thiol-ene polymer, it is possible to introduce step-changes in film 

thickness spatially, which upon transfer onto the elastomer will yield different wrinkle 

wavelengths in accordance with Equation 1.1.  A thin film (h~130 nm) was flowcoated, 

transferred to and irradiated with photopatterned UV light on a thiol-ene elastomer.  This 

process was repeated a second time under the same conditions, leaving behind a second 

film (h~190 nm) with two different distinct thicknesses (Figure 4.10).  After transferring 

the film to an elastomer, the two photopatterned layers generate areas with distinct 

wrinkle wavelengths due to the height variation in the film itself.  Regions that were not 

irradiated (i.e., no crosslinked film) exhibited no wrinkles (Figure 4.10b).  In regions 

that retain only one coating (Figure 4.10c, right image), the wrinkle wavelengths were 

roughly 1.75 μm.  Only in regions where both layers were photoirradiated were the 

largest wrinkle wavelengths (λ ~ 2.75 μm) observed (Figure 4.10c, left image), owing 

to the increased film thickness in those regions.  While only two layers were coated in 

this demonstration, it is possible to coat multiple layers, photopatterning each layer to 

generate spatially controlled discrete wrinkle wavelengths.  

4.4 Conclusion 

Flowcoating photopolymerizable monomer systems presents an alternative 

approach to realize sub-micron wrinkled surface topography. The mechanical properties 

of both the film and the elastomer substrate are highly tunable – with the appropriate 

thiol and ene monomer selection and stoichiometry, a wide range of moduli can be 

achieved for both layers. Though the film-to-elastomer modulus ratio in this specific 

system is 1900:2.5 MPa, thin films with moduli in the MPa regime can be easily 

achieved with thiol-ene chemistry, which can reduce the film-to-elastomer modulus 

ratio, thereby driving the wrinkle wavelength even smaller. 
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4.10  Spatially Confined Formation of Multi-Wavelength Wrinkle Patterns  
A) Two layers of monomer were flowcoated with 10 wt% monomers in 

toluene at 7 mm/s and photopatterned using the two patterns shown in the 

inset.  Unreacted monomers were rinsed away between each coating step.  

B) Upon film transfer, three distinct regions are observed – larger wrinkles 

associated with two layers, small wrinkles corresponding to one layer of 

crosslinked polymer, and areas with no wrinkles where the unreacted 

monomers were rinsed away.  C) Corresponding large (h~190 nm, λ~2.75 

μm) and small wrinkle (h~130 nm, λ~1.75 μm) regions (left and right 

images, respectively), with the transition region shown in the center image.   

Based on the velocity vs film thickness experiments, it is also possible to 

flowcoat under constant acceleration, which will facilitate development of gradient 

wrinkle structures as well.  Last, through photopatterned UV irradiation, confinement 

of wrinkled features is easily achievable as well as distinct wrinkle wavelength control 

through sequential flowcoating and photopatterning.   Ultimately, with the modularity 
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of ‘click’ chemistry, the monomers in this study can be exchanged with specially 

synthesized monomers, which will enable development of stimuli responsive wrinkle 

systems as well as new functional thin film materials. 
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CONLUSION AND FUTURE DIRECTIONS 

Wrinkled polymer surfaces present a rapid approach to generating long range 

surface topography for potential applications.  To address some of the shortcomings of 

the widely popular PDMS-type wrinkle systems, which include slow polymerization 

rates, lack of facile tunability over surface chemistry, and poor alignment/confinement 

over wrinkle structures, two separate photodirected wrinkle systems have been 

developed in this thesis as well as methods to control the modulus and chemistry at the 

interface of the polymer material. 

5.1 Conclusions 

In Chapter 2, a new wrinkle system was introduced using two orthogonal 

polymerizations on the same material.  The first polymerization, the thiol-Michael 

reaction, was used to create the elastomeric substrate with excess acrylate moieties, 

while a photoinitiated free radical polymerization of the remaining acrylates was used 

to generate the higher modulus film, thereby generating the necessary modulus 

mismatch to form wrinkles. Wrinkles were formed in seconds under ambient conditions, 

compared to the 30 to >60 minutes it took with previous methods on PDMS elastomers.  

More significantly, through photolithography, gradient and aligned wrinkles are easily 

created, enabling facile production of more complex wrinkle configurations.  The tools 

and techniques developed in Chapter 2, which include commercially available 

monomers, photoinitiators, and photoabsorbers and industrially relevant techniques 
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(i.e., photolithography), enable the potential commercial scale up of wrinkling 

technology. 

In Chapter 3, oxygen inhibition of the free radical polymerization is exploited in 

the two-tiered wrinkling system to introduce chemical functionality to the material 

surface.  Due to oxygen quenching of radicals at the surface of the elastomer, acrylates 

remain unreacted near the air-solid interface of the elastomer, enabling post chemical 

functionalization using thiol-Michael and thiol-ene type reactions.  In this chapter, 

directed cell alignment of human mesenchymal stem cells (hMSCs) is also 

demonstrated towards potential tissue engineering applications.  To chemically modify 

the material, the surface is exposed to tetrathiol in acetonitrile in the presence of a 

phosphine catalyst to trigger a thiol-Michael reaction.  The acetonitrile, a good solvent 

for the polymer, ensures the thiols can access and react with the free acrylates in the 

polymer.  The tetrathiol was selected to densify the surface functionality while 

introducing spatial control over the final functionalization step.  Further reaction with 

an alloc-protected RGDS peptide introduced markers necessary for hMSCS to adhere 

to surfaces.  Alternatively, other functional groups, such as hydroxyethyl acrylate 

(HEA), was introduced to passivate the surface and prevent cell adhesion.  Upon cell 

seeding, cell density and spreading is significantly increased on RGDS-functionalized 

surfaces as compared to the native, thiol and HEA functionalized materials, indicating 

functionalization was successful.  Because thiols are introduced in the first 

functionalization step, the alloc-RGDS can also be spatially controlled through a 

photoinitiated thiol-ene reaction, dictating where cells can adhere to the surface. 

Moreover, when cultured on functionalized wrinkles substrates, cells also exhibit 

increased cellular alignment as compared with the flat substrate.  Through the work in 
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Chapter 3, chemical functionalization was shown to enhance material functionality, 

allowing independent control over the topography and chemistry.   

In Chapter 4, an alternative approach to wrinkle formation was introduced using 

flowcoating to generate higher modulus thin films.  The flowcoating approach to 

wrinkle formation enabled the generation of nanometer-thick films, which upon transfer 

to a softer elastomer, yields sub-micron wrinkle wavelengths.  Although 

flowcoating/spincoating of long chain polymers (i.e., polystyrene) have been employed 

in wrinkle formation, this was the first instance of flowcoating with monomers, which 

were subsequently photocured.  While flowcoating controlled the film thickness (i.e., h 

in the wrinkle wavelength equation), utilizing thiol-ene monomers also enabled control 

over the modulus of the films through careful selection of monomer structure (i.e., ring 

structures vs linear chains) and through variation in the thiol:ene stoichiometry (i.e., the 

cross-link density).  Thus, this approach introduced an additional control handle in 

wrinkle formation, which has not been demonstrated in previous flowcoating wrinkle 

systems.  Moreover, similar to the two-tiered wrinkling system, the use of 

photolithography enabled spatiocontrol over wrinkle formation.  By repeated 

flowcoating and photopatterning steps, stepwise variations in film thicknesses were 

achieved resulting in multiple distinct wrinkle wavelengths.  Through further 

formulation development of the film and substrate, it is possible to decrease wrinkle 

wavelengths to below the diffraction limit of light. 

Through the work in this thesis, techniques were developed to independently 

control modulus through thiol-ene formulation, surface chemistry through sequential 

monomer couplings and spatially confined surface topography through wrinkling using 
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industrially relevant techniques.  Ultimately, these material systems facilitate the 

development of functional wrinkled materials for commercial applications 

5.2 Future Directions – Stimuli responsive wrinkles 

The development of flowcoated monomer wrinkle systems presents an avenue 

towards fabrication of stimuli-responsive surface texture, which have been used in 

applications such as surfaces with reversible wetting [151],  reversible adhesives [71], 

smart coatings [67], and biomaterials [78].   

The methods employed in Chapter 4 can be implemented in designing stimuli-

responsive wrinkle systems.  Specifically, covalent adaptable networks (CANs) can be 

employed in creating the high modulus thin films through flowcoating. CANs, as the 

name implies, are covalently crosslinked polymers that contain functional moieties in 

the network backbone that are capable of breaking and reforming under external stimuli 

such as light or heat.  CANs possess the structural integrity associated with thermosets, 

but also retain the reprocessibility of thermoplastics.  This ability to reversibly break 

and reform chemical crosslinks has led to the development of interesting material 

properties such as stress relaxation [97,193], reversible adhesives [194], and material 

recycling/self-healing [98,100,103,195,196], among others.  Importantly, CANS that 

employ reversible exchange reactions (e.g., transesterification reactions) undergo 

concomitant bond breaking and bond-reforming such that the crosslink density, and 

consequently the modulus, of the material is preserved.   

While a variety of stimuli can be used to trigger polymer wrinkling, including  

humidity/solvent-swelling, [136, 197] pH, [198, 199] temperature, [200] and electricity, 

[67] light offers the unique advantage of spatiotemporal control as demonstrated in 

Chapters 2-4.  A variety of different types of light triggered moieities have been 
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employed in CANs, including isomerizations (i.e., azobenzenes), [201-207] 

photoreversible cycloadditions (e.g., coumarin, anthracene), [208-215] and bond 

reshuffling (e.g., trithiocarbonates, allyl sulfides). [97, 98, 100-103, 195, 196, 216]  

Because of the modular nature of thiol-ene chemistry, it is possible to exchange either 

the thiol or ene species for monomers that contain any of the aforementioned functional 

moieties.  In developing responsive wrinkling systems, synthesis of ene monomers with 

stimuli-responsive moieties would be an ideal starting point, as the synthetic schemes 

for both electron-rich and electron poor enes are typically less involved than synthesis 

of thiols.  It is important to note that while a variety of different wrinkle material systems 

have been developed with the aforementioned functional moieties, [125, 199, 215, 217] 

the ability to synthesize, flowcoat and react these monomers in step-growth thiol-ene 

polymerizations offer greater tunability over the thermomechanical properties, and 

consequently the wrinkle wavelength of the final material.  

Figure 5.1 shows the schematic of potential photoresponsive moieties that can 

be incorporated into the thiol-ene thin films.  Figure 5.1a demonstrates the incorporation 

of azobenzene moieties in a thiol-ene thin film.  Azobenzene molecules exhibit trans-

to-cis isomerization under photoirradiation, which changes the polarity of the molecule 

and the length of the molecule.  When the thermodynamically stable trans-state is 

aligned, liquid crystalline domains are formed.  Upon irradiation with light, the aligned 

azobenzene will undergo the trans-to-cis conformational change, resulting in 

macroscopic deformation. If this molecule is incorporated into a thin film and laminated 

on a thicker elastomer substrate, the macroscopic deformations can result in wrinkle 

formation. [62, 125]   
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Molecules capable of undergoing reversible cycloadditions can also be used in 

the generating photoreversible wrinkles.  In Figure 5.1b, coumarin is incorporated in a 

partially crosslinked thiol-ene thin film. Upon transferring the film onto a strained 

elastomer backing and irradiating, the coumarin will undergo a [2+2] cycloaddition 

reaction, resulting in the formation of a four-membered ring.  This four member ring 

structure will increase the modulus of the film, thereby creating sufficient modulus 

mismatch for wrinkle formation.  Further irradiation with 254 nm light source will 

reversibly break the [2+2] cycloproduct back into its monomer form, thus erasing the 

wrinkle structures. 

Since stress is inherently introduced into the high modulus thin films during wrinkling, 

incorporation of bond shuffling moieties can create stress relaxation to erase wrinkle 

structures.  Thiol-ene thin films containing trithiocarbonate moieties can be photocured 

and transferred onto strained elastomers.  Wrinkles will form upon strain release.  

Radical initiators, which can be triggered using light, will attack the S=C bond, creating 

the bond reshuffling necessary to reduce stress in the thin film, which will effectively 

remove wrinkle structures.  If the material is restrained and irradiated, the stress of the 

straining process on the thin film may be sufficient to cause stress relaxation in the 

elongated state.  Because the bond reshuffling does not alter the crosslink density, the 

elastic mismatch between the film and substrate is maintained and thus after destraining 

the elastomer the wrinkles are recovered.  In all three of the above examples, the use of 

light enables spatial control over wrinkle formation, which ultimately affords the same 

advantages of wrinkle confinement and alignment as the previous systems developed in 

this thesis.   
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5.1 Various photoresponsive moieties and their incorporation into 

flowcoated thin films.  a) Ene monomers containing azobenzene 

molecules can be synthesized and reacted with thiols on a flowcoating 

substrate.  Prealignment of the liquid crystal molecules must be induced 

prior to photopolymerization to ensure liquid crystallinity.  Upon transfer 

to an elastomer substrate (no strain required) and irradiation with a 365 nm 

light source, the film can undergo macroscropic shrinkage due to trans-cis 

isomerization of the azobenzene moiety, thus causing shrinkage.  Exposure 

to heat or blue light will return the surface to the original flat state. b) 

Partially crosslinked thiol-ene films containing coumarin in the network 

backbone can be transferred onto a strained elastomer.  Upon irradiation 

with >300 nm light, [2+2] dimerization is induced in the coumarin, 

forming a four-membered ring and increasing the modulus of the film.  

Upon strain release, wrinkles are formed.  Irradiation with 254 nm light 

will restore the surface to a flat state.  c) High modulus thiol-ene films 

containing trithiocarbonate moieities and photoinitiator can be created and 

transferred onto a strained elastomer, which upon destrain will form 

wrinkles.  Irradiation with 365 nm light (or a light source matching 

photoinitiator absorbance) will create bond reshuffling, relaxing the stress 

in the thin film that was introduced during the wrinkle process, thus 

regenerating a flat surface.  If the bilayer is restrained, and the surface 

irradiated with light, the thin film will relax in the elongated state, and 

upon destrain will wrinkle again.  The generic functional group, R, denotes 

attachment to a thiol-ene network.  

Another viable approach is to utilize photoinitiated copper catalyzed azide 

alkyne (CuAAC) reactions to generate the thin films.  The CuAAC reaction, which is 

also a ‘click’ reaction owing to high selectivity, mild reaction conditions, and minimal 

byproducts, has been applied in a variety of polymer applications, such as shape-

memory materials, [218-221] biomaterials and bioconjugation, [222-225] and dental 

materials. [226-228]  The CuAAC reaction scheme is depicted in Figure 5.2.  Through 

photoirradiation, a radical initiator species is generated, which reduces copper(II) to 

copper(I).  This copper(I) species can then trigger the azide-alkyne reaction, generating 

a rigid triazole ring structure. [219,229-231]   
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5.2  Photo-Copper Catalyzed Azide Alkyne Reaction. A photoinitiator radical 

reduces copper(II) to copper(I) which will trigger reaction between the 

azide (-N3) and alkyne (-C≡C) resulting in the formation of the triazole ring.   

To date, photo-CuAAC has only been implemented in a single wrinkle system. 

[232]   This system, which also employed a two-tiered polymerization scheme, used a 

thiol-Michael addition to form the underlying elastomer and a photo-CuAAC reaction 

to form the high modulus thin film.  Solvent containing a copper(II) source was swollen 

into the thiol-ene elastomer containing photoinitiator, unreacted pendant alkynes and 

diazide monomers.  The swelling of the elastomer provided sufficient deformation on 

the elastomer, and upon irradiation, reduction of the copper (II) to copper(I) resulted in 

local CuAAC reactions at the surface of the elastomer, thereby increasing the modulus 

through formation of additional crosslinks. Once the elastomer deswelled, wrinkles 

spontaneously formed.   

While this system provides a starting point for CuAAC-based wrinkling, two 

main challenges exist.  First, the film thickness was controlled solely through diffusion 

of the copper(II), which resulted in variability in wrinkle wavelengths.  Second, 
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swelling-based deformations results in isotropic wrinkle patterns, which are difficult to 

confine and align from an application standpoint.   

Flowcoating of photo-CuAAC monomers can be used to address both of these 

challenges.  A unique property of CuAAC films is their high fracture toughness, even 

in glassy networks, which enable CuAAC materials to reach strains in excess of 100%.  

Moreover, as demonstrated by previous work in the Kloxin group [233], once strained, 

these networks actually maintain that strain, though the time scale of this effect is 

unknown.  Only under application of heat above the glass transition temperature of 

CuAAC network, will the network return to its original length.  Preliminary work in the 

Kloxin group also found that the modulus of the film is conserved after application of 

strain/heat as compared to the original material.   

Using this property of CuAAC networks, flowcoated CuAAC films can be 

formulated with excess alkyne functionalities or reacted with propargyl acrylates to 

yield functional handles that can be used to covalently attach films to unstrained 

elastomer substrates through thiol-yne or thiol-Michael reactions respectively.  The 

elastomer/CuAAC film bilayer can then be strained (uniaxially or biaxially) and held 

for a duration of time to allow the CuAAC film to relax to the elongated state.  Upon 

releasing the strain, while the elastomer will snap back to its original length, the CuAAC 

film should maintain its elongated state, thus generating wrinkles.  Through heat (i.e., 

embossing) these wrinkles can be spatially removed, ultimately yielding a 

thermoresponsive CuAAC wrinkling system.  

5.3 Future Directions – Wrinkled Particles  

Beyond the development of planar wrinkled materials, extending wrinkling to 

spherical surfaces, particularly particles, has gained attention in the last decade [234-
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250], with some notable applications in increasing photovoltaic efficiency through 

wrinkled titanium dioxide particles [240], smart surfaces for improved aerodynamics 

[244], drug delivery [236,239,247], and as biomaterial platforms for cell attachment 

[243].   

Wrinkled particles are developed using similar criterion as wrinkled planar 

surfaces.  Like planar systems, particles must contain a thin, high modulus shell attached 

to a thicker softer core to create a modulus mismatch.  The shell must also be sufficiently 

deformed under compressive stress (i.e., through deswelling of the particle) to form 

wrinkled morphologies.  The notable exception is how wrinkle wavelength scales with 

film thickness. Cao and coworkers demonstrated through theory and simulation, that 

wrinkle wavelength follows a power law scaling, λ/R = a(R/h)b, where λ is the wrinkle 

wavelength, R is the particle radius, h is the shell thickness and a and b are power law 

constants [234].  Values a =3.0 and b = -0.8 showed reasonable fitting for R/h<100.  As 

R/h  ∞ (i.e., large particle size), the wavelength scaling will eventually reflect the 

planar wrinkle wavelength equation.  

Though micro- and nanoparticles have been synthesized using ‘click monomer 

systems via microfluidics and emulsion or suspension polymerizations [251-261], no 

particle systems have been developed to wrinkle.  Using the aforementioned CuAAC 

reaction, it may be possible to create wrinkles on particle surfaces (Figure 5.3).  

Multifunctional CuAAC monomers dissolved in an organic solvent can be dispersed in 

an aqueous media such as water.  The monomer/solvent system, being insoluble in 

water, can be stabilized with a surfactant such as sodium dodecyl sulfate. Catalytic 

amounts of copper (I) can then be introduced into the mixture.  While some copper 

species are soluble in the organic monomers, others are difficult to disperse in the 
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organic monomers without a ligand.  By selecting a copper source that can only dissolve 

in the aqueous phase, reaction will only occur at the organic-aqueous interface of the 

droplets, thereby polymerizing the monomers to form a polymer shell.  This shell 

thickness can be controlled through reaction time via diffusion of copper into the 

droplet.  Once the polymer particles are removed from the aqueous media and dried, the 

deswelling process will result in wrinkling of the solid shell.   

 

 

 

 

 

5.3. Formation of wrinkled particles using CuAAC ‘click’ chemistry. 
Organic multifunctional azide and alkyne monomers and organic solvent 

are suspended in an aqueous solution containing copper (I) and stabilized 

at the oil-water droplet interface by surfactant.  Because specific species 

of copper (I) do not readily dissolve in the organic phase, polymerization 

is limited to the droplet interface, forming a shell.  Diffusion of the copper 

into the droplet will dictate shell thickness.  Upon filtering the particles 

and deswelling the organic solvent, wrinkles will spontaneously form due 

to the elastic modulus mismatch between the harder shell and the liquid 

core.   
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Because the liquid monomer is encapsulated by a solid shell, the modulus 

mismatch between the core and the shell is several orders of magnitude higher than 

traditional polymer bilayer systems.  The wrinkle wavelength and amplitude are 

functions of the elastic mismatch and thus it is feasible to produce high aspect radial 

wrinkle structures by controlling the degree of deswelling, which ultimately can 

increase the available surface area of these particles.  
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