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ABSTRACT 

The combination of surface-initiated polymerization (SIP) and post-

polymerization (PPM) serves as a powerful approach to fabricate complex, 

multifunctional polymer films, which can be precisely tuned for desired surface 

engineering applications. Careful manipulation of PPM parameters such as reaction 

conditions, the tethered brush parameters, and the physical properties of the unbound 

post-modifier greatly influence the depth of penetration of the post-modifier and the 

polymer brush compositional heterogeneity. This dissertation focuses on engineering 

polymer brush surfaces with multifunctional chemistries and tunable morphologies by 

investigating the PPM parameters that dictate the distribution of post-modifiers on 

grafted polymer brush surfaces. 

The first chapter of this dissertation outlines the benefits of SIP and PPM for the 

design of complex polymer surfaces. Furthermore, this chapter explains the motivation 

for designing complex, functional polymer surfaces with tunable morphologies from the 

nanometer to micron scale. 

In the second chapter, microwave-assisted surface-initiated polymerization is 

exploited to prepare poly(acrylamide-homocysteine thiolactone) (pAHT) brushes. The 

pAHT brushes serve as a powerful platform to undergo sequential and one-pot amine-

thiol-ene conjugation reactions. XPS depth profile experiments provided insight into the 

modified pAHT brush through-thickness composition and PPM efficiency (e.g. 

sequential versus one-pot reactions). 

The third chapter focuses on a simple PPM approach to engineer buckling 

instabilities (e.g. wrinkles) in ultrathin (< 100 nm) poly(styrene-alt-maleic anhydride) 
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(pSMA) brush surfaces. The wrinkled morphologies were judiciously tuned by PPM 

reaction time and anhydride conversion. Partial cross-linking of the outer layer of the 

pSMA brushes under poor solvent conditions is critical to obtain the wrinkled 

morphologies upon swelling. ToF-SIMS depth profiling and in situ ellipsometry provided 

insight into the parameters that influence the buckling behavior. 

In the fourth chapter, an expression to quantify the applied compressive strain was 

derived for bilayer systems where the strain is unknown. The expression was validated 

using a prototypical bilayer model system (e.g. polystyrene on polydimethylsiloxane). 

Next, the expression was used to quantify the strain of the wrinkled pSMA brushes in the 

previous chapter. Finally, the calculated strain values of the wrinkled pSMA brushes 

were corroborated using the relationship between applied strain and persistence length of 

aligned wrinkles.  
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CHAPTER I – INTRODUCTION 

1.1 Polymer Thin Films 

Polymer thin films have been widely used to modify and tune surface properties 

in a wide variety of high-tech applications such as anti-corrosion,1,2 lubrication,3,4 

adhesion,5,6 controlled wettability,7,8 antibacterial9 and marine antifouling surfaces.10 The 

deposition of thin organic coatings can be categorized into two classes – thin films that 

are attached by physical forces and films that are covalently bound to the surface.11 

Polymer films that rely on weak inter-molecular forces (e.g. hydrogen bonding, 

electrostatic interactions, or van der Waal forces) are prepared via a number of methods: 

Langmuir-Blodgett technique,12 layer-by-layer (LbL),13 spin coating, dip coating, doctor 

blading, and many others.14 Although these polymer films are easy to prepare, they are 

less robust and the weak physical interactions may lead to adhesive failure of the system. 

An alternative approach to improve the long-term stability of polymer thin films 

is to use covalent attachment of molecules to a scaffold. A common technique, self-

assembled monolayer (SAM), involves the use of small molecules with reactive handles 

that form covalent linkages with a corresponding moiety on the substrate.15  Common 

examples are silanes on oxide surfaces, thiols on noble metal surfaces, or phosphates on 

metal oxide surfaces. Despite its advantages, the SAM process is self-limiting, meaning 

the surface-attachment reaction stops when all the reactive moieties have been consumed 

or are no longer accessible. Consequently, this technique leads to SAM films with very 

thin layers (less than 5 nm).16 
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1.2 Polymer Brushes 

 

Scheme 1.1 Schematic illustration of various methods for immobilizing chains on 

surfaces: (a) grafting-to, (b) grafting-through and (c) grafting-from. 

Polymer brushes, an array of polymer chains densely grafted to a surface, can be 

generated via a grafting-to, grafting-through, or grafting-from method (Scheme 1.1).14,17 

The grafting-to technique involves the covalent attachment of preformed polymer chains 

containing predefined functional groups. The location of the predefined functional groups 

is important. If the functional groups are pendent to the backbone, then a polymer brush 

is not the resulting product of covalent attachment to a substrate. The grafting-through 

technique incorporates the use of SAMs of monomer or polymerizable groups which 

participate in solution initiated polymerization.18,19 However, both methods exhibit a 

fundamental limitation, polymer grafting density, which is limited both 

thermodynamically and kinetically.20 For example, at higher grafting densities the 

diffusion of polymer chains slows down and the rate of attachment is diffusion-limited. 

This extremely slow rate of attachment forms a kinetic barrier against incoming polymer 

chains. Furthermore, the attachment of polymer chains to a surface with a high grafting 

density becomes unfavorable for thermodynamic reasons.21 At high grafting densities, the 

macromolecules adopt an extended chain conformation perpendicular to the substrate 
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surface due to strong intermolecular segment-segment interactions. Thus, at high grafting 

densities, a polymer chain in a coil conformation must change to an extended chain 

conformation at the surface. This results in an entropic penalty due to the establishment 

of one chemical linkage connecting the chain to the polymer surface, and this penalty 

limits the attachment of further polymer chains. Furthermore, the final brush thickness is 

limited by the molecular weight of the polymer in solution (e.g. film thickness of 100 nm 

are typically inaccessible).  

To overcome these limitations, the grafting-from strategy is a powerful technique 

which relies on polymer chains synthesized from an initiator immobilized on a substrate; 

this technique is also called “surface-initiated polymerization” to indicate that 

polymerization occurs primarily at the surface.22,23 In some cases, particularly with 

azobis-isobutyronitrile (AIBN), one of the most widely used initiators for free radical 

polymerization, free (non-bound) polymer is generated in the solution, which can easily 

be washed off.24 Surface-initiated polymerization (SIP) represents one of the most 

effective and versatile methods for tailoring the physico-chemical properties of polymer 

brush surfaces.25 The ability to modify surfaces with any geometry with outstanding film 

homogeneity at nanometer thicknesses offers many advantages over solution cast films. 

Additionally, the three dimensional brush conformation enhances surface functionality by 

providing functional groups at the interface and throughout the film.26 This feature makes 

SIP vastly superior to SAMs where functionality is limited to the outermost edge of the 

surface. Furthermore, SIP allows for excellent control over film thickness (greater than 

100 nm), tunable grafting densities, and functionality of polymer brushes with almost 

molecular precision.27  
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Scheme 1.2 Schematic illustration of the scaling law for brush thickness and grafting 

density, where ℎ is thickness, 𝑁 represents the degree of polymerization and σ represents 

grafting density. 

Brittain and Minko21 developed the key intrinsic parameters which define a 

polymer brush structure, where the conformation of the polymer chain is related the 

distance between grafting points. The distance between grafting points is thus related to 

the transition between the “mushroom” regime and the “brush” regime. This transition 

can be quantitatively described as the reduced tethered density (Σ)  

Σ =  σπRg
2 Equation 1 

where 𝑅𝑔  is the radius of gyration of the polymer, and σ is defined as the grafting density: 

𝜎 =  
ℎ𝜌𝑁𝐴

𝑀𝑛
  Equation 2 

where ℎ represents dry polymer brush thickness, 𝜌 is the bulk density of the polymer, 𝑁𝐴  

is Avogadro’s number, and 𝑀𝑛 is the number average molecular weight.  The bulk 

density (𝜌) of the polymer brush is generally assumed to be equivalent to that of the bulk 

polymer. At low grafting densities, polymer chains adopt the so-called “mushroom” or 
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“pancake” conformation.  Conversely, at high grafting densities, the surface-bound 

chains adopt the highly stretched “brush” conformation, where the polymer brush 

thickness (ℎ) scales to the 1/3 power of the grafting density (σ) (Scheme 1.2).11,28  

 Polymer brushes can be synthesized via numerous methods such as 

anionic/cationic polymerization,29 ring-opening polymerization,30,31 radical 

polymerization techniques (e.g. thermal and photo-initiated free radical polymerization), 

nitroxide-mediated polymerization,32 atom transfer radical polymerization (ATRP),33–35 

and reversible addition-fragmentation chain transfer polymerization.36,37 Surface-initiated 

ATRP has the benefit of designing polymers with end-groups capable of reinitiating 

polymerization, which is useful to design copolymer structures with controlled block 

sizes.38,39  

1.3 Characterization of Polymer Brush Surfaces 

The analysis and characterization of ultrathin polymer brush surfaces remain a 

significant challenge due to reduced dimensionality of the polymer chains.40 Therefore, 

there is a great need to understand the fundamental properties of polymer brushes at 

interfaces for advanced technologies. A number of characterization techniques 

(spectroscopic, microscopic, and optical) are used to characterize polymer brush 

interfaces.  

1.3.1 Spectroscopic and Optical Characterization Techniques 

Ultra-violet-visible (UV-Vis) spectroscopy is a direct method to measured 

polymer film growth from transparent substrates. In addition, the kinetics of polymer 

brush post-polymerization modification (Section 1.4) can be measured using UV-Vis.41  
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X-ray reflectivity (XRR) and neutron reflectivity (NR) techniques can be used to 

determine film thickness, short-range and long-range ordering, and diffusion 

kinetics.38,42–45  

The chemical functionality can be determined via attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy 

(XPS), and time-of-flight secondary ion mass spectroscopy (ToF-SIMS). In particular, 

ATR-FTIR is used to monitor specific IR-sensitive functional groups.46,47 XPS48–50 and 

ToF-SIMS51,52 probe the relative abundance of atomic species on the surface. XPS 

determines the elemental surface composition of a surface by irradiating the surface with 

an X-ray beam and measuring the kinetic energy of the photoelectrons escaping the top 1-

10 nm of the material. ToF-SIMS utilizes a pulsed ion beam which causes secondary ions 

to be emitted from the outermost layer (0.1-1 nm) of the sample surface. The time-of-

flight analyzer measures the mass of the emitted ions, which is used to determine the 

identity of an element. Furthermore, sputtering techniques can be utilized in combination 

with XPS or ToF-SIMS to determine the chemical composition of a polymer brush as a 

function of film thickness or sputtering depth.44,53–55 

Optical techniques, such as ellipsometry, are used to monitor film thickness.56 

Ellipsometry is a non-destructive characterization technique that measures the change in 

polarization as light reflects or transmits from a thin film. The change in polarization is 

quantified by the amplitude ratio (𝛹) and the phase difference (𝛥). The film thickness can 

be determined by comparing it to a multilayer model based on Fresnel equations, with a 

given refractive index of each layer.  In situ ellipsometry has also been explored to 

monitor the swelling behavior of polymer brush surfaces.57  
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1.3.2 Microscopy Characterization Techniques 

Microscopy techniques are utilized to determine surface roughness, morphology, 

and phase segregation. The common techniques include atomic force microscopy 

(AFM),55,58 scanning electron microscopy (SEM),59 optical microscopy,60–62 and 

fluorescence microscopy.63,64 AFM has also been used to determine the mechanical 

properties, such as modulus65,66 and adhesion,67,68 of polymer brush surfaces.  

1.3.3 Other Characterization Methods 

Contact angle measurements using a goniometer allow the determination of 

surface free energy or tension of a sample. This measurement is indicative of the 

hydrophobicity or hydrophilicity of a surface. Quartz crystal microbalance (QCM) is a 

sensitive technique that measures nanogram to microgram changes in mass per unit area. 

Specifically, QCM with dissipation allows changes in frequency and dissipation of a 

quartz crystal resonator and has been utilized to monitor conformational changes of 

polymer brushes upon swelling..69,70  

Gel permeation chromatography (GPC) can be used to determine the number 

average molecular weight (𝑀𝑛) of the solution-borne polymer formed from the free 

initiator (e.g. AIBN) in solution. Another method is to cleave the polymer brush chains 

with hydrofluoric acid and measure the 𝑀𝑛 via GPC.71 In other cases, a sacrificial 

initiator is added to the monomer solution in order to determine 𝑀𝑛 and control film 

thickness.72–74 

1.4 Click Chemistry and Post-Polymerization Modification (PPM) 

Despite recent advances in SIP, there remains a broad range of complex side-

chain functionalities that cannot be introduced via direct polymerization using any 
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controlled polymerization technique. Certain functional groups cannot be directly 

polymerized from the surface due to i) exorbitant cost of functional monomer synthesis 

and/or ii) intolerance of the functional moiety in the polymerization process (i.e. 

reactivity, steric bulk).75 A modular approach that circumvents the aforementioned 

concerns is to fabricate polymer brushes with reactive side chain functionality, which can 

be modified with the molecule of interest via a sequential post-polymerization 

modification (PPM) step (Scheme 1.3).76 PPM of polymer brushes is a powerful approach 

for tailoring the chemical and mechanical properties of polymer brush surfaces.77–79 Click 

chemistry, a method of PPM, was first introduced by Sharpless in 2001 and is defined as 

reactions that are modular, utilize readily available reactions, and exhibit fast kinetics.80–

82 A number of “click” reactions have been exploited for surface modification, such as 

copper-catalyzed azide-alkyne cycloadditions (CuAAC),83–85 activated ester-amine 

reactions,86–88 Diels-Alder cycloadditions,89–93 epoxy nucleophilic ring-opening 

reactions,94–96 and thiol-based reactions (e.g. thiol-ene,63,76,97,98 thiol-alkyne,61,99 thiol-

isocyanate,62 and thiol-disulfide100). Of these thiol-click approaches, the use of a 

thiolactone (a cyclic thioester) as a latent thiol functionality has gained significant interest 

as a versatile PPM route for the design of multifunctional materials.101–103 However, 

thiolactone chemistry has yet to be explored as a modular approach for the design of 

complex polymer brush surfaces. To address this unexplored area, the utility of 

thiolactone as a PPM strategy is explored in the following section.  
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Scheme 1.3 Schematic illustration of post-polymerization modification of polymer brush 

surfaces.  

1.4.2 Thiolactones as a PPM Strategy  

Thiolactone derivatives have emerged as a powerful platform for the design of 

multifunctional materials via orthogonal modifications.104 Thiolactones are cyclic esters 

of mercapto-acids, which can contain four-, five- and six-membered rings. The common 

synthetic procedure for the preparation of thiolactones is the direct lactonization of the 

corresponding mercapto-acid.105–107 Due to the inherent ring strain, the ring-opening of 

the thiolactone ring is dictated by the ring size. A number of nucleophiles can be utilized 

for the ring-opening reactions (amines, alcohols, water), however, hydrolysis and 

alcoholysis only occur in basic medium.108–110 Thus, aminolysis is the preferred route to 

ring-open the thiolactone since it does not require an additional additive for the reaction 

to occur. The aminolysis reaction generally follows second-order kinetics.111 Espeel et al. 

demonstrated that the stereo-electronic properties of the primary amines dictate the 

relative rate differences during the aminolysis reaction of  γ-thiobutyrolactone (Scheme 

1.4).101 For example, aliphatic nonfunctional primary amines (amine 1, Scheme 1.4) react 

faster than amines containing an inductive-withdrawing group (amines 3-7). Furthermore, 

the steric constraints from branching of Jeffamine (amine 8, Scheme 1.4) greatly 

decreases the reaction rate. 
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Scheme 1.4 Rate constants (L mol-1 s-1) of the aminolysis of γ-thiobutyrolactone in the 

presence of various primary amines (reproduced from ref. 101 with permission). 

After nucleophilic ring-opening of the thiolactone with primary amines, the thiol 

is released (Scheme 1.5a) and can undergo sequential thiol-coupling chemistries such as 

radical-mediated thiol-ene, nucleophilic thiol-Michael addition, and thiol-disulfide 

exchange. The double PPM of thiolactone-containing polymers allows site-specific 

chemoselective transformations, which allows the incorporation of multiple functional 

groups in an orthogonal fashion.112,113 The PPM of the thiolactone moiety can be 

performed in a two-step process (Scheme 1.5a) or in a one-pot double modification 

reaction (Scheme 1.5b).101,103,104 
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Scheme 1.5 (A) Aminolysis of thiolactone group, followed by sequential thiol-click 

modification. (B) One pot, double modification of thiolactone-containing polymers 

(reproduced from ref. 103 with permission). 

The synthetic approach of thiolactone chemistry has two major advantages 

compared to other efficient activated-ester chemistries employed in PPM reactions. First, 

thiolactone PPM chemistry exhibits 100 % atom-efficient reactions since no small 

molecule condensate is formed. In addition, this double modification strategy can be 

performed in an efficient one-pot reaction, accelerating the amine-thiol-ene PPM 

reactions. Du Prez and others114–116 have demonstrated the potential for thiolactone 

chemistry and the design for new polymeric architectures, with a recent focus on 

sequence-controlled polymers.117 

1.5 PPM Efficiency in Polymer Brushes 

Although PPM is a well-established strategy to engineer functional polymer 

surfaces, this technique is particularly challenging due to the reduced chain 

conformational entropy of stretched polymer chains, which renders the penetration of the 
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brush by reactive post-modifiers into the brush highly unfavorable.118,119 Thus, the 

efficacy, depth of penetration and through-thickness compositional homogeneity of the 

PPM process in the brush regime are ultimately dependent on i) the reaction conditions 

(i.e. solvent quality, reaction efficiency, and reaction time), ii) the tethered brush 

parameters (i.e. grafting density and thickness), and iii) the physical properties of the 

unbound reactive modifier (i.e. molecular mass and steric bulk). 

For example, under good solvent conditions and a large excess of the reactive 

post-modifiers (low molecular weight) relative to the reactive moieties on the brush, the 

PPM reaction can be described by pseudo-first-order kinetics. Arnold et al. reported a 

pseudo-first-order kinetic model for the aminolysis of activated ester polymer brush 

surfaces.41  In addition, Guo and coworkers reported pseudo-first-order kinetics of the 

aminolysis of styrene-maleic anhydride copolymer brushes.58 However, the PPM kinetics 

results were separated into two regimes, where the latter had a lower rate constant as the 

PPM reaction becomes more diffusion limited. The transition into the diffusion limited 

regime is attributed to strong segmental repulsion and reduced chain conformational 

entropy rendering the penetration of the brush by a post-modifier more unfavorable as the 

reaction proceeds. Similar PPM kinetics have been reported by Orski et al.85  

 Conversely, for high molecular weight reactive modifiers, the PPM conversion is 

often less than quantitative. Therefore, it can be assumed that increases in brush 

thickness, grafting density, and MW of the reactive modifier will lead to a decreased 

depth of penetration and consequently, an increased brush compositional heterogeneity. 

The investigation of the aforementioned parameters (i-iii) on PPM of polymer brush 

conformation was investigated using neutron reflectivity45 and XPS44 depth profiling. 
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Specifically, Schüwer et al. investigated the PPM of poly(2-hydroxyethyl methacrylate) 

brushes using NR.45 The experiments indicated that smaller post-modifiers penetrate 

deeper into the polymer brush, and brushes with higher thickness and grafting density 

resulted in the post-modifier reaction to occur primarily at the polymer/air interface. 

Alswieleh and coworkers recently demonstrated the use of solvent quality to spatially 

control cross-linking throughout the brush (Scheme 1.6), where poor solvent (hexane) 

resulted in cross-linking primarily in the surface region of the brush due to a collapsed 

brush conformation.120 Conversely, good solvent (THF) led to uniform cross-linking 

throughout the swollen brush. Intentional manipulation of PPM parameters provides an 

opportunity to design polymer brush surfaces with through-thickness heterogeneities that 

fulfill the requirements for nanoscale buckling within ultrathin films on rigid substrates. 

 

Scheme 1.6 Schematic illustration of spatial control of cross-linking using solvent quality 

(reproduced from reference 118 with permission). 

1.6 Designing Polymer Surfaces with Buckling Instabilities  

Buckling instabilities (wrinkles, creases, and folds) are a universal phenomenon in 

natural and synthetic systems over a wide range of length scales. Common examples are 

wrinkling in human skin, imperfectly cured coatings, and thin rigid materials expanding 

while being bound to a compliant polymer film.121,122 In polymeric films, stresses beyond 
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a critical strain can trigger deformations in the film, resulting in interfacial delamination 

and fracture, which ultimately leads to undesirable applications.123 However, in recent 

years, researchers have focused on utilizing wrinkling and other surface instabilities to 

tailor material properties and control surface topography.124,125 Significant efforts have 

focused on exploiting this approach to create surfaces suitable for a wide range of 

applications, including adjustable adhesives,126 tunable optics,127,128 stretchable 

electronics,129 anti-counterfeit technologies,130 stem-cell growth and differentiation,131 

antifouling,132,133 and metrology.134 

 

Scheme 1.7 Schematic depiction of wrinkles developing in a bilayer film comprised of 

rigid film attached to a soft substrate. The wrinkles exhibit a wrinkle wavelength, 𝜆, and 

amplitude, Α. 

Buckling instabilities in polymer films can be engineered using three primary film 

structures: layered, homogeneous, and gradient systems.135,136 In the prototypical 

example, surface wrinkling can occur from an in-plane compression (thermal, osmotic, or 

mechanical) of a bilayer film composed of a thin, high modulus film bonded to a semi-

infinite, low modulus substrate (Scheme 1.7). The critical strain, εc ,  for wrinkling is 

dictated by the difference in mechanical properties of the bilayer film135 

εc =  
1

4
(

3E̅s

E̅f
)

2/3

 Equation 3 

where E̅ = E/(1 − ν2), E and ν are the plane-strain modulus, Young’s modulus, and 

Poisson's ratio of the film (f) and the substrate (s), respectively. Above a critical strain, 
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the film buckles and forms sinusoidal wrinkles throughout the film surface. The onset and 

wavelength of the wrinkles are dictated by the thickness, t, of the top film and the 

film/substrate modulus ratio  

λc = 2πt (
3E̅f

E̅s
)

1/3

 Equation 4 

The amplitude, A, of the wrinkles is related to the applied compressive strain, ε 

A = t (
ε

εc
− 1)

1/2

 Equation 5 

Researchers have demonstrated numerous methods to construct a modulus 

mismatch between the stiff layer and underlying substrate, including metal deposition,137 

UV/ozone oxidation,138 photoinduced cross-linking,139,140 and surface grafting 

techniques141; however, these methods have focused primarily on thin films on 

elastomeric substrates. Typically, the top layer consists of a hard material, such as a 

metal. However, polymer brushes enable an alternative strategy as they exhibit 

anisotropic mechanical properties due to the finite extensibility of the polymer chains 

perpendicular to the surface. Additionally, covalent tethering of the chains to the surface 

resists film delamination from the substrate. Although polymer brushes serve as an 

alternative approach for wrinkling in bilayer films, relatively few studies have focused on 

methods to include buckling instabilities in ultrathin (< 100 nm) polymer films attached 

to rigid substrates.142–144  

Brooks et al.145 reported the fabrication of nanoscale creases in ultrathin 

poly(pentafluorophenyl acrylate) (pPFPA) brushes on rigid silicon substrates following 

PPM of the pPFPA with an amine-terminated polymer using  microcontact printing 

(μCP). The PPM process increased the molecular mass of the pPFPA brush resulting in 
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osmotic swelling normal to the substrate surface. Confinement of swollen brush under the 

μCP stamp led to a critical in-plane stress, which was relieved via formation of creases. 

The size and structure of the creases were modulated by varying brush grafting density 

and pressure applied during the μCP process. This approach was extended to fabricate 

creased morphologies using reactive diffusion of a viscous amine-terminated polymer 

solution to provide confinement.88  

Recently, we reported a simple route to engineer wrinkled morphologies in 

polymer brush surfaces using PPM techniques.55 Specifically, cross-linking poly(styrene-

alt-maleic anhydride) under poor solvent conditions limits the PPM reaction to the near 

surface region of the brush, where reaction time dictates the thickness of the cross-linked 

surface region. Exposure of the cross-linked brush to good solvent conditions generates 

an in-plane compressive stress from the mismatch between lateral and perpendicular 

swelling directions within the brush. The stress causes an out-of-plane deformation, 

resulting in the observed wrinkled morphologies. We demonstrated a simple method to 

judiciously tune wrinkle wavelength by manipulating cross-linking time.  

1.7 Summary and Dissertation Overview 

The combination of surface-initiated polymerization and post-polymerization 

modifications serves as an attractive approach for tailoring the chemical and mechanical 

properties of polymer brush surfaces. PPM efficiency is governed by multiple factors 

such as solvent quality, reaction time, grafting density, brush thickness, and the physical 

properties of the post-modifier. Intentional manipulation of PPM parameters provides a 

route to engineer polymer brush scaffolds with complex functionalities and through-

thickness heterogeneities that satisfy the requirements for surface buckling.  
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This dissertation focuses on the design and synthesis of polymer brush surfaces 

with reactive functional moieties for robust, sequential post-polymerization modification 

to develop multifunctional surfaces. This approach can be further utilized to engineer 

surfaces with complex morphologies across multiple length scales (e.g. nanometer to 

micron). 

In Chapter II, poly(acrylamide-homocysteine thiolactone) (pAHT) was 

synthesized via microwave-assisted surface-initiated polymerization (μW-SIP). 

Modification of pAHT brushes with primary amines generates a thiol precursor, which 

undergoes sequential base-catalyzed thiol-Michael reactions. Additionally, a one-pot 

double modification reaction is employed to demonstrate the versatility of thiolactone 

chemistry as a powerful PPM platform. XPS depth profile experiments provided insight 

into the PPM efficiency (e.g. sequential vs one-pot reactions) of pAHT brush surfaces. 

In Chapter III, PPM of poly(styrene-alt-maleic anhydride) (pSMA) copolymer 

brushes enabled a simple route to engineer tunable wrinkled morphologies. The length 

scale of the buckled features is tuned using PPM reaction time. Characterization of the 

PPM kinetics and swelling behavior via ellipsometry and ToF-SIMS provided key insight 

into parameters influencing the buckling behavior. 

In Chapter IV, an expression to deduce the compressive strain of wrinkled pSMA 

brushes is derived. First, the expression is validated using a model system (e.g. 

polystyrene mounted onto a PDMS substrate). Next, the expression is utilized to quantify 

the applied strain of the wrinkled pSMA brush surfaces. Finally, this methodology is used 

to elucidate the relationship between applied compressive strain and the persistence 

length of aligned wrinkles via AFM lithography. 
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CHAPTER II – SYNTHESIS OF THIOLACTONE POLYMER BRUSH SURFACES: 

EXPANDING THE DESIGN OF MULTIFUNCTIONAL SURFACES VIA 

SEQUENTIAL AND ORTHOGONAL REACTIONS 

2.1 Introduction  

The fabrication of advanced functional polymeric surfaces with well-defined 

chemical functionalities and complex patterns is critical for various applications, 

including biosensors,1,2 antifouling3 and antibacterial surfaces,4,5 cell adhesion,6 

mechanical actuation,7,8 and nanoparticle transduction.9  However, precise control of the 

polymer brush architecture, chemical functionality and reactivity, and spatial orientation 

of functional groups throughout the interface still remains a significant challenge in 

polymer chemistry. A rapidly growing area to address the aforementioned issues involves 

post-polymerization modification (PPM) of polymer surfaces.10–12 PPM is a process 

based on the polymerization of monomers carrying chemoselective handles that are inert 

under polymerization conditions, but can subsequently be converted into a broad range of 

functional groups. Thus, PPM serves as a powerful tool for tailoring the chemical and 

mechanical properties of polymer brush surfaces.10–12 The orthogonality of “click” 

chemistries can be utilized in PPM reactions as a means to introduce multiple distinct 

functionalities to a surface in a one-pot fashion.13 A number of “click” reactions have 

been exploited for surface modification, such as copper catalyzed azide-alkyne 

cycloadditions (CuAAC),14–16 activated ester-amine reactions,17–19 and thiol-based 

reactions.20–24 Thiol-click reactions are valuable metal-free alternatives to the heavily 

exploited CuACC reactions; however, the high reactivity of thiol-containing monomers 

hinders their use in most polymerization techniques. Hence, there is a growing interest to 
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expand the thiol-click monomer “toolbox” that enable the immobilization of 

multifunctional chemistries onto solid substrates by exploiting efficient linking strategies. 

In 2011, Du Prez and coworkers reported efficient one-pot multistep reactions 

based on γ-thiolactone (a cyclic thioester).25 Thiolactone derivatives have since emerged 

as a powerful latent thiol functionality for the design of multifunctional materials via 

orthogonal modifications.26–28 The thiolactone ring can undergo a nucleophilic ring-

opening reaction with primary amines, liberating a thiol that can undergo thiol-coupling 

chemistries with alkenes, alkynes, maleimides, or acrylates. Thiolactone chemistry has 

two major advantages compared to other efficient activated-ester chemistries employed in 

PPM reactions. First, thiolactone reactions exhibit 100 % atom-efficiency since no atoms 

are wasted. In addition, this double modification strategy can be performed in an efficient 

one-pot reaction enhancing simple experiments and accelerated PPM reactions. Du Prez 

and others29–31 have demonstrated the potential for thiolactone chemistry and the design 

for new polymeric architectures, with a recent focus on sequence-controlled polymers.32 

However, thiolactone chemistry remains an underutilized synthetic platform for polymer 

surfaces. In one example, Belbekhouche et al. grafted polythiolactones onto gold surfaces 

and employed reversible redox chemistry with the thiol moieties.33 The lack of examples 

in literature exploiting thiolactone derivatives for surface-initiated polymerization and 

PPM reactions is surprising considering their potential for surface engineering. 

Herein, we demonstrate a versatile post-polymerization modification strategy to 

synthesize multifunctional polymer brush surfaces based on poly(acrylamide-

homocysteine thiolactone) (pAHT). pAHT is synthesized via radical-mediated 

microwave-assisted surface-initiated polymerization (μW-SIP).34 Modification of the 
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brush surfaces with a library of amines generates a reactive thiol precursor, which is 

available to undergo a sequential base-catalyzed thiol-Michael reaction with functional 

acrylates and maleimides. Additionally, we employ a one-pot double modification 

reaction to demonstrate the versatility of thiolactone chemistry as a powerful PPM 

platform for polymer brush surfaces. X-ray photoelectron spectroscopy depth profile 

experiments provided key insight into the PPM efficiency (e.g. sequential versus one-pot 

reactions) of the pAHT brushes. Finally, we exploit reactive microcontact printing (μCP) 

with fluorescent post-modifiers to design multifunctional, micropatterned, fluorescent 

surfaces. 

2.2 Experimental Section 

2.2.1 Materials 

D,L-homocysteine thiolactone hydrochloride (99 %) was purchased from Alfa 

Aesar and used as received. Triethylamine (TEA), 1,8-diazabicyclo(5.4.0)undec-7-ene 

(DBU), 2-hydroxylethyl acrylate (HEA), dansylcadaverine, 4-bromobenzylamine (BBA), 

ethanolamine (EA), and hexylamine (HA) were purchased from Sigma-Aldrich and used 

as received. 1H,1H-Perfluoro-N-decyl acrylate (FA) was purchased from Gelest. Texas 

Red® C2 maleimide was purchased from Introgen. Silicon wafers (orientation <100>, 

native oxide) were purchased from University Wafer. The PDMS stamp (5 µm lines 

spaced by 10 µm) was purchased from Research Micro Stamps. An azo-based 

trichlorosilane initiator for surface-initiated polymerization was synthesized per literature 

procedures.34,35 
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2.2.2 Instrumentation and characterization 

Ellipsometry measurements were carried out using a Gartner Scientific 

Corporation LSE ellipsometer with a 632.8 nm laser at 70° from the normal. Multiple 

thickness measurements were taken for each sample to determine the uncertainty in the 

measurements. Grazing-angle attenuated total reflectance FTIR (gATR-FTIR) analysis 

was carried out using a Thermo Scientific FTIR (Nicolet 8700) equipped with a 

VariGATR™ accessory (grazing angle 65°, germanium crystal; Harrick Scientific). 

Spectra were collected with a resolution of 4 cm−1 by accumulating a minimum of 128 

scans per sample. All spectra were collected while purging the VariGATR™ attachment 

and FTIR instrument with nitrogen along the infrared beam path to minimize the peaks 

corresponding to atmospheric water and CO2. Spectra were analyzed and processed using 

Omnic software. Static water contact angles (WCA) were measured using 6 μL water 

droplets on a Rame-hart goniometer. All µW-SIP reactions were carried out in a mono-

mode micro-wave reactor (CEM Corporation Discover S Class) with a calibrated infrared 

temperature sensor in constant power mode with simultaneous cooling to maintain the 

desired temperature. XPS measurements were performed using a Kratos AXIS Ultra 

DLD Spectrometer (Kratos Analytical, Manchester, UK) with a monochromatic Al K X-

ray source (1486.6 eV) operating at 150 W under 1.0 x 10-9 Torr. Measurements were 

performed in hybrid mode using electrostatic and magnetic lenses, and the pass energy of 

the analyzer was set at 20 eV for high-resolution spectra and 160 eV for survey scans, 

with energy resolutions of 0.1 eV and 0.5 eV, respectively. Generally, total acquisition 

times of 180 s and 440 s were used to obtain high-resolution and survey spectra, 

respectively. All XPS spectra were recorded using the Kratos Vision II software; data 
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files were translated to VAMAS format and processed using the CasaXPS software 

package (v. 2.3.12). Binding energies were calibrated with respect to C 1s at 285 eV. 

Depth profile experiments were performed using a Thermo-Fisher ESCALAB Xi+ X-ray 

photoelectron spectrometer with a monochromatic Al X-ray source (1486.6 eV). A 6000 

eV cluster gun with a cluster size of 300 at a 0° incidence angle was rastered over a 2 mm 

x 2 mm area to create the depth profile. Depth profile spectra were recorded using the 

Thermo Scientific Avantage software; data files were translated to VGD format and 

processed using the Thermo Avantage v5. 9904 package. Fluorescent microscopy was 

conducted on a Zeiss LSM 710 laser confocal scanning microscope running Zen Black 

software and a λ = 405 nm and 633 nm argon laser. 

2.2.3 Cleaning of silicon wafers 

Silicon wafers were cut into 1 cm × 1 cm pieces and cleaned using the RCA 

procedure to remove organic residue and oxidize the surface of the wafer. The general 

recipe for RCA cleaning is 5 parts DI water, 1 part 27 % ammonium hydroxide, and 1 

part 30 % hydrogen peroxide. DI water and ammonium hydroxide were added to a test 

tube and heated to 70 °C for 5 minutes, and then the test tube was removed from heat and 

hydrogen peroxide was added. The solution bubbled vigorously after 1-2 minutes, 

indicating that it was ready to use. The silicon wafer was transferred to the test tube and 

heated at 70 °C for 15 minutes. After 15 minutes, the wafer is removed from the solution 

and washed multiple times with DI water. Clean substrates were stored in an oven at 120 

°C before initiator functionalization. 
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2.2.4 Immobilization of initiator onto silicon substrates  

An azo-based trichlorosilane initiator was synthesized according to literature 

procedures.35,36 Clean silicon substrates were transferred into a dry, septum sealed test 

tube containing a toluene solution of azo-initiator (4 mmol, 13 mL) and triethylamine 

(TEA) (0.2 mL). The immersion time was 1 h. Substrates were then removed, rinsed with 

toluene, methanol, and DI water and dried under a stream of nitrogen. If not used 

immediately, initiator functionalized substrates were stored in the dark at −20 °C in 

toluene. 

2.2.5 Synthesis of thiolactone acrylamide (TlaM) monomer 

Thiolactone acrylamide (TlAm) monomer was synthesized following a procedure 

reported by Reinicke and coworkers.37 An ice-cooled solution of D,L-homocysteine 

thiolactone hydrochloride (5.0 g, 32.5 mmol) in H2O/1,4-dioxane (1/1, 70 mL) was 

treated with NaHCO3 (13.66 g, 162.7 mmol) and stirred for 30 minutes at 0 °C. Acryloyl 

chloride (5.8 g, 65.1 mmol) was added to the mixture dropwise and the reaction mixture 

was allowed to reach room temperature overnight. Brine (70 mL) was added and the 

mixture was extracted with EtOAc (3 x 150 mL). The collected organic fractions were 

dried with Na2SO4 and the solvent was removed. The crude residue was purified by 

recrystallization from dichloromethane, yielding TlAm as a white, crystalline solid (4.1 g, 

82 %). 1H NMR (300 MHz, DMSO-d6) δ (ppm): 8.43-8.49 (d, NH), 6.05-6.30 (m, 2H), 

5.60-5.68 (dd, 1H), 4.62-4.75 (ddd, 1H), 3.26-3.50 (m, 2H), 2.40-2.50 (m, 1H), 2.0-

2.17(m, 1H). 13C NMR (300 MHz, DMSO- d6) δ (ppm): 205 (C=O), 165.0 (C=O), 131.5 

(CH) 126.6 (CH2), 58.2 (CH), 30.6 (CH2), 27.5 (CH2). 
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2.2.6 Microwave-assisted surface-initiated polymerization of pAHT brush 

A substrate with the azo-based initiator was placed in a sealed microwave vial and 

purged with nitrogen. In a separate Schlenk tube, acrylamide homocysteine thiolactone 

monomer was dissolved in anhydrous DMSO (0. 5 M, 1 M, 1.5 M, and 2 M) and the 

solution was subjected to three freeze-pump-thaw cycles. For each polymerization, 1.5 

mL of the degassed monomer solution was transferred via cannula into the microwave 

vial containing the substrate. Polymerizations were carried out in the DMSO solution, 

placed into the microwave reactor, and irradiated at a fixed power of 60 W for 15 minutes 

with simultaneous cooling to maintain the reaction temperature at 110 °C. The substrates 

were extensively sonicated in DMSO (e.g. 10 s cycles) to remove any physisorbed 

polymer from the surfaces. This washing process was continued until no change in brush 

thickness could be measured.  

2.2.7 PPM of pAHT brush with amines 

The pAHT brushes were post-modified with 4-bromobenzylamine (BBA), 

ethanolamine (EA), and hexylamine (HA). A pAHT substrate was placed in a solution of 

the amine (0.15 M) in DMSO with 3 equivalents of TEA in a sealed test tube under a 

nitrogen atmosphere. The reaction was allowed to react overnight to ensure completion. 

Reaction completion was determined by the disappearance of the cyclic thiolactone 

carbonyl group at 1669 cm-1 and a shift of the amide C=O stretch to lower wavenumbers 

(1649 cm-1). The substrate was then removed, thoroughly rinsed with DMSO, and dried 

with nitrogen.  
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2.2.8 PPM of amine-modified pAHT brush with base catalyzed thiol-Michael 

reactions  

All thiol-click reactions were performed under ambient air, temperature and 

humidity conditions. Base-catalyzed thiol-Michael reactions were conducted with 1H,1H-

perfluoro-N-decyl acrylate (FA), 2-(perfluorobutyl) ethyl acrylate (FEA), and 2-

hydroxyethyl acrylate (HEA). Substrates were placed in a 0.15 M solution in acetone 

with DBU (0.022 mol L-1) unless stated otherwise (e.g. DMSO solvent for HEA). 

Reactions were conducted overnight, only to ensure complete reaction. Reaction 

completion was determined by ellipsometry measurements (e.g. no further increase in 

brush thickness).  The brushes were thoroughly rinsed with acetone, DMSO, and dried 

with a stream of nitrogen.  

2.2.9 pAHT one-pot double modification reactions 

A pAHT substrate was placed in a solution of amine (0.15 M) and acrylate (0.15 

M) in DMSO with DBU (0.022 mol L-1). Reactions were conducted overnight, only to 

ensure complete reaction. Reaction completion was determined by ellipsometry 

measurement (e.g. no further increase in brush thickness). The brushes were thoroughly 

rinsed with acetone, DMSO and dried with a stream of nitrogen.  

2.2.10 Post-polymerization modification via reactive microcontact printing 

A thiolactone brush was placed in a solution of dansylcadaverine (12 mM) in 

EtOH with DBU (10 mM) for 15 h to ensure full conversion. Then, a freshly oxidized 

PDMS stamp was inked with Texas Red® C2 maleimide (25 mM) in EtOH for 1 min, 

dried with nitrogen, and pressed onto the polymer brush surface for 1 h. The patterned 

surface was thoroughly rinsed and sonicated in EtOH.  
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2.3 Results and Discussion 

2.3.1 Synthesis of pAHT polymer brush surface 

 

Scheme 2.1 Synthesis of pAHT brushes (≈ 40nm) and post-modification with amines: (1) 

ethanolamine (EA), (2) hexylamine (HA), and (3) 4-bromobenzylamine (BBA).  

 

The thiolactone acrylamide monomer used for polymerization was prepared by 

reacting acryloyl chloride with D,L-homocysteine thiolactone hydrochloride.37 Scheme 

2.1 shows the synthetic strategy for the preparation of poly(acrylamide-homocysteine 

thiolactone) (pAHT) brushes via microwave-assisted surface-initiated polymerization 

(μW-SIP) from an azo-based silane initiator on a silicon substrate.34 The average 

thickness of the azo-based initiator layer was 2.2 ± 0.1 nm as measured by ellipsometry. 

The pAHT brushes were synthesized via μW-assisted conventional free-radical 

polymerization since it is a simple and well-studied route to design polymer brush 

surfaces.34 Polymerizations were carried out in dimethyl sulfoxide (DMSO) under 
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constant microwave power (60 W) with simultaneous cooling to maintain the reaction 

temperature at 110 °C.  

 

Figure 2.1 Brush thickness versus monomer concentration for pAHT brush surfaces 

(DMSO, 60 W, 110 °C, 15 minutes). 

pAHT polymer brush thickness as a function of thiolactone acrylamide monomer 

concentration was investigated for the μW-SIP process. For conventional free radical SIP, 

the relationship between brush thickness and monomer concentration at a constant 

reaction time generally exhibits a linear relationship.17 However, for μW-SIP, Guo et al. 

observed linear and nonlinear relationships between film thickness and monomer 

concentration, depending on the polarity of the monomer and solvent, respectively.34 For 

example, when utilizing a polar monomer in a non-polar solvent (or vice versa) there is 

an interplay between monomer concentration and the change in polarity of the 

monomer/solvent reaction mixture that influences brush thickness. At low monomer 

concentrations, the polymer brush thickness is governed by the low concentration and the 

relatively non-polar reaction mixture, which decreases the ability of microwave radiation 

to excite polar molecules. At higher monomer concentrations, the high polarity of the 
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reaction mixture absorbs microwave radiation more efficiently, leading to minimal brush 

growth. This discrepancy leads to a nonlinear relationship between brush film thickness 

and monomer concentration. Conversely, when using a polar monomer in a polar solvent, 

the change in polarity of the monomer/solvent mixture with increasing monomer 

concentration is negligible, and μW-SIP exhibits a traditional relationship between brush 

thickness and monomer concentration. Thus, the polar nature of both the thiolactone 

acrylamide monomer and the solvent (DMSO) lead to a traditional linear relationship 

between brush thickness and monomer concentration (Figure 2.1). Hereafter, pAHT 

brushes with a target brush thickness of approximately 40 nm were synthesized and 

employed for post-polymerization modification (PPM) reactions. The chemical 

composition of the pAHT brush was characterized using gATR-FTIR and XPS. Figure 

2.2a shows the gATR-FTIR spectrum for pAHT with a broad peak at 1669 cm-1 

attributed to an overlap of the carbonyl stretch of the five-membered thiolactone ring and 

the amide I group.28,38 The peak at 1536 cm-1 is indicative of the amide II N-Hbending 

stretching vibration.39 

2.3.2 Post-polymerization modification and sequential click reactions  

The pAHT brush provides a versatile platform for modular post-polymerization 

modification (PPM) reactions with primary amines. Three amines were selected for PPM; 

ethanolamine (EA), 4-bromobenzylamine (BBA), and hexylamine (HA) (Scheme 2.1). 

Modification reactions were conducted in DMSO in the presence of triethylamine (TEA) 

under a nitrogen atmosphere. The progress of the PPM reaction was monitored by gATR-

FTIR through the disappearance of the cyclic thiolactone carbonyl group at 1669 cm-1 

(Figure 2.2a) and a shift of the amide C=O stretch to lower wavenumbers (1649 cm-1) 
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(Figure 2.2b-c).  Furthermore, brushes modified with EA exhibit a broad peak centered at 

3300 cm-1 consistent with the hydroxy group (Figure 2.2b) and sharp peaks at 2864 cm-1 

and 2931 cm-1 attributed to the HA aliphatic C-H groups  (Figure 2.2c). The formation of 

the thiol upon aminolysis could not be monitored by gATR-FTIR due to a weak S-H 

stretching vibration in the region of 2540-2600 cm-1.39 Surface wettability changed with 

varying amine modifier functionality. For example, the water contact angle (WCA) of the 

unmodified pAHT brush decreased from 55.6 ± 1.7° to 44.2 ± 1.3° upon modification 

with ethanolamine due to the incorporation of the hydroxy moiety.  Similarly, the pAHT 

brush modified with hexylamine became more hydrophobic (WCA = 76.8 ± 1.8°) after 

modification due the aliphatic C-H groups. In the case of the pAHT-BBA modified 

brush, this sequence of reactions provides elemental handles that X-ray photoelectron 

spectroscopy (XPS) can readily probe to follow the PPM reaction and will be discussed 

in later sections. 
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Figure 2.2 gATR-FTIR of (a) pAHT brush and pAHT brush modified with (b) EA and 

(c) HA. Inset images show the static water contact angle for each surface. 

 

The modification of pAHT with various amines increases the molecular weight of 

the repeat units, resulting in an increase in polymer brush thickness. The thickness values 

of the pAHT brush before and after PPM were measured using ellipsometry and the 

results are summarized in Table 2.1. Equation 1 describes the relationship between 

polymer brush thickness (𝑇), the molecular weight of the polymer repeat unit (𝑀), and 

the mass density (𝜌) of the polymer brush before and after modification,17 
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𝑇2

𝑇1
=  

𝑀2𝜌1

𝑀1𝜌2
 Equation 1 

where the subscripts 1 and 2 represent the unmodified and amine-modified pAHT brush, 

respectively. Assuming equivalent mass density of the pAHT brush before and after 

PPM, Equation 1 becomes Equation 2, where 𝑘 denotes conversion and 𝑀𝑃𝑃𝑀 represents 

the molecular weight of the post-modifier that reacts on the polymer brush chain, 

respectively. 

𝑇2

𝑇1
=  

𝑀2

𝑀1
=  

𝑀1+𝑘𝑀𝑃𝑃𝑀

𝑀1
         Equation 2 

Rearrangement of Equation 2 allows the amine conversion 𝑘 to be calculated according 

to Equation 3, 

    𝑘 =  
𝑀1

𝑀𝑃𝑃𝑀
(

𝑇2

𝑇1
− 1)        Equation 3 

and the results are shown in Table 2.1. Modification of pAHT with EA and HA modifiers 

increased the brush thickness from approximately 38 nm and 37 nm to 52 and 60 nm after 

PPM, respectively, which indicates the thiolactone aminolysis reaction proceeds to > 98 

% conversion. PPM with BBA increased the brush thickness from 30 nm to 42 nm 

modification, resulting in a 35 % thiolactone conversion. The lower conversion observed 

for BBA could be attributed to the stereo-electronic properties of the primary amine. 

Similar results have been observed by Espeel et al.28 
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Table 2.1 Brush thickness and conversion of the unmodified pAHT brush, amine-

modified pAHT, sequential thiol-functionalized pAHT, and one-pot double modification 

of pAHT brush surfaces. 

 

 Thickness (nm)  

pAHT 

Modified 

Brush 

pAHT 

unmodified 

pAHT after 

aminolysis 

pAHT after 

thiol-ene 

Amine 

conversion 

(%) 

Thiol 

conversion 

(%) 

EA-FEA 38 ± 0.2 52 ± 0.1 72 ± 0.2 98 ± 2 40  ± 2 

EA-FEA one-

pot 
30 ± 0.1 - 91 ± 0.1 - 91 ± 2 

HA-HEA 37 ± 0.1 60 ± 0.1 70 ± 0.1 99 ± 3 70 ± 2 

HA-HEA 

one-pot 
40 ± 0.1 - 87 ± 0.3 - 92 ± 2 

BBA-FA 30 ± 0.1 42 ± 0.2 69 ± 0.2 35 ± 2 41 ± 1 

BBA-FA one-

pot 
30 ± 0.1 - 100 ± 0.3 - 74 ± 2 

 

After post-modification with amines, the exposed thiol moieties serve as reactive 

handles for thiol-mediated click reactions. As illustrated in Scheme 2.2, base catalyzed 

thiol-Michael modifications were exploited with electron deficient alkenes using 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU) as the catalyst. Three acrylates were selected for 

the thiol-Michael PPM reactions; 1H,1H-perfluoro-N-decyl acrylate (FA), 2-

(perfluorobutyl)ethyl acrylate (FEA), and  2-hydroxyethyl acrylate (HEA). 
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Scheme 2.2 Amine-modified pAHT brush and subsequent thiol-Michael addition with 

acrylates (4) 1H, 1H-perfluoro-N-decyl acrylate (FA), (5) 2-(perfluorobutyl)ethyl acrylate 

(FEA), and (6) 2-hydroxyethyl acrylate (HEA). 

 

Figure 2.3a-b shows the FTIR spectrum for the following reactions: pAHT-EA 

followed by sequential reaction with FEA, and pAHT-HA followed by sequential 

reaction with HEA, respectively. pAHT-EA brushes modified with FEA show peaks 

around 1226 cm-1 and 1136 cm-1 consistent with the C-F stretch (Figure 2.3a). 

Furthermore, pAHT-HA modified brushes reacted with HEA show a broad peak at 3400 

cm-1 consistent with the hydroxyl group of HEA (Figure 2.3b). All spectra show peaks 

around 1731 cm-1 which correspond to the ester C=O stretch. Static WCA experiments 

were conducted for each brush modification and are shown as insets in Figure 2.3. The 

expected changes in wettability are associated with each functionality moiety. For 

example, surfaces modified with FEA exhibited hydrophobic wetting characteristics 
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(WCA = 91.7 ± 2.3°) due to the fluorinated functional groups and surfaces modified with 

HEA exhibited hydrophilic wetting characteristics (WCA = 52.2 ± 1.3°) due to the 

hydroxy moieties.  

 

Figure 2.3 gATR-FTIR of amine-modified pAHT brush and sequential thiol-ene 

modification with (a) FEA and (b) HEA. One-pot double pAHT modification with (c) 

EA/FEA and (d) HA/HEA. Inset images show the static water contact angle. 
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Thiol-Michael conjugation conversions calculated from the increase in brush 

thickness after the sequential modification are summarized in Table 2.1. Sequential PPM 

of pAHT-EA brushes with FEA resulted in a change in thickness from 52 nm to 72 nm, 

indicating a 40 % thiol conversion. PPM of pAHT-HA brushes with HEA exhibited a 

change in thickness from 60 nm to 70 nm, resulting in a 70 % thiol conversion. 

Modification of pAHT-BBA brushes with FA increased the brush thickness from 42 nm 

to 69 nm, indicating the thiol-ene reaction proceeded to 41 %. Lower conversions for the 

thiol-ene reactions could be attributed to low miscibility of the FA and FEA 

perfluoroalkyl chain with the thiol-modified brush.40 Furthermore, the low thiol-ene 

conversions can be attributed to the steric bulkiness of the amine-modified pAHT brush, 

which hinders the acrylates from reacting with the free thiols.41,42 

To complement the gATR-FTIR data, XPS was utilized to characterize the 

products of the pAHT aminolysis reaction with BBA and subsequent thiol-ene reaction 

with FA. Figure 2.4 shows the survey and corresponding high-resolution spectra for the 

S2p, Br3d, and F1s for the pAHT brush post-modified with BBA and sequential thiol-

Michael addition with FA. As shown in Figure 2.4a, peaks at C1s (285 eV), O1s (531 

eV), N1s (400 eV), S2s (229 eV), and S2p (163.4 eV) confirms successful μW-SIP of 

pAHT. After μW-SIP, the pAHT brush was post-modified with BBA; the XPS spectrum 

of this surface showed characteristic peaks associated with the bromine (Br3d, 70 eV; 

Br3p, 182 eV; Br3s, 257 eV, Figure 2.4b). The pAHT-BBA modified brush was then 

exposed to a base-catalyzed thiol-Michael reaction with FA. The XPS spectrum for the 

pAHT-BBA brush modified with FA exhibited a characteristic F1s peak at 698 eV 

(Figure 2.4c). 
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Figure 2.4 Survey and S2p, Br3d, and F1s high-resolution XPS spectra for (a) pAHT 

brush, (b) pAHT brush modified with 4-bromobenzyl amine (BBA), (c) pAHT-BBA 

clicked with 1H,1H-perfluoro-N-decyl acrylate (FA), and (d) pAHT one-pot double 

modification with BBA and FA.  

Next, depth profiling with argon ion cluster sputtering was performed to 

investigate the pAHT brush homogeneity and PPM efficiency (e.g. sequential versus one-

pot reactions).   Depth profile experiments were conducted using a 6000 eV cluster gun 
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with a cluster size of 300 at a 0° incidence angle. Generally, XPS depth profile 

experiments at a 0° incidence angle result in a lower depth resolution, which may 

effectively smear the atomic concentration profiles.43,44 The atomic concentrations were 

recorded as a function of sputter time. Sputter time was converted to depth (nm) with 

knowledge of the sputter rate and the overall brush thickness for each sample. Figure 2.5a 

shows the depth profile for the unmodified pAHT brush, where the chemical composition 

of the S2p remains relatively constant for the full thickness of the pAHT brush. The C1s 

and Si2p intersection are indicative of the polymer brush/silicon substrate interface. For 

the pAHT-BBA brush, the Br3d atomic percent as a function of depth indicates that the 

distribution of BBA is largely homogenous throughout the modified brush (Figure 2.5b), 

which indicates that BBA readily reacts with the pAHT brush. The relatively low atomic 

composition (~ 2 %) of Br3d and a brush/silicon interface at approximately 40 nm is 

attributed to the low aminolysis conversion observed in Table 2.1.  Upon sequential 

modification of pAHT-BBA with FA, the F1s peak exhibited a 10 % atomic 

concentration (Figure 2.5c). The low atomic percent could be attributed to the steric 

bulkiness of the BBA-modified pAHT brush, which limits the FA from reacting with the 

thiol to quantitative conversion.41,42 Furthermore, the F1s atomic composition as a 

function of depth indicates the distribution of FA is homogenous throughout the modified 

brush surface.   



 

50 

 

Figure 2.5 Depth profiles of (a) unmodified pAHT, (b) pAHT-BBA, (c) pAHT-BBA-FA, 

and (d) one-pot modification of pAHT with BBA-FA. C1s, Si2p, S2p, Br3d, and F1s 

atomic percent as a function of brush depth.  

2.3.3 One-pot double modification for dual-functionalized pAHT brush surfaces 

After investigating the sequential PPM reactions of pAHT brush surfaces, we 

exploited the efficacy of one-pot reactions for a simple route to produce dual-functional 

polymer brush surfaces. We demonstrate the applicability of the one-pot double 

modification using the chemistries previously described. Specifically, we subjected a 

pAHT substrate to individual solutions of EA/FEA (1:1), HA/HEA (1:1), and BBA/FA 

(1:1) with DBU under nitrogen for 15 h, respectively (Scheme 2.3). The one-pot double 

modification reactions were characterized via gATR-FTIR and XPS. Figure 2.3 shows 
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the gATR-FTIR spectra for the dual-functionalized pAHT brush surfaces for the pAHT-

EA-FEA and pAHT-HA-HEA brush scaffolds. Figure 2.3c shows a broad centered peak 

at 3400 cm-1 corresponding to the hydroxy group of EA and a peak at 1205 cm-1 

attributed to the C-F stretch of the FEA group. Figure 2.3d shows a broad centered peak 

at 3400 cm-1 corresponding to the hydroxy group of HEA and sharp peaks at 2937 cm-1 

and 2858 cm-1 attributed to the HA aliphatic C-H groups. The one-pot double 

modification conversions are summarized in Table 2.1.  The one-pot reactions result in a 

substantial increase in brush thickness compared to the sequential PPM reactions with 

near quantitative conversions (> 91 %). The one-pot double modification of pAHT with 

EA-FEA exhibited a change in thickness from 30 nm to 91 nm, resulting in a 91 % 

conversion, compared to a 40 % conversion for the sequential reactions. Furthermore, the 

pAHT-HA-HEA one-pot reaction resulted in a change in thickness from 40 nm to 87 nm, 

indicating a 92 % conversion, compared to the 70 % conversion for the sequential PPM 

reaction. The products of the pAHT-BBA-FA one-pot reaction resulted in a change in 

thickness from 30 nm to 100 nm, resulting in a 74 % conversion, compared to the 41 % 

conversion for the sequential reactions. 
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Scheme 2.3 One-pot double modification of pAHT brush via amine-thiol-ene conjugation 

to design dual functionalized polymer brush surfaces. 

The products of the pAHT-BBA-FA one-pot double modification were followed 

via XPS. Figure 2.4d shows the characteristic bromine (Br3d, 70 eV; Br3p, 182 eV; Br3s, 

257 eV) and fluorine peaks (F1s, 698 eV), indicating a successful one-pot double 

modification reaction. In addition, the depth profile of the one-pot reaction showed a 

substantial increase in F1s atomic composition (~ 30 %, Figure 2.5d) compared to the 

sequential modification reaction   (~ 10%, Figure 2.5c). The difference in XPS depth 

profiles between the sequential and one-pot double modification reactions corroborates 

the conversion data in Table 2.1. We hypothesize that during the sequential PPM 

reaction, the bulky BBA side chains on the pAHT brush hinders the bulky FA post-

modifiers from reacting with the accessible thiol groups.41,42 Whereas, during the one-pot 

PPM reaction, the swollen pAHT brush allows an enhanced diffusion of both post-

modifiers throughout the brush structure, thereby increasing the accessibility of the thiol 
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moieties formed upon aminolysis. Hence, we postulate that the increased availability of 

thiols increases the probability of the FA molecules to undergo thiol-ene reactions, 

resulting in a higher thiol-ene conversion. This hypothesis can be investigated by 

quantifying the F1s:Br3d atomic ratio of the sequential PPM and one-pot modification 

reactions, respectively. For example, Table 2.2 shows distinct differences in the F1s and 

Br3d atomic ratios of the pAHT-BBA-FA sequential and one-pot PPM reactions. The 

pAHT-BBA-FA sequential modified brush exhibited a F1s and Br3d atomic % of 81.26 

% and 18.74 %, respectively. From these values, the F1s:Br3d atomic ratio is 4.33:1 and 

the normalized ratio of F1s:Br3d is 1:4.38 (e.g. 19 fluorine atoms per every FA molecule 

as shown in Scheme 2.2). These results indicate that there is approximately one FA post-

modifier per four pAHT-BBA repeat units. Therefore, the F1s:Br3d ratio explains the 

lower F1s atomic % observed in the pAHT-BBA-FA sequential PPM depth profile in 

Figure 2.5c. Conversely, the pAHT-BBA-FA one-pot modification exhibited an F1s and 

Br3d atomic % of 94.95 % and 5.05 %, respectively. The atomic % values result in an 

atomic F1s:Brd ratio of 18.99:1 and a normalized F1s:Br3d ratio of 1:1 for the one-pot 

reaction, indicating that there is one FA molecule per every pAHT-BBA repeat unit. 

Thus, the 1:1 F1s:Br3d ratio supports the higher F1s atomic % in the one-pot modified 

pAHT-BBA-FA brush depth profile observed in Figure 2.5d. 
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Table 2.2 Atomic %, atomic ratios, and normalized ratios of F1s and Br3d in the pAHT-

BBA-FA sequential and one-pot PPM reactions 

 

pAHT-

modified 

Brush 

F1s  

Atomic % 

Br3d 

Atomic % 

F1s:Br3d 

Atomic Ratio 

F1s:Br3d 

Normalized 

Ratioa 

pAHT-BBA-

FA sequential 
81.26 18.74 4.33:1 1:4.38 

pAHT-BBA-

FA one-pot 
94.95 5.05 18.99:1 1:1 

a19 fluorine atoms in FA according to scheme 2.2 

 

More importantly, these results validate the influence of steric constraints during 

the post-polymerization modification reaction, which dictates the overall through-

thickness brush composition.41,42 These observations provide further evidence that the 

one-pot double modification reaction serves as a more efficient approach than the 

sequential modification reaction to prepare multi-functional pAHT brush architectures.   

2.3.4 Patterning pAHT brush surfaces 

Polymeric materials which exhibit spatially defined, complex chemistries and 

morphologies are advantageous in applications including cell selective adhesion,45,46 

microfluidics,47 and organic solar cell devices.48 In particular, microcontact printing 

(μCP) represents a straightforward, low-cost technique to design micro- and 

nanostructured surfaces.49 Here, we demonstrate the pAHT brush platform to design 

micropatterned surfaces via reactive μCP using two different fluorescent dyes, one 

bearing a primary amine and the other a maleimide functionality. First, the pAHT brush 

was fully post-modified with a primary amine, dansylcadaverine, to install the dye and 

liberate the thiol moiety. After thorough washing, a PDMS stamp (5 µm lines spaced by 
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10 µm) was inked with Texas Red C2 maleimide (10 mM) in EtOH, dried with nitrogen, 

and placed in contact with the surface for 1 h (Figure 2.6a). After the functionalization 

via μCP, the substrate was sonicated in EtOH and the patterned surface was investigated 

using confocal microscopy. Excitation of dansylcadaverine at 405 nm revealed a fully 

modified pAHT brush surface (Figure 2.6b).  The faint patterned lines in Figure 2.6b may 

be due to secondary excitation of Texas Red by the dansylcadaverine fluorescence, which 

overlaps with the wavelength of light known to excite Texas Red. The inset image in 

Figure 2.6b shows a pAHT brush fully modified with dansylcadaverine without 

functionalization of Texas Red via μCP.  Changing the excitation wavelength to 633 nm 

resulted in the observation of horizontal stripes caused by the fluorescence of Texas Red 

C2 maleimide (Figure 2.6c). When both dyes were excited simultaneously, the surface 

exhibits patterns with high resolution and fidelity (Figure 2.6d), demonstrating the 

efficiency of the thiol-ene modification.  
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Figure 2.6 (a)  Microcontact printing Texas Red C2 maleimide on the dansylcadaverine-

modified pAHT brush. Fluorescent microscopy images of dansylcadaverine-modified 

pAHT brush and sequential patterning with Texas Red. Excitation of (b) 

dansylcadaverine at 405 nm (the inset image depicts a pAHT brush modified with 

dansylcadaverine without patterning of Texas Red) (c) Texas Red at 633 nm, and (d) both 

dyes.  

2.4 Conclusions 

In this work, we have demonstrated the synthesis and post-polymerization 

modification of poly(acrylamide-homocysteine thiolactone) (pAHT) brushes using 

sequential and one-pot amine-thiol-ene conjugation reactions. Amine-modified brushes 

generated reactive thiol precursors, which upon thiol-Michael addition provided 

multifunctional brush surfaces. Depth profile experiments conducted via XPS provided 

insight into the pAHT brush composition and PPM efficiency (e.g. sequential versus one-
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pot reactions). In particular, the depth profiles showed a substantial difference between 

the F1s atomic composition of the sequential (~ 10 %) versus the one-pot (~ 30 %) 

modification. These results demonstrate the efficiency of the thiolactone one-pot double 

modification as a powerful PPM platform. Furthermore, we showed the thiol-containing 

pAHT brush surfaces readily serve as a modular PPM platform using reactive μCP to 

produce well-defined micropatterned surfaces. Future work will thoroughly explore the 

aminolysis and thiol-ene kinetics and other thiol-click chemistries (e.g. thiol-disulfide 

exchange).  Ultimately, the pAHT brush platform offers an attractive approach for the 

design of complex brush architectures and offer an array of possibilities in polymer 

surface science applications.  
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CHAPTER III – BUCKLING INSTABILITIES IN POLYMER BRUSH SURFACES 

VIA POST-POLYMERIZATION MODIFICATION 

3.1 Introduction 

Buckling instabilities (wrinkles, creases, folds) are universal phenomena observed 

in natural and synthetic systems over a wide range of length scales. These instabilities 

can be tailored to define the shape, morphology, and function of complex systems - as 

exemplified by nature in the wrinkling of skin1 or folding of brain tissue.2 In polymeric 

films, stresses beyond a critical strain can trigger deformations in the film, results in 

interfacial delamination and fracture, which ultimately leads to undesirable applications.3 

However, more recently, strain-induced wrinkling of polymer thin films has emerged as a 

powerful approach to design surfaces with complex patterns at multiple length scales.4 

Recently, researchers have focused on exploiting this methodology to engineer surfaces 

for applications, including advanced adhesion,5–8 tunable wettability,9,10 antifouling,11,12 

flexible electronics,14,15 microlens arrays,16 diffraction gratings,17,18 microcontact 

printing,19 open-channel microfluidics,21 anti-counterfeit technologies,22 and various 

others.23–25 

Buckling instabilities are manifested from an in-plane compression (i.e., 

mechanical, thermal, or osmotic) of a bilayer film composed of a thin, high-modulus film 

bonded to semi-infinite, low-modulus foundation. The wrinkle wavelength is dictated by 

the thickness of the top film and the film/substrate Young’s modulus ratio, whereas the 

wrinkle amplitude is related to the thickness of the top film and the applied strain. 

Manipulating wrinkle wavelength and amplitude for specific applications requires careful 

selection of these parameters. Researchers have demonstrated various methods to tune the 
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modulus ratio of the stiff layer and underlying substrate, including metal deposition,17,26 

UV/ozone oxidation,27 photoinduced cross-linking,28,29 and surface-grafting techniques.30 

However, these methods have focused primarily on the fabrication of thin films with 

microscale morphologies on soft, deformable substrates (e.g., elastomers). Relatively few 

studies have focused on approaches to induce buckling instabilities in ultrathin (i.e., <100 

nm) polymer films attached to rigid substrates.31–33 

Post-polymerization modification (PPM) of polymer brushes is a powerful 

platform for tailoring the chemical and mechanical properties of surfaces.34 The extended 

chain conformation of brushes has specific implications for the PPM process, where the 

high osmotic pressure and reduced chain conformational entropy disfavor the penetration 

of reactive modifiers into the brush.35,36 Thus, the penetration depth and the through-

thickness compositional homogeneity of the brush resulting from the PPM process are 

ultimately dependent on (i) the reaction conditions (solvent quality, reaction efficiency 

time), (ii) the tethered brush factors (grafting density and brush thickness), and (iii) the 

physical properties of the reactive molecule (molecular mass and steric bulk). Indeed, 

Klok et al. demonstrated via neutron reflectometry36 and X-ray photoelectron 

spectroscopy37 that increases in brush thickness, tethered brush grafting density, and 

molecular mass of the reactive post-modifier result in decreased depths of penetration and 

increased through-thickness brush heterogeneity. Intentional manipulation of PPM 

parameters provides an opportunity to design polymer brush structures with through 

thickness material properties profiles that fulfill the requirements for nanoscale buckling 

within ultrathin films on rigid substrates but has rarely been reported. 
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Recently, Brooks et al.38  demonstrated a method to engineer nanoscale crease 

morphologies in ultrathin poly(pentafluorophenyl acrylate) (pPFPA) brushes using PPM 

via reactive microcontact printing with an amine-terminated polymer. Confinement of the 

pPFPA brush during the PPM process led to a substantial compressive stress, which was 

relieved to form the creased morphologies. This approach was expanded to fabricate 

creased morphologies using reactive diffusion of a viscous amine-terminated polymer 

solution to provide confinement.39 

Herein, we report a simple PPM approach to engineer ultrathin poly(styrene-alt-

maleic anhydride) (pSMA) brush surfaces with tunable wrinkled morphologies. We 

cross-link pSMA brushes under poor solvent conditions to limit the post-modification 

reaction to the near surface region of the brush, where reaction time dictates the ultimate 

thickness of the cross-linked surface region. Subsequent exposure of the selectively 

cross-linked brush surface to good solvent conditions generates an in-plane compressive 

stress arising from a mismatch between lateral and perpendicular swelling directions 

within the brush. The compressive stress causes an out-of-plane deformation of the 

untethered surface resulting in the observed wrinkled morphologies. Characterization of 

the PPM kinetics via ellipsometry and through thickness composition profile via time-of-

flight secondary ion mass spectroscopy (ToF-SIMS) provided key insight into parameters 

influencing the buckling behavior. 

3.2 Experimental Section 

3.2.1 Materials 

Maleic anhydride (MA), acetonitrile, cystamine dihydrochloride, triethylamine, 

tris(2-carboxylethyl) phosphine hydrochloride (TCEP), propylamine, hexylamine, 
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phosphate-buffered saline (PBS) solution were purchased from Sigma-Aldrich and were 

used as received.  Styrene (Sty) was purchased from Sigma-Aldrich and was purified by 

passing through an alumina column to remove inhibitor before use. Silica wafers 

(orientation <100>, native oxide) were purchased from University Wafer.  Plasma 

cleaning of silicon substrates was done on a plasma cleaner from Harrick Plasma. 

3.2.2 Instrumentation and Characterization 

To determine the swelling ratio of the cystamine-modified brush in acetonitrile, 

thickness measurements were conducted on a single angle (70°)/single wavelength (633 

nm) ellipsometer (Gartner Scientific Corporation LSE) using a liquid cell with glass 

windows mounted at 70°. The thickness of swollen brush was calculated using a 

multilayer model consisting of Si, SiO2, initiator, and a homogeneous swollen polymer 

brush. The refractive index (RI) of the swollen polymer layer was estimated using a 

linear effective medium approximation of the dry pSMA brush and solvent. Ellipsometry 

measurements were also conducted using a spectroscopic ellipsometer (JA Woollam M-

2000U) coupled with a 5-mL horizontal liquid cell attachment with a 75° incidence angle. 

The experimental data was analyzed using JA Woolam CompleteEASE software. A 

three-layer model with a ambient liquid (nD = 1.344), a Cauchy layer for the polymer 

brush layer, a silicon oxide layer, and a bulk silicon layer was employed. The optical 

constants of the silicon crystal and the surface oxide were taken from literature, while the 

optical constants and thickness of the brush layer were allowed to vary in order to 

minimize the mean squared error. The optical constants for the polymer brush (Cauchy) 

layer were constrained in between the optical constants calculated for the dry brush layer 

measured from air and the optical constants for the pure solvent. The CompleEASE 
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software package includes an additional fit parameter to take into surface roughness that 

was used to improve the fit quality. Comparable swelling ratio data was obtained from 

both instruments. Grazing angle attenuated total reflection FTIR (gATR-FTIR) analysis 

was carried out using a Thermo Scientific FTIR (Nicolet 8700) equipped with a 

VariGATR accessory (grazing angle 65°, germanium crystal; MCT detector, Harrick 

Scientific). Spectra were collected with a resolution of 4 cm-1 and 128 scans per sample. 

All spectra were collected while purging the VariGATR attachment and FTIR instrument 

with nitrogen along the infrared beam path to minimize the peaks corresponding to 

atmospheric moisture and CO2. Spectra were analyzed and processed using Omnic 

software and OriginPro. Atomic force microscopy (AFM) was performed using a Bruker 

Dimension Icon instrument. AFM height images were collected in tapping mode (in air) 

to obtain thin film morphology. The polymer brush samples were scanned using 

RTESPA-300 probes (from Bruker) with a nominal spring constant of 40 N/m. The AFM 

height images were analyzed using the SPIP software. The wrinkle wavelengths were 

obtained from the radial averaged cross-section of fast Fourier transform (FFT) of the 

height image. Static water contact angles of polymer brush surfaces were measured using 

6 μL water droplets on a Rame-hart goniometer. Time-of-Flight Secondary Ion Mass 

Spectrometry (ToF-SIMS) measurements were performed at the Oak Ridge National Lab 

(ORNL) to characterize the through-thickness distribution of cystamine within the 

polymer brush. The experiments were conducted using ION.TOF5 mass spectrometer 

with Bi-ion primary gun (30 keV, 30 nA, 200 μm × 200 μm scanning region, 5 μm spot 

size) as the ionization source and a sputtering Ar ion-cluster gun (cluster size ~2000 ions, 

5 keV, 4 nA, sputtering region 400 μm × 400 μm, spot size ~20 μm). The secondary ions 
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were collected by a ToF detector in both positive detection modes with resolution 

m/Δm~2000-4000. Si+, C3H3
+, H3S

+ ions were used to identify carbon, sulfur and silicon 

component within the samples. 

3.2.3 Surface-initiated polymerization of pSMA brush   

Functionalization of silicon surfaces with an azo-based trichlorosilane initiator 

was utilized and it was synthesized following literature procedures.40,41  Silicon substrates 

were cleaned and functionalized with the azo-based initiator following the procedures in 

the previous chapter. A substrate with the azo-based initiator was placed in a sealed test 

tube and purged with nitrogen. In another test tube, styrene (0.40 mL, 0.36 g) and maleic 

anhydride (0.40 g) were dissolved in anhydrous acetonitrile (4 mL) and the solution was 

freeze-pump-thawed to remove oxygen. The degassed solution was then transferred via 

cannula into the test tube that contained the initiator-immobilized substrate. The test tube 

was heated at 95 °C for various times to obtain polymer brushes of different thickness 

(i.e. 40 nm, 80 nm, 120 nm).  After polymerization, pSMA brush-modified substrates 

were removed from the solution, cleaned by rinsing and sonicating in the acetonitrile 

solution to get rid of any physisorbed polymer and dried with nitrogen. 

3.2.4 PPM of pSMA substrates using cystamine under poor solvent conditions 

Cystamine dihydrochloride (40 mg, 0.18 mmol) and TEA (40 μL, 29 mg, 0.29 

mmol) were dissolved in 4 mL of deionized water.  A pSMA brush surface was placed in 

the cystamine solution at discrete reaction times (from 30 s to 3 h).  After PPM, the post-

modified pSMA substrate was thoroughly rinsed with DI water and dried with a flow of 

nitrogen. 
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3.2.5 PPM of pSMA brush with cystamine dihydrochloride under good solvent 

conditions 

Cystamine dihydrochloride (0.40 mg, 1.8 μmol) and TEA (0.40 μL, 0.29 mg, 2.9 

μmol) were dissolved in 4 mL of solvent mixture that contains 50% of DI water and 50% 

of acetonitrile.  A substrate with pSMA brush on the surface was placed in the cystamine 

solution for 30 s.  After PPM, the post-modified pSMA substrate was thoroughly rinsed 

with DI water and dried with a flow of nitrogen. 

3.2.6 PPM of pSMA substrates using mono-amines under aqueous conditions  

Hexylamine (0.40 μL, 0.31 mg, 3.1μmol) was added to 4 mL of DI water. A 

pSMA brush-modified substrate was placed in the hexylamine solution at 30 s and 150 s. 

The post-modified pSMA substrates were thoroughly rinsed with DI water and dried with 

a stream of nitrogen. The post-modification of pSMA brush using propylamine (0.24 μL, 

0.17 mg, 2.9 μmol) was carried out in 4 mL of DI water. 

3.2.7 Reduction of cystamine modified pSMA brush   

A cystamine-modified pSMA brush substrate was placed in a solution of TCEP 

(60 mg, 0.21 mmol) in 6 mL of acetonitrile: PBS solvent mixture (50:50 by volume) in a 

sealed test tube.  The TCEP solution was under constant nitrogen purging for 16 h.  The 

substrate was then taken out of the solution, rinsed with DI water and dried with a flow of 

nitrogen. 

3.2.8 Oxidation of thiols to disulfide 

Iodine (32 mg) was dissolved in H2O2 (3 mL) and MeCN (3mL). The reduced 

cystamine-modified pSMA brush was placed in the solution in a sealed test tube for 16 h. 



 

69 

The substrate was then taken out of the solution, sonicated in DI water, and swelled in 

MeCN for 1 h to reform the wrinkled morphologies. 

3.2.9 Grafting density of pSMA 

The grating density of pSMA on silica substrates was calculated using equation 1. 

In which Γ is the grafting density, L is the polymer brush thickness, 𝜌 is bulk density, 𝑁𝐴 

is the Avogadro number and 𝑀𝑛  is the number relative molecular mass of the free 

polymer of SMA determined by GPC. We make the assumption that the molecular mass 

of the polymer brush and free polymer are the same. For a given sample with a thickness 

of 83 nm, number-average molecular mass (𝑀𝑛) was 31167 g/mol and PDI 2.4. Grafting 

density Γ was calculated to be 1.7 chains/nm2. 

Γ =  
𝐿𝜌𝑁𝐴

𝑀𝑛
         Equation 1 

3.2.10 Calculation of anhydride conversion based on thickness measurements 

The thickness values of pSMA brush samples before and after cystamine 

modification were measured using ellipsometry.  The modification of the pSMA brush 

with cystamine increases the molar mass of the repeat units and results in an increase in 

brush thickness. Equation 2 describes the relationship between polymer brush thickness, 

H, molecular weight of polymer repeat unit, M, and the mass density, ρ, of polymer brush 

before and after modification, 49   

𝐻𝑓

𝐻𝑜
=

𝑀𝑓𝜌𝑜

𝑀𝑜𝜌𝑓
 Equation 2 

where the subscripts o and f denote the unmodified and cystamine-modified polymer 

brush, respectively.  Assuming equivalent mass density of the polymer brush before and 

after post-modification, Equation 2 becomes Equation 3, where k represents conversion 
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and MPPM denotes the molecular weight of the modifier that reacts onto the polymer 

chain, respectively. 

𝐻𝑓

𝐻𝑜
=

𝑀𝑓

𝑀𝑜
=

𝑀𝑜+𝑘𝑀𝑃𝑃𝑀

𝑀𝑜
  Equation 3 

At full conversion, (k =100%), the molecular mass of modifier, MPPM, was calculated to 

be 135.06 g/mol, based on Equation 3.  The calculated MPPM is less than the molecular 

weight of cystamine (152.28 g/mol) which can be attributed to the cystamine molecules 

that react with polymer brush by two amines.  The percentage of cystamine as cross-

linker, x, was calculated to be 12.7%, following Equation 4, 

𝑥 =  
𝑀𝑐𝑦𝑠𝑡𝑎𝑚𝑖𝑛𝑒−𝑀𝑃𝑃𝑀 

𝑀𝑃𝑃𝑀
  Equation 4 

in which Mcystamine is the MW of cystamine (152.28 g/mol). The amount of cystamine 

serving as cross-linkers can only be estimated at full anhydride conversion. Further, it is 

not possible to distinguish between inter- and intramolecular reactions. The anhydride 

conversion k can be calculated according to Equation 5  

𝑘 =  
𝑀𝑜

𝑀𝑃𝑃𝑀
(

𝐻𝑓

𝐻𝑜
− 1)   Equation 5 

3.3 Results and Discussion 

3.3.1 Synthesis of pSMA Polymer Brush 

For this work, we employed poly(styrene-alt-maleic anhydride) (pSMA) as a 

reactive polymer brush scaffold. pSMA is easily obtained from commodity monomers 

and is highly reactive towards primary amines for facile post-polymerization 

modification reactions.  Alternating pSMA brushes were synthesized via surface-initiated 

polymerization of a 54:46 styrene:maleic anhydride monomer feed from an azo-initiator 

modified silicon substrates. It is well-known that styrene and maleic anhydride monomers 



 

71 

form nearly perfect alternating copolymers under most free-radical polymerization 

conditions. Polymerizations occurred at 95 °C to produce pSMA brushes with an average 

thickness of approximately 80 nm.  Following extraction, the surfaces showed a typical 

featureless brush morphology with 6.6 nm root-mean-squared (RMS) roughness, as 

determined via atomic force microscopy (AFM) (See Appendix B for Figure B.1).  The 

pSMA brush chemical composition and hydrolytic stability were measured by grazing-

angle attenuated total reflection Fourier transform infrared spectroscopy (gATR-FTIR). 

Peaks at 1454 cm-1 and 1494 cm-1 are attributed to the aromatic styrene moiety, whereas 

peaks at 1781 cm-1 and 1857 cm-1 are indicative of the five-membered anhydride ring 

(Figure B.3a).39-40 As shown in Figure B.2, the anhydride exhibited minimal hydrolysis in 

air at room temperature and when immersed in deionized water at 60 °C for 60 min.  The 

hydrophobicity of the pSMA brush surfaces (92° water contact angle, Figure B.1) likely 

contributes to the observed stability by limiting diffusion of water into the brush – an 

important point that we exploited for controlled PPM of the brush. 

3.3.2 Post-polymerization Modification (PPM) of pSMA with Cystamine 

Dihydrochloride  

Poly(styrene-alt-maleic anhydride) brushes were post-modified with cystamine 

dihydrochloride in the presence of triethylamine under aqueous conditions. Alswieleh 

and co-workers recently demonstrated the use of solvent quality to spatially control cross-

linking within a brush surface; cross-linking in good solvent provided homogeneous 

cross-linking throughout the brush, whereas poor solvents resulted in cross-linking 

primarily at the polymer/air interface.42 Similarly, in our system, poor solvent conditions 

for the post-modification are postulated to collapse the brush structure and initially limit 
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the cystamine cross-linking reaction to the exposed brush interface. If the amine− 

anhydride reaction is fast relative to diffusion of the cystamine into the brush (a good 

assumption under poor solvent conditions), then the post-modification may be expected 

to proceed in a front-like process as depicted in Scheme 3.1. Under such conditions, 

reaction time would serve as a facile parameter to control the penetration depth of the 

cystamine and, consequently, the depth of the cross-linked surface region within the 

brush. This hypothesis can be easily investigated by monitoring the PPM reaction 

kinetics and the resulting through thickness compositional brush profiles, as discussed in 

the following section. 

 

Scheme 3.1 Synthetic route to post-polymerization modification of pSMA brushes with 

cystamine under poor solvent (aqueous) conditions. Cystamine partially cross-links the 

brush in a front-like process, forming a cystamine-modified “skin” thickness (ℎ1) and an 

unmodified “substrate thickness” (ℎ𝑓). Final brush thickness after PPM and drying is 

denoted as 𝐻𝑓. 

pSMA brushes with an initial dry thickness (𝐻𝑜 = 80 nm) were post-modified 

with cystamine dihydrochloride in the presence of triethylamine under aqueous 

conditions at discrete reaction times per Scheme 3.1. The diamine−anhydride reaction 

serves to partially cross-link the brush and results in the formation of amide−acid 

moieties along the backbone (see FTIR, Figure B.3b). An increase in molecular mass of 
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repeat units modified with cystamine results in an increase in the overall brush 

thickness.43 The difference in brush thickness before and after PPM was used to calculate 

the anhydride conversion according to the equation: 

𝐻𝑓

𝐻0
=  

𝑀𝑓𝜌0

𝑀0𝜌𝑓
 

where H represents dry brush thickness, ρ is bulk density, and M is the molecular mass of 

the repeat unit. The subscripts denote the unmodified (0) and cystamine-modified (f) 

states of the pSMA brush. Here, we assume that the grafting density of chains before and 

after modification remains constant and the change in bulk density is negligible.43 

Anhydride conversion was also determined using FTIR based on the change in area of the 

anhydride peak absorption (Figure B.4). Figure 3.1 shows the anhydride conversion 

versus time for the cystamine post-modification obtained by ellipsometry and FTIR under 

aqueous conditions. As shown, both methods are in good agreement. Under aqueous 

conditions, the amine−anhydride modification was relatively slow with conversion 

plateauing at approximately 90% at 3600 s. Under poor solvent conditions, one can 

assume that the pSMA brush exists in a collapsed state posing a barrier to the diffusion of 

cystamine into the brush. Consequently, the number of accessible anhydrides to 

cystamine is limited by the rate of cystamine diffusion into the polymer brush. Under 

these conditions, the PPM reaction rate is independent of the total number of unreacted 

anhydride groups within the polymer brush; thus, the PPM process would be expected to 

follow pseudo-zero-order kinetics. The linear region (0−1200 s, Figure 3.1) in the 

conversion versus time plot suggests that the PPM reaction indeed proceeds with pseudo-

zero-order kinetics under poor solvent conditions. In contrast, >96% anhydride 
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conversion was achieved within 60 s with PPM under good solvent conditions (e.g. 50:50 

v/v% acetonitrile:water) as shown in Figure B.5. With the pSMA brush well-solvated in 

acetonitrile, the PPM reaction follows pseudo-first-order kinetics. Similar kinetic trends 

have been well described by others for PPM of polymer brushes under good solvent 

conditions.44,45 

 

Figure 3.1 Anhydride conversion versus cystamine reaction time for pSMA brush (𝐻𝑜 = 

80 nm) under poor solvent conditions. 

ToF-SIMS analysis with argon ion cluster sputtering was utilized to depth-profile 

the through-thickness composition of the pSMA brush as a function of cystamine post-

modification time. The intensities of the C3H3
+ (m/z = 39), H3S

+ (m/z = 35), and Si+ (m/z 

= 28) secondary ions - characteristic of the pSMA brush backbone, cystamine modifier, 

and silicon substrate, respectively - were recorded as a function of sputtering time.46 

Sputter time was converted to depth (nm) using knowledge of the overall brush thickness 

and sputter rate for each sample. The polymer brush/silicon substrate interface was 

determined using the intersection of the C3H3
+ and Si+ profiles.47 Total brush thickness 

values determined from the C3H3
+ and Si+ intersection are in good agreement with total 
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brush thickness values obtained from ellipsometry (Table B.1). The thickness of the 

cystamine-modified brush region (ℎ1) was approximated from the depth at which the 

H3S
+ ion intensity reached 50% of its maximum value. Figure 3.2a shows the secondary 

ion profiles of an unmodified pSMA brush. A constant C3H3
+ intensity was observed for 

the full thickness of the pSMA brush. The absence of cystamine within the unmodified 

brush is indicated by the noise level H3S
+ intensities observed throughout the brush 

thickness. The secondary ion profiles for cystamine-modified pSMA brushes post-

modified under aqueous conditions with reaction times at 60 s (2.4% conversion), 300 s 

(15.6% conversion), and 600 s (30.1% conversion) are shown in Figure 3.2b-e, 

respectively. At short PPM times, H3S
+ ions were primarily observed near the 

polymer/air interface with intensities that quickly decay to noise levels with increasing 

depth. The H3S
+ profiles show a progressively deeper penetration of cystamine into the 

pSMA brush with increasing PPM time. At extended cystamine modification times or 

high anhydride conversion (3600 s, 88% conversion), a relatively constant H3S
+ ion 

intensity was observed throughout the brush thickness, indicating the modification 

reaction eventually penetrates the full thickness of the brush. In contrast, Figure 3.2f 

shows the ToF-SIMS profile for a pSMA brush modified with a low concentration 

cystamine solution (0.45 mmol/L) for 30 s under good solvent conditions. The anhydride 

conversion for this sample was ∼26%. The H3S
+ profile shows that cystamine is 

distributed throughout the full brush thickness despite having a much shorter cystamine 

modification time than any of the samples modified under poor solvent conditions. PPM 

under good solvent conditions swells the brush, enabling rapid diffusion of the modifier 
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into the brush and broader access to anhydride groups throughout the brush. These 

conditions result in a more homogeneous modified brush composition profile.  

 

Figure 3.2 Secondary ion intensity−sputtering time profiles of unmodified and 

cystamine-modified pSMA brush samples. (a) 80 nm unmodified pSMA brush, 

cystamine-modified pSMA under aqueous conditions for (b) 60, (c) 300, (d) 600, and (e) 

3600 s. (f) Cystamine-modified pSMA brush under good solvent conditions. Anhydride 

conversion values are shown for each PPM time point. The vertical dashed line indicates 

the silicon/brush interface. 

To further illustrate the trends for PPM of pSMA brushes with cystamine under 

poor solvent conditions, we generated kinetic plots using the fractional thickness of the 

pSMA brush penetrated by cystamine (ℎ1/𝐻𝑓) obtained from ToF-SIMS. Figure 3.3a 

shows ℎ1/𝐻𝑓 versus PPM time. The ℎ1/𝐻𝑓 ratio scales linearly with PPM time up to 1200 

s and then deviates from linearity at longer reaction times - a trend that is in qualitative 

agreement with PPM kinetics obtained by ellipsometry and FTIR, as previously described 

(Figure 3.1). The fractional thickness modified by cystamine shows a similar dependence 

on anhydride conversion (Figure 3.3b).  
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Figure 3.3 Ratio of cystamine-modified thickness (ℎ1) to total brush thickness (𝐻𝑓) 

versus (a) cystamine modification time and (b) anhydride conversion. (𝐻𝑜 = 80 nm). 

With insight from kinetics and depth profiling, we return to the postulation of a 

front-like post-modification process under poor solvent conditions to describe an 

empirical relationship between anhydride conversion and brush thickness parameters 

(e.g., ℎ1, ℎ2, and 𝐻𝑓). For example, post-modification of a pSMA brush to near-

quantitative conversion results, on average, in a 66% increase in thickness (𝐻𝑜 = 77.9 nm, 

𝐻𝑓 = 129.8 nm, or 1.66𝐻𝑜) after modification. Assuming a frontal modification reaction, 

we can now divide the brush into two distinct regions: a cystamine-modified “skin” layer 

of thickness ℎ1and the remaining unmodified brush layer of thickness ℎ2 (Scheme 3.1). 

Using this model, we can then define ℎ1 as (1.66𝐻𝑜)𝑘, ℎ2 as 𝐻𝑜(1 − 𝑘), and 𝐻𝑓 as ℎ1 + 

ℎ2 where 𝑘 is conversion. Employing these relationships, a pSMA brush with 𝐻𝑜 = 84.5 

nm and 𝑘 = 9.9% results in predicted values for ℎ1 = 13.8 nm, ℎ2 = 76.1 nm, and 𝐻𝑓 = 

89.9 nm. The predicted values are in good agreement with the actual measured values of 
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ℎ1 = 13.5 nm, ℎ2= 76.5 nm, and 𝐻𝑓= 90.0 nm obtained from ToF-SIMS. These data 

along with additional examples are summarized in Table B.2. The empirical equations 

proposed and the ToF-SIMS depth profile data collectively support our postulation that 

the cystamine modification reaction under poor solvent conditions occurs as a frontal 

process. Additionally, these observations provide further evidence that reaction time and 

anhydride conversion serve as handles to control the penetration depth of cystamine and, 

consequently, the depth of the cross-linked surface region within the brush. 

3.3.3 Buckling Instability in Cystamine-Modified pSMA Brush Surfaces 

 

Scheme 3.2 Synthetic route to wrinkled polymer brush surfaces. Cystamine-modified 

pSMA brush surfaces were exposed to good solvent conditions (acetonitrile) to induce a 

wrinkled brush morphology. The length scale of wrinkle wavelength and brush thickness 

are not drawn to scale. 

Figure 3.4a shows the tapping-mode AFM height images for pSMA brushes 

following PPM with cystamine dihydrochloride/TEA in water at various anhydride 

conversions. At each conversion point, a typical featureless brush morphology (RMS 

roughness: 6.6 nm) was observed that was unchanged in comparison to the unmodified 

pSMA brush morphology. Next, we exposed the series of cystamine-modified pSMA 

brushes to good solvent conditions (acetonitrile) to induce swelling as illustrated in 

Scheme 3.2. Figure 3.4b shows the brush morphologies after swelling in acetonitrile for 
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60 min. The brush wrinkling patterns that developed upon swelling show a clear 

dependence on the anhydride conversion, transitioning from small scale random 

labyrinths at low conversions (7.1%) to larger scale labyrinths at higher conversions 

(31.2%). In general, wrinkles were not observed in cystamine-modified brush samples 

with anhydride conversions >40% (Figure B.6). It is important to note that AFM imaging 

was conducted in the dry state after rapid evaporation of acetonitrile under a stream of 

nitrogen. It is expected that the pSMA polymer brush rapidly traverses the glass transition 

temperature (typical pSMA Tg > 120 °C) upon solvent evaporation, trapping the observed 

wrinkle morphologies in the dry state. Similar arguments have supported the observation 

of trapped buckled morphologies in surface-confined poly(N-isopropylacrylamide) 

gels.33,48 The swelling response of polymer brushes relies on several interdependent 

parameters including grafting density, molecular mass, chemical nature of the polymer 

chains, and solvent quality.49 In the present system, the brush swelling response is also 

influenced by the extent of cross-linking. Since the pSMA brushes were cross-linked 

under poor solvent conditions, subsequent exposure to a good solvent likely generates a 

swelling mismatch between the lateral and perpendicular directions, where the in-plane 

swelling constraint may be attributed to both attachment of chains to the substrate and to 

extent of cross-linking. As the brush expands more in the direction normal to the 

substrate relative to the constrained lateral direction, an in-plane compressive stress is 

generated. At a critical degree of swelling, the imposed compressive stress causes an out 

of plane deformation of the untethered surface, resulting in the observed wrinkled 

morphologies. To define the critical degree of swelling that results in surface wrinkling, 

we determined the swelling ratio (α) of the cystamine-modified pSMA brushes as a  
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Figure 3.4 AFM height images of pSMA brushes (𝐻𝑜= 80 nm) following (a) reaction 

with cystamine and (b) subsequent exposure to good solvent (acetonitrile) conditions. (c) 

Swelling ratio versus anhydride conversion for cystamine-modified pSMA brushes. The 

horizontal line represents the critical swelling ratio. (d) Wavelength versus anhydride 

conversion. (e) Fit of the wrinkling wavelength as a function of ℎ1ℎ2 demonstrating that 

the scaling relationship 𝜆 ~ (ℎ1ℎ2)1/2 adequately describes the brush system. 

function of anhydride conversion using in situ ellipsometry. The swelling ratio is defined 

as the thickness of cross-linked brush (swollen thickness in acetonitrile) to that of the dry 

cross-linked brush (prior to swelling). Figure 3.4c shows the relationship between 

swelling ratio and conversion for the pSMA brushes modified with cystamine under poor 

solvent conditions. The swelling ratio of an unmodified pSMA brush was ∼2.1. At 

anhydride conversions <20%, an increase in the swelling ratio was observed that may be 

attributed to an increase in brush/solvent compatibility due to the contribution of 

carboxylic acid functional groups formed upon reaction of the maleic anhydride with 
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cystamine. At anhydride conversions >30%, a gradual decrease in swelling ratio was 

observed as the extent of cross-linking begins to dominate the swelling behavior. The 

critical swelling ratio, below which the compressive stress is insufficient to induce 

surface buckling, was found to be ∼1.8 (∼40% anhydride conversion) - a critical value 

that is consistent with other reports from the literature.50 Referring back to the ToF-SIMS 

depth profiles, the critical swelling ratio can be correlated to a ℎ1/𝐻𝑓 ratio of 

approximately 0.6. Additionally, we considered if the distribution or depth profile of 

cross-links within the pSMA brush influenced the swelling behavior and, consequently, 

the propensity to undergo surface buckling. As illustrated in Figure 3.2f, pSMA brushes 

post-modified with cystamine under good solvent conditions at short reaction times 

resulted in the distribution of cystamine throughout the full brush thickness. At 

comparable anhydride conversions, pSMA brushes modified under good solvent 

conditions exhibited lower swelling ratios (e.g., α = 1.48 at 17% conversion, Figure 3.4c) 

than brushes modified under poor solvent conditions (e.g., α = 2.4 at 17% conversion). 

When cross-linked under good solvent conditions, the swelling ratio was consistently 

below the critical α of 1.8; thus, buckling was not observed in these samples (Figure B.7). 

These results suggest that the cross-link profile influences the swelling ratio and the 

ability of the brushes to undergo buckling; however, an alternative explanation should 

also be considered to explain the absence of wrinkles when cross-linked under good 

solvent conditions. Namely, following the Flory−Rehner formalism, reswelling the cross-

linked brush in the same solvent employed for cross-linking would return a zero-osmotic 

stress state - conditions that would not induce surface instabilities.51 
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The wavelengths of the wrinkled morphologies were measured by taking the 

radial average of the AFM 2D FFT power spectra. The 2D power spectrum represents the 

power distribution of the wrinkled morphology based on the relationship between the 

frequency and space domain.52  The smaller circular distribution is correlated to a larger 

wrinkle wavelength. As shown in Figure 3.4d, the observed wrinkle wavelength (𝜆) 

scales linearly with anhydride conversion. Linear scaling relationships between wrinkle 

wavelength and film thickness are well-established and have been described for multiple 

film constructs. Here, we consider a rigid-on-soft multilayer construct consisting of a 

cystamine-modified “skin” layer (ℎ1) and an unmodified brush “substrate” layer (ℎ2) that 

is in turn covalently grafted to a rigid silicon support (ℎ𝑆𝑖), where ℎ𝑆𝑖 ≫ ℎ2 > ℎ1. For 

such constructs, scaling can be described as 𝜆 ~ (ℎ1ℎ2)1/2(𝐸ℎ1
𝐸ℎ2

)1/6, where 𝐸ℎ1
 and 

𝐸ℎ2
 are the Young’s moduli of the cystamine-modified “skin” layer and the unmodified 

“substrate” layer, respectively.1,53–55As shown in Figure 3.4e, the observed dependence 

of the wrinkle wavelength on the ℎ1and ℎ2 thicknesses is adequately described by the 

scaling relation 𝜆 ~ (ℎ1ℎ2)1/2. Although we lack the ability to determine the modulus of 

the individual “skin” and “substrate” regions within the brush - values that would enable 

further quantitative validation to the model - our current observations are in qualitative 

agreement with the scaling relationship predicted by the general bilayer film model. More 

importantly, these observations demonstrate that wrinkle wavelength and morphology 

can be judiciously tuned by controlling the brush profile via post-polymerization 

modification under poor solvent conditions.  
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3.3.4 Monofunctional Amine Modified pSMA Brush Surface  

The importance of employing a cross-linker such as cystamine to facilitate the 

formation and stabilization of the wrinkled brush surfaces was illustrated through several 

control experiments. First, pSMA brushes were modified with two different 

monofunctional amines (e.g., propylamine and hexylamine) under identical aqueous 

conditions as used for cystamine. Despite the similar chain length of cystamine and 

hexylamine, using monofunctional amines as post-modifiers did not lead to the formation 

of wrinkles regardless of PPM reaction time or conversion (Figure 3.5). Brushes modified 

with primary amines undergo swelling but lack the cross-links necessary to generate the 

mismatch in lateral and perpendicular swelling. Thus, the compressive stress required for 

buckling is absent.  
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Figure 3.5 AFM images of pSMA brushes post-modified with monofunctional amines 

using identical reaction conditions as used for cystamine: (a) hexylamine and (b) 

propylamine. As shown, wrinkles were not observed after swelling in acetonitrile. 
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3.3.5 Effect of Polymer Brush Thickness  

After investigating the parameters that govern buckling instabilities in pSMA 

brush surfaces, we further studied the influence of initial pSMA brush thickness on the 

observed wrinkled morphologies. The initial experiments previously described were 

performed with an initial brush thickness, 𝐻𝑜 = 80 nm. To elucidate the influence of 

brush thickness on wrinkled morphologies, a library of pSMA brushes with increasing 

brush thickness was synthesized by changing polymerization time at a constant monomer 

concentration and temperature (95 °C).35,56 Hereafter, pSMA brushes with an average 

target thickness of 40 nm and 120 nm were prepared and employed for the following 

experiments. 

3.3.6 Buckling Instabilities in 40 nm pSMA Brush Surfaces 

 

Figure 3.6 Anhydride conversion versus cystamine reaction time for pSMA brush (𝐻𝑜 = 

40 nm) under poor solvent conditions. 

pSMA brushes (𝐻𝑜 = 40 nm) were synthesized as previously described (e.g. 54:46 

styrene:maleic anhydride at 95 °C). After polymerization, pSMA surfaces were post-

modified with cystamine dihydrochloride under aqueous conditions at discrete reaction 
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times. The conversion versus reaction time plot for the cystamine modification of the 

pSMA brush is shown in Figure 3.6. The change in brush thickness was measured by 

ellipsometry and used to calculate anhydride conversion as a function of reaction time. 

Anhydride conversion greater than 80% was achievable within 1000 s with conversion 

plateauing at approximately 90% around 1200s. The linear region (0-1000 s, Figure 3.6) 

in the conversion versus time displays pseudo-zero-order kinetics. The lower pSMA 

brush thickness led to a faster anhydride conversion compared to the 80 nm pSMA brush 

scaffold (Figure 3.1). A lower pSMA brush thickness and grafting density allow an 

increase in the accessibility of the maleic anhydride moieties of the polymer backbone, 

resulting in faster PPM kinetics. Similar results have been observed by Schüwer et al.36  

 

Figure 3.7 Secondary ion intensity−sputtering time profiles of unmodified and 

cystamine-modified pSMA brush samples. (a) 40 nm unmodified pSMA brush, 

cystamine-modified pSMA under aqueous conditions for (b) 60, (c) 300, (d) 600, (e) 

1200 s, and (f) 3600 s. Anhydride conversion values are shown for each PPM time point. 

The vertical dashed line indicates the silicon/brush interface. 
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ToF-SIMS analysis was employed to obtain depth-profiles of the 40 nm pSMA 

brushes as a function of cystamine modification time. Figure 3.7a shows the secondary 

ion profiles of an unmodified pSMA brush. The depth profiles for the cystamine-

modified pSMA brushes post-modified under aqueous conditions with reaction times at 

60 s (6.2 % conversion), 300 s (17.4% conversion), and 600 s (32.6 % conversion) are 

shown in Figure 3.7b-d. Shorter PPM reaction times show H3S
+ ions primarily at the 

polymer/air interface. The H3S
+ ions show a deeper penetration of cystamine into the 

pSMA brush surface with longer PPM reaction times. At longer reaction times and higher 

anhydride conversions (Figure 3.7e-f), a relatively constant H3S
+ ion intensity was 

observed throughout the brush structure. Figure 3.7f shows cystamine penetrating the full 

thickness of the brush at quantitative anhydride conversion (> 92.1 %). 

 

Figure 3.8 Ratio of cystamine-modified thickness (ℎ1) to total brush thickness (𝐻𝑓) 

versus (a) cystamine modification time and (b) anhydride conversion. (𝐻𝑜 = 40 nm). 

From the ToF-SIMS data, we calculated the cystamine-modified “skin” thickness 

(ℎ1) and final post-modified brush thickness (𝐻𝑓) from the expression previously derived, 

assuming a frontal modification reaction. From these values, we generated kinetics plots 
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using the fractional thickness of the pSMA brush penetrated by cystamine (ℎ1/𝐻𝑓) as a 

function of cystamine PPM reaction time (Figure 3.8a) and anhydride conversion (Figure 

3.8b). The ℎ1/𝐻𝑓  ratio scales linearly with PPM time (up to 1000 s) and conversion (up to 

55%) and then deviates at longer times and higher conversion – similar to the kinetics 

obtained by ellipsometry (Figure 3.6). 

 

 

Figure 3.9 AFM height images of pSMA brushes (𝐻𝑜 = 40 nm) following (a) reaction 

with cystamine and (b) subsequent exposure to good solvent conditions. (c) Swelling 

ratio versus anhydride conversion. The horizontal line represents the critical swelling 

ratio. (d) Wavelength versus anhydride conversion. (e) Fit of wrinkle wavelength as a 

function of ℎ1ℎ2 demonstrating that the scaling relationship 𝜆 ~ (ℎ1ℎ2)1/2 adequately 

describes the brush system. 

After investigation of the through-thickness brush composition, the pSMA 

brushes were swelled in acetonitrile for 60 min to form the wrinkled morphologies. The 

AFM height images of the pSMA brushes show the featureless morphology prior to 
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swelling (Figure 3.9a) and labyrinth wrinkles after exposure to acetonitrile (Figure 3.9b). 

The inset images in Figure 3.9b are the 2D FFT power spectra, which were utilized to 

calculate the wrinkle wavelength. The swelling ratio (Figure 3.9c) and wrinkle 

wavelength (Figure 3.9d) were investigated as a function of conversion.  The swelling 

ratio of the unmodified brush was ~ 2, with a critical swelling ratio ~1.7 (~ 40% 

anhydride conversion). The critical swelling ratio correlated to a ℎ1/𝐻𝑓 ratio of 

approximately 0.5. These values are consistent with the 80 nm pSMA brush surface. As 

expected, the wrinkle wavelength scales linearly with anhydride conversion (Figure 

3.9d). The wrinkle wavelength ranges from approximately 150-500 nm. The smaller 

wrinkle morphologies are attributed to the smaller initial pSMA brush thickness. As 

shown in Figure 3.9e, wrinkle wavelength scales with the cystamine-modified thickness 

layer and the unmodified layer, 𝜆 ~ (ℎ1ℎ2)1/2, as previously derived for a rigid-on-soft 

multilayer construct. Thus, a lower cystamine-modified “skin” thickness and unmodified 

brush thickness resulted in a smaller wrinkle wavelength for the 40 nm pSMA brushes. 

3.3.7 Buckling Instabilities in 120 nm pSMA Brush Surfaces 

pSMA brush surfaces (𝐻𝑜 = 120 nm) were post-modified with cystamine under 

aqueous conditions at discrete reaction times. The conversion versus time plot for the 

cystamine modification of the pSMA brush is shown in Figure 3.10. For the 120 nm 

brushes, 80% conversion is reached at approximately 10000 seconds, whereas it was 

achievable within 1000s for the 40 nm pSMA brush and 3600 s for the 80 nm pSMA 

brush, respectively. Thus, an increase in brush thickness results in slower anhydride 

conversions due to larger steric constraints of the thicker polymer brushes.33 These 
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kinetics studies demonstrate a method to judiciously control anhydride conversion based 

on polymer brush thickness. 

 

Figure 3.10 Anhydride conversion versus cystamine reaction time for pSMA brush (𝐻𝑜 = 

120 nm) under poor solvent conditions. 

ToF-SIMS analysis was employed to obtain depth-profiles of the 120 nm pSMA 

brushes as a function of cystamine modification time. Figure 3.11a shows the secondary 

ion profiles of an unmodified pSMA brush. The depth profiles for the cystamine-

modified pSMA brushes post-modified under aqueous conditions with reaction times at 

60 s (2.8% conversion), 300 s (5.5% conversion), 600 s (9.6% conversion), 1200 s 

(17.2% conversion), and 3600 s (40.2% conversion) are shown in Figure 3.11b-f. Shorter 

PPM reaction times show H3S
+ ions primarily at the polymer/air interface.  As expected, 

the H3S
+ ions show a deeper penetration of cystamine into the pSMA brush surface with 

longer PPM reaction time. 
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Figure 3.11 Secondary ion intensity−sputtering time profiles of unmodified and 

cystamine-modified pSMA brush samples. (a) 120 nm unmodified pSMA brush, 

cystamine-modified pSMA under aqueous conditions for (b) 60, (c) 300, (d) 600, (e) 

1200 s, and (f) 3600 s. Anhydride conversion values are shown for each PPM time point. 

The vertical dashed line indicates the silicon/brush interface. 

From the ToF-SIMS data, we calculated the cystamine-modified “skin” thickness 

(ℎ1) and final post-modified brush thickness (𝐻𝑓) from the expression previously derived, 

assuming a frontal modification reaction. These values were used to generate kinetic 

plots using the fractional thickness of the pSMA brush penetrated by cystamine (ℎ1/𝐻𝑓) 

as a function of cystamine PPM reaction time (Figure 3.12a) and anhydride conversion 

(Figure 3.12b). The ℎ1/𝐻𝑓  ratio scales linearly with PPM time (up to 4000 s) and 

conversion (up to 40%) and then deviates at longer times and higher conversion – similar 

to the kinetics obtained by ellipsometry for the 40 nm (Figure 3.6)  and 80 nm (Figure 

3.1) brush surfaces.  
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Figure 3.12 Ratio of cystamine-modified thickness (ℎ1) to total brush thickness (𝐻𝑓) 

versus (a) cystamine modification time and (b) anhydride conversion. (𝐻𝑜 = 120 nm). 

After investigation of the through-thickness brush composition, the pSMA 

brushes were swelled in acetonitrile for 60 min to form the wrinkled morphologies. The 

AFM height images of the pSMA brushes show the featureless morphology prior to 

swelling (Figure 3.13a) and labyrinth wrinkles after exposure to acetonitrile (Figure 

3.13b). The swelling ratio (Figure 3.13c) and wrinkle wavelength (Figure 3.13d) were 

investigated as a function of anhydride conversion.  The swelling ratio of the unmodified 

brush was ~ 1.8, with a critical swelling ratio ~1.7 (~ 40% anhydride conversion). This 

value is consistent with the 40 nm and 80 nm pSMA brush surfaces, indicating that 

anhydride conversions greater than ~ 40% do not induce surface buckling. The critical 

swelling ratio correlated to a ℎ1/𝐻𝑓 ratio of approximately 0.55, corroborating the 

previous data.  As expected, the wrinkle wavelength scales linearly with anhydride 

conversion (Figure 3.13d). The wrinkle wavelength ranges from approximately 250 nm 

to 2.5 μm. As shown in Figure 3.13e, wrinkle wavelength scales with the cystamine-

modified layer and unmodified layer, 𝜆 ~ (ℎ1ℎ2)1/2, with a slope of 0.46. As expected, 
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the higher cystamine-modified “skin” thickness and unmodified brush thickness values, 

compared to the 40 nm and 80 nm pSMA brushes, resulted in the largest wrinkle 

wavelengths. 

 

Figure 3.13 AFM height images of pSMA brushes (𝐻𝑜= 120 nm) following (a) reaction 

with cystamine and (b) subsequent exposure to good solvent conditions. (c) Swelling 

ratio versus anhydride conversion. The horizontal line represents the critical swelling 

ratio. (d) Wavelength versus anhydride conversion. (e) Fit of wrinkle wavelength as a 

function of ℎ1ℎ2demonstrating that the scaling relationship 𝜆 ~ (ℎ1ℎ2)1/2 adequately 

describes the brush system. 

3.3.8 Redox-Driven Wrinkled Morphologies 

Dynamic control of wrinkled morphologies has gained significant attention in the 

fields of smart surface adhesion,5 wettability,57 responsive microfluidic channels,58 

recycled templates,59 and stretchable electronics.15 Numerous methods to control wrinkle 

patterns have been exploited using reversible Diels-Alder chemistry,60 visible61 and near-
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infrared light,62 and redox chemistry.63  Herein, we take advantage of the disulfide 

linkage in cystamine dihydrochloride as a handle to exploit reversible redox-driven 

wrinkle release and formation. 

 

Figure 3.14  (a) Schematic illustration of disulfide reduction with TCEP to release 

wrinkles and sequential oxidation with I2 to reform the disulfide bond and wrinkled 

morphology. (b) AFM height images of the wrinkled brush, reduced brush with TCEP, 

and wrinkled brush with I2. 

First, a wrinkled pSMA brush (𝐻𝑜= 80 nm, 𝜆 ~ 300 nm) is subjected to reducing 

conditions (e.g., tris(2-carboxyethyl)phosphine (TCEP) in phosphate buffer), as 

illustrated in Figure 3.14a. Reduction of the disulfide linkage resulted in the release of the 

wrinkled morphologies and the formation of a featureless brush morphology, as shown in 

Figure 3.14b. The appearance of thiol functional groups within the brush following the 

TCEP reduction was confirmed by FTIR (S−H stretch, 2650 cm−1, Figure B.3c). After the 

TCEP reduction, the free thiol moieties were oxidized (e.g., I2 and 1:1 H2O2/MeCN by 
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volume) to reform the disulfide linkages. Upon reformation of the cystamine-modified 

“skin” layer and subsequent swelling, resulted in the reformation of the wrinkled 

morphologies. Furthermore, there were no obvious changes in the wrinkle wavelength (𝜆 

~ 310 nm) after the reversible redox reaction. This result points to an opportunity to 

engineer brush surfaces with dynamic buckling behavior, where wrinkle formation and 

release are dictated via an external stimulus (e.g. redox chemistry). 

3.4 Conclusion 

In summary, we demonstrate a simple post-polymerization modification approach 

to engineer ultrathin polymer brush surfaces with tunable wrinkled morphologies. Cross-

linking pSMA brushes under poor solvent conditions limits the post-modification 

reaction to the near surface region of the brush, where reaction time dictates the ultimate 

thickness of the cross-linked surface region. Exposure of the selectively cross-linked 

brush surface to good solvent conditions generates an in-plane compressive stress arising 

from a mismatch between lateral and perpendicular swelling directions within the brush. 

Above a critical swelling ratio of ~ 1.7-1.8 for pSMA brushes with an initial thickness of 

(𝐻𝑜 = 40 nm, 80 nm, and 120 nm), the imposed compressive stress causes an out-of-

plane deformation of the untethered surface resulting in the observed wrinkled 

morphologies. The brush morphology can be tailored from nanoscale labyrinth-like 

wrinkles to microscale labyrinth-like wrinkles simply by manipulating the cross-linking 

time, while wrinkle wavelength scales according to 𝜆 ~ (ℎ1ℎ2)1/2. The initial pSMA 

brush thickness dictates anhydride conversion and the final wrinkle wavelength. 

Judicious manipulation of brush thickness allows control over the final observed 

wrinkled morphologies. Furthermore, we demonstrate a method to dynamically tune 
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wrinkled morphologies by reversible redox chemistry. We anticipate this simple 

approach will provide new routes to engineer ultrathin brush surfaces with complex 

functionality and morphology for a variety of applications. 
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CHAPTER IV – QUANTIFYING STRAIN VIA BUCKLING INSTABILITIES IN 

SURFACE MODIFIED POLYMER BRUSHES 

4.1 Introduction 

Buckling instabilities lead to ubiquitous features in nature over a wide range of 

length scales (i.e. nanometer to meter). Common examples in everyday life are wrinkling 

in the skin, imperfectly cured coatings, and thin rigid materials expanding while being 

bound to a compliant polymer film.1,2 In the buckling of thin films, the geometry is 

typically comprised of a thin, stiff coating (e.g. “skin” layer) adhered to a thick, 

compliant substrate. A compressive strain, arising from any one of a variety of stimuli 

(e.g. mechanical, thermal, or osmotic), can lead to a buckled or wrinkled morphology 

having a characteristic wrinkle wavelength and amplitude.3 Significant efforts have 

focused on exploiting this approach to design surfaces for a wide range of applications in 

stretchable electronics,4–6 tunable optics,7–9 and anti-counterfeit technologies.10 In 

addition to the vast number of ways to tune the resulting wrinkled morphology, these 

instabilities have also been used as a metrology platform for characterizing mechanical 

properties of thin films.11–13  

Since the early work of buckled surfaces by Whitesides and coworkers,14–16 there 

has been significant effort to develop a comprehensive physical understanding of the 

surface instability phenomena, particularly in thin polymer films.  The mechanics of 

buckling or wrinkling relate the characteristic length scale of the instability (typically the 

wavelength) to the mechanical properties of the skin and substrate. Consequently, 

Stafford et al. developed metrologies to quantify properties of both skin and substrate, 

such as the elastic moduli,7,17 residual stress,18 and viscoelastic properties,19 through 
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detailed measurement of the wrinkle wavelength and amplitude as a function of applied 

strain. These approaches have proven useful in characterizing a number of polymer films 

and other materials.11 However, in some systems, the applied strain is unknown or 

unmeasurable, particularly in solvent swelling or thermally-induced wrinkling of bilayer 

films. For example, solvent-induced swelling of oxidized poly(dimethylsiloxane) 

(PDMS) leads to surface wrinkles due to differential swelling of the bilayer film.20,21 

Similarly, Chan et al. demonstrated thermal wrinkling of a polyhydroxystyrene film 

sandwiched between a silicon substrate and aluminum thin film superstrate.13 The 

difference in coefficients of thermal expansion between the layers results in a 

compressive stress at the polymer-superstrate interface when heated to elevated 

temperatures.19 Above a critical compressive stress, wrinkles develop on the superstrate 

surface. In both cases, the applied strain due to swelling or thermal contraction was 

unknown.   Therefore, the ability to measure applied strain for systems where the strain is 

unknown may be integrated into buckling-based metrologies for investigating the 

mechanical properties of thin film systems. For example, knowledge of the applied strain 

may be useful to quantify other properties in buckled thin films (e.g. persistence lengths 

of aligned wrinkles).22–24  

Ultrathin polymer brush films, in particular, are well-known for their unique 

physico-chemical properties; however, measuring the applied strain in buckled polymer 

brushes remains a significant challenge.   For example, Huang et al. demonstrated 

thermal wrinkling of poly(2-hydroxyethyl methacrylate) polymer brushes tethered to a 

PDMS substrate.25 Heating the bilayer above the glass transition temperature of the brush 

and cooling it back to room temperature placed the film under compressive stress, 
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inducing surface wrinkling. The critical temperature at which wrinkles were observed can 

be related to the critical strain necessary to induce wrinkling. Although they were able to 

determine the Young’s modulus of the polymer brush/PDMS bilayer, the applied strain 

for this system was unknown.   

In Chapter III, we reported a simple route to wrinkled poly(styrene-alt-maleic 

anhydride) (pSMA) brush surfaces via PPM techniques, where the wrinkle wavelength 

can be tuned using PPM reaction time and anhydride conversion.26 PPM with a diamine 

modifier (cystamine) under poor solvent (aqueous) conditions limits cross-linking to the 

near surface region of the brush in a front-like process. This frontal modification reaction 

divides the brush into two distinct regions: a cystamine-modified “skin” thickness (ℎ1) 

and an unmodified thickness (ℎ2) that is covalently grafted to a rigid silicon support.  

Exposure to good solvent (acetonitrile) generated a compressive stress arising from a 

swelling mismatch between the perpendicular and lateral directions within the brush. 

Above a critical swelling ratio of 1.8, the stress causes an out-of-plane deformation of the 

untethered surfaces resulting in the observed wrinkled morphologies. From this work, we 

were able to establish a linear relationship between wrinkle wavelength (𝜆) and anhydride 

conversion. Furthermore, we established a linear scaling relationship for a rigid-on-soft 

multilayer construct, 𝜆 ~ (ℎ1ℎ2)1/2(𝐸ℎ1
𝐸ℎ2

)1/6, where 𝐸ℎ1
 and 𝐸ℎ2

 are the Young’s 

moduli of the “skin” layer and unmodified layer, respectively.  

Although we were able to quantify swelling ratios that result in the observed 

wrinkled morphologies, we lacked the ability to determine the applied swelling strain 

which led to the observed buckling instabilities. This measurement would be 

straightforward if we were able to determine the modulus of the “skin” and unmodified 
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regions within the brush individually. However, this remains a significant challenge in 

polymer brush surfaces, thus we derive an expression to deduce the compressive strain of 

wrinkled pSMA brushes by measuring cystamine-modified “skin” thickness, wrinkle 

wavelength, and wrinkle amplitude. First, we validate the derived expression using 

surface wrinkling of a prototypical model system, e.g., polystyrene (PS) film mounted 

onto a PDMS substrate. Next, we utilize the derived expression to quantify applied strain 

of wrinkled pSMA brush surfaces. Finally, knowledge of the applied strain allows us to 

make predictions about persistence lengths of aligned wrinkles via AFM lithography. 

4.2 Experimental Section 

4.2.1 Materials 

Maleic anhydride (MA), acetonitrile, cystamine dihydrochloride, triethylamine, 

were purchased from Sigma-Aldrich and were used as received.  Styrene (Sty) was 

purchased from Sigma-Aldrich and was purified by passing through an alumina column 

to remove inhibitor before use. Silica wafers (orientation <100>, native oxide) were 

purchased from University Wafer.  Plasma cleaning of silicon substrates was done on 

plasma cleaner from Harrick Plasma. 

4.2.2 Instrumentation and Characterization 

Ellipsometry measurements were carried out using a Gartner Scientific 

Corporation LSE ellipsometer with a 632.8 nm laser at 70° from the normal.  In situ 

ellipsometry measurements were carried out using a home-build liquid cell with windows 

normal to the direction of the incident light.  The in situ measurements were conducted 

for 60 min.  Refractive indices (RI) of swollen polymer brushes were estimated using a 

linear effective medium approximation based on the RI of dry polymer and solvent.  The 
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RI of solvent acetonitrile was 1.339. Thickness measurements of PS films were measured 

using reflectance interferometry (minimum of 10 measurements per sample). 

Measurements were conducted using a Model F20 Filmetrics interferometer at the 

National Institute of Standards and Technology (NIST). A Jetlight (Model 342) 

ultraviolet-ozone cleaner was used at NIST to oxidize the PS surfaces and induce surface 

hydrophilicity. Atomic force microscopy (AFM) was performed using a Bruker 

Dimension Icon instrument.  AFM height images were collected in tapping mode (in air) 

to obtain thin film morphology. The polymer brush samples were scanned using 

RTESPA-300 probes (from Bruker) with a spring constant of 40 N/m.  The AFM height 

images were analyzed using the SPIP software.  The wrinkle wavelengths were obtained 

from the radial averaged cross-section of the 2D fast Fourier transform (FFT) power 

spectrum of the height image. The 2D FFT power spectrum converts the wrinkle pattern 

from a spatial frequency domain to a spatial domain. The wrinkle amplitudes were 

calculated from the spectral RMS amplitude values of an AFM image. Specifically, a line 

section analysis was performed on each image using Nanoscope Analysis software with 

an average of 20 line sections was utilized to minimize error in the measurement.  AFM 

lithography was performed on the same instrument with Aspire CT300-10 probe with a 

spring constant of 40 N/m in contact mode (in air).  The persistence lengths were 

measured using a previously reported procedure.20,27,28 In brief, persistence lengths were 

measured by drawing contour lengths using the “freehand line tool” in ImageJ 1.51a29 

software. The contour lengths were smoothed using the weighted average of five 

contiguous coordinates.  Ten contours were drawn for each image. Tangent vectors were 
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drawn separated by a distance s along the contour length. The angle () between the 

tangent vectors was measured and persistence length  was calculated according to:  

〈cos(𝜃(𝑠))〉 = 𝑒
−𝑠

2⁄
 

where 〈cos(𝜃(𝑠))〉 is the average cosine of the  between the tangent vectors. Three 

angles between the tangent vectors were measured for each contour, resulting in 30 total 

measurements. The results were averaged to obtain the final averaged persistence length 

for each AFM image. 

4.2.3 Surface-Initiated Polymerization of pSMA Brush   

An azo-based trichlorosilane initiator was used and it was synthesized following 

literature procedures.30,31  Silicon substrates were cleaned and functionalized with the 

azo-based initiator following the procedures reported in the previous chapters.  An 

oxygen free solution containing styrene (1.0 mL, 0.91 g, 8.7 mmol), maleic anhydride 

(1.0 g, 10.2 mol) and anhydrous acetonitrile (10.0 mL) was prepared and was transferred 

into a test tube that contains an initiator modified silicon substrate under nitrogen 

protection.  The test tube was heated at 95 °C for various times to obtain polymer brushes 

of different thickness.  After heating, the pSMA substrate was thoroughly rinsed with 

acetonitrile and dried under a flow of nitrogen. 

4.2.4 PPM of pSMA Brush with Cystamine Dihydrochloride under Aqueous 

Conditions   

Cystamine dihydrochloride (40 mg, 0.18 mmol) and triethylamine (40 μL, 29 mg, 

0.29 mmol) were dissolved in 4.0 mL of DI water.  A substrate with pSMA brush on the 

surface was placed in the cystamine solution at discrete reaction times (from 30 s to 3 h).  
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After PPM, the polymer brush substrate was thoroughly rinsed with DI water and dried 

with a flow of nitrogen. 

4.2.5 Calculation of Brush Thickness Parameters 

Cystamine post-modification of a pSMA brush to near-quantitative conversion (𝑘) 

results in a 66% increase in thickness (𝐻0 = 77.9 nm, 𝐻𝑓= 129.8 nm, or 1.66𝐻0). 

Assuming the post-modification reactions occurs in a front-like process, the brush is 

divided into two distinct regimes: a cystamine-modified “skin” layer (ℎ1) and an 

unmodified brush layer (ℎ2). Using this model, we can establish the following 

relationships, where the cystamine-modified skin thickness layer is 

ℎ1 = (1.66𝐻0)𝑘  

the unmodified thickness layer is 

ℎ2 = 𝐻0(1 − 𝑘)  

and the final total brush thickness is 

𝐻𝑓 =  ℎ1 +  ℎ2 

Utilizing these relationships, a pSMA brush (𝐻0 = 84.5) and conversion of 9.9% results 

in predicted values for ℎ1 = 13.8 nm,  ℎ2 = 76.1 nm and 𝐻𝑓 = 89.9 nm. 

4.2.6 Sample Preparation for Wrinkling 

The following sample preparation and wrinkle measurements for the PS on 

PDMS model system were performed at NIST. PDMS was prepared by mixing Sylgard 

184 at a ratio of 20:1 by mass of base to cross-linker, casting onto a large glass plate, 

allowing the PDMS pre-polymer to flow and level overnight at room temperature, and 

final curing at 75 °C for 2 h in a convection oven. Then, 25 mm × 75 mm coupons were 
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cut out and clamped onto a custom-built strain-stage.32 A 5 % pre-strain (50 mm to 52.5 

mm) was applied to the PDMS coupon by elongation using a strain stage. 

Separately, a silicon wafer (silicon 100, University Wafers) was cleaned in an 

ultraviolet light-ozone chamber for 20 min to render the surface hydrophilic. Poly(styrene 

sulfonate) (PSS) was spin coated onto the wafer from distilled water, followed by spin 

coating of atactic PS (Aldrich, 𝑀𝑤= 2.80 x 105, 𝑀𝑤/𝑀𝑛 = 3.07 ) from toluene. The PSS 

layer was used as a sacrificial layer to facilitate expedient film transfer. The thickness of 

the initial PSS layer and the total film thickness (PSS+PS) was measured by spectral 

reflectometry (Filmetrics F-20), and the PS thickness was taken to be the difference 

between the two measured values. The spin-coated wafer was then diced to form clean, 

fresh edges, and placed onto the pre-stressed PDMS substrate. The strain stage was 

immersed in water, releasing the film from the silicon wafer and thus transferring it to 

PDMS. The entire stage is removed and gently dried with nitrogen. The strain stage was 

placed under an AFM for in situ measurements of wavelength and amplitude. For this 

study, a displacement increment of 0.25 mm was used, corresponding to a strain 

increment of ≈0.5%. A total of ten 0.25 mm increments were exploited for the in situ 

measurements. 
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4.3 Results and Discussion  

4.3.1 Calculating Compressive Strain of Wrinkled PS on PDMS 

 

Scheme 4.1 Schematic illustration of wrinkles developing in a bilayer film (e.g. stiff, thin 

film bonded to a thick, compliant substrate). 𝜆 and Α represent the wrinkle wavelength 

and amplitude. The applied strain (𝜀) above the critical strain (𝜀𝑐) is unknown. 

The derived expression to deduce the applied compressive strain is validated 

using the prototypical bilayer system (e.g. stiff, thin film bonded to a thick, compliant 

substrate) as shown in Scheme 4.1. Although the wrinkled pSMA brush system 

represents a confined system, this bilayer model system is used as a first approximation 

to establish the following derivation. When a small uniaxial compressive strain, 𝜀, above 

a critical strain, 𝜀𝑐, is applied to the bilayer film, the system wrinkles and the wrinkling 

wavelength 𝜆 can be expressed as24,33 

𝜆 = 2𝜋ℎ1 (
𝐸̅1

3𝐸̅2
)

1/3

 Equation 1 

where ℎ is the thickness, 𝐸̅ = 𝐸/(1 − 𝑣2) is the plane-strain modulus, E is the Young’s 

modulus, and 𝑣 is Poisson’s ratio. The subscripts 1 and 2 denote the PS film and the 

underlying PDMS substrate, respectively. Once a wrinkle wavelength is established, 

further strain is accommodated by increasing the wrinkle amplitude, Α. 

𝐴2 = ℎ1
2 (

𝜀

𝜀𝑐
− 1) Equation 2 
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The critical strain can be expressed as34,35 

𝜀𝑐 =  
1

4
(

3𝐸̅2

𝐸̅1
)

2/3

 Equation 3 

Equation 1 and 3 can be combined to give 

𝜀𝑐 =  
𝜋2ℎ1

2

λ2
 Equation 4 

which can then be substituted into equation 2 to yield an expression relating applied 

compressive strain (𝜀), wrinkle wavelength (𝜆), wrinkle amplitude (Α), and skin thickness 

(ℎ1): 

𝜀 =  
𝜋2

λ2
(𝐴2 +  ℎ1

2) Equation 5 

To the best of our knowledge, this relationship has yet to be established in the 

literature. The expression given in equation 5 will allow us to deduce the applied strain 

without any prior knowledge of the modulus ratio between the film and the substrate, as 

this ratio is embedded in the wrinkle wavelength. This is critical in the polymer brush 

system, as the modulus of the modified skin layer and the underlying brush layer are 

difficult to assess in any quantitative fashion. 

In this work, we utilize poly(styrene) (PS) supported on a soft elastic substrate of 

poly(dimethylsiloxane) (PDMS) as a model system (Scheme 4.2a) to validate equation 5. 

The PS on PDMS system was chosen since there has been significant work on this 

bilayer construct.18,32,36 Furthermore, this bilayer film exhibits a reasonable critical strain 

(𝜀 ~ 1.1 %) given the modulus ratio (e.g. PDMS has an elastic modulus of ≈ 1.8 MPa and 

a Poisson’s ratio of 0.50, and PS has a modulus of ≈ 3.7 GPa and a Poisson’s ratio of 

0.33).18,37 The tackiness of PDMS also facilitates easy film transfer of PS, which makes 

this an attractive model system for wrinkling. The PDMS substrate was clamped onto a 
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strain stage and pre-strained by elongating 5 %. The PS/PDMS bilayer was prepared by 

transferring a spin cast PS film from a silicon wafer to a pre-strained PDMS substrate 

using aqueous immersion.7,11,32 Three PS films were prepared with thicknesses of 96 nm, 

110 nm, and 158 nm and transferred to the pre-strained PDMS substrate, individually. 

After film transfer, the wrinkling instability was initiated by incrementally releasing the 

pre-strain on the PDMS, resulting in compression of the attached polymer film. The 

strain stage was placed under an atomic force microscope (AFM) for in situ 

measurements of wavelength and amplitude. For this study, a displacement increment of 

0.25 mm was used, corresponding to a strain increment of ≈ 0.5%. A total of ten 

increments were exploited for the in situ measurements. 
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Figure 4.1  (a) AFM image of PS (ℎ1= 96 nm) on PDMS wrinkled at 2.1 % 

compressional strain. (b) Wavelength and (c) amplitude as a function of applied strain for 

96 nm PS on PDMS. (d) Calculated versus measured applied strain for PS thicknesses 

(ℎ1) of 96 nm, 110 nm, and 158 nm. 
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Figure 4.1a shows an AFM micrograph for PS (ℎ1 = 96 nm) on PDMS at 2.1 % 

compressional strain. Figure 4.1b shows that wavelength remains relatively constant as a 

function of strain (by equation 1, 𝜆 is independent of 𝜀). However, the amplitude can be 

seen to grow non-linearly with strain (𝐴 ~ 𝜀1/2,  equation 2), increasing to 422 nm at 4 % 

strain (Figure 4.1c). The relationship between wavelength, amplitude and strain for the 

110 nm and 158 nm PS on PDMS are provided in Appendix C. From these data (e.g. 𝜆,

Α, ℎ1), we utilized equation 5 to calculate the applied compressive strain and compared it 

to the measured strain for all three bilayer films. However, it is important to note that we 

must also account for the presence of a residual stress/strain from spin-coating PS into 

this calculation. Chung et al.18 quantified that approximately 30 MPa stress occurs when 

PS films were prepared via spin-coating. The 30 MPa residual stress (𝜎𝑅) correlates to a 

0.8 % residual strain (𝜀𝑅), 

𝜎𝑅 =  𝐸̅𝑓𝜀𝑅 Equation 6 

where 𝐸̅𝑓 is approximately 4.14 GPa for the PS film. The residual strain arises from the 

fact that spin-coating is inherently a non-equilibrium process and some amount of 

residual stress/strain is trapped in the film after spin coating.38,39 During the spin-coating 

process, the polymer film vitrifies and solidifies when the polymer solution reaches 

ambient temperature. During the solidification process, there is a large volume change 

that occurs and this leads to the generation of tensile residual stress in the plane of the 

coating. Therefore, we take into account the 0.8 % residual strain that occurs when spin-

coating PS films and account for it in our calculation of applied compressive strain. After 

accounting for 0.8 % residual strain in our analysis, we showed that the calculated strain 

versus measured strain are in excellent agreement (Figure 4.1d). The close agreement 
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between the calculated and measured strain data corroborates that equation 5 is a valid 

expression to quantify strain without knowledge of the Young’s moduli of the skin layer 

or underlying substrate.  

4.3.2 Calculating Compressive Strain of Wrinkled Polymer Brush Surfaces  

 

Scheme 4.2 Schematic illustration of (a) PS on PDMS model system utilized to validate 

equation 5, and (b) wrinkled cystamine-modified pSMA brush surfaces, where ℎ1and ℎ2 

represent the cystamine-modified thickness and unmodified thickness layers, 

respectively. The applied strain, 𝜀, to induce surface wrinkling is unknown. 

After validation of equation 5, we next applied it to the wrinkled pSMA brush 

system where the applied compressive strain is unknown (Scheme 4.2b). It is important 

to note that these calculations are based on wrinkling data we previously reported.26 In 

brief, pSMA brushes with an initial thickness of 80 nm were post-modified with 

cystamine under aqueous conditions at discrete reaction times and various anhydride 

conversions. The cystamine-modified brush can be divided into two layers – the 

cystamine-modified cross-linked “skin” layer (ℎ1) and the unmodified layer (ℎ2). At each 

anhydride conversion (𝑘), a typical features morphology was observed (Figure 4.2a) via 

AFM. The anhydride conversion was calculated based on the difference in brush 

thickness before and after post-modification with cystamine.40 Next, the brushes were 

exposed to good solvent conditions (acetonitrile) to generate an in-plane compressive 
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stress arising from the mismatch between lateral and perpendicular swelling within the 

brush. Above a critical swelling ratio of 1.8, the stress causes an out-of-plane deformation 

of the untethered brush surface leading to the observed wrinkled morphologies shown in 

Figure 4.2b.  

 

Figure 4.2 AFM images of (a) cystamine-modified brushes at discrete reaction times and 

anhydride conversions and (b) subsequent exposure to good solvent (acetonitrile) 

conditions. Reproduced with permission.26 

An empirical relationship we previously derived between anhydride conversion 

and brush thickness was used to determine the cystamine-modified skin thickness (ℎ1).26 

An example calculation is provided in the experimental section. The wavelength was 

calculated by taking the radial average of the AFM 2D fast Fourier transform power 

spectrum. The wrinkle amplitude was measured from the RMS amplitude by taking a 

cross-section of the AFM image in Nanoscope Analysis software. An average of 20 

cross-sections was taken to minimize error. The values of wavelength, amplitude, and 

ℎ1for each wrinkled pSMA brush scaffold were used to quantify strain of the wrinkled 

pSMA brushes according to equation 5. The strain values are shown in Table 4.1.  
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Table 4.1 Calculated values of applied strain based on cystamine-modified thickness 

(ℎ1), wrinkle wavelength (λ), and wrinkle amplitude (Α) from equation 5. 

Conversion 

(%) 
ℎ1 (nm) 

Wavelength 

(nm) 

Amplitude 

(nm) 

Calculated 

Strain (%) 

5.5 7.16 315 3.36 0.62 

7.1 9.18 411 5.60 0.68 

11.3 15.86 480 6.45 1.26 

27.6 37.29 968 6.51 1.51 

31.2 39.25 1000 6.65 1.56 

 

The strain values ranged from 0.62 % to 1.56 % for the wrinkled brush system. 

These values are representative of the calculated strain above the critical strain. For the 

wrinkled pSMA brush system, we can only calculate strain after wrinkles are observed. 

However, from equation 3, the critical strain that leads to the wrinkled morphologies is 

inversely related to the skin’s modulus, 𝐸ℎ1
. Although we lack the ability to determine 

the modulus of the “skin” and unmodified “substrate” layers individually, we previously 

established a scaling relationship for a rigid-on-soft multilayer construct, 

𝜆 ~ (ℎ1ℎ2)1/2(𝐸ℎ1
/𝐸ℎ2

)1/6, where 𝐸ℎ1
 and 𝐸ℎ2

 represent the Young’s moduli of the 

cystamine-modified “skin” layer and unmodified layer.26 From this scaling relationship, 

an increase in cystamine-modified thickness, ℎ1, and an increase in wrinkle wavelength 

result in an increase in the modulus ratio,   (𝐸ℎ1
/𝐸ℎ2

)1/6. For example, a cystamine-

modified pSMA brush (𝑘 = 5.5 %) with ℎ1 = 7.16 nm, ℎ2 = 74.18 nm, and 𝜆 = 315 nm 

results in a (𝐸ℎ1
/𝐸ℎ2

)1/6 value of 13.66. Increasing the conversion to 31.3 % with a ℎ1 =

39.25 nm, ℎ2 = 52.15 nm, and 𝜆 = 1000 nm results in a  (𝐸ℎ1
/𝐸ℎ2

)1/6 value of 22.10. 

Thus, as the skin’s modulus (𝐸ℎ1
) increases with an increase in cystamine-modified 

“skin” layer thickness (ℎ1), the critical strain for wrinkling to occur decreases (equation 
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3), and the calculated applied compressive strain above the critical strain increases. 

Although equation 5 allowed us to quantify the applied strain for the wrinkled pSMA 

brush surfaces, we corroborated the calculated strain values in Table 4.1 using another set 

of data described in the next section. Specifically, we utilized the relationship between 

applied strain and the persistence length of aligned wrinkled morphologies via AFM 

lithography techniques. 

4.3.3 Quantifying Persistence Lengths of Aligned Wrinkled pSMA Brushes  

The ability to control the finer aspects of wrinkled morphologies beyond wrinkle 

wavelength and amplitude (e.g. wrinkle orientation and persistence length) is an 

important aspect for the design of novel materials with well-ordered and controlled 

topographies. For instance, if we can quantify the applied strain of wrinkled bilayer 

systems, then we can make predictions about persistence lengths of aligned wrinkled 

morphologies for applications in microlens arrays,41 diffraction gratings,16,36 and open-

channel microfluidics.42   
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Figure 4.3 AFM images of (a) unpatterned and (b) patterned cystamine-modified pSMA 

brush (𝐻𝑜= 97 nm) after swelling in acetonitrile at 4.1 %, 9.6 %, and 16.1 % anhydride 

conversion. 

In this work, we exploit AFM lithography to pattern the pSMA brush surfaces to 

align the wrinkled morphologies. pSMA brushes with an initial thickness of 97 nm were 

modified with cystamine to afford brushes with 4.1 %, 9. 6 % and 16.1 % anhydride 

conversion. Figure 4.3 shows the AFM height images of the unpatterned and patterned 

cystamine-modified pSMA brushes after swelling in acetonitrile. The unpatterned 

surfaces (Figure 4.3a) exhibited an equi-biaxial state of stress, where there is not a 

preferred orientation for the wrinkles to form and thus show isotropic morphologies. 

When employing AFM lithography, the wrinkles aligned perpendicular to the boundary 

(Figure 4.3b). Near the boundary, the compressive stress in the direction perpendicular to 

the edge was released due to the discontinuity of the densely grafted polymer brush 

(stress-free boundary condition). Upon swelling in acetonitrile, the surface experiences 

stress parallel to the edge resulting in aligned wrinkles in the perpendicular direction.2,7 
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Near the boundary the wrinkles persist over a finite distance until they become isotropic. 

The length over which the wrinkle is aligned is referred to as the persistence length, 

 Groenewold has defined the persistence length as24,43 

 = λ (
1

2𝜀1 2⁄ + 2 (
1

4(1−𝑣𝑠
2)

𝐸𝑓

𝐸𝑠
)

1 3⁄

)  Equation 7 

where 𝜀 is the strain applied to the rigid skin layer from the osmotic stress upon swelling 

and 𝐸𝑓 and 𝐸𝑠 represent the modulus of the film and substrate, respectively. However, 

there are two limiting cases that quantify the persistence length. For the case of a bilayer 

film comprised of a thin rigid film on a viscoelastic substrate at sufficiently low strain, 

the persistence length can be simplified to the following scaling relationship23,24 

 =
0.5λ

𝜀1/2 Equation 8 

where  is dictated by the wrinkle wavelength and applied compressive strain. The 

second case is for high applied strains of a bilayer film, where the persistence length is 

proportional to the wrinkle wavelength. 

 =  
𝜆2

2𝜋ℎ1
  Equation 9 

However, equation 9 is independent of applied strain, where Groenewold describes the 

persistence length within domains or grains of aligned wrinkles, not the persistence 

length of aligned wrinkles from an edge. Therefore, for this work, we utilized Equation 8 

to calculate the persistence length of the aligned wrinkled pSMA brushes. The 

relationship between persistence length and applied strain in equation 8 will allow us to 

corroborate the calculated strain values of the pSMA brush surfaces observed in Table 

4.1 and further validate calculations of the persistence length of aligned wrinkles. First, 

we calculated the strain of the pSMA wrinkled brushes in Figure 4.3 using equation 5 
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with knowledge of the cystamine-modified thickness, wrinkle wavelength, and wrinkle 

amplitude. The calculated strain values were plugged into equation 8 in order to calculate 

the persistence length, . From equation 8, we established relationships between wrinkle 

wavelength and applied strain versus the calculated . As shown in Figure 4.4a, the 

wrinkle wavelength scales linearly with calculated  as expected from equation 8.  

Furthermore, Figure 4.4b shows the applied strain exhibits a non-linear relationship as a 

function of calculated    (by equation 8,   𝜀1/2). Most importantly, the calculated and 

measured persistence lengths are compared and the results are shown in Table 4.2 and 

Figure 4.4c. 

Table 4.2 Calculated versus measured persistence length of patterned pSMA wrinkled 

brushes 

Conversion 

(%) 
h1 

(nm) 

Wavelength 

(nm) 

Amplitude 

(nm) 

Calculated 

Strain (%)a 

Calculated 

 (nm)b 

Measured 

  (nm)c 

4.1 6.48 270 2.12 0.63 1701 1683 

9.6 15.13 450 2.54 1.14 2107 2136 

16.1 25.38 705 3.67 1.31 3079 3028 
aCalculated from equation 5,  bCalculated from equation 8,  cMeasured from equation 

10 and ImageJ analysis. 

 

The measured persistence lengths were obtained by following a previously 

reported procedure.22,27,28 In brief, persistence lengths were measured by drawing contour 

lengths (ten contours per image) using ImageJ 1.51a29 software. Tangent vectors were 

drawn along the lengths of the contour with an angle  and a distance s between the 

tangents. The persistence length  was calculated according to the following equation: 

〈cos(𝜃(𝑠))〉 = 𝑒
−𝑠

2⁄
  Equation 10 
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where 〈cos(𝜃(𝑠))〉 is the average cosine of the  between the tangent vectors. Three 

angles between the tangent vectors were measured for each contour, resulting in 30 total 

measurements. The results were averaged to obtain the measured persistence length 

values in Table 4.2. 

 

Figure 4.4 Relationship between (a) wrinkle wavelength, (b) applied strain, and (c) 

measured persistence length  versus calculated persistence length . 

The linear relationship in Figure 4.4c depicts an excellent agreement between the 

measured    with the calculated  . For example, from Table 4.2, a patterned cystamine-

modified pSMA brush (9.6 % anhydride conversion, ℎ1 = 15.13 nm) with a wavelength 

of 450 nm yielded a measured persistence length of approximately 2136 nm. In 

comparison, a cystamine-modified brush (9.6 % anhydride conversion, ℎ1 = 15.13 nm) 

with a wavelength of 450 nm and applied compressive strain of 1.14 % resulted in a 

calculated persistence length (equation 8) of 2107 nm. The close agreement between the 

calculated and measured persistence lengths corroborates the calculated strain values for 

the wrinkled pSMA brush surfaces, further validating equation 5. In addition, we can 

further corroborate the calculated strain values by plugging the measured persistence 

length values into equation 8 to calculate applied strain, which can then be compared to 

the strain values from Table 4.1. For example, a wrinkled pSMA brush with wrinkle 
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wavelength of 450 nm and a measured persistence length of approximately 2099 nm, 

result in a strain value of 1.11 % from equation 8. The calculated strain is in close 

agreement obtained from our data in Table 4.1; the strain is 1.26 % for a wrinkled pSMA 

brush with a wrinkle wavelength of 480 nm Therefore, these data further support the 

derived equation 5, where applied strain can be calculated by measuring wrinkle 

wavelength, amplitude, and skin thickness. More importantly, the ability to quantify the 

applied strain of wrinkled films allow us to make predictions about persistence lengths of 

ordered wrinkled surfaces. Furthermore, we can establish a relationship between 

persistence length and wrinkle wavelength, where larger wrinkle wavelengths result in 

larger persistence lengths. These observations demonstrate that persistence length can be 

judiciously tuned and quantified by controlling wrinkle wavelength and calculating 

applied strain, respectively.  

4.4 Conclusion 

In summary, we derived an expression to deduce the compressive strain of 

wrinkled pSMA brush surfaces with knowledge of the cystamine-modified “skin” 

thickness (ℎ1), wrinkle wavelength, and wrinkle amplitude. The expression was validated 

using a prototypical model system, e.g., stiff, thin film (PS) bonded to a thick, compliant 

substrate (PDMS). Next, we utilized this expression to quantify applied strain of 

previously reported wrinkled pSMA brush surfaces, where the strain values range from 

0.62 % to 1.56 %. Finally, we further validate the derived expression by elucidating the 

relationship between applied compressive strain and persistence length of aligned 

wrinkles via AFM lithography. 
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CHAPTER V – CONCLUSIONS AND FUTURE WORK 

The research presented in this dissertation is focused on the design of ultrathin 

polymer brush surfaces with multifunctional chemistries and tunable morphologies via 

post-polymerization modification (PPM) techniques. Specifically, this dissertation 

demonstrates methods to control PPM parameters to govern the through-thickness 

polymer brush composition. 

In Chapter II, microwave-assisted surface-initiated polymerization was employed 

to synthesize poly(acrylamide-homocysteine thiolactone) (pAHT) brushes. The pAHT 

brushes served as a powerful platform to undergo sequential and one-pot amine-thiol-ene 

conjugation reactions. XPS depth profile experiments provided insight into the pAHT 

brush through-thickness composition and PPM efficiency (e.g. sequential vs one-pot 

reactions). The one-pot double modification strategy can be exploited with other 

chemistries to design surface with specific functionalities. Future work can exploit the 

kinetics of the thiolactone PPM reactions. Furthermore, the thiols formed upon 

aminolysis have the potential to undergo thiol-thioester or thiol-disulfide exchange 

reactions, which can be utilized for stimuli-responsive polymer brush applications (e.g. 

switchable bacteria-killing and bacteria-releasing surfaces). 

In Chapter III, a simple PPM approach was utilized to engineer buckling 

instabilities (e.g. wrinkles) in ultrathin (poly(styrene-alt-maleic anhydride) (pSMA) brush 

surfaces. The wrinkled morphologies were judiciously tuned by PPM reaction time. ToF-

SIMS depth profiling and in situ ellipsometry provided insight into the parameters that 

influence the buckling behavior. The control of brush thickness serves as an approach to 

control wrinkle wavelength. In addition, reversible-redox chemistry allowed the 
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formation of stimuli-responsive wrinkles. Future work can exploit other stimuli-

responsive cross-linkers, such as a light-responsive azobenzene diamine, to induce 

morphological changes. In addition, sequential PPM reactions can be exploited to induce 

further functionality and induce other morphological transitions. Current work (not 

shown) has shown wrinkle to crease morphological transitions upon a sequential PPM 

reaction, however, the morphological transitions are not fully understood. Future work 

can exploit a comprehensive understanding of buckling transitions in polymer brush 

surfaces. 

In Chapter IV, an expression to quantify the applied compressive strain was 

derived for bilayer systems where the strain is unknown or unmeasurable. The expression 

was validated using a prototypical bilayer model system (e.g. polystyrene on 

polydimethylsiloxane). Next, the expression was used to quantify strain of the wrinkled 

pSMA brushes. Finally, the strain values were corroborated using the relationship 

between strain and persistence length of aligned wrinkles. The ability to quantify strain 

can provide insight to quantify other mechanical properties of buckled polymer films. 

Furthermore, other patterning techniques such as microcontact printing or microcapillary 

patterning can be employed to further control wrinkle alignment. Future work can utilize 

soft lithography techniques for precise control of wrinkle alignment in new applications 

such as stretchable electronics and microlens arrays. 
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APPENDIX A – Supporting Information for Chapter II 

Table A.1 Molecular weights of monomer and post-modifiers 

Compound MW (g/mol) 

Thiolactone 171.21 

Ethanolamine (EA) 61.08 

Hexylamine (HA) 101.19 

4-Bromobenzyl amine (BBA) 186.05 

2-Hydroxyethyl acrylate (HEA) 116.12 

1H, 1H-Perfluoro-n-decyl acrylate (FA) 554.15 

2-(Perfluorobutyl)ethyl acrylate (FEA) 318.14 

 

Table A.2  FTIR peak assignment of polymer brushes 

Polymer Brush Wavenumber cm-1  

pAHT 1669 -C=O, 

 1536 -N-H amide II 

pAHT-EA 3300 -O-H 

 1649 -C=O amide I 

 1545 -N-H amide II 

pAHT-HA 2931, 2864 -C-H 

 1649 -C=O amide I 

 1543 -N-H amide II 

pAHT-EA-FEA 3400 -O-H 

 1732 -C=O 

 1652 -C=O amide I 

 1545 -N-H amide II 

 1226, 1136 -C-F 

pAHT-HA-HEA 3400 -O-H 

 2930, 2861 -C-H 

 1730 -C=O 

 1652 -C=O amide I 

 1546 -N-H amide II 

pAHT-EA-FEA one-pot 3400 -O-H 

 1734 -C=O 

 1653 -C=O amide I 

 1543 -N-H amide II 

 1228, 1136 -C-F 
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Table A.2 Continued FTIR peak assignment of polymer brushes 

pAHT-HA-HEA one-pot 3400 -O-H 

 2932, 2858 -C-H 

 1731 -C=O 

 1652 -C=O amide I 

 1544 -N-H amide II 

 

 

 1H NMR of the thiolactone acrylamide (TlAm) monomer 
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 13C NMR of the thiolactone acrylamide (TlAm) monomer 
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 Microcontact printing of dansylcadaverine on pAHT brush surface. 

Fluorescent microscopy images of dansylcadaverine-patterned pAHT brush with 

excitation at 405 nm. 
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APPENDIX B – Supporting Information for Chapter III 

 

 AFM height images of a typical unmodified pSMA brush surface. Inset image 

shows the static water contact angle of the unmodified pSMA brush. 
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 ATR-FTIR spectra for a) pSMA brush, (b) pSMA brush exposed to ambient 

air at rt for 7 days, and c) pSMA brush heated at 60 °C for 1 h in DI water. The anhydride 

peaks at 1857 cm-1 and 1781 cm-1 remain unchanged in air, while a small peak at 1718 

cm-1 (carboxylic acid) due to anhydride ring-opening appears only after heating in water 

for 1 h. 
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 ATR-FTIR: a) pSMA brush b) cystamine modified pSMA brush at full 

conversion c) cystamine modified pSMA brush after reduction. The disappearance of 

anhydride peaks (1857 cm-1 and 1781 cm-1) and the appearance of the amide band (1641 

cm-1) after cystamine modification in (b) indicates full conversion of the anhydride-amine 

reaction. Following post-modification, much of the carboxylic acids moieties are present 

as carboxylate tertiary amine salts (1564 cm-1, asym C=O, carboxylic salt; 1405 cm-1, 

sym C=O, carboxylic salt). The thiol peak at 2560 cm-1 following exposure to TCEP in 

phosphate buffer indicates reduction of the disulfide linkage in cystamine. 
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 ATR-FTIR spectra of pSMA post-modified with cystamine aqueous solution 

at discrete reaction times. The conversion of the amidation reaction of maleic anhydride 

at discrete times was calculated using anhydride peak area values (aromatic peak at 1454 

cm-1 used as reference). 
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 Anhydride conversion versus cystamine reaction time for pSMA brush under 

good solvent conditions. Solvent employed for these measurements was 50:50 

acetonitrile/water (v/v %). 
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 AFM height images of pSMA brushes following (a) reaction with cystamine 

to >40 % conversion and (b) subsequent exposure to good solvent (acetonitrile) 

conditions. 
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 AFM height images of pSMA brushes modified with cystamine under good 

solvent conditions (50:50 acetonitrile/water, v/v %) at discrete times. 

 

Table B.1 Comparison of total brush thickness following cystamine modification via 

ToF-SIMS and ellipsometry measurements. 

Hf ToF-SIMS (nm) Hf Ellipsometry (nm) 

87.6 87.4 

90.0 90.1 

86.0 86.0 

91.5 94.0 

103.2 107.3 

120.0 121.0 
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Table B.2 Brush thickness parameters predicted by empirical relationships assuming a 

front-like post-modification process under poor solvent conditions. Predicted values are 

compared with measured values obtained from ToF-SIMS and ellipsometry 

measurements. 

Ho 

(nm) 

k (%) h1, emp 

(nm) 

h1, SIMS 

(nm) 

h2, emp 

(nm) 

h2, SIMS 

(nm) 

Hf, emp 

(nm) 

Hf, ellip 

(nm) 

Hf, SIMS 

(nm) 

84.5 9.9 13.8 13.5 76.1 76.5 89.9 90.1 90.0 

78.3 29.9 38.8 45.0 54.8 46.5 96.6 93.9 91.5 

91.5 88.0 110.8 112.1 9.1 9.2 119.9 121.0 120.0 

emp = empirical, ellip = ellipsometry 
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APPENDIX C Supporting Information for Chapter IV 

 

Scheme C.1 Strain stage design: (1) thin film mounted onto (2) elastic PDMS substrate. 

(3) Clamps for PDMS, (4) stationary grip, (5) moving sled grip, (6) motorized actuator 

for controlling compressional strain, (7) mounting plate, (8) grooves for locking in strain, 

and (9) window for measurements. Reproduced with permission.32  

 

 

 In situ strain stage experiments under a Bruker Dimension Icon AFM  



 

144 

 

 Measured versus calculated strain (ℎ1= 96 nm) 

 

 

 Wavelength versus measured strain (ℎ1= 110 nm) 
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 Amplitude versus measured strain (ℎ1 = 110nm) 

 

 Measured versus calculated strain (ℎ1= 110 nm) 
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 Wavelength versus measured strain (ℎ1= 158 nm) 

 

 Amplitude versus measured strain (ℎ1= 158 nm)
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 Measured versus calculated strain (ℎ1= 158 nm) 
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