
ABSTRACT 

MILES, JASON ROBERT. Precise Tuning of Surface Properties by Degrafting Organosilanes for 

Evaluation of Interfacial Phenomena. (Under the direction of Dr. Jan Genzer). 

 

 The ability to modify physical and chemical characteristics of surfaces and interfaces is 

important to achieve desired wetting, adsorbing, releasing, and adhesive properties.  Organosilanes 

are among the most commonly used materials for the modification of surface properties, with their 

ability to undergo a rapid condensation reaction with hydroxyl groups present on oxide surfaces.  

The increased use of composite materials and the decreased feature sizes present on devices 

requires a greater degree of control over the density and distribution of functional groups on the 

surface than was possible to achieve by the deposition of organosilanes.  The primary goal of this 

Ph.D. dissertation is the development of a surface modification technique that allows for precise 

control over surface energy and chemistry along with the ability to impart multiple functionalities 

on the surface to control more complex interfacial phenomena. 

 We prepare silica surfaces functionalized with homogeneous silane SAMs by solution and 

vapor phase deposition approaches.  The degrafting of silanes from these surfaces, using 

tetrabutylammonium fluoride (TBAF), allows for the precise tuning of the fractional coverage of 

silanes on the surface while maintaining a uniform surface coverage and regenerating surface 

hydroxyl groups.  We can generate substrate-bound gradients of fractional coverage of silanes with 

tunable profiles over the desired length scale.  We model the kinetic of TBAF degrafting by a 

series of first-order rate equations, with initial conditions that are dependent on the binding 

structure of the silanes at the surface.  Mono-functional silanes exhibit a single exponential decay 

in their degrafting profiles as they can only form one bond with the surface.  Tri-functional silanes 

exhibit a delay in degrafting as they form multiple surface and in-plane bonds, and the silanes 

connectivity to the surface must completely break before their removal from the surface. 

 By comparing the degrafting profiles of various silane SAMs to those predicted by the 

kinetic model, we probe the binding structure of the silane at the surface to gain insight into the 

stability of the SAM. Silane SAMs deposited from the vapor phase undergo faster degrafting than 

those deposited from a good solvent, indicating that the SAMs formed from vapor consist of more 

loosely packed arrays with less in-plane connectivity. Alkyl silanes deposit on surfaces in a mogul-

like structure due to geometric constraints, leading to a large amount of in-plane condensation 

relative to the amount of condensation with surface hydroxyls.  The mogul-like structures 



accelerate the rate of degrafting.  In comparison, fluorinated silanes have a larger van der Waals 

diameter that limits the amount of in-plane condensation and favors condensation with the surface.  

Silanes with short alkyl backbones or ones that exhibit favorable interactions of the functional 

group with the surface, lead to poor alignment and rapidly degraft due to their highly aggregated 

structures. 

 We use these silane functionalized surfaces to investigate the adsorption and covalent 

attachment of stimuli-responsive elastin-like polypeptides (ELPs) to silica surfaces.  ELPs show 

significant adsorption onto surface energy gradients and the presence of a strong denaturant 

allowed for partial removal of the peptides, with more desorption occurring from the hydrophilic 

end of the gradient.  We attempted the covalent attachment of ELPs to silane functionalized 

surfaces exhibiting anhydride and glycidyl ether functionalities.  Attachment to anhydride 

functionalized surfaces resulted in similar surface morphology to that of physical adsorption.  

However, attachment to glycidyl ether functionalized surfaces resulted in distinct features present 

on the surface.  Grafted homopolymer ELPs exhibited limited stimuli-responsive behavior when 

heated above their bulk transition temperature, ~29-35°C.  The use of TBAF degrafting, to control 

the density of grafted ELPs and for minimizing physical adsorption, is promising for future studies 

involving the attachment of peptides to surfaces while maintaining their functionality.  
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Chapter 1: Introduction & Dissertation Scope 

1.1 Introduction 

 Properties of materials surface often differ dramatically from those in bulk.  Examples 

include chemical composition, density, modulus, molecular assembly, molecular mobility, and 

many others.  Variations in surface properties can also be observed for solid materials as their 

crystal or chemical structures vary in the outermost layers.  Traditional engineering problems often 

focus on the bulk material properties (i.e., modulus, toughness, strength, and conductivity) to 

determine the applicability and usefulness of materials; however, many modern applications 

require the use of micro or nanostructured materials where these interfacial layers have a 

considerable effect on the overall physical properties. Also, the use of composite materials or 

devices requires a deep knowledge of surface properties to be able to determine interactions with 

another material or the surrounding environment. 

 The ability to control the surface characteristics of a material is important to impart 

desirable functionality to increase the lifetime and effectiveness of the material.  Commonly, 

surface modification focuses on the ability to modulate surface energy to control wetting, 

adsorbing, releasing, and adhesive properties.  A wide variety of approaches have been employed 

for modification, depending on the material, but generally, consist of either a change in the physical 

nature of the surface (typically by varying roughness or by adding a thin coating of another 

material) or by a change in chemical structure through the addition of functional groups. While the 

physical surface modification is relatively easy to perform on a wide variety of surfaces, these 

methods typically lack selectivity and tunability.  Chemical techniques rely on the covalent 

attachment of different functional groups to the surface by a reaction pathway and as such can 

target a desired surface property; however, they require detailed knowledge about and ability to 

perform the desired reactions without degrading or changing the structure of the bulk material. 

 Despite the thorough investigation of surface modification techniques for traditional 

wettability and adhesion applications, complex biological interactions require a deeper 

understanding of these processes.  The biocompatibility and biointegration of materials depend on 

the surface properties, including roughness, modulus, and chemistry.  The homogeneity and 

organization of these properties on the surface are crucial factors for cell viability and protein 

functionality, making the ability to pattern surfaces of increasing importance.  An example of this 

would include the patterning of a passivating layer on the surface to limit the regions of 
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biomolecule interaction.  Herein, we briefly discuss several of the characterization techniques used 

to assess surface properties and commonly used methods to modify and pattern surfaces. 

1.2 Surface Characterization Techniques 

1.2.1 Secondary Ion Mass Spectroscopy 

 Secondary ion mass spectroscopy (SIMS) is a useful technique for determining the 

chemical nature of a surface.  In this technique, a beam of primary atoms or ions (typically Ne, Ar, 

or Xe) sputters the material.  When the primary atoms or ions hit the surface, the energy is 

dissipated by a series of collisions with the atoms of the material, resulting in the emission of 

secondary particles.  A mass analyzer measures the emitted particles which ionize as part of this 

process.  The source can be tuned to have a lateral resolution of ~1 x 1 µm and can raster the 

surface to investigate the distribution of chemical functionality.  For static SIMS measurements, 

the primary particles penetrate the sample with a depth of ~10 nm, but the emitted secondary 

particles come from a maximum depth of ~1 nm, making this a highly surface-sensitive technique.  

Dynamic SIMS measurements are possible by increasing the ion current, resulting in a rapid 

sputtering of the surface and allowing for depth profiling to be performed.  Interpretation of the 

spectra can prove difficult as they are a function of the emission and ionization mechanisms, which 

vary based on the material.  Thus, to provide quantitative data, the sensitivity of each fragment 

must be defined for the material of interest.  Additional complications arise when converting the 

sputtering time into measurement depth because the rate of sputtering depends on the local 

chemical composition.  Despite this drawback, the qualitative data obtained from a SIMS spectrum 

has one of the highest sensitivities among surface spectroscopic techniques.1 

1.2.2 X-ray Photoelectron Spectroscopy 

 X-ray photoelectron spectroscopy (XPS) operates by irradiating a sample with a 

monochromatic X-ray source.  The source photons collide with core electrons in atoms present in 

the specimen, emitting those core electrons from the surface with a kinetic energy equal to the 

difference between the energy of the incident photon and the binding energy of the electron to its 

nucleus.  The photoelectrons ejected from the surface vary in kinetic energy, according to their 

electronic level and the type of source atom.  The unique electronic structure of each atom allows 

for quantitative elemental analysis of the surface.  The photoelectron kinetic energy also depends 

on the chemical environment of the target atom.  When chemically bound to another atom, some 
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charge transfers to a more electronegative or from a less electronegative neighboring atom; 

consequently, the photoelectrons kinetic energy will be lower or higher, respectively.  This 

chemical shift allows for a qualitative analysis of the chemical structure.2 

 While the X-rays have a relatively large penetration depth, the inelastic mean free path of 

the generated photoelectrons results in the emission of electrons originating from the top ~10 nm 

of the material.  The sampling depth of XPS means that it is less surface sensitive than SIMS.  

However, non-destructive depth profiling is possible with the use of angular resolved XPS, with 

sampling angles of 15° to 90° allowing for variation in sampling depth from ~ 2 to 10 nm with a 

lateral resolution on the order of 10 µm x 10 µm. 

1.2.3 Fourier-transform Infrared Spectroscopy 

 Fourier-transform infrared spectroscopy (FTIR) measures chemical properties by 

collecting an infrared absorption spectrum.  When exposed to infrared radiation, a molecule 

selectively absorbs radiation at a specific wavelength.  Absorption causes the vibrational energy 

level to change from the ground state to an excited state; the frequency of the adsorption is related 

to the vibrational energy gap.  The absorption required of most organic compounds falls in the 

mid-infrared region (4000 – 200 cm-1), allowing for the determination of structural information of 

the material.  The ability of an FTIR to simultaneously measure all frequencies in this range allows 

for a greatly enhanced signal to noise ratio, compared to a dispersive instrument. 

 When operated with attenuated total reflectance (ATR) FTIR becomes a surface-sensitive 

technique.  For this technique, a single crystal, with a refractive index greater than that of the 

surface, is placed in intimate contact with the surface to be examined.  The IR radiation strikes one 

face of the crystal, undergoes one or multiple reflections at the crystal/sample interface, and the 

detector then measures the absorption.  When the radiation contacts the surface, an evanescent 

wave is generated and penetrates a sample to a certain depth (typically 0.5 – 2 µm) which is a 

function of the refractive index of the materials, the wavelength, and the angle of incidence.  The 

lower detection limit of FTIR-ATR is a few monolayers of material on a surface.  The penetration 

depth of the evanescent wave can be decreased by increasing the angle of incidence or the 

refractive index of the crystal and can be further decreased by depositing a non-adsorbing thin film 

at the material interface.  While this makes FTIR-ATR a more surface-sensitive technique, the 

lower detection limit rapidly increases and results in a much lower signal to noise ratio. 
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1.2.4 Spectroscopic Ellipsometry 

 Spectroscopic ellipsometry is an optical technique used to measure the thickness and 

optical properties of thin films.  Source light is polarized, travels along the plane of incidence, 

reflects and refracts from any region in the material that exhibits different dielectric constant 

(related to the refractive index), and all signals then collectively pass through a second polarizer 

(analyzer) before reaching the detector.  When the source light reflects from the surface, with its 

angle of reflection equal to the angle of incidence, a shift in polarization occurs due to differences 

in optical properties between the measurement medium, typically air, the material's surface, and 

the bulk material.  The changes in amplitude of the s and p components of the polarized light, 

along with the phase shift, are used to determine the optical constants of the surface layers. 

 While ellipsometry is a powerful technique for determining the thickness of surface layers 

along with their optical properties, a difficulty arises during data analysis.  A model analysis must 

be performed to convert the measured amplitude ratio and phase shift into desired physical 

properties.  For most materials, this process involves the development of a multilayer model that 

considers the material and thin film properties, such as the refractive index, dielectric constant, 

and thickness.  Confidence and accuracy of these models increase with the number of known 

variables in the model, the wavelengths measured, and with the ability to measure multiple angles 

to maximize the difference between the source and reflected light.3 While ellipsometry has been 

traditionally used to measure thicknesses and composition profiles of smooth, homogeneous films 

on flat surfaces, the development of more advanced models allows for limited measurement of 

rough or porous surfaces and films with vertical gradients in composition. 

1.2.5 Atomic Force Microscopy 

 Atomic force microscopy (AFM) is most commonly employed to measure the surface 

morphology on the nano and micrometer scale.  Scanning of surfaces with AFM occurs by 

measuring the deflection of a cantilever, typically with a beam from a laser source reflected off the 

cantilever to a photodetector.  For contact mode measurements, the cantilever is brought into 

contact with the sample and is bent upward until reaching a setpoint deflection.  The force applied 

by the AFM tip on the sample is on the order of nN.  Rasterization of topographical images results 

from vertical deflection of the cantilever; whereas, the lateral forces applied to the cantilever 

during scanning, resulting in torsion of the cantilever, provides information concerning the friction 

between the tip and the sample surface.  Due to the constant contact of the AFM tip, surface 
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modification and damage can occur when measuring softer materials or features.  Dynamic AFM 

measurements overcome most of these problems, with the most common being tapping mode 

AFM. 

 The oscillation of the AFM cantilever at its resonance frequency with a piezo is the basis 

of tapping mode scanning.  When engaged, the sample surface and tip come into intermittent 

contact, which results in shifts in the amplitude, phase, and resonant frequency of the oscillating 

cantilever.  The generation of topography images typically results from the feedback mechanism 

of the AFM controlling the vertical position of the sample or tip to maintain a constant setpoint 

amplitude.  Variations in the phase and resonant frequency are used to generate interaction maps 

of the surface, with phase images more commonly employed.  Variations in chemical composition, 

adhesion, friction, viscoelasticity, and a myriad of other factors that affect the energy dissipation 

resulting from contact between the tip and sample surface cause shifts in the phase of the 

oscillation.  The phase image also contains topographic information as the energy dissipation is a 

function of surface area (which is influenced by differences in slope on the sample surface), leading 

to ambiguity when interpreting contrast in these images and making this most suitable for use on 

flat surfaces or in conjunction with height images.4 

1.2.6 Contact Angle 

 Contact angle measurements are the most common approach to measure the surface energy 

of a substrate.  The basis of this measurement is the equilibrium balance at the three-phase 

boundary of the solid surface, the probing medium, and the surrounding medium (typically air).5 

The Young equation (cf. Equation 1) describes how interfacial tensions dictate the shape and 

angle of the drop on a surface, 

 𝛾𝑠𝑣 − 𝛾𝑠𝑙 = 𝛾𝑙𝑣 𝑐𝑜𝑠 𝜃𝑌 (1) 

where γij denotes the interfacial tension between two phases and θ denotes the equilibrium contact 

angle.  Difficulty in determining the solid surface tension arises from the ability of drops to adopt 

a range of angles on most surfaces, known as contact angle hysteresis, and there has been much 

debate on which value gives the true surface energy.  This hysteresis can be measured by three 

common approaches which include inclining the solid surface which distorts the drop shape as it 

begins to slide, by the addition and removal of the probing medium from the drop, and by the 

Wilhelmy plate technique. 
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 While the contact angle hysteresis makes an absolute determination of the solid surface 

tension difficult, it allows for insight to be gained concerning the chemical and physical structure 

of a surface.  Hysteresis caused by the non-ideality of real surfaces, arising from chemical and 

physical heterogeneity, can be characterized by either thermodynamic or kinetic hysteresis.  

Thermodynamic hysteresis typically results from two factors: surface roughness (including porous 

structures) and variations in surface chemistry.  The Wenzel equation6 is commonly used to 

describe wetting behavior on a rough surface: 

 cos 𝜃𝑊 = 𝑟 cos 𝜃𝑌 (2) 

where r denotes the roughness of the actual surface relative to an ideal geometric surface and is 

always greater than unity.  The result of this relationship is that surface roughness enhances the 

wetting properties of the surface; the apparent contact angle will decrease with roughness if the 

Young contact angle is less than 90° and will increase for angles greater than 90°.  This wetting 

behavior is referred to as the Wenzel state and is a result of the increased surface area of rough 

surfaces, typically observed with low aspect ratio features.  When the aspect ratio of features on a 

rough surface increases, a transition is observed from the Wenzel state to the Cassie-Baxter state.7 

In the Cassie-Baxter state, the probing medium does not penetrate the surface features, and the 

contact angle is affected by regions with different compositions. The Cassie-Baxter equation8 is 

used to describe wetting on two-component surfaces: 

 cos 𝜃𝐶 = 𝜙1 cos 𝜃1 + 𝜙2 cos 𝜃2 (3) 

where ϕi and θi are the fractional areal coverage and Young contact angle of component i, 

respectively.  The Cassie-Baxter relationship describes the wetting behavior of these rough 

surfaces where one of the components is trapped air but also describes smooth, chemically 

heterogeneous surfaces.  Kinetic hysteresis arises from time-dependent liquid-solid interactions 

that cause a modification of the surface or the probing medium and can be caused by the diffusion 

of the probing medium into the surface, rearrangement of surface groups to expose more favorable 

chemistry, and absorption of surface contaminants into the probing medium to name a few.9 

1.3 Surface Modification Techniques 

 Surface modification techniques have been used to alter the original surface characteristic 

of metals, oxides, and polymers.  These involve either subtractive physical or chemical 

modification of the surfaces, which can be further enhanced by additive methods, involving 
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physical adsorption of or chemical reaction with active molecules or macromolecules that define 

the properties of the newly-created surfaces. 

 Subtractive physical modification of surfaces is accomplished by a wide variety of 

techniques ranging from the etching of surfaces, generating roughness, to highly controlled surface 

reactions.  Each of these processes allows for tuning of one or more surface properties with varying 

degrees of control.  It is important to use the right technique for the material and application of 

interest to generate a sufficiently functionalized and stable interface.  Friction and adhesion 

properties, along with surface energy and wetting behavior, are dictated by variations in surface 

topography.  Surface etching techniques allow for the generation of random surface roughness.  

Traditional machining techniques can result in large variations in roughness on a surface and allow 

for little control over the amplitude or distribution of features.  For applications that require a 

greater degree of control, the preferred methods are typically wet chemical etching or dry etching.  

 Numerous subtractive chemical modification methods exist.  Wet chemical etching of 

material surfaces relies on the reaction of the surface with an etching solution, typically strong 

acids or bases, and can result in isotropic or anisotropic removal of material depending on the 

crystallinity of the material and the reactivity of the etchant.  Wet etching allows for selective 

etching of composite materials; however, resulting feature sizes are limited to greater than one 

micrometer, and it is difficult to achieve high aspect ratios due to diffusion limitations.  Dry 

etching, or plasma etching, procedures involve the generating of a high energy plasma consisting 

of ionic and chemically reactive species that interact with surface species and result in their 

removal.10 These processes involve chemical and physical etching mechanisms with relative 

strengths depending on the gasses used to generate the plasma and the processing conditions. 

Higher pressures and lower energies favor chemical etching mechanisms as a large amount of 

reactive radical species are generated.  These radical species diffuse to the target material, react 

with surface species, and generate volatile products that leave the surface.  While reactive plasma 

etching processes allow for selective removal of surface species, the diffusion limitations result in 

anisotropic etching.  Decreasing the pressure of the vacuum system and increasing the energy 

allows for a higher concentration of ions in the plasma; the self-bias of the cathode behind the 

target material directs these ions toward the surface.  Ion bombardment of the surface usually does 

not result in significant etching alone but causes damage, such as dangling bonds or dislocations, 

which makes the surface more reactive to the etchant radicals.11 The directionality of the ion 
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bombardment greatly improves the anisotropy of this process, allowing for nearly vertical etching 

at nanometer resolution. While these etching processes allow for variations in surface energy, 

based on roughness of the surface, they provide no control over the chemical nature of the surface 

and are best used in conjunction with other additive surface modification techniques to achieve the 

desired properties. 

 Additive physical techniques for surface modification rely on the adsorption of polymeric 

materials or small molecules due to attractive forces (i.e., van der Waals forces, hydrophobic 

interactions, hydrogen bonding, and electrostatics).  Commonly used techniques include the 

deposition of multilayers and the assembly of small molecules on surfaces.  All methods depend 

on the interactions of suitable functionalization materials with the underlying surface, and the 

necessary strength and stability of these interactions depend on the needs of the final application.  

Polymeric films or multilayers are generally easy to deposit and provide robust surface coverage, 

but often do not feature strong interactions with the underlying surface and lack molecular control.  

Thin polymer films allow for improved chemical resistance and adhesive properties along with 

imparting chemical functionality and modulating physical properties, such as modulus, of a 

material's surface.   

 Solution-based approaches, such as dip coating and spin coating, are used for the deposition 

of thin films.12 Dip coating involves the vertical immersion of the material into a bath of the dilute 

polymer solution, a short dwell period, the gradual removal of the material from the solution, and 

the entrained solution drying on the material's surface. The thickness of the resulting film depends 

on the withdraw rate, controlling the thickness of the entrained solution, and the drying rate.  This 

technique coats all sides of the material immersed in the solution and works best on flat substrates 

but can be used on various geometries with some success.  Due to the slow drying of the film, it is 

subject to ambient factors, such as variable airflow, which can result in non-uniform films.  In spin 

coating, a small amount of dilute polymer solution is placed onto a flat substrate before or during 

rotation, and the centripetal force distributes the solution over the surface into a thin film.  The 

resulting film thickness is a function of the viscosity and concentration of the solution and the spin 

speed.  In contrast to dip coating, spin coating is only able to coat small, flat substrates and is less 

scalable; however, the faster drying times make it less sensitive to ambient conditions.  It is 

important that the deposition solvent wets the surface and that the polymers surface tension is such 
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that its spreading coefficient (cf. Equation 4) is greater than zero to prevent dewetting above the 

polymers Tg to form a stable and uniform polymer film.13,14 

 𝑆 = 𝛾𝑆𝐺 − 𝛾𝑆𝐿 − 𝛾𝐿𝐺 (4) 

 Another commonly used method for generating multilayer structures on surfaces is layer 

by layer (LbL) assembly that involves the alternating deposition of positive and negatively charged 

species onto a surface.  The simplicity and applicability of various materials make LbL processes 

versatile surface modification techniques.15 Stable multilayer films are typically assembled using 

polyelectrolytes and biomaterials, such as proteins, DNA, and polysaccharides, due availably of 

charges sites on their surfaces.  These films can also comprise charged inorganic materials (i.e., 

nanoparticles, zeolites, and clays) which allow for finely tuned modification of surface properties, 

including but not limited to conductivity, modulus, and porosity.16 The dynamic nature of the 

electrostatic interactions making up these films as well as the incorporation of various crosslinking 

agents also makes them good candidates for protective and anti-wear coatings.17 However, LbL 

assembled films suffer from the same drawback as polymeric assemblies, the need for appropriate 

surface properties to ensure a robust surface-film interaction to prevent delamination. 

 Modification of surfaces with small molecules modulates surface properties with a higher 

degree of molecular control and can be applied as precursor layers to help improve the stability of 

polymeric or other multilayer films.  Geometric constraints or attractive forces guide the self-

assembly of small molecules on surfaces and can result in the formation of dense, highly ordered 

layers.  Assembly can be accomplished by physical adsorption onto surfaces from solution or vapor 

phases, with their coverage and stability depending on deposition conditions and strength of 

interactions with the surface.  Adsorbed small molecules can undergo significant desorption when 

exposed to mild conditions; however, some procedures have found extensive application due to 

their ease of use, self-assembly into uniform films, and relatively high stability.  

 The additive chemical modification involves chemisorption of small molecules or 

polymers onto activated substrates.  Most notably, the absorption of thiols on noble metallic 

surfaces has been studied extensively in a myriad of applications.  Thiols readily absorb onto 

metallic surfaces due to activation of the S-H bond of the thiol, and while the mechanism of this 

process is not completely understood, it may result from significant charge transfer from the metal 

surface to the sulfur.18 This high degree of charge transfer results in a stable interaction between 

the metal and the thiol with dissociation energy of ~50 kcal/mol and is sometimes mistakenly 



   

10 

 

referred to as a covalent interaction due to its strength.19 While many fundamental studies use thiol 

SAMs, the stability of the layer is often not suitable for many applications as the structure can be 

disrupted by species with a more preferential absorption to the gold surface, weak mechanical 

forces, and can readily desorb at temperatures exceeding ~100 °C.20,21 For these reasons it is often 

favored to modify surface chemistry by covalent interactions. 

 Covalent modification of surface properties relies on the knowledge and implementation 

of specific chemistries.  The most stable covalent interactions often involve the formation of 

C-C22,23 or Si-C24,25 bonds, but processes for these modifications are only applicable to some 

materials and often have high energy barriers.  A compromise between stability and ease of access 

involves the generation of an oxide surface on the material of interest, resulting in the formation 

of surface hydroxyl (-OH) functionalities.  A wide variety of materials such as metal, glass, 

semiconductors, and polymers can undergo this initial functionalization; the hydroxyl surface 

functionality allows for the application of a wide range of chemistries for modification of surface 

properties including but not limited to the use of phosphonates, carboxylates, catechols, alkenes, 

and amines.26 The most commonly used method for modifying these activated surfaces employs 

organosilanes. 

 Organosilanes typically have the chemical structure RSiXn(CH3)3-n where R is an alkyl 

backbone (often exhibiting a desired chemical functionality) and X is a leaving group that readily 

hydrolyzes. The hydrolyzed silanes can form SAMs on oxide surfaces due to initial hydrogen 

bonding with surface hydroxyls and alignment of the alkyl backbones due to van der Waals 

interactions; following the alignment of silanes on the surface, condensation occurs between the 

Si-OH groups to form Si-O-Si bonds. Monofunctional silanes with one hydrolyzable group can 

form highly reproducible SAMs on the surface; however, they provide relatively low coverage due 

to presence of the bulky methyl groups close to the silicon head-group.  Trifunctional silanes have 

less steric hindrance, allowing them to pack more densely on the surface, and can form a siloxane 

network with neighboring silanes.  This siloxane network can increase the overall stability of the 

SAM but may lead to the formation of aggregate and multilayer structures.  Silane 

functionalization of materials is an important technique for many applications as silanes are 

commercially available with a wide variety of terminal functionalities and can be further modified 

to impart the desired surface chemistry.  Examples of this include the use of amine functional 

silanes for biological applications27–29 to promote protein adhesion and cell viability and the use 
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of alkyl and fluorinated silanes to generate non-wetting and low friction surfaces.30–33 Two main 

issues arise when using silanes for surface modification: deposition reproducibility and hydrolytic 

stability. Silane SAM’s structure is highly dependent on the reaction conditions, with moisture 

content and solvent polarizability having a large impact.34–38 The hydrolytic stability of the SAM 

depends heavily on the SAM structure and the underlying material, with some layers being almost 

completely removed from surfaces on the order of hours at neutral pH.39  These drawbacks merit 

further investigation of the underlying silane structure and their stability as modern applications 

require resilient and highly tunable surfaces. 

 Of increasing interest is the modification of surfaces that allows for control of not only 

macroscopic interactions but also the density and spatial distribution of the functionalization on 

the nanoscale to further improve material performance.  Methods for patterning silane SAMs 

consist of two overall approaches that depend on either the masking of the surface or the directed 

addition/removal of silanes.  Traditionally, conventional photolithography techniques have 

allowed for pattern formation on the surface, before or after silane functionalization, allowing for 

the deposition or removal of the SAM in desired regions.40–42 Equipment for photolithography is 

often cost-prohibitive and can run into resolution issues during patterning and development. Other 

masking techniques, such as macromolecule43 and nanoparticle assemblies44–47, have been used to 

pattern surfaces with silane SAMs but some spatial control is lost as resulting features are often 

random or periodic. 

 Selected positioning or removal of silanes from the surface allows for a direct method to 

pattern SAMs.  Microcontact printing approaches use a patterned stamp loaded with a silane 

solution to transfer the pattern onto the material.  While this allows for large areas to be patterned, 

the resolution is limited, and diffusion constraints complicate the process.48,49  Dip pen lithography 

techniques are promising for the high-resolution patterning of surfaces as they transfer a small 

number of species from an AFM tip to the material.50  However, these techniques have found little 

use for silane modification due to their rapid hydrolysis and self-condensation.51  Mechanical 

surface patterning is a more promising AFM based technique for patterning of silane SAMs based 

on their removal from the surface.52,53 AFM approaches to patterning allow for resolution on a 

nanometer scale but are very time consuming and are only able to pattern small areas of the surface. 

 Patterning techniques previously mentioned allow for the spatial control of surface 

chemistry but result in sharp boundaries and provide little control over the local density of 
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functional groups.  Traditionally, attempts to control the local density of silane SAMs have focused 

on limiting the exposure times of the material to the silane source and their extension to generating 

gradients in coverage on surfaces.54–58 This approach does allow for varying the fractional 

coverage of the surface but results in a heterogeneous layer due to nucleation and growth of silane 

domains on the surface. Other approaches focus on the removal of silane species from the surface; 

this is most commonly achieved by UV irradiation to degrade the alkyl backbone.59,60 While the 

UV based subtractive approach can vary the density of functional groups on the surface and can 

result in less sharp boundaries on the surface, by the use of waveguides or moving shutters, it often 

does not completely remove silanes from the surface and can have negative impacts on some 

surface chemistries. 

1.4 Dissertation Scope 

 The primary goal of this Ph.D. dissertation is to demonstrate the importance of finely tuned 

surface modification to achieve robust and functional surfaces.  Herein, we demonstrate a 

degrafting approach for the tuning of the silanes fractional coverage on oxide surfaces using 

tetrabutylammonium fluoride (TBAF).  TBAF degrafting of organosilanes from the surface results 

in overall homogeneous coverage and allows for the formation of gradient surfaces with tunable 

profiles.  We use this degrafting approach to elucidate the structure of the SAM to provide valuable 

information about the stability of the functionalization.  Further, we demonstrate the importance 

of proper surface functionalization for the use in biological applications by investigating the 

covalent attachment of a stimuli-responsive polypeptide to a silane functionalized surface. 

 In Chapter 1, we describe the degrafting process of organosilanes from silica surfaces by 

TBAF.  The degrafting process involves the formation of a homogeneous SAM on the surface, 

followed by a gradual degrafting during incubation in TBAF.  The kinetic for this process depends 

on temperature, the concentration of TBAF, silane composition, and the structure of the bonding 

network of silanes at the surface.  We demonstrate the ability of this procedure to generate 

reproducible fractional coverage gradients with highly tunable profiles. 

 In Chapter 2, we further the structure of silane SAMs on the surface by examining their 

degrafting kinetics.  We observe that the degrafting of alky silanes with varying leaving groups 

(chloro vs. alkoxy) shows little difference when deposited from nonpolar solvents with low water 

content due to their ability to align on the surface by van der Waals forces.  Differences arise, 

however, when deposited from the vapor phase under vacuum conditions as there is less 
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condensation between silanes before surface attachment.  Degrafting of silane-based 

polymerization initiators before and after the growth of polymer brushes shows the importance of 

diffusion barriers and bond tension on the stability of silane SAMs. 

 In Chapter 3, we study the adsorption and covalent attachment of elastin-like polypeptides 

(ELP) to silane functionalized silica.  We employ gradients in surface energy to investigate the 

adsorption behavior of ELPs, with adsorption occurring on a wide range of surfaces.  The adsorbed 

ELP layers are found to be more stable on hydrophobic surfaces.  We attempt to attach ELPs 

covalently onto these surfaces using anhydride and epoxide chemistries.  Following covalent 

attachment, the stimuli-responsive behavior of the ELP is tested to determine if the polypeptide 

was able to maintain its functionality. 
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Chapter 2: Design and Fabrication of Wettability Gradients with Tunable Profiles through 

Degrafting Organosilane Layers from Silica Surfaces by Tetrabutylammonium Fluoride 

Miles, J.; Schlenker, S.; Ko, Y.; Patil, R.; Rao, B. M.; Genzer, J. Design and Fabrication of 

Wettability Gradients with Tunable Profiles through Degrafting Organosilane Layers from Silica 

Surfaces by Tetrabutylammonium Fluoride. Langmuir 2017, 33, 14556–14564. 

2.1 Abstract 

 Surface-bound wettability gradients allow for a high-throughput approach to evaluate 

surface interactions for many biological and chemical processes.  Here we describe the fabrication 

of surface wettability gradients on flat surfaces by a simple, two-step procedure that permits 

precise tuning of the gradient profile.  This process involves the deposition of homogeneous silane 

SAMs followed by the formation of a surface coverage gradient through the selective removal of 

silanes from the substrate.  Removal of silanes from the surface is achieved by using 

tetrabutylammonium fluoride which cleaves selectively the Si-O bonds at the headgroup of the 

silane.  The kinetics of degrafting has been modeled by using a series of first order rate equations, 

based on the number of attachment points broken to remove a silane from the surface.  Degrafting 

of mono-functional silanes exhibits a single exponential decay in surface coverage; however, there 

is a delay in degrafting of tri-functional silanes due to the presence of multiple attachment points.  

The effects of degrafting temperature and time are examined in detail and demonstrate the ability 

to reliably and precisely control the gradient profile on the surface.  We observe a relatively 

homogenous coverage of silane (i.e. without the presence of islands or holes) throughout the 

degrafting process, providing a much more uniform surface when compared to additive approaches 

of gradient formation.  Linear gradients were formed on the substrates to demonstrate the 

reproducibility and tuneability of this subtractive approach. 

2.2 Introduction 

 The ability to tune the surface wettability by adjusting surface chemical composition is 

important in controlling wettability,1,2 self-assembly,3,4 adhesion,5 protein adsorption, and cell 

growth and proliferation.6–9  These applications require detailed understanding of the effects of 

surface chemistry.  Therefore, rapid and efficient screening of a large parameter space is desirable.  

Surface-bound molecular gradients can provide this high-throughput approach on a single surface.  

A successful method for this application must involve a number density gradient, which is easy to 
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prepare, should provide sufficient control over the profile of the gradient, and should allow for 

specific chemistries needed for applications.3 

 Traditionally surface wettability gradients have been fabricated by either gradual removal 

from or a gradual addition of a material to a substrate.  Existing methods have been reviewed in 

the past.10–12  Among the most popular methods is the deposition of self-assembled monolayers 

(SAMs) comprising thiols to gold (or other noble metal surfaces) or organosilanes to silica.13–16  

While the first system is very simple to implement and offers a large variety of thiols to work with, 

the relatively low stability of Au-S bond may limit utilization of such structures in practical 

applications.17  Compared to thiols, organosilane SAMs offer much higher stability.  Organosilanes 

(RSiX3, R2SiX2, or R3SiX, where R is an alkyl group and X is a leaving group, such as chloride, 

alkoxy, or hydride) form SAMs on hydroxyl functionalized surfaces due to their rapid formation 

of strong covalent linkages between the head group and the substrate.18  The surface attachment 

occurs by the hydrolysis of the silane to form silanol groups and the subsequent condensation 

reaction with surface hydroxyls to form siloxane bonds.  Monofunctional silanes form 

reproducibly consistent SAMs on the surface, but result in lower surface coverage due to steric 

hindrance around the siloxane head-group due to bulky methyl groups.19  Trifunctional silanes 

pack more densely and result in more complete surface coverage as they have three hydrolysable 

groups, which can react with the surface and may also form intramolecular crosslinks among 

neighboring silanes molecules.  One of the drawbacks of organosilanes with multiple reactive 

groups is that they can form multilayers and disordered structures.20 

 In the mid-1980s Elwing and coworkers developed several solution deposition methods 

that enable the formation of wettability gradients based on organosilane SAMs on flat surfaces.21  

This general strategy was later adopted by Chaudhury and Whitesides who extended it to a vapor 

based technique.2  The vapor based method has been used frequently over the past few decades to 

control wetting behavior,22 guide self-assembly processes,3,23 tailor chemical properties,14,24 and 

tune the grafting density of polymer brushes.25,26  While these gradients are easy to achieve, they 

typically result in sigmoidal profiles whose steepness, typically on the order of a few millimeters 

to a few centimeters, is difficult to control since it depends on the environmental conditions during 

silane deposition (i.e., temperature, humidity).  Micro-contact printing and lithography techniques 

have also been employed to generate patterns in surface coverage for these applications on much 
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greater length scales;27,28 however, this approach results typically in relatively sharp boundaries 

on the surface with heterogeneous coverage.  

 To overcome the challenges associated with controlling the properties of silane-based SAM 

gradients, efforts have focused on selective removal of surface-bound species.  One of the most 

commonly used approaches is to etch previously formed, homogeneous SAMs with an ultraviolet-

ozone (UVO) treatment to remove the surface-bound silanes.9,29,30  This method provides some 

control over the steepness of the gradient but it is limited by the resolution of the lithography mask 

and can result in degradation of other species on the surface, such as polymer brushes.  It has been 

demonstrated previously that solutions of tetrabutylammonium fluoride (TBAF) can be employed 

to degraft polymer grafts, which have been covalently bound to surfaces via silane linkages.26,31  

TBAF reacts selectively with Si-O bonds at the head group of the silanes, thus cleaving them from 

the surface.  The gradient profile formed by this method can be tuned to have the desired properties 

by adjusting the incubation time, temperature, and TBAF concentration.  As TBAF is a relatively 

mild etching agent, the surface remains relatively smooth and generates hydroxyl functionalities 

which can later be used for backfilling to produce a two-component coating.  We have evaluated 

the degrafting kinetics for various n-alkylchlorosilanes and have proposed a simple model to 

describe this process.  The degrafting kinetics showed a dependence on the length of the alkyl 

chain and on the possible number of bonds to the surface.  We also show that the morphology of 

the surface remains uniform throughout the degrafting process.  The reproducibility of this 

approach and the ability to model the degrafting kinetics allows for the tuning of the surface 

wettability gradient profile over a desired length scale. 

2.3 Experimental Section 

 All chemicals were purchased from Sigma-Aldrich and used without further purification 

unless otherwise specified.  Deionized water was obtained using Millipore Elix 3.  Silicon wafers 

(p-doped, orientation <100>) were purchased from Silicon Valley Microelectronics.  The 

n-octyltrichlorosilane (OTCS), n-octyldimethylchlorosilane (ODMCS), n-propyltrichlorosilane 

(PTCS), and n-propyldimethylchlorosilane (PDMCS) were purchased from Gelest. 

2.3.1 Silane Deposition 

 Monolayers of silanes were deposited on flat silicon substrates (45 mm x 30 mm).  The 

substrates were cleaned by rinsing with toluene followed by sonication in toluene for 1 min.  

Subsequently the substrates were rinsed with methanol and acetone and dried under a stream of 
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nitrogen gas.  The silicon wafers were then placed in an ultraviolet-ozone (UVO, Model 42, Jelight 

Co.) chamber for 20 minutes to generate free hydroxyl (-OH) groups at the surface.  The silane 

solutions were prepared by adding 150 µL of the desired silane to a solution consisting of 13.5 mL 

of hexanes (water content of 45 ppm) and 1.5 mL of carbon tetrachloride.  UVO treated silicon 

wafers were placed in a glass jar containing the silane solutions, filled with nitrogen, and were 

sealed.  Substrates were incubated in OTCS solutions for 5 hours, PTCS solutions for 30 minutes, 

and ODMCS and PDMCS solutions for 16 hours.  After deposition was complete, the substrates 

were rinsed with hexanes and sonicated in chloroform for 30 seconds followed by rinsing with 

methanol and DI water before drying under a nitrogen stream.  The substrates were divided into 

four segments (45 mm x 7.5 mm each) and rinsed with DI water prior to use in degrafting 

experiments. 

2.3.2 Degrafting the Attached Silane Layer 

 Silane gradients were fabricated by progressively dipping silane functionalized substrates 

into a TBAF solution.  Solutions of 0.1 M TBAF were made by adding 3 mL of 1 M TBAF in 

tetrahydrofuran (THF) and 30 mL of dimethylacetamide (DMA) to a glass jar.  The solutions were 

heated to 60C in an oil bath for at least 3 hours to evaporate the THF, ensuring a constant solution 

level during the degrafting process.  The temperature of the solution was adjusted to 40, 45, 50, or 

55C prior to incubation of the silane functionalized substrates.  Silane functionalized substrates 

were progressively dipped into the TBAF solution using a KSV NIMA Single Vessel Dip Coater.  

The substrates were dipped in 5 mm steps at a rate of 100 mm/min.  After each 5 mm step the 

sample was held at that position to vary the degrafting time.  For the kinetic studies, the degrafting 

times for each region on the substrate were 180, 120, 60, 30, 10, 5, 1, and 0.5 min. 

2.3.3 Characterization 

 The thickness of the silane SAMs was determined using variable angle spectroscopic 

ellipsometry (VASE, J.A. Woollam Co.) at a 70° angle of incidence.  The silane layer thickness 

was obtained by fitting the ellipsometry data using a 3-layer model with a 1 mm silicon layer, a 15 

Å SiOx layer, and a “Cauchy” layer with a refractive index of 1.45.  Static water contact angle was 

measured using a contact angle goniometer (Model 100-00, Ramé Hart).  All measurements were 

made using DIW using the probing liquid (3-5 µL in volume) deposited as drops from a syringe.  

For each WCA measurement the drop was lowered onto the substrate and the angle recorded within 
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5 seconds.  The water contact angle measurements were performed under atmospheric conditions 

at 40-60% humidity.  Advancing and receding contact angle measurements were measured by 

adding and removing water from the drop, contact angles were determined by when the base area 

first increased or decreased, respectively (Model 1000B, First Ten Angstroms).  AFM 

measurements were performed on an Asylum Research MFP-3D AFM with an Asylum Research 

AC160TS-R3 cantilever.  Topographical images were collected with a frame size of 2 µm2 in AC 

mode. 

2.4 Results and Discussion 

2.4.1 Degrafting Model 

 As described earlier in the paper, the type of binding an organosilane molecule exhibits 

with the substrate depends strongly on the chemical nature of the headgroup chemistry.  While 

mono-functional silanes attach to the substrate via a single Si-O bond, tri-functional silanes may, 

in principle, participate in the formation of 3 Si-O bonds.  It is highly unlikely that all three Si-O 

bonds (if indeed formed) will attached to surface-bound –OH groups.32  It is reasonable, however, 

to consider that tri-functional silanes may form a single Si-O bond with the substrate and up-to 2 

Si-O bonds with neighboring silanes molecules; the latter will contribute to the formation of an in-

plane -Si-O-Si- network whose existence has been confirmed previously.33–35  Thus, for a single 

tri-functional organosilane, there may be, in principle, up to three different initial bonding states 

present, involving, one, two or three Si-O bonds. 

 

 

Figure 2-1.  Idealized schematic of silane SAM structure during the degrafting process.  From left 

to right shows the structure of silanes with three, two, or one bond. 

 

 The kinetics of degrafting can be roughly described by using a series of first order rate 

equations (cf. Equations (1)-(3)).  These rate equations correspond to the cleaving of Si-O bonds 

at the surface with ,  and  representing the fractions of species attached to the surface with one, 
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two and three Si-O bonds respectively.  The rate constants, ki, characterize the rate of breaking a 

single bond from a species; the subscript denotes the number of bonds present for a species prior 

to the breaking.  

 
𝑑𝛾

𝑑𝑡
= −𝑘3𝛾 (1) 

 
𝑑𝛽

𝑑𝑡
= 𝑘3𝛾 − 𝑘2𝛽 (2) 

  
𝑑𝛼

𝑑𝑡
= 𝑘2𝛽 − 𝑘1𝛼  (3) 

The model can be fit to experimental data by setting the fractional coverage of silanes equal to the 

summation of ,  and .  This approach allows for the breaking of a single bond on the doubly or 

triply bound species without their removal from the surface; therefore, the fractional coverage only 

changes with the removal of the last covalent bond from the surface.  It is important to note that 

this model does not account for the removal of multilayer/aggregate structures that can be formed 

by tri-functional silanes. 

 By assuming that a single rate constant can be used to describe the breakage of the Si-O 

bond regardless of its binding state (i.e., the rate constant for breaking the Si-O bond for a species 

with one remaining bond is the same as that corresponding to breaking the Si-O bond for species 

with two or three remaining bonds), Equations (1)-(3) can be simplified to yield: 

 𝛾 = 𝛾0𝑒−𝑘𝑡 (4) 

 𝛽 = 𝑘𝛾0𝑡𝑒−𝑘𝑡 + 𝛽0𝑒−𝑘𝑡 (5) 

 𝛼 = 1

2
𝑘2𝛾0𝑡2𝑒−𝑘𝑡 + 𝑘𝛽0𝑡𝑒−𝑘𝑡 + 𝛼0𝑒−𝑘𝑡 (6) 

In Equations (4)-(6), 0, 0, and 0 represent the initial fractions of the molecules containing one, 

two, and three Si-O bonds, respectively.  For degrafting of monofunctional silanes the β and γ 

values can be set to zero as there should be no species on the surface with more than one Si-O 

bond. 

2.4.2 Monte Carlo Simulation Model of Degrafting 

 We have performed a coarse-grained, two-dimensional Monte Carlo (MC) simulation for 

the degrafting of small molecules from a planar substrate.  This highly simplified lattice model 

was conceived to validate the use of our degrafting model and to ensure that it can reproduce the 

initial binding configuration of molecules covalently attached to the surface.  A one-dimensional 

model was used for the planar substrate with grid sites (x ∈ [1,25], y = 1) representing binding 

domains on the surface; similarly, the bound species occupied grid sites (x ∈ [1,25], y = 2).  This 
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simulation was performed for systems consisting of mono-, di-, and tri-functional species on the 

surface.  An additional simulation was carried out with a mixture of mono-, di-, and tri-functional 

species on the surface with fractional coverages of 0.36, 0.32, and 0.32, respectively.  The initial 

configuration for the simulation is depicted in Figure 2-2 with each species being bound to the 

surface with at least one bond.  For the di- and tri-functional species, the additional bonds were 

added as in-plane linkages between species in the network. 

 

 

Figure 2-2.  Schematic depicting the initial geometry and bond structure of mono, di, and 

trifunctional molecules covalently attached to a substrate.  The grey squares denote the lattice sites 

in the simulation box. 

 

 For each MC step a bond is randomly selected from the existing set of bonds; if the bond 

exists, it can break with a certain probability (here set to p = 0.0675 to consistently achieve a 

fractional coverage of 0.10 after ~3000 Monte Carlo steps for all cases examined).  All bonds in 

the system can break with an equal probability, thus representing the condition that only a single 

rate constant associated with breaking the bond is needed.  If the bond breaks, the algorithm 

removes the bond from the existing set of bonds and updates the number of bonds attached to each 

species.  This process continues until all bonds are broken.  During the process, the total number 

of species with at least one bond remaining is monitored to calculate the fractional coverage.  The 

MC procedure was repeated at least 25 times prior to the results being averaged and the standard 

deviation being calculated.  We used Equations (4)-(6) to model the simulation data.  Results from 

these simulations are shown in Figure 2-3. 
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 The degrafting of mono-functional species is described well by a single exponential decay 

and is reflected well by the model fit with an α0 value close to 1.  A clear shoulder in the profiles 

of the di and tri-functional species can be seen and is reflected in the model fits with β0 and γ0 

close to 1 in each case respectively.  In the more complicated mixed system the model captures 

the trend well, but exhibits a slight deviation in the model fitting parameters.  The model presented 

by Equations (4)-(6) appears to capture the essential details of the degrafting process, but it is 

important to note that the model and simulations are oversimplified and do not account for 

interconnectivity, i.e., a species can still be included in the fractional coverage if in-plane bonds 

are still present but with no surface-species bonds. 

  

 

Figure 2-3.  Fractional coverage of a) mono-, b) di-, c) tri-functional, and d) mixed molecules 

attached covalently to the surface as a function of the number of Monte Carlo (MC) steps.  The 

black line and the grey shaded area denote the average and standard deviation from the MC 

simulation, respectively.  The red lines are the best fits to Equations (4)-(6). 
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Table 2-1.  Summary of the fitting parameters of the degrafting model for the Monte Carlo 

simulation of the degrafting process for mono-, di-, tri-functional, and mixed molecules. 

Functionality α0 β0 γ0 

Mono 0.996 0.004 0.000 

Di 0.011 0.988 0.001 

Tri 0.000 0.080 0.920 

Mixed 0.227 0.321 0.453 

 

2.4.3 Silane Degrafting 

 The four chlorosilanes investigated in our study differ in the length of the alkyl chain and 

the number of reactive chloride groups (cf. Figure 2-4).  Alkyl chain lengths of 3 and 8 carbons 

were used for this study with mono and trifunctional binding domains.  Deposition of these silanes 

was performed in a mixture of hexanes and carbon tetrachloride to limit the formation of 

aggregates and micelles in the bulk solution and to limit the incorporation of hexanes into the 

resulting film. 

  

 

Figure 2-4.  Self-assembled monolayers of a) n-propyltrichlorosilane (PTCS), b) n-

propyldimethylchlorosilane (PDMCS), c) n-octyltrichlorosilane (OTCS), and d) n-

octyldimethylchlorosilane (ODMCS) were deposited on UVO treated silicon substrates. 
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Table 2-2.  Summary of the measured thicknesses, contact angles, and approximate roughness for 

the various silanes.  See Figure 2-4 for abbreviations. 

Silane 
Thickness 

(nm) 

Water contact angle 

(deg) 

RMS Roughness 

(pm) 

ODMCS 0.50 ± 0.08 98.5 ± 1.6 92.2 

OTCS 1.32 ± 0.14 109.8 ± 1.2 47.3 

PDMCS 0.51 ± 0.24 90.9 ± 2.3 119.4 

PTCS 1.22 ± 0.21 98.0 ± 3.0 206.5 

 

 The resulting silane assembly was confirmed by contact angle analysis and ellipsometric 

thickness prior to their use in degrafting studies (cf. Table 2-2).  For n-alkylchlorosilanes, a general 

increase in water contact angle with increasing chain length was observed; the reported values are 

consistent with previous experimental results.9,36,37  The thickness values and corresponding 

contact angles obtained for the homogeneous silane films show relatively complete monolayer 

coverage for all silanes; however, some multilayer formation is observed for the PTCS layers.  The 

lower thickness and water contact angle values for PDMCS and ODMCS is attributed to a lower 

density of silanes on the surface due to the bulky methyl groups.  The approximate roughness of 

the silane SAMs further supports this observation as greater roughness is observed for 

monofunctional silanes except when compared to PTCS, which is most likely due to the presence 

of multilayers or aggregate structures (cf. Figure A-1-1).  It should be noted that the measured 

ODMCS thickness is lower than expected; this is most likely due to thickness variations in the 

SiOx layer prior to silane deposition. 

 Wettability gradients were formed on the surface by degrafting uniform silane SAMs in a 

0.1 M TBAF solution.  To generate gradient surfaces the silane coated substrates were lowered 

gradually in a vertical direction into the solution in a stepwise fashion.  This method produced 

eight 5.0 mm x 7.5 mm regions on the surface that had been exposed to the TBAF solution for 

varying TBAF exposure times.  The hydrophobicity of the substrate decreases along its length as 

the degrafting time increases (cf. Figure 2-5).  The wettability profiles for the monofunctional 

silanes are similar and exhibit single exponential decays.  The wettability profile for the degrafted 

OTCS substrate shows a sharp decrease initially followed by a significant shoulder, but remains 
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more hydrophobic than the monofunctional silanes for all times studied.  The wettability profile 

for the degrafted PTCS substrate shows a sharp decrease initially followed by a slight shoulder. 

 The fractional coverage of silane on the surface can be calculated using the Cassie-Baxter 

equation (Equation (7)),38 where θ1 is the contact angle of component 1 with the fractional 

coverage ϕ1 and θ2 is the contact angle of component 2 with fractional coverage ϕ2.  By setting one 

of these components to a bare silicon substrate we can determine the areal fractional coverage of 

a silane left after degrafting.  The water contact angles corresponding to fully covered PDMCS, 

PTCS, ODMCS, OTCS, and a hydroxyl functionalized silicon wafer were selected as 93, 100, 100, 

110, and 5 degrees, respectively.  The 5 degree WCA of a hydroxyl functionalized silicon wafer 

was used as it has been shown that hydroxyl groups are regenerated with little fluorine 

contamination.25 

 𝑐𝑜𝑠 𝜃 = 𝜙1 𝑐𝑜𝑠 𝜃1 + 𝜙2 𝑐𝑜𝑠 𝜃2 (7) 

The fractional coverage of silane on the substrate after degrafting shows similar trends to those 

seen in the wettability profiles (cf. Figure 6).  The rate of degrafting increases with increasing 

degrafting temperature and results in a steeper coverage profile.  Within three hours of incubation 

the PDMCS and PTCS substrates appear to be completely degrafted at the temperatures studied.  

However, the ODMCS and OTCS substrates degraft at significantly slower rates. 

  

 

Figure 2-5.  Wettability profiles generated by degrafting silane layers in 0.1 M TBAF in DMA at 

50C as a function of incubation time in TBAF solution. 
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Figure 2-6.  Fractional coverage profiles of a) PDMCS, b) PTCS, c) ODMCS, and d) OTCS from 

degrafting in 0.1 M TBAF in DMA as a function of temperature and incubation time. 

 

 Fitting the experimental data to Equations (4)-(6) produced the profiles plotted in Figure 

2-7.  The proposed model can capture the general trend of the TBAF degrafting, but is unable to 

account for the sharp decrease in coverage exhibited by the trichlorosilanes at short degrafting 

times.  This sharp decrease may arise from inhomogeneities in the initial silane layer, such as the 

presence of multilayers or many silanes attached through in-plane linkages with few surface 

linkages.  These situations could result in many silanes being removed from the surface with the 

occurrence of a few degrafting events.  
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Figure 2-7.  Fractional coverage profiles from degrafting in 0.1 M TBAF in DMA at 50C as a 

function of incubation time.  Solid and dashed lines show best fits to Equations (4)-(6) and 

represent mono- and tri-functional silanes, respectively.  

 

Table 2-3.  Summary of the rate constants (k in (min-1)) for the various silane degrafting 

processes. 

Silane 

Degrafting temperature 

(°C) 

40 45 50 55 

ODMCS 0.007 0.012 0.017 0.019 

PDMCS 0.027 0.042 0.055 0.060 

OTCS 0.004 0.005 0.009 0.010 

PTCS 0.044 0.051 0.154 0.171 

 

Table 2-3 lists the rate constants from the fitted model.  Silanes with the same length alkyl chain 

exhibit similar rate constants with longer alkyl chains degrafting more slowly.  Some variation 

from this trend is observed for degrafting of the PTCS layers at higher temperatures.  This most 

likely arises from the fitting over accounting for the sharp decrease of fractional coverage of silanes 

on the substrate at short degrafting times, which leads to a much sharper profile. 
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2.4.4 Surface Morphology 

 Ellipsometric thickness measurements were taken on octylsilane monolayers after 

degrafting in a 0.1 M TBAF solution at 50C.  Measurements were taken at 25 minute degrafting 

intervals (cf. Figure 2-8).  As degrafting time increased the thickness of the silane layer decreased, 

which is expected due to a decrease in surface coverage of the silane on the surface.  After 

degrafting, a small increase in thickness is observed across the sample, resulting in a greater 

thickness than was initially measured for the silane SAM.  Additional studies are needed to 

understand this phenomenon. 

 

 

Figure 2-8.  Ellipsometric thickness measurements of a silane monolayers after degrafting in a 0.1 

M TBAF solution. 

 

 Figure 2-9 depicts AFM micrographs demonstrating morphology changes upon degrafting 

of an OTCS monolayer.  An increase in roughness is observed at short degrafting times as OTCS 

molecules begin to be removed from the layer and this trend proceeds until approximately 50% 

coverage; after this point, the roughness decreases as the silane coverage on the surface continues 

to decrease (cf. Figure 2-10).  It is important to note that the surfaces appear relatively 

homogeneous with no large holes or islands of silane apparent on the surface during degrafting. 
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Figure 2-9.  AFM micrographs of OTCS monolayer after degrafting in a 0.1 M TBAF solution at 

50C (500 nm scale bar).  Inset numbers correspond to fractional coverage of OTCS after 

degrafting as calculated by the Cassie-Baxter equation. 

 

 

 

Figure 2-10.  Fractional coverage and RMS roughness of an OTCS monolayer after degrafting in 

a 0.1 M TBAF solution at 50C. 

 

2.4.5 Linear Gradients 

 The parameters derived from fitting the model were used to generate linear gradients in 

fractional coverage for each of the silanes (Figure 2-11).  The degrafting times were calculated to 
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achieve a linear profile in fractional coverage, decreasing 10% coverage every 5 mm along the 

length of the surface.  The resulting gradient profiles are within good agreement with the model.  

The most significant deviation is observed for the OTCS layers.  This deviation is most likely the 

result of extrapolating the model to significantly longer degrafting studies than were performed 

for the kinetic analysis. 

 

 

Figure 2-11.  Linear fractional coverage gradients in a) PDMCS, b) PTCS, c) ODMCS, and d) 

OTCS.  Solid red line represents target fractional coverage profile. 

 

2.5 Conclusions 

 We have presented a two-step process for generating surface wettability gradients.  The 

method involves 1) formation of a homogeneous SAM of organosilanes on silica surfaces and 2) 

a gradual degrafting of organosilanes from the surface with TBAF.  This process improves upon 

previously developed techniques as the SAM number density gradient profile can be easily tuned 

by controlling the incubation time and temperature of the SAM in TBAF solution.  A vapor or 

solution phase approach can be used initially to deposit the homogeneous silane layer, allowing 

for the use of a wider variety of silanes with different chemical functionalities.  The subtractive 

approach used here can generate surfaces with more homogeneous coverage as the morphology is 
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not controlled by the nucleation and growth during silane deposition processes.  Using this 

approach, we can generate surface wettability gradients with tunable profiles over a desired length 

scale which has not been possible with previous approaches. 

 The degrafting process generates reactive hydroxyl groups on the surface as it removes the 

organosilanes, allowing for backfilling of these gradients with a second silane to generate both 

wettability and chemical gradients.  The ability to precisely tune the grafting density of functional 

groups on the surface will allow for investigation into the effect of surface energy on protein 

adsorption, polymer wetting behavior, density dependent mechanics of polymer brushes, and 

directed self-assembly. 
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Chapter 3: Dependence of Deposition Method on the Molecular Structure and Stability of 

Organosilanes Revealed from Degrafting by Tetrabutylammonium Fluoride 

3.1 Abstract 

 We probe the structure of self-assembled monolayers (SAMs) comprising organosilanes 

deposited on flat silica-based surfaces prepared by liquid and vapor deposition by removing the 

organosilane molecules gradually from the underlying substrate via tetrabutylammonium fluoride 

(TBAF).  Removal of organosilanes from the surface involves the cleavage of all pertinent Si-O 

bonds that anchor the organosilane molecules to the SAM, i.e., direct organosilane-surface 

linkages and in-plane crosslinks between neighboring organosilanes.  We gain insight into the 

organosilane structure and stability by monitoring the organosilane density as a function of 

exposure time to TBAF.  Degrafting of trifunctional chloro- and methoxy-alkylsilanes deposited 

from solution yields similar degrafting kinetics.  We observe fast degrafting for organosilane 

SAMs deposited from the vapor phase, indicating that SAMs prepared in this manner form more 

loosely packed arrays, with less in-plane connectivity, compared to their solution-deposited 

counterparts.  Bulkier, fluorinated silanes form more stable SAMs due to their ability to readily 

align and form a network with few aggregates and a relatively high fraction of surface bonds.  The 

addition of a polymer brush to an anchored organosilane molecule demonstrates that increased 

bond tension accelerates the degrafting process despite the increased diffusion resistance. 

3.2 Introduction 

 Polymeric films or self-assembled monolayers (SAMs) have been employed routinely to 

tune the wettability and chemical reactivity of surfaces.1–6  Varying the chemical composition and 

density of SAMs on the surface provides molecular control of surface properties.  The assembly 

of thiols on gold (or other noble metal) surfaces and the attachment of organosilanes to hydroxyl-

covered surfaces have been among the most popular methods to form SAMs.  While the assembly 

of thiols is simple to implement and offers a wide variety of chemistries, the relatively low stability 

of the thiol-based SAMs may limit utilization in applications.7  Organosilanes are available with a 

variety of chemistries and generate more robust SAMs than the thiol-based SAMs.  However, the 

attachment of organosilanes to surfaces depends upon multiple deposition parameters, which 

complicates the formation of stable, and well-organized SAMs.8 

 Many studies have reported on the deposition of silane SAMs.  However, only a few 

investigate the mechanical and chemical stability of organosilane SAMs.  These studies do not 
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typically consider the underlying binding structure that influences the stability of organosilane 

SAMs.9–15  Organosilanes form SAMs on hydroxyl functionalized surfaces due to the formation 

of strong covalent linkages between the silicone head group and the substrate functionalities 

(primarily -OH).16  The surface attachment occurs by the hydrolysis of the functional groups 

attached to silicon (chloride or alkoxy), alignment due to van der Waals forces, and condensation 

reaction with surface hydroxyls to form siloxane bonds.  Due to the alignment of silanes on the 

surface by van der Waals forces before attachment, many silane SAMs form by a nucleation and 

growth process.17–21 The alignment of silanes during this process dictates their density on the 

surface as the siloxane network develops.  Monofunctional silanes form reproducible SAMs but 

result in lower surface coverage due to bulky methyl groups, thus causing steric hindrance around 

the siloxane head-group.22  The hydrolysis of trifunctional silanes before attachment allows for 

more dense packing on the surface, thus resulting in higher surface coverage and the ability to 

form intramolecular crosslinks among neighboring silane molecules.23  While these intramolecular 

crosslinks can improve the packing density and stability24,25 of silane SAMs, they also allow for 

the formation of multilayers, disordered structures, and the deposition of aggregates onto the 

surface. 

 Previously, we presented a subtractive approach to tailor the grafting density of propyl- 

and octyl-based silanes on a surface based on the selective removal by tetrabutylammonium 

fluoride (TBAF) solutions.26  TBAF is a fluoride ion source which cleaves the Si-O bonds at the 

head group of the silanes, thus liberating the silane molecules from the surface.  Adjusting the 

incubation time, temperature, and TBAF concentration allows for fine-tuning of the grafting 

density of silanes on the surface while regenerating surface-bound hydroxyl functionalities for 

later modification.27 

 The kinetics of degrafting for silane monolayers by TBAF depends on the silane 

connectivity, the structure of the siloxane network, and the diffusion of TBAF to the surface.  The 

connectivity of silanes to the surface and the resulting siloxane network depend, in turn, on the 

number of hydrolyzable groups, their reactivity, and the bulkiness of the silane.  Evaluation of the 

degrafting profiles allows us to gain insight into the bonding structure at the surface and better 

understand the stability of silane SAMs.  Mono-functional silanes, which can only form one 

siloxane bond with the surface, exhibit a simple exponential decay as a function of degrafting time.  

The degrafting profiles of tri-functional silanes are more complex and exhibit a delay in the 



   

43 

 

degrafting due to their ability to form a siloxane network at the surface, consisting of surface bonds 

and an in-plane siloxane network.  The rate of hydrolysis, bulkiness, and ability of silanes to align 

during their deposition impacts the structure of the siloxane network.  Rapid decreases in grafting 

density during degrafting suggest the presence of aggregates on the surface formed mostly by in-

plane siloxane linkages that lead to an overall instability of the SAM.   

 The medium, from which the SAMs are grown, i.e., vapor or solution deposition, plays a 

crucial role in governing the density of the silane molecules in the SAMs.  We are not aware of 

any previous study that has compared the two deposition methods concerning the compactness and 

bonding structure of the SAM.  In this work, we evaluate the degrafting profiles for alkylsilanes 

concerning their reactivity and deposition method, fluorinated silanes to examine the effect of 

bulkiness, and a common polymerization initiator before and after growth of a polymer brush to 

determine how subsequent functionalization affects the stability of the SAM.  

3.3 Experimental Section 

 All chemicals were purchased from Sigma-Aldrich and used without further purification 

unless otherwise specified.  Deionized water was obtained using Millipore Elix 3.  Silicon wafers 

(p-doped, orientation <100>) were purchased from Silicon Valley Microelectronics.  

n-octyltrichlorosilane (OTCS), n-octyltrimethoxysilane (OTMS), heptadecafluoro-1,1,2,2-

tetrahydrodecyltrichlorosilane (FTCS), and (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)dimethylchlorosilane (FDMCS) were purchased from Gelest.  The 3-

aminopropyltriethoxysilane (APTES) was purchased from Fisher Scientific.  The (11-(2-bromo-

2-methyl)propionyloxyundecyltrichlorosilane (eBMPUS) was synthesized, as described in the 

literature.28 

3.3.1 Silane Deposition 

 Silane monolayers were deposited on flat silicon substrates (45 mm x 30 mm).  Silicon 

wafers were cleaned by rinsing with toluene followed by sonication in toluene for 1 min.  

Subsequently, the substrates were rinsed with methanol and acetone and dried under a stream of 

nitrogen gas.  The silicon wafers were then placed in an ultraviolet-ozone (UVO, Model 42, Jelight 

Co.) chamber for 20 minutes to generate free hydroxyl (-OH) groups at the surface.  The silane 

solution of OTMS was prepared by adding 150 µL of OTMS to 15 mL of hexanes (water content 

of 45 ppm).  eBMPUS solutions (0.005% by volume) were prepared by adding eBMPUS to 

hexanes.  UVO treated silicon wafers were placed in a glass jar containing the silane solutions, 
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filled with nitrogen, and were sealed.  Substrates were incubated in OTMS solutions and eBMPUS 

solution for 48 hours at room temperature.  After deposition, the substrates were rinsed with 

hexanes and sonicated in chloroform for 30 seconds followed by rinsing with methanol and DI 

water before drying under a nitrogen stream.  The silane solutions of APTES were prepared by 

adding 1.5 µL of APTES to 15 mL of anhydrous toluene (water content of <5 ppm).  Substrates 

were incubated in APTES solutions for 5 minutes.  After deposition, the substrates were rinsed 

with toluene and sonicated in methanol for 30 seconds, followed by annealing at 115 °C for 16 

hours.  Substrates to be functionalized with OTCS, FTCS, and FDMCS were placed in a desiccator 

containing a mixture of the desired silane and either mineral oil for OTCS or 

perfluoro(methyldecalin) for FTCS and FDMCS.  The desiccator was evacuated by a vacuum 

pump for 30 seconds and then sealed.  The deposition times for the OTCS, FTCS, and FDMCS 

were 20, 30, and 60 minutes, respectively.  The substrates were divided into four segments (45 

mm x 7.5 mm each) and rinsed with DI water before use in degrafting experiments. 

3.3.2 Surface-initiated Atom Transfer Radical Polymerization (ATRP) of PMMA 

 ATRP solution was prepared as following; methyl methacrylate (MMA) (9.4 mL, 88 

mmol), methanol (8.7 mL), and deionized water (1.9 mL) were added to a 50 mL round-bottom 

flask followed by purging with nitrogen gas for 15 mins.  2,2’-Bipyridine (555.5 mg, 3.60 mmol) 

and CuCl(I) (177.9 mg, 1.80 mmol) were sequentially added to the flask.  After nitrogen purging 

for another 15 mins, the solution was transferred to a 20 mL scintillation vial.  The eBMPUS 

functionalized substrates were immersed in the ATRP solution for 20 hours. 

3.3.3 Degrafting the Attached Silane Layer 

 Silanes were degrafted from silicon wafers covered with silane SAMs by vertically dipping 

the substrates into a TBAF solution.  We prepared solutions of 0.1 M TBAF by adding 3 mL of 1 

M TBAF in tetrahydrofuran (THF) and 30 mL of dimethylacetamide (DMA) and heated them to 

60C for >3 hours to evaporate the THF.  Before incubation of the silane functionalized substrates, 

we adjusted the temperature of the solution to 40, 45, 50, or 55C.  We employed a KSV NIMA 

Single Vessel Dip Coater to progressively immerse silane functionalized substrates into the TBAF 

solution in 5 mm steps at a rate of 10 cm/min between each step.  After each dipping step, we held 

the sample at a given position to vary the degrafting time.  The degrafting times for each region 

on the substrate were 180, 120, 60, 30, 10, 5, 1, and 0.5 min. 
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3.3.4 Characterization 

 We determined the thickness of the silane SAMs using variable angle spectroscopic 

ellipsometry (VASE, J.A. Woollam Co.) at 70° and 75° angles of incidence.  The thickness of the 

silane was obtained by fitting the ellipsometry data using a 3-layer model with a 1 mm silicon 

layer, a 15 Å SiOx layer, and a “Cauchy” layer with a refractive index of 1.45.  We measured the 

static water contact angle under atmospheric conditions at 40-60% humidity using a contact angle 

goniometer (Model 100-00, Ramé Hart).  We used deionized water (DIW) in all experiments as 

the probing liquid.  We deposited drops of DIW (3-5 µL in volume) from a syringe; we recorded 

the water contact angle (WCA) within 5 seconds after the drop deposition. 

3.4 Results and Discussion 

 The kinetics of degrafting can be described by using a series of first-order rate equations 

(cf. Equations (1)-(3)) as described elsewhere.26  These rate equations correspond to the cleaving 

of Si-O bonds in the system with ,  and  representing the fractions of species attached with 

one, two, and three Si-O bonds, respectively.  The rate constant, k, characterizes the rate of 

breaking a single Si-O bond (either at the substrate or in the silane network).  

 
𝑑𝛾

𝑑𝑡
= −𝑘𝛾 (1) 

 
𝑑𝛽

𝑑𝑡
= 𝑘𝛾 − 𝑘𝛽 (2) 

 
𝑑𝛼

𝑑𝑡
= 𝑘𝛽 − 𝑘𝛼  (3) 

The model fits experimental data by setting the fractional coverage of silanes equal to the 

summation of ,  and .  Initial values of ,  and  depend on the structure and connectivity of 

the silanes at the surface and can vary significantly among silanes and deposition conditions.  

Previously, we have employed this model to capture the general trends of a silane degrafting 

process by performing Monte Carlo (MC) simulations using a simplified 2D lattice model.26  While 

these simulations described many of the features of the process, they could not fully depict the 

effects of in-plane connectivity of silanes and the influence of aggregates or “moguls” of silanes 

on a surface.  Here we present more complete MC simulations that account for both effects.  A 

one-dimensional model was used for a planar substrate with integer grid sites (x ∈ [1,100], y = 1) 

representing binding domains on the surface; similarly, the silane species occupy grid sites (x ∈ 

[1,100], y = 2).  The x and y coordinates denote the coordinates parallel and perpendicular to the 
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substrate, respectively.  Bonds can connect silanes occupying adjacent grid sites or connect a 

binding domain on the surface and an adjacent silane. 

 For each MC step a bond is randomly selected from the total set of bond possibilities; if 

the bond exists, it can break with a certain probability, p (here we set p = 0.0675).  If the bond 

breaks, the algorithm removes the bond from the existing set of bonds, and this process continues 

until all bonds are broken.  We monitor the total number of species with a series of bonds 

connecting them to the surface during the process and evaluate the fractional coverage.  We repeat 

the MC procedure 100 times and then calculate the average values of the fractional coverage, the 

number of silanes removed per degrafting event, and the number of moguls present on the surface, 

and their corresponding standard deviations.  We use Equations (1)-(3) to model the simulation 

data.  

 Figure A-2-1 shows the results from simulations of mono, di, and tri-functional species 

with one surface bond per species.  The model captures well the degrafting of mono-, di-, and tri-

functional species, with only slight deviations for di- and tri-functional molecules as a result of the 

bond connectivity.  The in-plane connectivity of the molecules allows for the removal of multiple 

species (i.e., a cluster of molecules) from the surface during a single degrafting event, breaking a 

surface bond or an in-plane bond if a resulting structure has no connectivity to the surface.  Higher 

 values and lower  and  values indicate the removal of clusters of molecules.  

 Tri-functional silanes are unlikely to form a SAM with a large fraction of all bonds attached 

to the surface, relative to the number of in-plane bonds in the silane network.29,30  The bulkiness 

of the silanes alkyl backbone limits the number of surface attachments due to the van der Waals 

diameter of the hydrocarbon chain (4.4 - 4.9 Å) being larger than the space allowed by the Si-O 

bonds formed from the condensation of neighboring silanes (2.9 - 3.2 Å).31,32  Proposed silane 

structure models account for this steric hindrance by describing a SAM made up of mogul-like 

clusters of silanes.30,33  In these models, the silane network mostly consists of in-plane siloxane 

linkages with a low density of surface bonds.  If present, such structures greatly increase the 

degrafting rate, thus reducing the apparent delay reported previously, as the probability of 

removing large numbers of molecules at the same time would increase.26  In the degrafting 

computer simulations, we have maintained 100 molecules on the surface while varying the number 

of surface bonds and retaining the number of in-plane crosslinks (cf. Figure 3-1).  To simulate the 
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presence of aggregates, we considered a combination of low (20:1 molecules to surface bonds) 

and high (5:1 molecules to surface bonds) density of surface bonds. 

 

 

Figure 3-1.  Schematic depicting the initial geometry of trifunctional molecules covalently 

attached to a substrate with varying ratios of molecules to surface bonds.  The grey squares denote 

the lattice sites in the simulation box. 

 

 Figure 3-2 displays the results from the simulations of degrafting mogul-like clusters.  The 

initial plateau in the degrafting profile shortens, and the rate, in which silanes degraft from the 

surface, increases as the number of surface attachments decreases.  Every 250 Monte Carlo steps 

we bin the average number of silanes removed per degrafting event and calculate the number of 

distinct moguls present on the surface.  Breaking of an in-plane bond leads to two possible 

scenarios.  First, if the bond breaks between two surface attachments, the structure fragments into 

two distinct moguls.  Second, if the bond breaks between a surface attachment and a dangling end, 

the silanes between the break and the dangling end are removed from the surface.  Upon increasing 

the spacing between surface attachments, the maximum number of moguls present on the surface 

occurs at earlier times (i.e., it shifts to a lower number of Monte Carlo steps), and this shift is 

mirrored in the number of silanes removed per degrafting event and with the size of the plateau 

region during the initial stages of degrafting.  Consideration of the amount and length of dangling 

ends present on the surface at any step can explain the change in degrafting profiles.  For small 

spacing between surface attachments, the length of the dangling ends formed will be small, and 

the probability of generating two distinct moguls will be high when compared to that of silane 

removal.  However, for large spacing between surface attachments, the length of the dangling ends 

will be greater, and the probability of generating two distinct moguls will be lower when compared 

to that of silane removal.  When examining a more realistic surface that may contain aggregates 
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or disordered multilayers (cf. Figure 3-2d), we detect characteristics of both small and large 

spacing between surface attachments.  These realistic surfaces initially exhibit a rapid decrease in 

the fractional coverage, due to large moguls favoring the removal of multiple silanes at once, 

followed by a plateau in degrafting caused by regions with a robust bonding network. 

 

 

Figure 3-2.  Fractional coverage of 100 molecules with a) 5:1, b) 10:1, c) 20:1 molecule to surface 

(M:S) bond ratio, and d) 80 molecules with a 1:1 M:S ratio and 20 molecules with an M:S 20:1 

ratio as a function of the number of MC steps.  The red line and the grey shaded area denote the 

average and standard deviation from the MC simulation, respectively.  The black lines are best fits 

to Equations (1)-(3).  The right panels show the number of silanes removed per degrafting event 

(left ordinate) and the number of moguls present on the surface (right ordinate) as a function of 

MC steps. 

 

 The silanes investigated in our study differ in the reactive head groups and the exposed 

chemical functionality (cf. Figure 3-3). 
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Figure 3-3.  Self-assembled monolayers of a) n-octyltrimethoxysilane (OTMS), b) n-

octyltrichlorosilane, c) heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane (FTCS), d) 

heptadecafluoro-1,1,2,2-tetrahydrodecyldimethylchlorosilane (FDMCS), e) (3-

aminopropyl)triethoxysilane, and f) (11-(2-bromo-2-methyl)propionyloxyundecyltrichlorosilane 

(eBMPUS) were deposited on UVO treated silicon substrates. 

 

Table 3-1.  Summary of the measured thicknesses, contact angles, and approximate roughness for 

the various silanes.  See Figure 3-3 for abbreviations.  

Silane 
Thickness 

(nm) 

Water contact angle 

(deg) 

OTMS 1.23 ± 0.06 106 ± 1 

OTCS* 1.18 ± 0.28 106 ± 3 

FTCS* 1.60 ± 0.06 112 ± 1 

FDMCS* 0.95 ± 0.05 108 ± 1 

APTES 1.10 ± 0.37 78 ± 2 

eBMPUS 2.71 ± 0.33 83 ± 1 

* Deposited from the vapor phase 

 

The SAMs deposited for the OTMS, OTCS, FTCS, and FDMCS were all within 1 Å of the 

expected thickness; however, SAMs of APTES and eBMPUS were on average 4 Å thicker than 

expected, suggesting the presence of aggregates or multilayers on the surface.  The water contact 

angles for all silanes studied were within reason for full coverage on a silica surface (cf. Table 3-
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1).  We calculated the initial fractional coverage () of silanes on the silica surfaces for OTMS, 

OTCS, FTCS, FDMCS, and eBMPUS using the Cassie-Baxter equation (Equation (4)),34 where 

the contact angles of the full coverage SAMs were approximated as 110 (for OTMS), 110 (OTCS), 

115 (FTCS), 115 (FDMCS), and 83 (eBMPUS) degrees with a contact angle of bare silica taken 

as 5 degrees. 

 𝑐𝑜𝑠 𝜃 = 𝜙1 𝑐𝑜𝑠 𝜃1 + 𝜙2 𝑐𝑜𝑠 𝜃2 (4) 

 Variations in fractional coverage were achieved on the surface by degrafting silane SAMs 

in a 0.1 M TBAF solution as a function of time.  The silane-coated substrates were lowered 

vertically into the solution in a stepwise fashion (5 mm increments, each for a different TBAF 

exposure time) to allow for measurements in uniform regions.  This method produced eight 5.0 

mm x 7.5 mm regions on the sample surface that had been exposed to the TBAF solution for 

varying times.  Previously, we have investigated the degrafting kinetics of alkyltrichlorosilanes, 

including n-octyltrichlorosilane (OTCS).26  The structure of OTCS and OTMS varies only in the 

chemistry of their binding domain.  Alkoxysilanes hydrolyze less readily than chlorosilanes and 

typically pack less densely on the surface.  However, with appropriate deposition conditions, 

SAMs with high coverage can be produced.  Figure 3-4 shows the comparison of the degrafting 

kinetics of OTCS and OTMS layers.  The OTMS SAM starts at a slightly lower fractional coverage 

due to the bulkiness of the alkoxy groups present before hydrolysis.  We observe a slight, initial 

decrease of ~5% in fractional coverage in both OTCS and OTMS.  Following this initial decrease, 

the degrafting rate is similar for both SAMs (cf. Table A-3-1).  The similarities in degrafting 

profiles suggest that the structure of OTCS and OTMS is analogous and that the kinetic of 

degrafting does not possess a strong dependence on the chemistry of the binding domain. 

 Silanes deposited from the solution tend to aggregate in the parent solution, which may 

result in non-uniform surface coverage and unstable SAMs.  Duchet et al. have shown that the 

deposition of alkylsilanes on silica depends on the solvent used.35  Lower grafting density of 

chlorosilanes results from deposition in toluene when compared to deposition in carbon 

tetrachloride.  Lower coverage resulted likely from the presence of the more polar toluene 

displacing surface-bound water and leading to the decreased accessibility of surface hydroxyls 

while promoting condensation in the bulk solution.  Carbon tetrachloride is less polar than water, 

thus leading to better solubility of the alkyl chain and less displacement of the surface-bound water.  
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By choosing the appropriate solvent deposition conditions, the grafting density of silanes on the 

surface can be comparable to or better than that of vapor phase deposition approaches. 

 

 

Figure 3-4.  Fractional coverage profiles of OTCS26 and OTMS (deposited from hexanes) from 

degrafting in 0.1 M TBAF in DMA as a function of temperature and incubation time.  Dashed lines 

show best fits to Equations (1)-(3). 

 

 Little (if any) work has compared the silane SAM structure between the vapor and solution 

deposition approaches.  By comparing degrafting profiles of alkylsilanes deposited from hexanes 

and the vapor phase, we provide insight into the effect of deposition medium of a given silane.  

The OTCS deposited from the vapor phase in this work exhibits a slightly lower WCA and 

thickness than our previous work when deposited from hexanes,26 but are still within an acceptable 

range for a monolayer coverage.  Figure 3-5 shows the degrafting profiles of vapor-deposited 

OTCS.  We observe a small, sharp initial decrease in fractional coverage, comparable to the hexane 

deposited OTCS.  However, we detect no plateau region, even at low temperatures, and the overall 

degrafting rate is faster.  These differences and fits from the model (cf. Table A-3-2) suggest that 

while the grafting density of silanes initially is similar, the network of siloxane bonds at the surface 

(on average fewer bonds per silane molecule) prepared from the vapor phase is less robust than 

that formed from hexane solutions. 
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Figure 3-5.  Fractional coverage profiles of OTCS (deposited from the vapor phase) from 

degrafting in 0.1 M TBAF in DMA as a function of temperature and incubation time.  Dashed lines 

show best fits to Equations (1)-(3). 

 

 Fluorinated silanes are commonly used to generate non-wetting, low friction surfaces with 

high thermal stability.  These silanes form well-ordered SAMs when deposited from the vapor 

phase.36  This process limits the deposition of aggregates formed in the initial silane solution due 

to their lower volatility.  Minimal multilayer formation occurs due to the larger van der Waals 

diameter of the fluorinated backbone (5.7 Å) compared to hydrocarbon backbones (4.4 Å).  This 

larger van der Waals diameter is a result of the helical conformation of fluorocarbon chains 37 and 

strongly influences the packing density of the SAM.  At this lower packing density, less 

condensation occurs between neighboring silanes, leading to fewer in-plane network bonds, thus 

favoring condensation with surface silanol groups.  Figure 3-6 plots the degrafting profiles for 

FTCS and FDMCS.  We detect a distinct initial plateau in the degrafting profile of FTCS, with it 

being less distinguishable at higher temperatures as the degrafting rate increases.  The degrafting 

model captures the kinetics of the FTCS well as there are few aggregates or multilayers on the 

surface that would lead to sharp decreases in fractional coverage.  Degrafting of the FDMCS 

follows a single exponential decay as FDMCS attaches to the substrate via a single bond, leading 

to a less robust SAM, as compared to FTCS, which can form in-plane siloxane networks. 



   

53 

 

 

Figure 3-6.  Fractional coverage profiles of FTCS and FDMCS from degrafting in 0.1 M TBAF 

in DMA as a function of temperature and incubation time.  Dashed lines show best fits to Equations 

(1)-(3). 

  

 Amine-functionalized silanes are used frequently for biological applications and for 

attaching species to the surface covalently or by charge-charge interactions.  Despite their heavy 

use during the past few decades, the best procedure leading to the controlled deposition of such 

molecules, to form a uniform and stable SAM, is still under debate.38,39  The difficulty in depositing 

amine-functionalized silanes arises from their amphiphilic nature that allows for electrostatic 

interactions between the amine functionality and surface hydroxyls and often gives rise to the 

formation of aggregates in solution and multilayers on surfaces.  One of the most commonly 

employed deposition methods of APTES uses anhydrous toluene as the solvent, followed by an 

annealing step in a closed container; this is the method we used for our investigation.  The non-

uniformity of the APTES SAMs resulted in the largest variance observed in the degrafting profiles 

(cf. Figure 3-7).  We detect an initial, large decrease in surface coverage due to the removal of 

aggregated structures and potential catalysis of the Si-O bond cleavage by the amine 

functionality.40,41 

 Brominated silanes, such as eBMPUS, are commonly used as initiators to grow polymer 

brushes from the surface by atom transfer radical polymerization.  Similar to OTCS and OTMS, 

the long alkyl backbone of eBMPUS allows for highly ordered SAMs to be deposited on the 

surface when aggregation in bulk solution is limited by having a low water content.  As a result, 
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the degrafting profiles for eBMPUS are comparable to alkyl silanes (cf. Figure 3-8) with only a 

small sharp decrease observed initially.  The eBMPUS degrafts less during the period studied. 

 

 

Figure 3-7.  Fractional coverage profiles of APTES (deposited from anhydrous toluene) from 

degrafting in 0.1 M TBAF in DMA as a function of temperature and incubation time.  Dashed lines 

show best fits to Equations (1)-(3). 

 

 

Figure 3-8.  Fractional coverage profiles of eBMPUS from degrafting in 0.1 M TBAF in DMA as 

a function of temperature and incubation time.  Dashed lines show best fits to Equations (1)-(3). 

 

 Previous work demonstrated that degrafting polymer brushes with TBAF can be used to 

determine the molecular weight of polymer brushes (in conjunction with size exclusion 
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chromatography)42 and can be used to pattern surfaces.27  The rate of degrafting of the brushes 

from the surface is not critical for these applications.  However, the stability of polymer brushes 

is more complex than that of small molecule SAMs due to their increased diffusion resistance and 

swelling behavior.  As the thickness of the polymer brush layer increases, the diffusion of species 

to the surface occurs on a longer time scale.  This increased diffusion time can result in more stable 

brush layers.  For polymer brush layers, it is important to consider the effect of solvent quality.  

When placed in a good solvent, the swelling allows for faster diffusion of species through the layer 

and increases the tension on the bonds in the brush and at the surface.  This increase in tension is 

more significant at high grafting densities and decreases the bond lifetime of the surface linkage,43 

making it more susceptible to cleavage.44  To gain an insight into the role of these factors on brush 

stability, we have examined the grafting density of brushes grown after degrafting of eBMPUS 

initiator layers and compared this to the grafting density of degrafted PMMA brushes (cf. Figure 

3-9). 

 

 

Figure 3-9.  Grafting density of PMMA brushes grown from eBMPUS gradient substrates 

degrafted at 50°C (black squares) and homogeneous PMMA brushes degrafted at 35 and 50°C. 

 

 Similar to the degrafting profile eBMPUS SAMs, PMMA brushes grown from degrafted 

eBMPUS layers exhibit an initial distinguishable plateau in grafting density followed by a gradual 

decrease in the grafting density.  In contrast, the degrafting of PMMA brushes, grown from a 

homogeneous initiator SAM, results in an initial sharp decrease in grafting density followed by a 
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rapid decrease in degrafting rate when degrafted at 50°C.  Similarly, PMMA brushes degrafted at 

35°C do not exhibit an initial delay in degrafting.  As the eBMPUS initiator layers were deposited 

by the same method for each of these cases, we conclude that the surface structure is similar to 

that of alkane-based silanes.  Thus, the differences in profiles arise from the presence of the 

polymer brush layer.  As the thickness of the brush layer increases the diffusion time of the TBAF 

to the surface increases, leading to an overall decrease in the degrafting rate.  However, this does 

not account for the rapid removal of polymer brushes from the surface and the change in the 

degrafting rate.  We propose that the rapid degrafting arises from the increased tension caused by 

the swelling of the polymer brush in a good solvent.  This increased tension may result in more 

rapid cleavage of the Si-O bonds at the surface by TBAF but will have less of an effect as 

degrafting proceeds due to the decreased grafting density. 

3.5 Conclusions 

 We have investigated the structure of silane SAMs on the surface by probing their 

degrafting kinetics in a solution of TBAF.  We detect little difference in the kinetics of the 

degrafting of OTMS when compared to OTCS despite its slower rate of hydrolysis and 

condensation with the surface.  This result implies that the siloxane networks formed with these 

silanes are similar, most likely due to their alignment on the surface by van der Waals forces 

between neighboring silane molecules before condensation.  When deposited from the vapor 

phase, alkylsilanes degraft faster than those deposited from solution, suggesting a lower crosslink 

density among neighboring silanes due to the limited condensation of silanes before attachment.  

The degrafting profiles of the fluorinated silanes examined show a significant plateau at short 

degrafting times, with no sharp decrease initially for the FTCS as has been previously observed 

for tri-functional alkylsilanes.  We propose that the lack of a sharp decrease in the degrafting 

profile is a result of the bulkiness of the fluorinated backbone preventing significant aggregation 

and limiting the size of the mogul-like structures formed on the surface.23  Degrafting of a silane-

based initiator for polymerization resulted in a similar degrafting profile to alkyl silanes and the 

subsequent growth of polymer brushes resulted in a comparable profile in grafting density.  

However, when polymer brushes were grown from a homogeneous initiator layer and then 

degrafted, the grafting density decreased sharply during the initial stages of degrafting due to the 

increased tension on the surface linkages caused by swelling of the brushes despite the increased 

diffusion barrier for the TBAF degrafting agent. 



   

57 

 

3.6 References 

(1)  Yanker, D. M.; Maurer, J. A. Direct Printing of Trichlorosilanes on Glass for Selective 

 Protein Adsorption and Cell Growth. Mol. Biosyst. 2008, 4, 502–504. 

(2)  Genzer, J.; Bhat, R. R. Surface-Bound Soft Matter Gradients. Langmuir 2008, 24, 2294–

 2317. 

(3)  Ulman, A. Formation and Structure of Self-Assembled Monolayers. Chem. Rev. 1996, 96, 

 1533–1554. 

(4)  Takahara, A.; Kojio, K.; Ge, S.; Kajiyama, T. Scanning Force Microscopic Studies of 

 Surface Structure and Protein Adsorption Behavior of Organosilane Monolayers. J. Vac. 

 Sci. Technol. A Vacuum, Surfaces, Film. 2002, 14, 1747–1754. 

(5)  Roberson, S. V.; Fahey, A. J.; Sehgal, A.; Karim, A. Multifunctional ToF-SIMS: 

 Combinatorial Mapping of Gradient Energy Substrates. Appl. Surf. Sci. 2002, 200, 150–

 164. 

(6)  Kennedy, S. B.; Washburn, N. R.; Simon Jr., C. G.; Amis, E. J. Combinatorial Screen of 

 the Effect of Surface Energy on Fibronectin-Mediated Osteoblast Adhesion, Spreading and 

 Proliferation. Biomaterials 2006, 27, 3817–3824. 

(7)  Vericat, C.; Vela, M. E.; Benitez, G.; Carro, P.; Salvarezza, R. C. Self-Assembled 

 Monolayers of Thiols and Dithiols on Gold: New Challenges for a Well-Known System. 

 Chem. Soc. Rev. 2010, 39, 1805–1834. 

(8)  Schreiber, F. Structure and Growth of Self-Assembling Monolayers. Prog. Surf. Sci. 2000, 

 65, 151–257. 

(9)  Iimura, K.; Nakajima, Y.; Kato, T. A Study on Structures and Formation Mechanisms of 

 Self-Assembled Monolayers of n-Alkyltrichlorosilanes Using Infrared Spectroscopy and 

 Atomic Force Microscopy. Thin Solid Films 2000, 379, 230–239. 

(10)  Popat, K. C.; Johnson, R. W.; Desai, T. A. Characterization of Vapor Deposited Thin Silane 

 Films on Silicon Substrates for Biomedical Microdevices. Surf. Coatings Technol. 2002, 

 154, 253–261. 

(11)  Wang, A.; Tang, H.; Cao, T.; Salley, S. O.; Ng, K. Y. S. In Vitro Stability Study of 

 Organosilane Self-Assemble Monolayers and Multilayers. J. Colloid Interface Sci. 2005, 

 291, 438–447. 



   

58 

 

(12)  Wei, M.; Bowman, R. S.; Wilson, J. L.; Morrow, N. R. Wetting Properties and Stability of 

 Silane-Treated Glass Exposed to Water, Air, and Oil. J. Colloid Interface Sci. 1993, 157, 

 154–159. 

(13)  Chandekar, A.; Sengupta, S. K.; Whitten, J. E. Thermal Stability of Thiol and Silane 

 Monolayers: A Comparative Study. Appl. Surf. Sci. 2010, 256, 2742–2749. 

(14)  Zhang, F.; Sautter, K.; Larsen, A. M.; Findley, D. A.; Davis, R. C.; Samha, H.; Linford, M. 

 R. Chemical Vapor Deposition of Three Aminosilanes on Silicon Dioxide: Surface 

 Characterization, Stability, Effects of Silane Concentration, and Cyanine Dye Adsorption. 

 Langmuir 2010, 26, 14648–14654. 

(15)  Marcinko, S.; Fadeev, A. Y. Hydrolytic Stability of Organic Monolayers Supported on 

 TiO2 and ZrO2. Langmuir 2004, 20, 2270–2273. 

(16)  Pujari, S. P.; Scheres, L.; Marcelis, A. T. M.; Zuilhof, H. Covalent Surface Modification 

 of Oxide Surfaces. Angew. Chemie - Int. Ed. 2014, 53, 6322–6356. 

(17)  Iwasa, J.; Kumazawa, K.; Aoyama, K.; Suzuki, H.; Norimoto, S.; Shimoaka, T.; Hasegawa, 

 T. In Situ Observation of a Self-Assembled Monolayer Formation of 

 Octadecyltrimethoxysilane on a Silicon Oxide Surface Using a High-Speed Atomic Force 

 Microscope. J. Phys. Chem. C 2016, 120, 2807–2813. 

(18)  Choi, S. H.; Newby, B. M. Z. Micrometer-Scaled Gradient Surfaces Generated Using 

 Contact Printing of Octadecyltrichlorosilane. Langmuir 2003, 19, 7427–7435. 

(19)  Li, S.; Zheng, Y.; Chen, C. AFM Investigation of Effect of Absorbed Water Layer 

 Structure on Growth Mechanism of Octadecyltrichlorosilane Self-Assembled Monolayer 

 on Oxidized Silicon. J. Chem. Phys. 2016, 144, 244709. 

(20)  Fang, J.; Knobler, C. M. Control of Density in Self-Assembled Organosilane Monolayers 

 by Langmuir-Blodgett Deposition. J. Phys. Chem. 1995, 99, 10425–10429. 

(21)  Bierbaum, K.; Grunze, M.; Baski, A. A.; Chi, L. F.; Schrepp, W.; Fuchs, H. Growth of 

 Self-Assembled n-Alkyltrichlorosilane Films on Si(100) Investigated by Atomic Force 

 Microscopy. Langmuir 1995, 11, 2143–2150. 

(22)  Smith, M. B.; Efimenko, K.; Fischer, D. A.; Lappi, S. E.; Kilpatrick, P. K.; Genzer, J. Study 

 of the Packing Density and Molecular Orientation of Bimolecular Self-Assembled 

 Monolayers of Aromatic and Aliphatic Organosilanes on Silica. Langmuir 2007, 23, 673–

 683. 



   

59 

 

(23)  Genzer, J.; Efimenko, K.; Fischer, D. A. Molecular Orientation and Grafting Density in 

 Semifluorinated Self-Assembled Monolayers of Mono-, Di-, and Trichloro Silanes on 

 Silica Substrates. Langmuir 2002, 18, 9307–9311. 

(24)  Booth, B. D.; Vilt, S. G.; Lewis, J. B.; Rivera, J. L.; Buehler, E. A.; McCabe, C.; Jennings, 

 G. K. Tribological Durability of Silane Monolayers on Silicon. Langmuir 2011, 27, 5909–

 5917. 

(25)  Booth, B. D.; Martin, N. J.; Buehler, E. A.; McCabe, C.; Jennings, G. K. Tribological 

 Characterization of Gradient Monolayer Films from Trichlorosilanes on Silicon. Colloids 

 Surfaces A Physicochem. Eng. Asp. 2012, 412, 57–63. 

(26)  Miles, J.; Schlenker, S.; Ko, Y.; Patil, R.; Rao, B. M.; Genzer, J. Design and Fabrication 

 of Wettability Gradients with Tunable Profiles through Degrafting Organosilane Layers 

 from Silica Surfaces by Tetrabutylammonium Fluoride. Langmuir 2017, 33, 14556–14564. 

(27)  Patil, R.; Kiserow, D.; Genzer, J. Creating Surface Patterns of Polymer Brushes by 

 Degrafting via Tetrabutyl Ammonium Fluoride. RSC Adv. 2015, 5, 86120–86125. 

(28)  Matyjaszewski, K.; Miller, P. J.; Shukla, N.; Immaraporn, B.; Gelman, A.; Luokala, B. B.; 

 Siclovan, T. M.; Kickelbick, G.; Vallant, T.; Hoffmann, H.; Pakula, T. Polymers at 

 Interfaces: Using Atom Transfer Radical Polymerization in the Controlled Growth of 

 Homopolymers and Block Copolymers from Silicon Surfaces in the Absence of Untethered 

 Sacrificial Initiator. Macromolecules 1999, 32, 8716–8724. 

(29)  Stevens, M. J. Thoughts on the Structure of Alkylsilane Monolayers. Langmuir 1999, 15, 

 2773–2778. 

(30)  Naik, V. V.; Crobu, M.; Venkataraman, N. V.; Spencer, N. D. Multiple Transmission-

 Reflection IR Spectroscopy Shows That Surface Hydroxyls Play Only a Minor Role in 

 Alkylsilane Monolayer Formation on Silica. J. Phys. Chem. Lett. 2013, 4, 2745–2751. 

(31)  Onclin, S.; Ravoo, B. J.; Reinhoudt, D. N. Engineering Silicon Oxide Surfaces Using Self-

 Assembled Monolayers. Angew. Chemie Int. Ed. 2005, 44, 6282–6304. 

(32)  Naik, V. V.; Vasudevan, S. Effect of Alkyl Chain Arrangement on Conformation and 

 Dynamics in a Surfactant Intercalated Layered Double Hydroxide: Spectroscopic 

 Measurements and MD Simulations. J. Phys. Chem. C 2011, 115, 8221–8232. 

(33)  Naik, V. V.; Städler, R.; Spencer, N. D. Effect of Leaving Group on the Structures of 

 Alkylsilane SAMs. Langmuir 2014, 30, 14824–14831. 



   

60 

 

(34)  Cassie, A. B. D.; Baxter, S. Wettability of Porous Surfaces. Trans. Faraday Soc. 1944, 40, 

 546–551. 

(35)  Duchet, J.; Chabert, B.; Chapel, J. P.; Gérard, J. F.; Chovelon, J. M.; Jaffrezic-Renault, N. 

 Influence of the Deposition Process on the Structure of Grafted Alkylsilane Layers. 

 Langmuir 1997, 13, 2271–2278. 

(36)  Genzer, J.; Efimenko, K.; Fischer, D. A. Formation Mechanisms and Properties of 

 Semifluorinated Molecular Gradients on Silica Surfaces. Langmuir 2006, 22, 8532–8541. 

(37)  Bunn, C. W.; Howells, E. R. Structures of Molecules and Crystals of Fluorocarbons. 

 Nature 1954, 174, 549–551. 

(38)  Yadav, A. R.; Sriram, R.; Carter, J. A.; Miller, B. L. Comparative Study of Solution–Phase 

 and Vapor–Phase Deposition of Aminosilanes on Silicon Dioxide Surfaces. Mater. Sci. 

 Eng. C 2014, 35, 283–290. 

(39)  Pasternack, R. M.; Amy, S. R.; Chabal, Y. J. Attachment of 3-

 (Aminopropyl)Triethoxysilane on Silicon Oxide Surfaces: Dependence on Solution 

 Temperature. Langmuir 2008, 24, 12963–12971. 

(40)  Smith, E. A.; Chen, W. How To Prevent the Loss of Surface Functionality Derived from 

 Aminosilanes. Langmuir 2008, 24, 12405–12409. 

(41)  Aissaoui, N.; Bergaoui, L.; Landoulsi, J.; Lambert, J.-F.; Boujday, S. Silane Layers on 

 Silicon Surfaces: Mechanism of Interaction, Stability, and Influence on Protein 

 Adsorption. Langmuir 2012, 28, 656–665. 

(42)  Patil, R. R.; Turgman-Cohen, S.; Šrogl, J.; Kiserow, D.; Genzer, J. Direct Measurement of 

 Molecular Weight and Grafting Density by Controlled and Quantitative Degrafting of 

 Surface-Anchored Poly(Methyl Methacrylate). ACS Macro Lett. 2015, 4, 251–254. 

(43)  Sheiko, S. S.; Panyukov, S.; Rubinstein, M. Bond Tension in Tethered Macromolecules. 

 Macromolecules 2011, 44, 4520–4529. 

(44)  Wang, J.; Klok, H.-A. Swelling-Induced Chain Stretching Enhances Hydrolytic Degrafting 

 of Hydrophobic Polymer Brushes in Organic Media. Angew. Chemie Int. Ed. 2019, 58, 

 9989–9993. 

  



   

61 

 

Chapter 4: Covalent Attachment of Elastin-like Polypeptides to Silica Surfaces 

4.1 Introduction 

 Non-specific protein adsorption is not a well-understood phenomenon, despite extensive 

research.  Some of the factors that influence protein adsorption include solvent-protein 

interactions, solvent-surface interactions, and surface-protein interactions.  Surface 

hydrophobicity plays a significant role in the adsorption of species.1 Many surfaces possess a 

hydrophobic character which can lead to the simultaneous dehydration of the hydrophobic 

domains of a species in solution, resulting in energetically favorable adsorption.  Further, when 

the protein contains a significant amount of hydrophobic amino acids (i.e., alanine, valine, leucine, 

isoleucine, phenylalanine, tryptophan, and methionine), the ability for it to adsorb onto 

hydrophobic surfaces increases.  The driving force for adsorption is the decreased thermodynamic 

stability of the proteins in aqueous solutions accompanied by their tendency to populate surfaces.  

The stability of proteins on the surface after adsorption is not strongly affected by the 

hydrophobicity of the surface when a species with a more favorable surface interaction is present.2 

The hydrophobicity of the surface is not the only factor that has a large influence on surface-protein 

interactions.  Other factors include van der Waals forces, electrostatic interactions, and hydrogen 

bonding.3 However, adjusting temperature or ionic strength shields these factors to some extent. 

 

 

Figure 4-1.  Typical factors important for protein adsorption.3 
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 Covalent grafting of polymers onto surfaces is a relatively mature area.  Studies examining 

the interactions of polypeptides and proteins with surfaces focus mainly on physical adsorption, 

however.4,5 Modifying surfaces by employing physical adsorption alone suffers from many 

drawbacks such as low stability and non-uniform coverage of the coatings.  However, covalent 

linking is not possible on all substrates, and the non-site specific interactions with the surface may 

still have significant, undesired effects on the assembly of proteins onto surfaces and their function.  

 Site-specific adsorption of proteins onto surfaces typically uses carbodiimide chemistry to 

bind primary amines to carboxyl groups on the surface.  Often 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) reacts with the carboxyl groups to form an amine-

reactive intermediate. The presence of n-hydroxysuccinimide (NHS) stabilizes the intermediate 

formed by EDC.  This method is efficient for the binding of amine groups to the surface, but the 

chemistry may result in undesired effects on more reactive surfaces or proteins.  Functionalizing a 

surface with anhydride groups may allow for site-specific adsorption of proteins onto the surface 

through cyclic anhydride reactions without the addition of other species.  These reactions involve 

two steps.  The first reversible step is the anhydride ring opening to form amic acid.  The second 

step is the ring closure and water elimination.  Anhydrides can undergo competing hydrolysis 

reactions which are fully reversible but result in a reduced reaction rate; typically the system can 

be driven to the closed anhydride by annealing at 120C.6 

 

 

Figure 4-2.  Reaction pathway of succinic anhydride with primary amines. 
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 Additionally, functionalizing a surface with epoxides can allow for covalent attachment of 

amines.  Epoxide ring-opening reactions with amines proceed by an SN2 mechanism to generate 

β-amino alcohol.7 These reactions are typically acid- or base-catalyzed, and these conditions can 

result in undesired modification of the surfaces' chemical and physical properties.  Water is also 

able to react with epoxides via a nucleophilic addition, leading to competition for reactive sites 

between the desired amine and the solvent.  However, an efficient reaction of epoxides with amines 

in water, at neutral pH values, is possible due to the high nucleophilic strength of amines relative 

to water.8 

 Recently, there has been a growing interest in the development of polymers for surface-

mediated drug delivery or regenerative medicine in which the response of a “smart” material can 

trigger cellular adhesion and release from a surface.9–11 Studies on stimuli-responsive surfaces 

have mostly employed copolymer brushes tethered to a substrate. Interactions with the substrate 

and free surfaces influence the film morphology and nanostructure orientation.12 The proliferation 

of ‘click’ reactions, such as the anhydride-amine reaction, has provided highly efficient orthogonal 

coupling chemistries, which have allowed for the fabrication of well-defined copolymers and their 

attachment onto surfaces.13 Of recent interest is the use of smart biopolymers for these applications 

to enhance biocompatibility and function, with one of the most promising candidates being an 

elastin-like polypeptide (ELP). 

 Elastin is a structural extracellular matrix protein that is present in all vertebrate connective 

tissue and provides elasticity and resilience to tissues.  Recombinantly synthesized elastin-like 

polypeptides consist of the repeat unit of amino acids (Val-Pro-Gly-Xaa-Gly).  The well-defined 

sequence of amino acids in the structure of ELPs results in high biocompatibility and their ability 

to undergo a temperature-dependent, reversible self-aggregation (an inverse phase transition).14 

When below the transition temperature (Tt), the ELPs are soluble in solution, and as the 

temperature increases past the transition temperature, they are no longer soluble and form 

aggregates.15 The Tt is a function of the solvent composition, ionic strength, ELP concentration, 

chain length, and the guest residues present.16–19 Further, the hydrophobicity of the amino acid in 

the Xaa position has a strong influence on the Tt of the ELP, with more hydrophobic amino acids 

exhibiting a lower Tt and its increase with increasing polarity.15 The change in Tt is due to 

hydrophobic molecules forming assemblies which minimize the organic-water interface.4 
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Figure 4-3.  An elastin-like polypeptide repeat unit with a sequence of VPGVG. 

 

 The elastin blocks, which contain hydrophobic amino acids in the Xaa position, typically 

valine, have a propensity to adopt random coil, type II β-turn, or β-strand conformations.  A 

conformational transition from random coils to repetitive type II β-turns and β-strands occurs at 

the Tt.
20–22 Conformational changes in ELPs are most likely a consequence of hydrophobic 

interactions that are driven by positive entropies of dehydration.23 When a charged amino acid is 

in the Xaa position, the blocks maintain a random coil formation over a physiologic temperature 

range. ELPs with two distinct blocks (diblock ELPs) exhibit two transition temperatures.  These 

varying transition temperatures are a result of the hydrophobicity of each block and cause the 

diblock ELP to pass through a micellar stage before completely collapsing.24,25 Non-covalent 

interactions stabilize thermodynamically different morphologies through non-covalent 

interactions; however, varying the ELP sequence and solution properties can alter their reversible 

changes in morphology. The morphology changes are not known to be irreversible without the 

addition of a cross-linker or the use of cosolvents.26 

 Costa et al. have shown that adsorption of ELPs, featuring a cell adhesion sequence and 

with most guest residues being lysine, onto glass substrates (WCA of approximately 30 degrees) 

exhibits a large variation in wettability when measured below and above their Tt.
27  The Tt of the 

ELP when adsorbed onto the surface increased from a bulk value of 32 °C to close to 50 °C. The 

measured water contact angles at 25 °C and 50 °C were reported to be ~70 and ~5° respectively.  

Reordering of the ELPs on the surface, exposing hydrophilic amino acids to the solution, and an 

increase in surface roughness is believed to cause this significant change in wettability. 

 Di-block ELPs adsorbed on hydroxyl functionalized silica below their transition 

temperatures, with and without a silica binding domain, exhibit stimuli-responsive behavior upon 

heating.28 Upon heating the contact angle of captive air bubbles on these ELP functionalized 

surfaces increased from 30° to 40 and 50° at the two distinct bulk transition temperatures of the di-
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block ELP. ELP di-blocks deposited above one of their transition temperatures, in a micellar state, 

exhibit no stimuli-responsive behavior. 

 Recently, Costa et al. has investigated the adsorption of hydrophobic and amphiphilic ELPs 

onto SAMs of alkanethiols on gold with terminal groups of -CH3, -OH, -COOH, and -NH2.
29 

Hydrophobic ELPs adsorbed with a higher affinity to all surfaces studied than the amphiphilic 

ELP and showed little to no mass loss during rinsing of the substrate. Adsorption of the 

amphiphilic ELP in a micellar state was rapid, suggesting that it is a kinetically driven process 

when compared to that of the hydrophobic ELP adsorbing by a thermodynamically controlled 

process involving rearrangement on the surface.  Importantly, the desorption of these ELPs upon 

rinsing showed large differences, such that the hydrophobic ELP had relatively no change in the 

adsorbed amount and the amphiphilic ELP showed significant desorption.  However, this 

desorption of the micellar amphiphilic ELPs was limited to the outer layer of micelles which 

weakly bonds to the more strongly bound aggregate layer that is dictated by ELP-SAM 

interactions. 

 In this work, we investigate the possibility of covalently attaching ELPs with various 

sequences to substrates using anhydride or epoxide coupling reactions.  The non-site specific 

adsorption of ELPs to surfaces competes with covalent attachment and results in undesired 

morphology and inhibits the stimuli-responsive behavior of the ELP. Surfaces with both 

homogeneous and heterogeneous coverages of hydrophobic domains result in strong adsorption of 

ELPs with varying morphologies.  Further, we discuss how the deposition of ELPs onto silane 

functionalized surfaces terminated by anhydride or epoxide groups results in similar film 

thicknesses as those of inert hydrophobic surfaces and show no stimuli-responsive behavior. 

4.2 Methods 

 All chemicals were purchased from Sigma-Aldrich and used without further purification 

unless otherwise specified.  Deionized water was obtained using Millipore Elix 3.  Silicon wafers 

(p-doped, orientation <100>) were purchased from Silicon Valley Microelectronics.  n-

octyltrichlorosilane, n-octadecyltrichlorosilane, (3-triethoxysilyl)propylsuccinic anhydride, and 

(3-glycidoxypropyl)trimethoxysilane were purchased from Gelest. All elastin-like peptides were 

fabricated by recombinant synthesis and purified by inverse transition cycling by the Chilkoti 

group at Duke University.30 
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4.2.1 Elastin-like Polypeptide Depositions 

 Elastin-like polypeptide solutions were prepared by suspending ELPs in either phosphate-

buffered saline (PBS), pH 7.4, or dimethylacetamide (DMA).  An appropriate amount of the 

desired ELP was dissolved in 5 mL of filtered PBS or DMA.  This solution was this stirred with a 

vortex mixer for 1 min and centrifuged at 13,000 rpm.  This mixing procedure was repeated three 

times before the solution being divided into 1 mL aliquots.  The aliquots were then frozen until 

required for use, where they were thawed at room temperature and diluted to a total solution 

volume of 10 mL with the appropriate solvent to achieve a final concentration of 25 µM. ELPs 

were deposited onto substrates by first equilibrating the ELP solution at the desired temperature in 

an oil bath with light stirring followed by incubation of the substrate for 12 hours. The substrate 

was then removed, sonicated in DI water for 30 minutes, and dried under a stream of nitrogen to 

remove any unbound ELPs from the surface. 

4.2.2 Wettability Gradients 

 A monolayer of n-octyltrichlorosilane (OTCS) was deposited on a flat silicon substrate (45 

mm x 10mm).  The substrates were cleaned by rinsing with toluene followed by sonication in 

toluene for 1 min.  Subsequently, the substrates were rinsed with methanol and acetone and dried 

under a stream of nitrogen gas.  The silicon wafers were then placed in an ultraviolet-ozone (UVO, 

Model 42, Jelight Co.) chamber for 20 minutes to generate free hydroxyl (-OH) groups at the 

surface.  The silane solutions were prepared by adding 200 µL of OTCS to 20 mL of anhydrous 

toluene in a scintillation vial.  UVO treated silicon wafers were placed into the vial, backfilled 

with nitrogen, and were sealed.  Substrates were incubated in OTCS solutions for 33 minutes.  

After the deposition was complete, the substrates were rinsed with toluene and sonicated in toluene 

for 30 seconds followed by rinsing with methanol and DI water before drying under a nitrogen 

stream. 

 Wettability gradients were fabricated by progressively dipping OTCS functionalized 

substrates into a tetrabutylammonium fluoride (TBAF) solution.  Solutions of 0.1M TBAF were 

made by adding 3 mL of 1 M TBAF in tetrahydrofuran (THF) to 27 mL of THF in a glass jar to 

reach a final solution concentration of 0.1 M in TBAF.  The solutions were heated to 50 °C in an 

oil bath.  OTCS-functionalized substrates were progressively dipped into the TBAF solution using 

a KSV NIMA Single Vessel Dip Coater.  The substrates were dipped in 5 mm steps at a rate of 

100 mm/min.  After each 5 mm step the sample was held at that position to vary the degrafting 
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time; the degrafting times for each region on the substrate were in increments of 25 min to a 

maximum time of 200 min. 

4.2.3 Non-uniform Silane Deposition 

 Non-uniform layers of OTCS were deposited onto flat silicon substrates by spin coating.  

The substrates were cleaned and UVO-treated, as mentioned previously.  The OTCS solution was 

prepared by adding OTCS to trichloroethylene to achieve a final concentration of 3 mM. The UVO 

treaded silicon was placed on the spin coater, and enough of the OTCS solution was placed on the 

substrate to completely cover the surface and allowed to sit for 20 seconds.  The spin coating was 

then performed at 3,000 rpm for 20 seconds, followed by rinsing the substrate with methanol and 

drying with a stream of nitrogen.  This procedure was repeated three times to achieve high 

coverage of OTCS before curing the substrate at 135°C for 1 hour. 

4.2.4 Characterization 

 The thicknesses of thin films were determined using variable angle spectroscopic 

ellipsometry (VASE, J.A. Woollam Co.) at a 70° angle of incidence.  The layer thickness was 

obtained by fitting the ellipsometry data using a 3-layer model with a 1 mm silicon layer, a 15 Å 

SiOx layer, and a “Cauchy” layer with a refractive index of 1.45.  The static water contact angle 

was measured using a contact angle goniometer (Model 100-00, Ramé Hart).  All measurements 

were made using DI water as the probing liquid (3-5 µL in volume) deposited as drops from a 

syringe.  For each WCA measurement, the drop was lowered onto the substrate, and the angle 

recorded within 5 seconds.  The water contact angle measurements were performed under 

atmospheric conditions at 40-60% humidity.  Advancing and receding contact angle measurements 

were measured by adding and removing water from the drop, contact angles were determined by 

when the base area first increased or decreased, respectively (Model 1000B, First Ten Angstroms).  

AFM measurements were performed on an Asylum Research MFP-3D AFM with an Asylum 

Research AC160TS-R3 cantilever in tapping mode. 

4.3 Results and Discussion 

 Covalent attachment of elastin-like polypeptides onto surfaces can be employed to generate 

biocompatible and stimuli-responsive coatings.  Tailoring of surface chemistry is necessary to bind 

the terminal group of the ELP, while non-specific interactions between the protein backbone and 

the surface must be controlled to limit non-specific adsorption of the ELP.  Significant protein 
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adsorption on short-time scales can limit protein adsorption due to steric hindrance; whereas, 

adsorption after covalent attachment can inhibit the coating's response to stimuli.  In this study, 

silane functionalized surfaces are being used to investigate the influence of wettability and 

morphology on the non-specific adsorption of ELPs.  Table 4-1 summarizes the sequences and 

transition temperatures of ELPs used in this study, and notations of the di-blocks are such that 

either the N terminus or C terminus collapse at the lower of the two transition temperatures. 

 

Table 4-1.  Summary of ELP sequences and transition temperatures.  All values reported as 

measured with an ELP concentration of 25 µM in PBS buffer (pH 7.4). 

Surface Sequence Tt (°C) 

Homopolymer (VPGVG)80 32 

N-Diblock N-(VPGVG)40-(VPGSG)40-C 50, 65 

C-Diblock N-(VPGSG)40-(VPGVG)40-C 53, 62 

Alternating N-(VPGSGVPGVG)40-C 50 

Blocky-10 N-[(VPGSG)10-(VPGVG)10]4-C 48 

 

 Wettability gradients were fabricated by the degrafting of OTCS as described previously.  

These substrates were then incubated in 25 µM ELP solutions in PBS (pH 7.4) for 12 hours.  After 

incubation, the substrates were rinsed thoroughly and sonicated in DI water.  The WCA of these 

surfaces after incubation varied from 70º to 80º while the thickness of the film, silane, and ELP, 

varied from 2.2 to 3.9 nm in the direction of increasing hydrophobicity as can be seen in Figure 

4-4.  Incubation of these substrates in a 1.57 M solution of guanidine hydrochloride (GuHCl) in 

DI water under light agitation resulted in further removal of ELPs from the surface.  The removal 

may have resulted from the disruption of weak protein-protein and protein-surface interactions for 

more favorable protein-GuHCl interactions (due to hydrogen bonding).  More ELP desorbed from 

the surface during the GuHCl incubation on the hydrophilic regions of the substrate; this suggests 

either weaker or less numerous interactions between the ELP and the substrate. 
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Figure 4-4.  Adsorption of ELPs on gradients of OTCS results in wettability and thickness 

changes. 

  

 Figure 4-5 depicts AFM micrographs demonstrating morphology changes after ELP 

adsorption.  OTCS-functionalized substrates with adsorbed ELPs exhibit small aggregates and 

holes.  Incubation in GuHCl results in smoothing of the morphology.  However, a similar 

distribution of holes and aggregates exists both before and after this incubation, implying that these 

features result, at least partially, from the structure of the underlying silane monolayer.  The 

frequency of these features increases as the area coverage of the silane increases.  This similarity 

is more apparent in the phase images (Figure 4-6).  The phase shift and feature size observed are 

similar for both the hole and aggregates seen on these surfaces, suggesting that the source of these 

features is the same.  As discussed previously these features may be areas with a high density of 

silane or large silane aggregates on the surface. 
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Figure 4-5.  AFM height images of adsorption of ELP on OTCS functionalized substrate after 

degrafting for 25, 75, 125, 150, and 175 minutes.  A) OTCS degrafting B) ELP deposition C) 

Incubation in GuHCl solution.  All scale bars are 500 nm. 
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Figure 4-6.  AFM phase images of adsorption of ELP on OTCS functionalized substrate after 

degrafting for 25, 75, 125, 150, and 175 minutes.  A) OTCS degrafting B) ELP deposition C) 

Incubation in GuHCl solution.  All scale bars are 500 nm. 

 

 Non-homogeneous silane SAMs were formed by spin coating n-octadecyltrichlorosilane 

(ODTCS) from trichloroethylene to investigate the effects of SAM morphology on ELP 

adsorption.  Relatively high surface coverage of ODTCS with little multilayer formation was 

achieved by this method as determined by a WCA of 96º and thickness of 2.9 nm as measured by 

ellipsometry.  Examination of the surface by AFM reveals large island morphologies on the 

surface; these consist of smaller ODTCS features with a lateral size of ~40 nm as can be seen in 

Figure 4-7.  ELP adsorption onto these surfaces results in relative preservation of these 

morphologies; however, there are some significant differences. 
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Figure 4-7.  AFM height images of partial ODTCS layers formed by spin coating A) before and 

B) after ELP adsorption. 

 

The thickness of the film on the surface increased to 8.5 nm, which corresponds to ~5.6 nm of 

protein adsorbed.  Typically, ELP adsorption thicknesses have been ~3 nm.  The slight increase in 

thickness here may be a result of the non-uniformity of the substrate and the increased hydrophobic 

character of the ODTCS.  Ring structures appear on the surface with an inner diameter of ~40 nm, 

consistent with the ODTCS features seen before ELP adsorption.  These structures may be forming 

due to the stabilization of ELPs by hydrophobic interactions with the long alkyl chains of ODTCS.  

The height of these ring structures is found to be 2-3 nm which is consistent with the thickness of 

adsorbed ELP layers found previously. 

 Functionalization of hydroxylated silicon wafers with 3-(triethoxysilyl) propylsuccinic 

anhydride (TESPSA) resulted in anhydride functionality exhibiting a WCA of ~55º.  Some 
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variance exists in this measurement due to the hydrolysis of the anhydride when exposed to 

atmospheric water.  This functionalization with anhydrides allows for the covalent attachment of 

species containing primary amines to the surface.  TESPSA-functionalized surfaces were 

incubated in a cysteamine solution to demonstrate their reactivity.  Figure 4-8 displays the XPS 

spectra of these surfaces both before and after incubation.  Before incubation the C 1s region shows 

a distinct peak at ~289 eV corresponding to –COO; after incubation, a peak appears at ~288 eV 

depicting the presence of imides.  After incubation, nitrogen is present in the samples. 

 

 

Figure 4-8.  XPS spectra of TESPSA functionalized silicon wafers in the C 1s and N 1s regions 

A) after deposition and B) after reaction with cysteamine. 

  

 Reactivity of the surface toward primary amines can allow for the covalent attachment of 

ELPs.  Incubation in a 25 µM ELP solution in PBS resulted in the surfaces shown in Figure 4-9.  

Circular structures are visible in the phase images, and the dimensions are similar to those seen for 
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ELP adsorption on OTCS functionalized surfaces. The thickness of the ELPs on these surfaces 

was measured to be between 2-4 nm, which is consistent with that seen for the adsorption studies. 

 

 

Figure 4-9.  AFM A) height and B) phase images of TESPSA functionalized surfaces after 

incubation in the ELP solution. 

 

Similar morphologies and thicknesses of the ELP layers on anhydride functionalized surfaces 

indicate that there may be a significant amount of physical adsorption occurring.  As ELPs adsorb 

onto the surface, they prevent covalent attachment due to steric hindrance.  The WCA should 

decrease when measured above the transition temperature due to a collapse of the ELPs on the 

surface.  We have measured the contact angle both above and below the transition temperature and 

detect no decrease in the WCA, implying that there are significant interactions between the ELP 

and the substrate.  The morphology of the surface would need to be examined in liquid cell AFM 

both below and above the transition temperature to verify if there is a morphology change. 

 The sequence of the ELP was varied to be alternating or to have various degrees of 

blockiness by introducing a second ELP sequence with the guest residue being serine.  Changing 

the residue from valine to a serine increases the hydrophilicity of the ELP, increasing transition 

temperature.  Incubation of anhydride functionalized surfaces in solutions of ELPs at 55°C resulted 

in the morphologies depicted in Figure 4-10. 



   

75 

 

 

Figure 4-10.  AFM micrographs of anhydride functionalized surfaces incubated in A) 

homopolymer, B) N-diblock, C) C-diblock, D) alternating, or E) blocky-10 ELP solutions in PBS 

at 55 °C. 

 

 When comparing the morphologies of the hydrophobic ELP homopolymer to that of the 

two diblock ELPs the feature size is slightly larger for the homopolymer ELP, leading to an 

increase in roughness of the surface.  The formation of ring structures on the N-diblock ELP 

functionalized surface is more pronounced than on the C-diblock ELP functionalized surface.  The 

C-diblock ELP exhibiting the N-terminus on its soluble block can explain this difference, allowing 

it to more easily react with the surface epoxide groups; whereas, the N-diblock ELP would favor 

physically adsorbing as the rate of reaction with the surface would be lower due to the hindrance 

around the N-terminus. 

 To overcome the rapid hydrolysis of anhydrides, which can limit their reactivity and lead 

to hydrogen bonding between the surface and the ELP, we have investigated the attachment of 

ELPs to layers of GPTMS.  GPTMS features a glycidyl ether which can readily react with primary 

amines in water to form β-amino alcohols (cf. Figure 4-11).31  
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Figure 4-11.  The reaction of GPTMS with a primary amine to form β-amino alcohol. 

 

For this system, the formation of β-amino alcohols is complicated by the hydrolysis of the epoxide 

to form a diol product.  Hydrolysis of epoxides undergoes an acid-catalyzed mechanism at low 

pH32 and a base-catalyzed mechanism at high pH.33 Thus, it is important to control the pH of the 

reaction medium as the nucleophilic strength of amines is much higher than that of water; however, 

the nucleophilic strength of protonated amines (pH < pKa) is negligible, and the reaction will not 

occur to a significant extent.8  

 

Table 4-2.  Water contact angle and thickness of modified GPTMS layers. 

Surface Treatment pKa WCA (deg) Thickness (nm) 

GPTMS  53 0.75 

PBS (RT)  29 0.99 

PBS (75°C)  20 0.79 

Propylamine (RT) 10.7 13 0.62 

Propylamine (75°C) 10.7 46 * 

Aniline (RT) 4.6 63 1.60 

Aniline (75°C) 4.6 51 1.50 

ELP (RT) 8 62 2.03 

ELP (55°C) 8 71 3.24 
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 We examined the change in water contact angle and thickness of GPTMS layers after 

exposure to PBS buffer (pH 7.4), propylamine, aniline, and ELP solutions at ambient and elevated 

temperatures (cf. Table 4-2).  Initially, AFM height scans of the GPTMS monolayer show a 

relatively uniform morphology with few aggregates on the surface (cf. Figure 4-12).  When 

exposed to PBS buffer the contact angle of the surface decreased, and the thickness remained 

relatively unchanged, with a slight increase under ambient conditions most likely due to salt 

crashing out of solution onto the surface.  When the layers were exposed to propylamine the 

contact angle and thickness decreased dramatically.  As propylamine has a pKa of 10.7 it is 

protonated when dissolved in the PBS buffer, so little reaction with epoxide is expected.  The 

change in contact angle and thickness mostly results from etching of the GPTMS and underlying 

silica layer.  Upon exposure to an aniline solution the water contact angle and thickness increase 

as the aniline is not protonated in PBS buffer, favoring reaction of the amine with the epoxide. 

 Incubating the GPTMS films in ELP solutions at ambient conditions and 55°C resulted in 

increased contact angles and thicknesses as would be expected for the addition of the peptide layer.  

When exposed to ambient conditions, the changes were less dramatic, suggesting a smaller amount 

of peptide attached to the surface.  AFM scans of these surfaces depict features with a lateral 

dimension of approximately 40 nm for both deposition conditions when measured in the dry state 

(cf. Figure 12).  However, the density of these features is greater when the ELP is deposited at 

55°C.  This increased surface density is most likely a result of the ELPs being collapsed above 

their LCST allowing for more efficient packing on the surface. 

 

 

Figure 4-12.  AFM micrographs of A) GPTMS functionalized surface, B) surface after deposition 

of homopolymer ELP at 23°C, and C) surface after deposition of homopolymer ELP at 55°C. 
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 Attachment of ELPs to GPTMS functionalized surfaces resulted in more uniform coverage 

when compared to that of anhydride functionalized surfaces; however, it is difficult to determine 

why this is the case.  No ring structures are observed on GPTMS-ELP functionalized surfaces, 

suggesting that the initial silane layers are more uniform with few aggregates present.  The similar 

feature sizes observed between the two deposition conditions may be a result of ELP collapse after 

adsorption, in the case of room temperature deposition, due to an increase in local concentration 

significantly decreasing the Tt.  This potentially irreversible collapse of ELPs during deposition is 

detrimental for generating a stimuli-responsive surface.  Incubation and sonication of these 

samples in cold water and DMA resulted in an insignificant change in the thickness and 

morphology of the ELP layer when compared to that of after the initial rinsing. 

 

Table 4-3.  The thickness of GPTMS-ELP modified surfaces. 

Surface Deposition pH Thickness (nm) 

Homopolymer 7.2 3.1 

Homopolymer 9.2 2.6 

N-Diblock 7.2 2.9 

C-Diblock 7.2 1.0 

 

 We have examined the change in the wettability of our ELP functionalized surfaces to 

check for their stimuli-responsive behavior upon heating.  The surface contact angles were 

measured at saturation humidity to minimize drop evaporation, and a PNIPAM brush 

functionalized surface was measured as a control (cf. Figure 4-13).  The deposition occurred below 

the transition temperatures of each ELP (thickness values reported in Table 4-3), and a wide 

temperature range was examined to attempt to account for an increase in Tt due to surface affinity 

effects.  The control PNIPAM brush exhibited a strong response when heated above its LCST 

(32°C), with the surface becoming more hydrophobic.  The diblock ELP functionalized surfaces 

showed no change in wettability upon heating past their transition temperatures, suggesting little 

to no morphological change of the adsorbed diblock ELPs.  Multiple factors, such as the ELPs 

high affinity to the underlying SAM or due to an irreversible collapse of the ELP, can explain the 

lack of response.  In comparison, the homopolymer ELPs show a decrease in wettability upon 
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heating, but no sharp shift in wettability occurs.  The lack of a sharp transition could result from 

hydrophobic interactions between the ELP and the SAM. 

 

 

Figure 4-13.  Water contact angles of GPTMS-ELP and PNIPAM modified surfaces as a function 

of temperature. 

 

4.4 Conclusions 

 It is important to control both the availability of binding domains and the non-site-specific 

interactions to successfully achieve chemical grafting onto a surface.  Wettability gradients were 

used to examine the adsorption of ELPs on the surface.  The ELPs readily adsorb and form stable 

films on hydrophobic surfaces.  Incubation of these films in the presence of a strong denaturant, 

GuHCl, allowed for partial removal of proteins from the surface.  This removal was observed to a 

greater extent when the underlying substrate was less hydrophobic.  We attempted to graft ELPs 

onto hard substrates covalently using anhydride-amine coupling chemistry.  The reaction of 

TESPSA with cysteamine confirmed the reactivity of anhydrides on the surface with primary 

amines.  TESPSA functionalized surfaces incubated in ELP solutions exhibited similar thickness 
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increases and morphology as that of adsorption on hydrophobic surfaces.  The morphology of these 

ELP layers contained ring structures that were prevalent when ELPs adsorbed onto heterogeneous 

silane SAMs. 

 To overcome the non-uniformity in the ELP layers, we investigated the use of a silane 

featuring a glycidyl ether to attach ELPs to the surface.  These epoxide groups are reactive with 

non-protonated amines and have the potential to covalently attach the peptides to the surface while 

also resulting in more uniform coverage of the ELP layer and the underlying SAM.  The GPTMS 

functionalized surfaces exhibited more uniform surface coverage with similar feature sizes 

observed for homopolymer ELPs deposited below and above their Tt.  The density of distinct 

features observed was higher for ELPs deposited above their Tt.  Diblock ELP functionalized 

surfaces exhibit no stimuli-responsive behavior, possibly due to the high surface affinity of the 

ELP or an irreversible collapse of the structure.  Homopolymer functionalized ELP surfaces 

exhibit a gradual increase in wettability when heated above their Tt. 
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Chapter 5: Summary & Outlook 

5.1 Summary 

 This Ph.D. dissertation investigated the self-assembly of silane SAMs on hydroxyl 

functionalized surfaces to produce finely tuned, robust, and functional surfaces.  We demonstrated 

a degrafting approach for the tuning of the silanes fractional coverage using TBAF as a degrafting 

agent.  The TBAF degrafting approach described allows for the formation of gradient surfaces 

with tunable profiles and for the elucidation of the binding structure of the silane SAM to provide 

information concerning stability.  Additionally, we demonstrated the importance of proper surface 

functionalization for the use in biological applications where it is important to control adhesion 

while maintaining functionality.  This degrafting technique can be used to fabricate surfaces with 

properties tailored to specific applications.  The following sections describe potential opportunities 

that extend this work. 

5.2 Determining the Stability of Silane SAMs 

 The degrafting of silane SAMs by TBAF provides a quick and easily accessible method to 

gain insight into the bonding structure of silane SAMs by the evaluation of the degrafting kinetics 

of various silanes and deposition conditions.  However, additional experiments should be 

performed to validate this approach.  Tribometry experiments on silane SAMs are useful for the 

determination of friction properties and wear resistance.1,2 However, little has been done to relate 

the mechanical stability to the bonding structure.  Experiments can be designed to modulate the 

degree of in-plane silane connectivity at the surface by varying the silane binding functionality, 

deposition solvent, and age of the silane solution.  Generally accepted is the idea that the in-plane 

connectivity of tri-functional silanes increases their mechanical stability due to the dissipation of 

stresses.  However, forces applied to silane networks with a low fraction of surface-silane linkages 

can result in a large area of silanes removed from the surface at once.  Thus, an expected increase 

in the applied force required to degrade the silane SAM occurs in the order of mono-functional, 

aggregated tri-functional, and ordered tri-functional silanes but the rate of degradation may be 

highest for that of the aggregated SAM. 

 A natural extension of this work would be to perform tribological experiments comparing 

the stability of silane layers on surfaces with tuned coverages formed by direct deposition of silanes 

and from degrafting.  As silanes deposit by a nucleation and growth process, direct deposition 

approaches to tune coverage result in heterogeneous surfaces with domains of high and low 
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coverage.  The sudden change in surface morphology and chemistry can result in increased wear 

when under shear.  The degrafting with TBAF results in a more uniform surface.3 The more 

uniform surface will exhibit a higher degree of mechanical stability; however, partial cleavage of 

the silane network by TBAF can result in a less stable layer if these bonds do not regenerate after 

the degrafting process. 

5.3 Investigation of Density Induced Effects 

 Degrafting of polymer brush systems by TBAF has shown application for patterning of the 

surface and accurate determination of molecular weight, dispersity, and grafting density.4,5 Further 

studies can be performed to investigate the effect of grafting density on the growth and 

modification of polymer brushes.  Little work has investigated the effect of the initiator density on 

the kinetics of growth and dispersity of polymer brushes.  Common theories state that higher 

initiator grafting densities result in greater molecular weight dispersity due to steric effects.  TBAF 

degrafting of initiators provides an ideal system to study this behavior as the degrafting process, 

with little diffusion resistance, provides uniform surface coverage and allows for easy modulation 

of initiator grafting density.  However, difficulties arise when attempting to study the effects of 

grafting density as a large, flat substrate must be used to collect a measurable amount of polymer.  

The degrafting of initiators from silica nanoparticles by TBAF and measurement of their grafting 

density by micro thermogravimetric analysis can overcome these limitations. 

 The high grafting density of polymer brushes grown from silane initiator functionalized 

surfaces may limit the efficiency of post-polymerization modifications.  Due to geometric 

constraints, polymer brushes are more sterically hindered at the grafting point than they are at the 

free interface when placed in a good solvent.  This difference in steric hindrance results in diffusion 

constraints when attempting to perform reactions along the polymer backbone, leading to non-

uniform functionalization and often lower conversion than can be achieved in bulk solutions.  The 

degrafting of polymer brushes by TBAF can allow for small changes in grafting density on the 

surface that have little influence on areal surface coverage of the polymer but can improve the 

diffusion of small molecule modifiers to the base of the brushes.  Gradients in grafting density can 

be used to rapidly evaluate the dependence of modification extent on the grafting density and 

compared to the modification efficiency of bulk polymer to tune functionalization while 

maintaining coverage. 
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 Another possible application for TBAF degrafting of polymer and macromolecule grafted 

systems is for the evaluation of concentration-dependent stimuli-responsive behavior.  The stimuli-

responsive behavior of these systems can be affected by surface interactions and local increases in 

concentration that can shift the temperature or pH at which the response occurs.  The density of 

grafts is also important when designing anti-biofouling surfaces, as these surfaces typically depend 

on favorable interactions with water and steric repulsion to resist protein adsorption.6,7 Thus, the 

density must be tailored to achieve complete surface coverage while not excluding water from the 

film.  Commonly used grafts for anti-biofouling applications involve oligo(ethylene glycol) (OEG) 

or zwitterionic polymers, and both of these systems have decreased efficacy at high grafting 

densities. The conformation of OEG on surfaces has been shown to have a significant impact on 

the ability of the film to resist protein adsorption, with OEG chains oriented in an all-trans 

orientation not forming a sufficient hydration layer7–9 and decreased steric repulsion. Zwitterionic 

polymer brushes exhibit a high degree of swelling in aqueous environments, which decreases the 

hydrolytic stability of these films due to increased tension on the surface linkages.10 The degrafting 

with TBAF allows for the precise tuning of grafting density required to minimize these effects 

while maintaining a high areal surface coverage. 

5.4 Fabrication of Multi-component SAMs 

 Multi-component SAMs are useful for finely tuning surface reactivity and wettability.  The 

TBAF degrafting approach regenerates hydroxyl groups on the surface, which allows for the 

deposition of a second silane.5 We have demonstrated this approach to form a multi-component 

system by the degrafting of a fluorinated silane and backfilling with a polymerization initiator.   

The growth of a PMMA brush from this surface resulted in a gradient in brush thickness that 

mirrored the initial coverage gradient of the fluorinated silane (cf. Figure 5-1).  Generation of 

multi-component systems by this backfilling approach also allows for the tuning of fractional 

coverage of silanes which are not suitable for TBAF degrafting.  Fractional coverage is difficult 

to tune by TBAF degrafting for silanes which form disordered structures or aggregates on the 

surface, and TBAF degrafting does not work for silanes which have adverse interactions with the 

fluorine ion, such as anhydrides, epoxides, or charged silanes.  Fractional coverage of these silanes 

can be tuned by passivating the surface with a sacrificial silane, and its degrafting to form a guide 

with hydroxyl functionalized vacancies.  The fractional coverage of these vacancies can be tuned 

by adjusting the degrafting parameters.  The coverage of the desired silane is then tuned by 
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backfilling of these vacancies.  The backfilling procedure allows for varying the availability of 

chemical groups on the surface but would have limitations in controlling the surface energy due to 

the sacrificial silane remaining on the surface. 

 

 

Figure 5-1.  The thickness of a PMMA brush grown from an initiator gradient formed by the 

backfilling of an FTCS gradient substrate. 

 

 The use of multi-component SAMs for controlling the adsorption of macromolecules and 

for sensor applications has been of increasing interest.  Sensor applications require surface 

chemistry to be finely tuned to target the species of interest while minimizing unfavorable non-

specific interactions.  Control over these interactions is even more important when considering 

biosensors which require the correct orientation of the antibody.  Thus, it is important to generate 

a passivated surface that contains enough functionality to elicit a detectable response.  Biosensors 

often employ oligo(ethylene glycol) to passivate the surface co-deposited with another species 

with the desired conjugation chemistry. The co-deposition approach often involves a trial and error 
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approach to vary the relative coverage of the two species as the rate of surface attachment is 

generally not the same for the two species, and phase separation may occur due to miscibility.  

Using a degrafting approach to control the coverage of one of these species before backfilling with 

the other allows for precise control of the surface composition and does not result in phase 

separation.  Furthermore, a single substrate can support numerous devices, and a step or continuous 

gradient approach can be used to tune these properties to achieve the desired response rapidly. 

 Another potential application of multi-component SAMs involves the investigation of the 

wetting behavior of polymer blends on surfaces.  Studies have investigated these behaviors on 

homogeneous and microscopically patterned surfaces; however, multi-component SAMs, with a 

random distribution of the minor component, have the potential for the development of nanoscale 

variations in surface morphology.  If the minor silane component is hydrophilic, the dewetting of 

a polymer blend, dilute in the more hydrophilic polymer, may result in the formation of nanoscale 

polymer droplets/features on the surface.  This technique could provide a versatile method for 

generating nanoscale roughness on surfaces and could be used as a mold to transfer these features 

to other surfaces. 

5.5 Covalent Functionalization of Surfaces with ELPs 

 The covalent functionalization of surfaces with ELPs facilitates the formation of stable, 

biocompatible films with stimuli-responsive behavior.  Due to the hydrophobic nature of the 

grafting chemistry and the high density of ELPs on the surface, little change in surface energy 

occurs upon heating above the Tt, and the transition is not sharp, possibly due to favorable 

interactions between the surface and the ELP.  To overcome these limitations, further 

investigations can be performed on this system by using a multi-component surface featuring OEG 

as a passivating agent and GPTMS for the subsequent covalent attachment of ELPs.  Degrafting 

of an OEG functionalized silane followed by backfilling with GPTMS can produce multi-

component surfaces without side reactions occurring between the epoxide functionality and TBAF.  

Alternatively, ELPs can be attached to a GPTMS SAM followed by degrafting by TBAF to vary 

the density of ELPs on the surface (cf. Figure 5-2).  However, this approach can result in the 

adsorption of previously degrafted ELPs back onto the surface as stable ELP films are known to 

form on silica surfaces and stabilized by interactions with the alkyl backbone of the remaining 

silanes; these effects can be shielded using OEG. 
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Figure 5-2.  Water contact angle and thickness of GPTMS-ELP functionalized surfaces degrafted 

by TBAF. 

 

 ELPs are used for protein purification by inverse transition cycling (ITC).  The ITC process 

involves the tagging of a protein of interest with an ELP, and the collapse of the ELP domains 

allows for the separation of the target protein by centrifugation or filtration.  Removal of the 

supernatant and solubilization of the target protein in new solution results in a purified product.  

The covalent attachment of ELPs to surfaces has the potential for adapting this technique to a 

continuous flow-through process.  The functionalization of microfluidic chambers or particles with 

ELPs allows for aggregation of ELP tagged proteins in solution with the surface-bound ELPs. 

Flowing a protein solution, with ELP tagged affinity-binding partners, through a heated packed 

bed of ELP functionalized particles may result in selective protein adsorption.  Following the 

adsorption of ELPs to the bed, the flow can be switched to a fresh buffer solution of a different pH 

to shift the Tt of the ELP in such a manner as to resolubilize the ELP tagged proteins and remove 

them for collection.  Alternation of these flows can allow for a high-throughput protein purification 

process. 
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Appendix A-1: Supplemental Information for Chapter 2 

A-1.1 Degrafting Model 

 Silanes attach to the surface and to their neighbors (the latter for di- and tri-functional 

silanes) via covalent Si-O-Si linkages.  Mono-functional silanes are only able to form one bond 

with the surface; whereas, di- and tri-functional silanes are able to form two and three bonds, 

respectively.  We model the silane degrafting process as a series of three first order rate equations 

based on the current binding state of the silanes (i.e. one, two, or three bonds present for a single 

silane).  

 
𝑑𝛾

𝑑𝑡
= −𝑘3𝛾  (A1) 

 
𝑑𝛽

𝑑𝑡
= 𝑘3𝛾 − 𝑘2𝛽 (A2) 

 
𝑑𝛼

𝑑𝑡
= 𝑘2𝛽 − 𝑘1𝛼 (A3) 

 The variables , , and  denote the fraction of silanes on the surface with one, two, or 

three bonds, respectively, with respect to the total number of silanes for a complete monolayer.  

The summation of , , and  is taken to equal the fractional coverage of silanes on the surface.  

Further, 0, 0, and 0 denote the initial fraction of silanes on the surface with their respective 

binding states.  The rate constants, ki, characterize the breaking of a single bond from a species; 

the subscript denotes the number of bonds present for a species prior to the bond breaking.  By 

using a series of first order rate equations we attempt to capture the breaking of bonds during the 

degrafting process which do not result in the removal of a silane from the surface.  For example, 

if a bond is cleaved from a silane which was attached by two bonds it will not be detached from 

the surface as there is still one bond present.  This event would result in a decrease in  and an 

increase in .  This model can be solved to yield: 

 𝛾 = 𝛾0𝑒−𝑘3𝑡 (A4) 

 𝛽 = 𝛽0𝑒−𝑘2𝑡 − 𝛾0
𝑘3

𝑘3−𝑘2
(𝑒−𝑘3𝑡 − 𝑒−𝑘2𝑡) (A5) 

 𝛼 = 𝛼0𝑒−𝑘1𝑡 − 𝛽0
𝑘2

𝑘2−𝑘1
(𝑒−𝑘2𝑡 − 𝑒−𝑘1𝑡) (A6) 

 +𝛾0
𝑘2𝑘3

(𝑘3−𝑘2)(𝑘3−𝑘1)(𝑘2−𝑘1)
((𝑘3 − 𝑘2)𝑒−𝑘1𝑡 + (𝑘1 − 𝑘3)𝑒−𝑘2𝑡 + (𝑘2 − 𝑘1)𝑒−𝑘3𝑡) 
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 By assuming that a single rate constant can be used to describe the breakage of the Si-O 

bond regardless of its binding state (i.e., the rate constant for breaking the Si-O bond for a species 

with one remaining bond is the same as breaking the Si-O bond for species with two or three 

remaining bonds) the model can be simplified and solved to yield: 

 𝛾 = 𝛾0𝑒−𝑘𝑡 (A7) 

 𝛽 = 𝑘𝛾0𝑡𝑒−𝑘𝑡 + 𝛽0𝑒−𝑘𝑡 (A8) 

 𝛼 = 1

2
𝑘2𝛾0𝑡2𝑒−𝑘𝑡 + 𝑘𝛽0𝑡𝑒−𝑘𝑡 + 𝛼0𝑒−𝑘𝑡 (A9) 

It is important to note that this model does not account for connectivity of the silane to the surface; 

as such, it assumes that all bonds for a single silane must be broken for it to be removed from the 

surface which is not the case, realistically.  This may result in the model over estimating the value 

of  and the rate constant (substantial amounts of silane can be removed with few bond breaking 

events) and may be shown in experimental data by a sharp decrease at low degrafting times.  The 

predicted degrafting behavior of an ideal surface with only tri-functional silanes present initially 

and a rate constant of 0.01 min-1 is shown below as an example. 

 

Figure A-1-1.  Fractional coverage of tri-functional molecules attached covalently to the surface 

as a function of degrafting time.  Dashed lines show the contribution of mono-, di-, and tri-

functional molecules to the total fractional coverage. 

 

 It can be seen that as the fraction of triply bound silanes decreases over time there is an 

increase in doubly and singly bound silanes as a result.  Due to the delayed degrafting of the silanes 

from the surface, a slight plateau is observed at short degrafting times which is not present for 
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systems of only mono-functional silanes.  This delay in degrafting is also observed for systems of 

di-functional silanes but it is less pronounced. 

A-1.2 Silane SAM Morphology 

 Figure A-1-2 shows the morphology of as deposited silane SAMs.  OTCS forms a smooth 

SAM on the surface due to their efficient packing.  The monofunctional silanes (ODMCS and 

PDMCS) exhibit more surface roughness due to less efficient packing of the silane molecules due 

to the methyl groups.  PTCS forms the roughest surface due to the deposition of 

multilayer/aggregate structures. 

 

 

Figure A-1-2.  AFM micrographs of as deposited silane SAMs (500 nm scale bar). 

 

A-1.3 Advancing and Receding Water Contact Angle 

 Figure A-1-3 shows the advancing and receding water contact angles of fractional 

coverage gradients as a function of position.  Degrafting time increases as the distance along the 

sample increases.  Generally, an increase in contact angle hysteresis is observed as degrafting time 

increases.  The observed profile of the advancing and receding contact angle match well with the 

profile of the static contact angle which was used for our analysis.  Figure A-1-4 shows the change 

in contact angle hysteresis along the length of the surface.  Generally, an increase in hysteresis is 

observed as degrafting time increases.  In the case of PTCS there is a decrease observed in the 

hysteresis initially which may be a result of silane aggregates being removed from the surface and 

is consistent with the sharp decrease observed in the wettability profile. 
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Figure A-1-3.  Wettability profiles in a) PDMCS, b) PTCS, c) ODMCS, and d) OTCS generated 

by degrafting silane layers in 0.1 M TBAF in DMA at 50°C as a function of position. 

 

 

Figure A-1-4.  Contact angle hysteresis of wettability profiles in a) PDMCS, b) PTCS, c) ODMCS, 

and d) OTCS generated by degrafting silane layers in 0.1 TBAF in DMA at 50°C as a function of 

position. 
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A-1.4 Arrhenius Fitting 

 

Table A-1-1.  Summary of the fitting parameters, activation energies (Ea), and Arrhenius pre-

factors (A) for the various silane degrafting processes. 

Silane α0 β0 γ0 
Ea 

(kJ/mol) 

A 

(min-1) 
R2 

ODMCS 0.933 0.000 0.000 44.20 2.12x105 0.914 

PDMCS 0.887 0.000 0.000 53.48 2.36 x107 0.906 

OTCS 0.660 0.000 0.306 54.75 5.45 x106 0.951 

PTCS 0.608 0.000 0.161 92.59 1.05 x1014 0.886 

 

 We used the Arrhenius equation, 𝑘 = 𝐴𝑒−𝐸𝑎 (𝑅𝑇)⁄ , to calculate the activation energy, Ea, 

and pre-exponential factor, A, for the degrafting process of each of the silanes studied (cf. Figure 

A-1-4).  The activation energy for the degrafting process was similar for the silanes studied; 

however, the activation energy was found to be higher for the PTCS degrafting (cf. Table A-1-1).  

This deviation in calculated activation energy is likely due to the presence of multilayer and 

aggregate structures in the initially formed PTCS SAM. 

 

Figure A-1-5.  Arrhenius plot for the various silane degrafting processes. 
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A-1.5 Linear Wettability Gradients 

 Figure A-1-6 shows linear wettability gradients for each of the silanes generated by 

degrafting in a 0.1 M solution of TBAF in DMA at 50°C for times predicted by the degrafting 

model. 

 

 

Figure A-1-6.  Linear wettability gradients in a) PDMCS, b) PTCS, c) ODMCS, and d) OTCS.  

Solid red line represents target wettability profile. 
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Appendix A-2: Supplemental Information for Chapter 3 

A-2.1 Monte Carlo Model Fitting 

 Figure A-2-1 shows the Monte Carlo fitting for the idealized structures of mono-, di-, and 

tri-functional silane SAMs with a high density of surface and in-plane linkages.  We record an 

exponential decay for mono-functional silanes as expected.  Variations from the model behavior 

are observed for di- and tri-functional silanes due to the in-plane connectivity. 

 

 

Figure A-2-1.  Fractional coverage of 100 molecules with a) mono-, b) di-, c) tri-functional 

molecules attached covalently to the surface as a function of the number of Monte Carlo (MC) 

steps.  The red line and the grey shaded area denote the average and standard deviation from the 

MC simulation, respectively.  The black lines are the best fits to Equations (1)-(3) in the main text. 
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A-2.2 Model Fitting of Experimental Data 

 

Table A-2-1.  Summary of the rate constants (k in min-1) for the various silane degrafting 

processes. 

Silane 

Degrafting temperature 

(°C) 

40 45 50 55 

OTMS 0.004 0.006 0.010 0.011 

OTCS* 0.007 0.008 0.011 0.018 

FTCS* 0.008 0.014 0.020 0.028 

FDMCS* 0.044 0.077 0.102 0.134 

APTES 0.004 0.004 0.006 0.017 

eBMPUS 0.003 0.004 0.005 0.006 

 

 Table A-2-1 lists the rate constants for the degrafting of the silanes studied resulting from 

the model fit.  OTMS shows a nearly identical degrafting rate to what was previously observed for 

OTCS deposited from hexanes.  OTCS deposited from the vapor phase shows a comparable rate 

to OTCS deposited from hexanes.  The fluorinated silanes (FTCS and FDMCS) exhibit higher rate 

constants due to the lower density of silanes on the surface for a complete monolayer as a result 

of their bulkiness.  eBMPUS has a lower reaction rate constant than the alkylsilanes most likely 

due to the longer backbone chain. 
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Table A-2-2.  Summary of the fitting parameters, activation energies (Ea), and Arrhenius pre-

factors (A) for the various silane degrafting processes. 

Silane α0 β0 γ0 
Ea 

(kJ/mol) 

A 

(min-1) 
R2 

OTMS 0.542 0.000 0.373 54.76 6.22x106 0.936 

OTCS* 0.644 0.000 0.261 54.74 8.44x106 0.938 

FTCS* 0.235 0.743 0.001 68.36 2.19x109 0.994 

FDMCS* 0.858 0.000 0.000 62.12 1.09x109 0.971 

APTES 0.449 0.000 0.157 79.88 6.47x1010 0.818 

eBMPUS 0.527 0.000 0.415 45.80 1.19x105 0.991 

 

The Arrhenius equation, 𝑘 = 𝐴𝑒−𝐸𝑎 (𝑅𝑇)⁄ , was used to calculate the activation energy, Ea, and pre-

exponential factor, A, for the degrafting process of each of the silanes studied. 
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Appendix A-3: Fabrication of an Anhydride Functionalized p(MHS-co-DMS) Elastomer 

Network 

A-3.1 Introduction 

 Originally developed for use as insulating and binding materials,1 silicone elastomers have 

recently been applied to a variety of new processes to create complex surfaces and microfluidic 

devices.2–4 Silicone elastomers are inherently elastic and are useful as flexible substrates due to 

their ability to deform without irreversibly degrading the material properties. 

Poly(dimethylsiloxane) (PDMS) is the most commonly used silicone elastomer.  Due to its low 

thermal and electric conductivity and high fracture toughness over a wide temperature range 

PDMS has been a very useful material for insulation, anticorrosion, and antifouling coatings.  

PDMS is chemically inert and must undergo harsh chemical or physical treatments to add 

functionality to the surface which can lead to degradation of the material.5,6 

 Poly(methylhydrosiloxane) (PMHS) can be used to form reactive polymer networks with 

mechanical properties similar to that of PDMS. Chemical modification of PMHS can be achieved 

by hydrosilylation reactions, which allow for the addition of silicon hydrides across unsaturated 

carbon-carbon bonds in the presence of a transition metal catalyst, typically platinum.  This 

mechanism is highly efficient and occurs by the oxidative addition of silicon hydrides to the 

transition metal catalyst, insertion of the alkene/alkyne into the metal-hydride bond and reductive 

elimination by Si-C bond formation.7 Hydrosilylation allows for the addition of various chemical 

functionalities to a PMHS network which can be used for further modification or to control surface 

properties. 

 Due to the limitations of the cyclic ring-opening polymerization used to generate these 

functional silicones, the molecular weight of PMHS is severely limited.  The low molecular weight 

of PMHS results in a less elastic network when using a small molecule crosslinking agent.  

Crosslinking of the network with vinyl terminated PDMS of increasing molecular weight to add 

elasticity to the network overcomes this problem.  However, the crosslinking may decrease greatly 

the reactivity of the network as the major constituent quickly switches from methylhydrosiloxane 

to dimethylsiloxane units.  Additionally, due to the greater hydrophilicity of the unreacted PMHS, 

and potentially reacted PMHS depending on the added functionality, there can be significant phase 

separation in this two-component system.8 Using a copolymer of PMHS and PDMS (p(MHS-co-
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DMS)), adding solvent, adjusting the crosslinking ratio, and tuning curing temperature and time 

minimizes phase separation. 

A-3.2 Materials and Methods 

 Allylsuccinic anhydride was purchased from Tokyo Chemical Industry.  Vinyl terminated 

polydimethylsiloxane (DMS-V21), and (25-35% methylhydrosiloxane)-dimethylsiloxane 

copolymer (HMS-301) were purchased from Gelest.  Cis-dichlorobis(diethyl sulfide)platinum(II) 

was purchased from Sigma-Aldrich. 

A-3.2.1 Hydrosilylation of p(MHS-co-DMS) 

Allylsuccinic anhydride (ASA) was added to 0.28 g of (25-35% methylhydrosiloxane)-

dimethylsiloxane copolymer (HMS-301, 25-35 cSt) in anhydrous toluene.  A total of 28.9, 57.8, 

86.7, 115.6, or 144.5 µL of ASA were added to achieve theoretical conversions of 20, 40, 60, 80, 

and 100%, respectively.  Following the addition of ASA, 0.1 mg of the Pt(II) catalyst was added. 

The solution was then heated to 70°C and stirred at 800 rpm for 16 hours. 

A-3.2.2 Network Formation 

 Elastomer networks were formed by the crosslinking of ASA-functionalized p(MHS-co-

DMS) with vinyl terminated PDMS.  1.892 g of vinyl terminated PDMS (DMS-V21, 100 cSt) was 

added to the solution of ASA functionalized p(MHS-co-DMS) in anhydrous toluene.  Following 

the addition of the vinyl terminated PDMS, 0.1 mg of the Pt(II) catalyst was added, the solution 

lightly stirred and was cast into a polypropylene Petri dish. The solution was heated to 35°C and 

left for 16 hours for the crosslinking reaction to proceed and the toluene to evaporate.  The removal 

of the unreacted sol fraction of the network was accomplished by Soxhlet extraction.  Soxhlet 

extraction was performed in toluene for 24 hours, followed by drying in a fume hood overnight 

and subsequent drying under vacuum for 24 hours before the mass of the network was measured 

to determine the gel fraction. 

A-3.2.3 Reactions with Anhydride Functionality 

 Attempts to revert the anhydride functionality from the open ring di-acid form to the closed 

ring involved the incubation of the anhydride functionalized networks in xylenes at 130°C and 

heating under vacuum at 135°C for three days.  Extracted networks were reacted with 

ethanolamine to determine the reactivity of the anhydride functionalities towards primary amines.  

Ethanolamine solutions were made by the dissolution of 0.5 mL of ethanolamine into 5 mL of DI 
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water.  Squares of the elastomer (1 cm x 1 cm) were cut to be used for these studies and were 

incubated in the ethanolamine solutions for up to 3 hours before rinsing with toluene and 

incubation in 20 mL toluene overnight to remove unreacted ethanolamine. 

A-3.2.4 Characterization 

 Dynamic mechanical experiments were performed with an RSA-G2 Solids Analyzer (TA 

Instruments).  The extracted networks were cut into rectangles (approximately 1 mm thick by 10 

mm wide by 20 mm long) and loaded onto the instrument using the Tension Fixture attachment.  

The samples were subjected to angular frequency sweeps from 0.1 to 100 rad/s.  The tests were 

performed at room temperature (22°C) with a constant 1% strain applied at each frequency.  The 

samples were equilibrated by applying 0.05 – 0.1 N of axial force for 30 s before the frequency 

sweeps were performed to minimize error due to sample loading.  The tensile storage (E’), tensile 

loss (E’’), and the loss tangent (tan(δ)=E”/E’) were recorded at each frequency. 

 Chemical modification of the p(MHS-co-DMS) was measured with a Nicolet 6700 FT-IR 

equipped with a Ge ATR crystal and scanning between 400 and 4000 cm-1.  Samples were prepared 

by placing a drop of the p(MHS-co-DMS) solution onto the crystal face and allowing the toluene 

to evaporate, leaving a polymer film, to investigate the attachment of allylsuccinic anhydride to 

the polymer.  The reactivity of anhydride functionalized polymer networks was performed by 

placing the network into contact with the ATR crystal and backing the elastomer with a glass slide 

to uniformly apply pressure. 

A-3.3 Results and Discussion 

 We fabricated a silicon elastomer bearing an anhydride functionality for subsequent 

reactions with primary amines.  Allylsuccinic anhydride functionalization of a copolymer 

comprising ~70% dimethylsiloxane and ~30% methylhydro-siloxane units (p(MHS-co-DMS)) 

proceeded by a hydrosilylation reaction which inserts the Si-H of the MHS units into the 

unsaturated C-C bond of the ASA in the presence of a transition metal catalyst. 

 



   

104 

 

 

Figure A-3-1.  The reaction of allylsuccinic anhydride with p(MHS-co-DMS) to form anhydride 

functionalized polymer. 

 

 An MHS homopolymer was not used to form this network because it is difficult to achieve 

high molecular weight PMHS due to side reactions during the cyclic ring-opening polymerization; 

the use of low molecular weight polymer would result in a relatively hard (and brittle) network.  

Using a second elastomer as a crosslinker, such as a vinyl terminated PDMS, can alleviate this 

limitation.  However, due to the hydrophilic characteristics of the anhydride functionalized PMHS, 

phase separation can occur when crosslinking PHMS with a hydrophobic PDMS.  Using a 

copolymer allows for higher molecular weight polymers to be used for both the backbone and 

crosslinker due to better miscibility of the two polymers.  The random distribution of MHS units 

in the p(MHS-co-DMS) copolymer helps to ensure a more uniform distribution of anhydride 

functionalization. 

 The functionalization of p(MHS-co-DMS) with ASA using a cis-dichlorobis(diethyl 

sulfide)platinum(II) as a catalyst was tested by adding molar equivalents of ASA to achieve 

theoretical conversions of hydride groups ranging from 20 to 100%. All reactions were performed 

overnight in 10 mL of anhydrous toluene at 75 ºC.  Figure A-3-2 shows the conversion of hydride 

groups as measured by FTIR.  Increasing the theoretical conversion results in a decrease in the Si-

H peak intensity.  When normalized against the backbone Si-CH3 signal, the decrease in the Si-H 

signal is linear with respect to theoretical conversion.  However, we are unable to determine the 

degree of modification due to a sharp increase in the Si-H peak intensity after the reaction at ~10% 

theoretical conversion.  This linear decrease implies that there are few undesired side reactions 

taking place in the system.  The anhydride functionalized p(MHS-co-DMS) starts to form gel-like 



   

105 

 

aggregates at conversions above 40%, possibly due to ring-opening of the anhydride by water in 

the system. 

 

 

Figure A-3-2.  A) FTIR spectra of functionalized p(MHS-co-DMS) with ASA for theoretical 

hydride unit conversion B) Ratio of Si-H to Si-CH3 peak height as a function of theoretical hydride 

unit conversion. 

 

 Due to gelation and phase separation, anhydride functionalized networks were made with 

a theoretical conversion of 40% and crosslinked with a vinyl terminated PDMS (MW ~ 6 kDa).  

The molar ratio of available hydride functional groups on the polymer backbone relative to the 

number of vinyl end groups on the PDMS crosslinker, denoted by the r-value, defines the amount 

of crosslinker added.  Crosslinking and casting of the elastomer network from solution required 

tuning of the curing parameters to prevent phase separation from occurring.  The crosslinking 

reaction with a Pt(II) catalyst requires mild heating to proceed; however, minimizing the solvent 

evaporation rate is important to ensure polymer miscibility. Performing the crosslinking reaction 

at 75ºC leads to phase separation as a result of rapid solvent evaporation concerning the rate of 

crosslinking.  Phase separation occurs in networks cast from 2 or 5 mL of toluene at 35ºC, with 

larger domains present at the interface and smaller domains persistent throughout the elastomer 

network (cf. Figure A-3-3).  No significant phase separation occurs when casting the network from 

10 mL of toluene at 35ºC. 
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Figure A-3-3.  Optical microscopy images of cured ASA functionalized p(MHS-co-DMS) 

networks at a 40% theoretical conversion of hydride units and an r-value of 2 in A) 2 mL, B) 5 mL 

and C) 10 mL of toluene.  All scale bars are 100 µm. 

 

 We performed dynamic mechanical analysis of the anhydride functionalized polymer 

network to investigate mechanical properties (cf. Table A-3-1).  The tensile storage modulus (E’) 

of a material is a measure of the elastic and solid characteristics of the material.  The tensile loss 

modulus (E”) of a material is a measure of the material’s ability to dissipate energy.  The phase 

angle, δ, is the time delay between the applied force (stress) and resulting deformation (strain) of 

the material.  When the phase angle nears zero, the material exhibits solid, elastic-like behavior as 

it has no viscous component to dissipate forces; when the phase angle approaches 90° the material 

behaves like a liquid.  The viscous component of the network increases with increasing the r-value 

due to crosslinkers only reacting one of their functional groups, resulting in dangling chains.  The 

low gel fraction of the network with an r-value of 10 reflects this behavior. 

 

Table A-3-1.  Gel fraction and dynamic mechanical properties at a frequency of 0.1 rad/sec as a 

function of the stoichiometric ratio, r-value. 

r-value 
Gel 

Fraction 
E’ (kPa) E’’ (kPa) tan(δ) 

1 0.94 6.8x102 1.5x101 0.02 

2 0.86 1.4x103 1.5x101 0.01 

3 0.77 2.5x102 1.2x101 0.05 

4 0.90 6.0x102 2.6x101 0.04 

5 0.91 6.4x102 5.0x101 0.08 

10 0.60 1.9x102 2.7x101 0.14 
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 During the processing of the anhydride functionalized elastomers, the anhydride ring opens 

to the acid form due to the absorption of atmospheric water, as seen by a shift in the anhydride IR 

peak from 1788 to 1730 cm-1. When the anhydride species is present in bulk or in a thin film it is 

possible to close the anhydride by heating to drive off the water.  However, after heating these 

networks at 135ºC under vacuum for three days, only a small fraction was converted back to the 

closed ring form detected by FTIR-ATR.  Heating the network in xylenes at 130°C for three days 

did not result in conversion back to the closed ring form of the anhydride.  The incubation of these 

networks in an ethanolamine solution in DI demonstrates the reactivity towards primary amines.  

The open ring conformation of the anhydride limits the reactivity, and the reaction does not 

proceed to a significant extent in the first hour.  However, after 2-3 hours the presence of amide 

bands can be seen in Figure A-3-4 following the incubation and subsequent rinsing in toluene. 

 

Figure A-3-4.  FTIR spectra of ASA functionalized p(MHS-co-DMS) network after extraction, 

heating, and reaction with ethanolamine. 

 

A-3.4 Conclusions 

 The reaction of p(MHS-co-DMS) with ASA and subsequent crosslinking with vinyl 

terminated PDMS allows for the generation of functional and reactive silicone elastomers.  A 

copolymer consisting of ~30% HMS was used to increase miscibility with the PDMS crosslinker.  

Varying the crosslinking ratio and the MW of the crosslinker allows for tuning of the network 

properties.  During the curing and extraction of the network, the anhydride units tend to hydrolyze 
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to the diacid conformation, and it is difficult to regenerate the closed anhydride form.  However, 

the network can still react with primary amines. 
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