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ABSTRACT

Chapter 1. An Introduction to Self-Assembled Monolayers & Surface
Characterization

A brief summary of the formation, structure, and characterization techniques of self
assembled monolayers (SAMs) is described. The characterization techniques include
contact angle goniometry, ellipsometry, grazing-angle Fourier-transform infrared
spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), cyclic voltammetry
(CV), sum-frequency generation spectroscopy (SFG), and atomic force microscopy
(AFM).

Chapter 2. A Reversibly Switching Surface

The design of surfaces that exhibit dynamic changes in interfacial properties such as
wettability in response to an electrical potential is described. The change in wetting
behavior was caused by surface-confined, single-layered molecules undergoing
conformational transitions between a hydrophilic and a moderately hydrophobic state.
Reversible conformational transitions were confirmed both at a molecular level using
sum-frequency generation spectroscopy and at a macroscopic level using contact angle
measurements. This type of surface design enables amplification of conformational
transitions at a molecular level to macroscopic changes in surface properties without
altering the chemical identity of the surface. Such reversibly switching surfaces may
open new opportunities in interfacial engineering.



Chapter 3. A Synthetic Chemical Route for the Formation of Homogeneously-
Mixed Self-Assembled Monolayers

A novel way to produce self-assembled monolayers (SAMs) uniformly mixed on the
molecular length scale is described. Initially, a precursor SAM was formed from
molecules that are derived from 16-mercaptohexadecanoic acid (MHA) and contain a
globular end group. Self-assembly of these molecules resulted in a SAM that is densely
packed with respect to the space-filling end groups, but shows low-density packing with
respect to the hydrophobic chains. Subsequent cleavage of the space-filling end groups
established a low-density SAM of MHA. A mixed monolayer of MHA and n-butanethiol
was formed by backfilling the low-density monolayer of MHA with the corresponding
alkanethiol. The new “mixed” SAM was characterized by optical ellipsometry, contact
angle goniometry, X-ray photoelectron spectroscopy (XPS), Fourier Transform Infrared
Spectroscopy (FT-IR), cyclic voltammetry (CV), and reductive desorption voltammetry.
The results indicate a uniformly mixed monolayer as compared to a SAM generated by
coadsorption of mixtures of the same MHA and n-butanethiol molecules. This approach
provides a way to produce SAMs that are uniformly mixed using a synthetic chemical
route, which affords considerable flexibility in composition and also in the ratio of the
different molecules in the mixed SAM.

Chapter 4. Design of Oligonucleotide Arrays Using Homogeneously Mixed Self —
Assembled Monolayers

We have employed two quantitative techniques, quart-crystal microbalance with
dissipation monitoring (QCM-D) and surface plasmon resonance imaging (SPR) to
quantify the hybridization efficiency of a 25-mer oligonucleotide probe to two different
surfaces: a dense 16-mercaptohexadecanoic acid self-assembled monolayer (MHA
SAM) and a homogeneously-mixed (HM) SAM generated from the method described in
Chapter 3 that allows for regular spacing of functional —-COOH groups. This reduced
density of functional groups led to reduced attachment of oligonucleotide probes to the
surface, increasing the area per probe, and allowed more space in which complimentary
sequence can bind. Reducing the density of immobilized probes led to the improvement
in hybridization efficiency as demonstrated in both SPR and QCM-D results, which are
comparable to previous reports. Our method paves the way for customizing binding
efficiency and target probe density based on the distance between functional groups. By
changing the headgroup size of the precursor monolayer, different distances between
functional group can be formed, allowing for an ability to tailor distances between
molecules. This method may allow for improvement in DNA array technology.



Chapter 5. Long-Term Stability of Self-Assembled Monolayers in Biological
Media

The study of long term stability of self-assembled monolayer (SAM) in biological
media is of importance in evaluating its usefulness for applications in implantable
biochips, biosensors, or biological microelectromechanical system (bioMEMs) devices
for drug delivery. To minimize biofouling effects, researchers have investigated
protein/cell adhesion resistant surface-bound materials such as poly(ethylene glycol) or
oligo(ethylene glycol) terminated self-assembled monolayers. However, no long term
study in biological media has been done. To address the issue of moderate to long-term
stability of SAMs for bioMEMS device modification, alkanethiol and oligo(EG)
terminated alkanethiol monolayers were prepared and studied after immersion in either
phosphate buffer saline (PBS) or calf serum. Here, undecanethiol (C;H;3SH) and
tri(ethylene glycol) terminated undecanethiol (HO(C;H;0)3;C;iH22SH) self-assembled
monolayers (SAMs) on clean gold surfaces were prepared and characterized. The SAMs
were then immersed into either phosphate buffered saline (PBS) or calf serum. The SAM
samples were emmersed and investigated using several analytical techniques at numerous
points over the next 35 days. Contact angles and current densities in voltammetry
changed dramatically for the PBS samples over the time period, particularly after 21
days. Results indicate substantial loss of the integrity of the SAM. Similar alterations
with time were observed for the calf serum samples in both contact angle and
voltammetry measurements. X-ray photoelectron spectroscopy indicates that the likely
origin is desorption of the alkanethiol moiety as evidenced by appreciable loss of the S 2p
signal after 35 days. Additionally, this work may serve as a starting point for further
studies of surface chemical modification methods for moderate to long-term
minimization of biofouling for in vivo applications.

Thesis Supervisor: ~ Robert S. Langer, Sc.D.
Title: Kenneth J. Germeshausen Professor of Chemical and Biomedical Engineering
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1.1. Introduction

Organized molecular assemblies or self-assembled monolayers (SAMs) have recently

. . . . . .. . . . . 1-4
excited interest in the scientific communities for their potentials as biological sensors,

5,

microelectronic devices, optoelectronic devices,” ® nonlinear optical material, optical

. . . . . . . . . . L 9-12
switches, high density memory devices, or their potential uses in microfabrication,’

13-17 18-20

nanotechnology, chemical sensors, nonlinear optical materials.”'**  Although

there are many different systems of SAMs based on different organic components and
supports such as silicon and silver, the best developed systems are those of
alkanethiolates on gold films.”® The thiol compounds chemisorp onto gold surface from
solution and form adsorbed alkanethiolates with the loss of a hydrogen. The alkane

compound can be modified to incorporate a variety of functional groups such as

26,27 28,29

hydrophilic and hydrophobic groups, aromatic compounds, peptide sequences,””

3! fullerene balls.*> * Hence, SAMs can used for a variety of applications, influencing

such properties as wettability, hydrophobicity, hydrophilicity and offering protection

38, 39 30, 40-43

against corrosion,”*>’ biological sensing properties, " cellular adhesion

amongst many.25 4
There have been many attempts at controlling the surface properties of SAMs, most

> for chemically selective coating,*® in redox

often in photoswitching applications,”
changes, or pH induced changes, etc.¥’ Molecular recognition and functional group
complementarity are essential in the design and preparation of chemical or biological
sensors, and analyte-selective chromatographics supports.’ 2* 2" #3! The advantages of
SAMs films are their relative ease of preparations as well as their structural order allows

surface properties to be fine tuned and interfaces to be designed for analyte binding as

20



well as signal transduction.”

The design of a chemically selective coating that can be
reversibly attached to a sensor interface is of much interest. More importantly, the design
of a universal surface that will reversibly change properties via an external switch is of
great interest for its potential in chemical, biological sensor applications as well as cell
adhesion, chemical separations, nanotechnology devices.

Self assembled monolayers have many potential uses in surface engineering such as

6, 15, 17, 52-58

semiconductor surface patterning, transducer technology such as optical,

19, 20, 59, 60

piezoelectric, and other forms of chemical sensors, and electroanalytical

chemistry where redox reactions can be used to detect biomaterials.®'®°

SAMs may play
an important role in miniaturization of analytical instrumentation, which may have
considerable importance in the biomedical analytical area, and in the molecular level
understanding of surface phenomena as they offer the ability to systematically modify
surfaces in a predictable manner and to study their properties. By using molecularly
engineered surfaces, a better understanding of molecules-surface interaction can be
achieved.

The main goal of this research project is primarily to develop an understanding of the
basic phenomena regarding controlling SAMs interfacial properties by modifying surface
functionalities, and of the feasibility of controlling surface properties via external forces
such as an applied electrical potential. The ultimate goal is to develop a universal surface
that will reversibly change wettability either in response to external solvent conditions, or
via an external switch such as an applied electrical potential. This was accomplished by

several complimentary methods: (1) synthesis and characterization of new compounds,

(2) controlling surface density of the self-assembled molecules, (3) modeling the SAMs

21



surfaces and making predictions on the energetics and ability of such novel compounds to
self-assemble, (4) development of methods to characterize the novel surfaces, (5)
development of applications.

The basic questions this thesis addresses are: (ia) can the chemical and physical
properties of the interface be controlled, by purposefully designing interfacial molecular
structures; which leads to (ib) can the density of the surface be controlled at a molecular
level (ii) can surface properties such as hydrophobicity/hydrophilicity be further
controlled by the application of an external force field, e.g. electrostatic forces; (iii) what
are the proper physical characteristics of these supramolecular assemblies, e.g. in terms
of surface energies, conformation, order/disorder, crystallinity and fluidity, etc; (iv) what
are the potential applications; (v) what are the long term effects of SAMs in biological
media. The main interest of the project lies along the controlled establishment of self-
assembling supramolecular structures at solid/solution interface, and in the development
of applications of these functionalized surfaces in the selective absorption/desorption of
proteins, cells, drugs, enzymes, etc. in a controllable manner. The project focused on
establishing a platform on which further applications can be developed, i.e. the building
of engineered molecules containing thiol groups as a low density self-assembling
monolayers on gold surfaces that possesses desired interfacial properties and molecular
orientation. We also established the feasibility of using external force to induce a switch
in surface properties (e.g. hydrophilic’/hydrophobic). This switch is connected to a
conformational reorientation of a stable oriented layer of the engineered molecules.

This thesis is divided into five chapters. Chapter One contains an introduction to self-

assembled monolayers (SAMs) and the characterization techniques used in subsequent
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work described herein. Chapter Two is the development of the reversibly switching
surface proof-of-principle, which focused on addressing questions (ia), (ib), and (ii)
mentioned above. Chapter Three is a characterization chapter that addresses question
(ii1) above, but also outlines an application for the system developed in forming
homogeneously mixed SAMs. Chapter Four addresses question (iv) and describes a
potential use of the homogeneously mixed SAMs for formation of oligonucleotide array.
Finally, Chapter Five describes the long-term effects of SAMs in biological media,

addressing question (v).
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1.2.  Self-assembled monolayers (SAMs) on gold

The concept of self-assembly in nature is a relatively old one. Many proteins in our
bodies, crystal units, and viral particles all undergo a spontaneous process called self
assembly to form supramolecular architecture made of interlocking components, a sort of
natural “Lego” units. However, the field of synthetic self-assembled monolayers have
only been undergoing tremendous growth in the last 15-20 years. The most studied
SAMs have been that of alkanethiolates on gold. SAMSs offer unique opportunities to
increase the fundamental understanding of self-organization, structure-property
relationships, and interfacial phenomena as they allow for tailored changes in the head
and tail groups, allowing study of phenomena such as those affected by competing
intermolecular, molecular-substrates, and molecule-solvent interactions such as ordering,
growth, wetting, adhesion, lubrication, and corrosion.”

SAMs are relatively easy to form. Scheme 1.1 demonstrates how such a monolayer

may be formed.
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“Figure adapted from: http://www.ifm.liu.se/Applphys/ftir/sams.html

24



Chemisorption of alkanethiols as well as of di-n-alkyl disulfides on clean gold gives
indistinguishable monolayers, probably by forming the Au(I) thiolate (RS") species. In
the alkanethiol case, the reaction maybe considered as the oxidative addition of the S-H
bond to the surface, followed by a reductive elimination of the hydrogen.

R-S-H + Au’, > R-S'Au‘AW’, + %4 H, (1.1)

The absorbing species has been shown to be the thiolate by several studies by XPs,%-¢7
IR,*® and other techniques. The bond energy of the thiolate group to gold is quite strong,
approximately 44 kecal/mol®® and contributes to the stability of the SAMs together with
the van der Waals forces between adjacent methylene groups, which amount to 1.4-1.8
kcal/mol. The latter forces add up to significant strength for alkyl chains of 10-20
methylenes and play an important role in aligning the alkyl chains parallel to each other
in a nearly all-trans configuration. At low temperatures, typically 100 K, the order is
nearly perfect, but even at room temperature there are only few gauche defects,
concentrated to the outermost alkyl units. Though clean, freshly evaporated Au
substrates give the best results, the adsorption of most alkanethiols to Au is sufficiently
strong to displace weakly adsorbed contaminants.

It has been clearly shown that SAMs with an alkane chain length of 12 or more
methylene units form well-ordered and dense monolayers on Au(111) surfaces.”””" The
thiols are believed to attach primarily to the three-fold hollow sites of the gold surface,
losing the proton in the process and forming a the (V3 x V3)R30° overlayer structure
(Scheme 1.2). The distance between pinning sites in this geometry is 4.97 A, resulting in
an available area for each molecule of 21.4 A”. Since the van der Waals diameter of the

alkane chain is somewhat too small (4.6 A) for the chain to completely occupy that area,
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the chains will tilt, forming an angle of approximately 30° with the surface normal.*®
Depending on chain length and chain-terminating group, various superlattice structures
are superimposed on the (V3 x Y3)R30° overlayer structure. The most commonly seen
super-lattice is the c(4 x 2) reconstruction, where the four alkanethiolate molecules of a

unit cell display slightly different orientations when compared with each other.

O S(CH)—X

Scheme 1.2. A schematic model of the (V3 x V3)R30° overlayer structure formed by
alkanethiolate SAMs on Au(111)"

b http://www.ifm.liu.se/Applphys/ftir/sams.html
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1.3. CHARACTERIZATION TECHNIQUES

1.3.1. Contact angle Goniometry

Fiber Optic

Syringe lllumination

Sample

Camera Computer

Scheme 1.3. Set-up for a contact angle experiment.*

Vapor

YLv

Solid

Scheme 1.4. A sessile drop in equilibrium on a solid surface forming a contact
angle, 6

The set-up for a contact angle experiment is shown in Scheme 1.3. It consists of a
syringe containing the liquid of interest, fiber optic cables to illuminate the surface, a

CCD camera connected to a computer where the image can be analyzed. The liquid is

http://poohbah.cem.msu.edu/courses/cem419/
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pumped through the syringe and drop onto the surface for static measurements. Contact
angle is defined as the angle formed at a point on the line of contact of three phases, of
which at least two are condensed phases, by the tangents to the curves obtained by
intersecting a plane perpendicular to the line of contact with each of three phases. One of
the phases must be a liquid, another phase may be solid or liquid and the third phase may
be gas or liquid. In the case where the liquid drops onto a solid as demonstrated in
Scheme 1.4, the contact angle is the angle between the liquid vapor and solid-vapor
interfaces made by the tangent to the liquid and the solid. The governing equation for
measuring contact angle is Young’s equation (Eq 1.2) where ysv is the surface free energy
of the solid in contact with vapor, s is the surface free energy of the solid covered with
liquid, yLy is the surface free energy of the liquid-vapor interface, and 6is the contact

angle.

Ysv - YsL= YLvcosO (1.2)
Experimentally, when a liquid is contacted with a solid and another phase, it is usually
observed that the contact angle does not reach its equilibrium value instantaneously. The
same is true when liquid in contact with a solid is displaced. Therefore, one distinguishes
an advancing and a receding contact angle respectively. Advancing and receding contact
angles are measured as the drop is expanding (advancing contact angle) by advancing or
contracting (receding contact angle) the drop quasistatically over the surface. Almost
always the advancing angle is greater than the receding, the difference is called
hysteresis. A small hysteresis can indicate a well-ordered, crystalline SAM. Large

hysteresis may indicate increased roughness or molecular and chemical heterogeneity.
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There are at least three possible reasons for contact angle hysteresis. First is
contamination: the drop may become contaminated as it moves across the surface. This
will change the surface tension of the liquid. This may also clean or contaminate the
surface. Second, surface roughness: on a rough surface, the drop may spread over
different portions of the surface. The less polar portions may affect advancing angles
while the receding angle may be affected by polar regions.”” Third, surface
reconstruction: the surface itself may change in the presence of the liquid. For example,
the hydrophobic group of a monolayer may become slightly buried when using water to
measure contact angles. Given the above reasons, a small difference (<5 degrees)
between advancing and receding angles suggests that the surface is free of contamination,

well organized, and smooth.

1.3.2. Ellipsometry

Light Scurce

Quarter

. \ x‘\'l'
Polarizer Wave Plate

Ellipsometer

Scheme 1.5. The null rotating element ellipsometer. Adapted from H.G. Tompkins “A
User’s Guide to Ellipsometry” 1993.”
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n3 and k; — substrate values measured in different experiment

Scheme 1.6. Calculation of thickness using ellipsometry.

Ellipsometry is perhaps the most common method to determine the thickness and
refractive index of thin organic films. The polarization condition of an electromagnetic
wave is altered by reflection from a surface. In general, both the phase and the relative
amplitude of the Cartesian components of light are changed. These changes are reflected
in the ellipsometric quantities A and ¥ which can be used to determine the complex
dielectric response (refractive index) and thickness of overlayers on a reflective surface.
When a plane-polarized light interacts with a surface at some angle, it is resolved into its
parallel and perpendicular components (s- and p-polarized respectively), the phase and
amplitude of which are modulated in different ways as the light reflect from the surface.
Elliptically polarized light is the sum of the s- and p-polarized components. Ellipsometry
estimates the thickness of the thin organic layer between the substrate and air by
measuring the ratio, r, between the reflection coefficients of the p-and s-polarized light, 7,
and r,.

In a typical null ellipsometer (single wavelength — Scheme 1.5), monochromatic light

from a He-Ne laser is plane-polarized (p = angle of polarization) and impinges on the
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surface (Scheme 1.6). The resulting elliptically polarized light is changed by the
compensator to plane-polarized (a = angle of polarization, which is determined by the
analyzer). These two angles (p and a) give the phase shift between the parallel and
perpendicular components (A), and the change in ratio of the amplitudes of the two

components (tan'V) as:

eiA tan‘P - Erqtlected(p)/Ereﬂected(s) (13)
incident( p) / E incident(s)

where A = 2p + w/2 and ¥ = a. For a clean surface, A and ¥ are related to the complex
index of refraction of the surface via:

n’ (complex) = n’ (1 —ik®) (1.4)
where n’ is the refractive index and k® is the extinction coefficient. Experimental data is
obtained taking the measurements before and after the deposition of an organic film, and
is expressed as:

OA=A,-A (1.5)

MW=Y,-¥ (1.6)
where the suffix o denotes the clean substrate values.

Typically, the refractive index of the film has to be estimated if the film is less than 50
A, and a refractive index of 1.50 is often used for simple alkanethiol monolayer with
chain length greater than Cy and 1.45 for monolayer with chain length less than Cg with

other values being used for different molecular structures.?’
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1.3.3. Grazing-angle Fourier-Transform Infrared Absorption Spectroscopy (FT-
IRAS or FT-IR)

Infrared reflectance spectroscopy has developed into one of the primary methods of
monitoring chemical structure and molecular orientation of thin films and monolayers
adsorbed onto metal surfaces.”* At a high (grazing) angle of incidence the intensity of a
reflected p-polarized infrared light beam is enhanced at a metal surface so that even
submonolayer quantities of chemisorbed species can be observed in the p-polarized FTIR
reflectance spectrum. In contrast, at a high angle of incidence an s-polarized reflected
infrared beam has virtually no intensity at the metal surface. This polarization disparity
leads to strong selection rules at the surface, and has been used to deduce the average
molecular orientation and conformation for monolayers of long chain alkyl molecules
adsorbed onto metals.

One convenient method of checking a SAM for well-ordered and dense structure is
infrared reflection-absorption spectroscopy (IRAS). The CH stretching vibrations of the
alkyl chain are very sensitive to packing density and to the presence of gauche defects,
which makes them ideally suited as probes to determine SAM quality. In particular, the
antisymmetric CH, stretching vibration at ~2918 cm™ is a useful indicator. For a densely
packed, crystalline SAMs of exceptional quality; the CH, stretches would appear from
2916 to 2917 em™. For normal, densely packed SAMs, the CH; stretch would be at
around 2918 cm™. And for a heavily disordered, "spaghetti-like" SAM, it would be at

approximately 2926 cm™ or above.®’
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The absorbance frequency is dependent upon the degree of organization as shown in

the following table:
Peak positions (cm™)
Group Mode Crystalline Liquid CHj3(CH;),7SH on Au
-CH,- Va 2918 2924 2917
Vs 2851 2855 2850

Table 1.1. Comparison of Liquid and Crystalline State- CH,- Absorbance Frequencies
with Annealed Monolayers Values.”

As the monolayers anneal, the —CH,- absorption frequency decreases from a value
characteristic of a disordered liquid state to one indicative of a more ordered crystalline-

like state.

1.3.4. X-ray Photoelectron Spectroscopy (XPS)

XPS is the surface analytical tool of choice when surface composition and its depth
profile are under study. In an XPS experiment, the sample is exposed to X-ray radiation.

The energy of the incoming X ray (hv) minus the energy of the core electrons (E, or

33



binding energy, which is characteristic of a particular electron in a particular atom), is
equal to the energy of the ejected electron, Ey.

Ex=hv - E, 1.7

The experimentally measured energies of the photoelectrons are given by:
Ex=hv -E,-E,, (1.8)
where E,, is the work function of the spectrometer

Hence, determining E, will give atomic identification and since the number of electrons
ejected is proportional to the number of atoms present, composition can be derived
quantitatively. Since the presence of chemical bonding will alter the energy state of the
atom in study and cause shift in binding energy, the high resolution spectra of an atom
may give information on its chemical nature and hence information about the various
types of carbon-carbon or carbon-oxygen bond in the sample (Scheme 1.8). Also,
grazing electron take-off geometry (angle-resolved XPS) can emphasize the contribution
of different atoms at different depth, and hence, is an excellent way to study
compositional depth distribution in a film.”* The strength of XPS is its ability to identify
different chemical states. This ability is useful in a range of physical studies, for example,
oxidation/corrosion products, adsorbed species, and thin-film growth processes. Analysis
of insulators is possible with the Kratos Axis ULTRA, the XPS used in this project. XPS
is also capable of semi-quantitative analysis. Exact quantities are difficult to obtain as
XPS is very sensitive to contaminants, and therefore, it is difficult to get the exact mass

or composition.
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205
Binding Energy (eV)

Scheme 1.8. An example of a high resolution XPS spectrum of carbon that can
distinguish chemical state of carbon in a chemical compound, illustrating the power of
XPS to detect presence of chemical bonding.

1.3.5. Cyclic Voltammetry

Electrochemical techniques are probably the most sensitive probes of monolayer
defects. Infrared spectroscopy, ellipsometry, contact-angle measurements, and QCM
studies are all more or less bulk measurements. Cyclic voltammetry (CV) and impedance
measurements, however, are extremely sensitive to defects in a monolayer. If 99% of a
surface is covered by a wellformed monolayer, most techniques will be representative of
that 99%. CV and impedance measurements, however, will show evidence of defect

arcas.
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Scheme 1.9. Typical set-up for a cyclic voltammetry experiment.

A typical set-up for the cyclic voltammetry experiment is shown in Scheme 1.9. It
consists of a gold working electrode containing the SAM of interest, a counter electrode
(often made of platinum wire), and a Ag|AgCl|saturated KCI reference electrode. The
solution often contains a redox active probe, the most common being the
Ferri/Ferrocyanide, Fe(CN)63'/ n

Figure 1.1 describes the process that occurs in simple electrode reactions. In the case of
reduction, a species (O) capable of receiving an electron from the electrode diffuses to
the surface, receives an electron and diffuses away from the surface. Current at the
surface is generated by the transfer of electrons from the electrode to the redox species
while current in solution is carried by migration of ions. A transient current can flow even

in the absence of charge-carrying species (or a redox couple) in solution because the

d http://poohbah.cem.msu.edu/courses/cem4 19/
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electrode-solution interface behaves as a capacitor. As the potential of the electrode is

varied, ions move to the surface to form a double-layer as shown in Figure 1.1.

X s 3 O

diffusion Bulk

R*
double
layer
Ca
L.
' de n
R(l

Figure 1.1 Electrochemical system that | Figure 1.2. Schematic diagram of an
includes electron transfer along with its | electrical double layer.

equivalent circuit where Cy = double layer
capacitance, Ry = charge transfer resistance,
Zp = diffusional impedance.®

Strictly speaking, an electrode-solution interface in the absence of a redox couple is not
a pure parallel-plate capacitor; however, it behaves rather like one and a parallel-plate
capacitor model is often adequate to describe electrochemical systems. The use of this

model allows us to learn about the behavior of electrodes in the absence of a redox

¢ http://poohbah.cem.msu.edu/courses/cem419/
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couple. For a simple parallel plate capacitor, charge on the capacitor, (, is proportional
to the voltage drop across the capacitor, E:

Q=CE (1.9)

The proportionality constant C is the capacitance of the medium. The simplest

description of electrochemical capacitance is the Helmholtz model given by:

_ % (1.10)

where gis the dielectric constant of the material separating the parallel plates, €, is the
permittivity of free space, / is the separation between the plates, and A4 is the area of the
electrode. This model does not adequately describe all electrochemical interfaces as the
capacitance can depend on both potential and the supporting electrolyte, although it still
is a helpful construct.

Capacitance is a crucial factor in electrochemical experiments because it gives rise to
current during the charging of the capacitor, henceforth referred to as charging current.
To calculate the magnitude of this current, we differentiate equation (1.9) with respect to

t and assume that capacitance is constant:

LY = CEIE— (1.11)
dt dt
where dQ/dt = i = current and dE/dt = v = potential scan rate and hence:
i=Cv (1.12)

From this expression, we can measure the current at steady state while applying a
ramping voltage at a given scan rate, and hence, determine the capacitance of the system.

[f there is no possibility for electron transfer between the solution and the electrode (in

38



the case of no redox couple) this is the only current that we will observe as illustrated in

the figure below.

_ £
) — ‘ /

Figure 1.3. Schematic explanation of a cyclic voltammetry experiment in the absence of
aredox couple.®

1.3.6. Cyclic Voltammetry with an Active Redox Couple

Most of the cyclic voltammetry technique, however, is used with a redox couple, most
often when the capacitive current is small compared to the current from electron transfer
(Faradaic current). Faradaic current depends on two things: the kinetics of electron
transfer and the rate at which the redox species diffuses to the surface. One of the most

3. For this redox

common redox couple is the ferro/ferricyanide system (Fe(CN)g
couple, the kinetics of electron transfer are reasonably fast, so it can be assumed that at
least for the moment that at the surface, the concentrations of Fe(CN)63 “and F e(CN)64'can

be described by the Nernst equation (eq. 1.13):

& http://poohbah.cem.msu.edu/courses/cem419/
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E=E"-0.0592 ‘°g[1b;:—fg%;—‘sﬂ (1.13)

Where E is the applied potential and £ is the formal electrode potential. One can see
that as the applied potential becomes more negative the concentration of Fe(CN)s>™ must
decrease at the electrode surface. It is being reduced to Fe(CN)s". This is a very sensitive
method to detect defects in the monolayers as well as estimate surface coverage. For the
system under consideration with an active redox couple (ie charge transfer between the

surface and the solution) the circuit shown in Figure 1.1 can be simplified to be:

where Cq = capacitance of the double layer = sum of

' <iln monolayer and defect capacitance

R = charge transfer resistance

Roin = solution resistance

Figure 1.4. Circuit diagram for cyclic voltammetry with active redox couple.

First for the qualitative, pictorial explanation. If we assume that concentrations at the
surface are governed by the Nernst equation, the concentration of the oxidized species at
the surface will decrease as the potential becomes more negative. A lower concentration
at the surface gives a higher concentration gradient (at least initially) so according to
Fick’s law of diffusion, we will have higher flux to the surface and hence a higher
cathodic current. As we continue to make the potential more negative, the concentration
at the surface will eventually go to zero. Simultaneously, the volume in the solution that

is depleted of the oxidized species will increase and the concentration gradient will begin
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to decrease. As the concentration gradient decreases, we will have less flux to the surface

and current will begin to decrease. All of this will result in a current-voltage curve that

looks like:

switching

Pl

where i, = cathodic current,
and ip, = anodic current

| — -

¢ urrent carbatears -

Figure 1.5. Current vs voltage curve for cyclic voltammetry with active redox couple.h

As we reverse the voltage scan, we still have a layer depleted of the oxidized species,
though the surface concentration begin to rise, further decreases the current. Finally, a
region where the anodic current begins to dominate, and a similar concentration profile is
obtained for the reduced species. Peak negative current is achieved, and the current will
further decrease in magnitude as the depletion layer for the reduced species increases.

Cyclic voltammetry with an active redox couple can be used to study the surface
coverage as well as monolayer defects. For a monolayer of densely packed molecules,
charge transfer between the solution and the surface will not be able to take place.

However, upon formation of a low-density monolayer such as when the headgroup is

h
http://poohbah.cem.msu.edu/courses/cem419/
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cleaved from a monolayer formed from triphenyl ester precursor, which has a cleavable
bulky headgroup (this will be discussed more in details in subsequent chapter,
particularly, Chapter Three), passivation of ions can occur. Upon backfilling the low-
density monolayer with a shorter chain alkanethiol, passivation will be reduced. A

cartoon of this principle is shown in Scheme 1.10.

Fe(CN)™  Fe(CN)e*

Defect
Fe(CN)s~  Fe(CN)g*

o wi¥ad

l backfilling
Fe(CN)g™ Fe(CN)¢™

i
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Scheme 1.10. Illustration of the changes in charge transfer passivation of a SAM that is
formed from precursor molecules containing a bulky headgroup. This precursor SAM is
inhibitive to electron passivation. Upon cleavage of the headgroup, a low-density
monolayer is formed, which has high electron transfer to the redox couple. Backfilling of
this low-density monolayer with a second alkanethiol reduces passivation due to the
inablity of the redox couple to transfer/accept electron to the gold (Au) surface.

1.3.7. Atomic force microscopy (AFM)

Atomic force microscopy is one of many scanned probe microscopy techniques used to
image the surface. AFM operates by measuring attractive or repulsive forces between a
tip and the sample.”® The atomic force microscope (AFM) probes the surface of a sample
with a sharp tip, a couple of microns long and often less than 100 A in diameter. The tip
is located at the free end of a cantilever that is 100 to 200 um long. Forces between the
tip and the sample surface cause the cantilever to bend, or deflect. A laser beam is
focused on the back of the cantilever, and the deflection of the cantilever translates to a
deflection in the laser beam. A detector measures the cantilever deflection as the tip is
scanned over the sample, or the sample is scanned under the tip. The measured cantilever
deflections allow a computer to generate a map of surface topography. In non-contact
mode, the AFM derives topographic images from measurements of attractive forces; the

tip does not touch the sample.”’

AFMs can achieve a resolution of 10 pm, and unlike
electron microscopes, can image samples in air and under liquids.

In principle, AFM resembles the record player as well as the stylus profilometer.
However, AFM incorporates a number of refinements that enable it to achieve atomic-
scale resolution:

= Sensitive detection
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= Flexible cantilevers
= Sharp tips
= High-resolution tip-sample positioning
» Force feedback
Several forces typically contribute to the deflection of an AFM cantilever. The force
most commonly associated with atomic force microscopy is an interatomic force called
the van der Waals force. The dependence of the van der Waals force upon the distance

between the tip and the sample is shown in Figure 1.6 below:

repulsive force

intermittent-
contact

) distance )
{tip-to-sample separation)
>

attractive force

Figure 1.6. Interatomic force vs. distance curve.’

'AFM- Measuring Interaction Molecular Sources - National Research Laboratory
http://stm2.nrl.navy.mil/how-afm/how-afm.html
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The AFM can be operated in three modes: contact, non-contact, and tapping. For
contact mode, an AFM tip makes soft "physical contact" with the sample. The tip is
attached to the end of a cantilever with a low spring constant, lower than the effective
spring constant holding the atoms of the sample together. As the scanner gently traces the
tip across the sample, the contact force causes the cantilever to bend to accommodate
changes in topography.

In non-contact mode, the system vibrates a stiff cantilever near its resonant frequency
(typically from 100 to 400 kHz) with an amplitude of a few tens of angstroms. The
changes in resonant frequency of vibrational amplitude are detected as the tip comes
close to the surface. However, the forces measured are much smaller than that of the
contact mode, although it offers advantages in preventing sample degradation, and in
working with soft or elastic samples.

For tapping mode, the vibrating cantilever tip is brought closer to the sample so that at
the bottom of its travel it just barely hits, or "taps" the sample. Tapping mode overcomes
problems associated with friction, adhesion, electrostatic forces, and other difficulties that
an plague conventional AFM scanning methods by alternately placing the tip in contact
with the surface to provide high resolution and then lifting the tip off the surface to avoid
dragging the tip across the surface. Tapping mode imaging is implemented in ambient air
by oscillating the cantilever assembly at or near the cantilever's resonant frequency using
a piezoelectric crystal. The tip is made to oscillate at a high amplitude when not in
contact with the sample by the motion of the piezo crystal. Image is obtained when the
oscillating tip is brought close to the sample until it lightly touches the sample surface, at

a frequency of 50,000 to 500,000 cycles per second. The reduction in the oscillation
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amplitude caused by contact with the sample is measured and translated to surface
topography. The oscillation amplitude, which is maintained by a feedback loop to keep
a constant amplitude and force on the sample via adjusting the tip-sample separation, is

measured by the dectector and input to the AFM controller electronics.

Figure 1.7. Illustration of the different types of AFM mode: contact (left), non-contact

(middle), and tapping (right).’

1.3.8. Sum Frequency Spectroscopy

A prerequisite for a successful control of interfacial properties is the availability of
methods to characterize structures and processes at interfaces. Throughout the past
decades surface science has developed a wealth of techniques to investigate interfacial
processes. However, most techniques are restricted to vacuum since they are based on
massive particles (ion, electrons, atoms), whereas most problems relevant to technology
are non-vacuum interfaces such as liquid/solid, high-pressure gas/solid or even

solid/solid. Techniques which are capable of analyzing interfaces in situ are highly

jSource: Introduction to AFM - University of Guelph ,
http://www.chembio.uoguelph.ca/educmat/chm729/afm/details.htm
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needed. At the same time information on a molecular scale is desired. During the past
two decades there has been a significant development in such in situ techniques one class
being nonlinear optical techniques such as second harmonic generation (SHG) and sum
frequency generation (SFG).

Sum frequency generation (SFG) is a non-linear spectroscopic method which is
powerful for its ability to probe structure of the liquid interface in situ. This is a three
wave mixing process that originates from the rapid change of index of refraction which
occurs at an interface. Two input waves, sufficiently intense, will interfere and generate
a nonlinear polarization at the sum and difference frequencies. With the two input waves
at the same frequency (), the generated polarization oscillates at the harmonic frequency
(2w) — this is the second harmonic generation. If the two input waves are at different
frequencies m; and @y, then the outputs are at the sum (o, + o) and difference (w; - o)
frequencies. If one of the inputs is an infrared frequency, then the sum frequency is
resonance enhanced when a vibrational mode of the interfacial molecules matches the
frequency of the input. Dectection of the vibrational resonances is facilitated is SF is in

the visible region.”

Non Linear Optics at Interfaces
Intense electromagnetic waves with electric fields E; at frequencies @; impinging on
matter create a polarization

Pt = 0l E+ y®:E\E, + ... (1.14)

(H 2)

where o' and ' are the first and second order polarizability, respectively. As the

direction of the incident electric field, E, and the polarization is not the same, the first
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order response, O )

, 1s a matrix that describes Raleigh and Raman scattering. The second
order response is a tensor. In addition to the linear term, higher order terms that lead to
the generation of waves with new frequencies by coupling of the incoming waves,

become significant. The first nonlinear term gives rise to a signal whose intensity is

given by
I(a):a)l+a)2)oc‘Z(2”21(a),)I(a)2) (1.15)

where % is the susceptibility which characterizes the material and I(w;; ) are the
intensities of the incoming beams. Mixing gives rise to sum frequency generation (SFG)
with a signal of intensity I(®; + @). The degenerate case of a single frequency ( ®; = @)

2 must

is called second harmonic generation (SHG). Due to its symmetry properties ¥,
vanish under inversion and, thus, an intrinsically high interface sensitivity of SHG and
SFG results for centro-symmetric or amorphous media. Combining a visible beam with
an IR beam which is tunable in the range of the molecular vibrations (IR-vis SFG) an
interface vibrational spectroscopy becomes possible which in contrast to linear IR
spectroscopy is highly interface specific. The high intensities required for second
harmonic and sum frequency generation at interfaces are achieved using pulsed lasers
with pulse durations ranging from nano to femtoseconds. This also allows for studying
dynamics at interfaces.

As a second order nonlinear optical process, SFG is intrinsically interface-specific

because it is electric-dipole-forbidden in a centrosymmetric bulk but necessarily allowed

at an interface where the inversion symmetry is broken. Molecules at an interface can be

k http://ch-www.st-andrews.ac.uk/staff/mb/mb_index.html
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selectively probed via their resonances in SFG. Observed resonances in the infrared
yield the interfacial vibrational spectrum whose polarization dependence allows us to

deduce orientational information of different parts of the molecules at interface.”

1.4. Summary

This chapter covers the basic theories behind the characterization techniques employed
in subsequent chapters as well as basic introduction to self-assembled monolayer.
Specific experimental details in using these characterization techniques will be discussed
in details in subsequent chapters.

In conclusion, self-assembled monolayers are easy to form, stable, rugged framework
for tail groups that support a wide degree of chemical manipulation. The study of SAM
has expanded the field of surface chemistry and defined new questions as well as
contributed to the sophistication and sensitivity of analytical techniques. SAM offers
exciting new possibilities in engineering smooth surfaces and fine-tuning their chemical
properties at molecular levels and also in the developing new biosensors, chemical
sensors, as well as improving the understanding of modern theories of wetting, spreading,

adhesion, friction, molecular recognition and related phenomena.
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CHAPTER TWO

A REVERSIBLY SWITCHING SURFACE



2.1. Introduction

Interfacial properties such as wetting behavior are defined by the molecular-level structure
of the surface (1). Diverse modification procedures have thus been used to permanently alter
wettability (2-4). Control of wettability has been recently demonstrated by elegant methods
including light-induced (5-6) and electrochemical surface modifications (7-9), such as
oxidative desorption of molecules (10). These systems require chemical reactions in order to
control wettability.

We demonstrate an alternative approach for dynamically controlling interfacial properties
that utilizes conformational transitions (switching) of surface-confined molecules. Polymers
have been shown to undergo conformational reorientations when changed from one solvent
to another (11) or due to a temperature change (12-13) because of phase transitions between a
well solvated and a poorly solvated state (14). In contrast, our approach maintains the
system’s environment unaltered (including solvent, electrolyte content, pH, temperature, and
pressure) while using an active stimulus, such as an electrical potential, to trigger specific
conformational transitions (e.g. switching from an all-trans to a partially gauche oriented
conformation; see Fig. 2.1). Amplification of conformational transitions to macroscopically
measurable changes requires synergistic molecular reorientations of ordered molecules. In
principle, this is attainable using a single-molecular layer, such as a self-assembled
monolayer (SAM) of alkanethiols on gold (15). However, the dense molecular packing in
SAMs and the strong interactions between the CHj-groups restrict dynamic molecular
motions to the outermost atoms (16, 17). All in situ evidence so far indicates that applied

electrical potentials have no effect on long chain alkanethiolate monolayers on gold within
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the range of chemical stability of the SAM (18). In other words, conventional SAMs are too

dense to allow conformational transitions and consequently do not allow for switching.

Precursor Hydrophilic | |/ // Hydrophobic

Monolayer [ Monolayer ",; I Monolayer

Hydrophilic

i Gold Electrode
Hydrolysis Switching

Figure 2.1 Idealized representation of the transition between straight (hydrophilic) and bent
(hydrophobic) molecular conformations (ions and solvent molecules are not shown). The
precursor molecule MAHE, characterized by a bulky end group and a thiol head group, was
synthesized from MHA by introducing the (2-chlorophenyl)diphenylmethyl ester group.

To explore SAMs as a model system for switching, sufficient spatial freedom must be
established for each molecule. Once a low-density SAM is created, preferential exposure of

either hydrophilic or hydrophobic moieties of the SAM to the surrounding medium could be

exploited for switching of macroscopic surface properties such as wettability.
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(16-Mercapto) hexadecanoic acid (MHA) was chosen as a model molecule since it (a) self-
assembles on Au(111) into a monolayer and (b) has a hydrophobic chain capped by a
hydrophilic carboxylate group, thus potentially facilitating changes in the overall surface
properties. To create a monolayer with sufficient spacing between the individual MHA
molecules, we used a strategy that exploits synthesis and self-assembly of a MHA derivative
with a globular end group, which results in a SAM that is densely packed with respect to the
space-filling end groups, but shows low-density packing with respect to the hydrophobic
chains. Subsequent cleavage of the space-filling end groups establishes a low-density SAM
of MHA. The spatial dimensions of the precursor molecule to be utilized were adapted to
match the optimum alkanethiolate density for conformational rearrangements.

The equilibrium low energy conformational state of each of the sparsely packed MHA
molecules is all trans (all C-C-C-C torsion angles of the hydrophobic core are 180 degrees)
(15). Upon applying an electrical potential, the negatively charged carboxylate groups
experience an attractive force to the gold surface causing the hydrophobic chains to undergo
conformational changes. This chain bending disrupts the all-trans conformational state and
causes the aliphatic MHA chains to adopt a mixture of trans and gauche conformations.
Thus, the ‘bent’ state of the MHA chains is characterized by an ensemble of molecules in
mixed conformations to maximize the inter-molecular van der Waals contact and exposes the
hydrophobic chains of the MHA molecules to the surrounding medium. To obtain a
theoretical estimate of the packing density that would provide sufficient conformational
freedom for optimal arrangement of the bent states of the MHA molecules, we performed
molecular simulations of MHA monolayers, computing intra-molecular bonded interactions

and inter- and intra-molecular non-bonded interactions. FElectrostatic interactions and
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influence of solvents have been ignored for simplicity, since the goal of the simulations was
to understand the influence of the packing density on the conformational transitions of the
MHA chains. Since alkanethiolates adsorbed on Au(111) build either a hexagonal
(V3xV3)R30 or a c(4x2) superlattice, only certain area-per-molecule values were permitted
(19). Simulations were conducted starting from assemblies of MHA molecules in bent states.
Six assemblies with area-per-molecule values in the range between and 0.29 and 2.59 nm*
were studied. These area-per-molecule values correlate with chain spacings between 0.58 and
1.73 nm for a hexagonal lattice. For small area-per-molecule values, relaxation of the highly
constrained assemblies was dominant, resulting in a steep decline of the potential energy as
S-S spacings were widened. Repulsive interactions did not permit creating an assembly of
0.22 nm?, which is the area-per-molecule value of a regular SAM of MHA, so that the
smallest studied area-per-chain was 0.29 nm’. MHA molecules were confined on a
hexagonal gold lattice (Au-Au distance of 0.29 nm) and sulfur and gold atoms were fixed in
space. The intermolecular potential was adopted from literature (33-34) and the potential
describing the interactions between carbon and sulfur atoms with the gold surface was
selected to mimic the values reported by Hautman and Klein (35). Periodic boundary
conditions were applied. The height of the periodic box was chosen to be large so that the
molecules would not feel the presence of molecules above thus simulating a monolayer (10
nm). The simulations were performed under constant density and temperature conditions
(NVT). The cutoff used for the non-bonded parameters was 0.65 — 0.7 nm. A smoothing
function was used between 0.65 and 0.7 nm for the potential profile. Based on the
vibrational frequency of the C-H bond (~3000 cm™'; fastest motion in an organic chain), the

time step of the simulation was chosen to be 0.01 picoseconds. The monolayer was first
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subjected to energy minimization followed by molecular dynamics simulations. The system
was heated at 1000 K for about 1 ps to allow the structure to overcome the energy barriers
and sample a larger configurational space. This will ensure that the system is outside of any
local equilibrium. The ensemble was then run at 300 K for about 100 picoseconds. The
subsequent energy minimization (Truncated Newton) was deemed achieved either if RMS
values below 0.01. For small area-per-molecule values, relaxation of the highly constrained
assemblies was dominant resulting in a steep decline of the potential energy as S-S spacings
were widened. The plot of the potential energy vs. area-per-molecule (Fig. 2.2) shows that
steric constraints are reasonably low for area-per-molecule values of 0.65 nm® or higher. On
the other hand, the spacing between the MHA molecules for an area-per-molecule value of
0.65 nm” still permits a significant overlap of MHA molecules, leading to favorable
hydrophobic interactions between alkyl chains. Thus, even for the system with the widest S-
S spacing of 1.73 nm, sufficient overlap of neighboring chains occurred and prevented the
overall energy of the system to approach zero. We concluded from these simulations that an
area-per-molecule of 0.65 nm? is optimum, since it supports significant steric relaxation while

allowing for extensive chain overlap.
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Fig. 2.2 Non-bonded interaction energy of MHA molecules vs. area-per-molecule. To
evaluate the effect of the packing density on the conformational transitions and steric
interactions of the MHA molecules, an assembly of 64 alkanethiolates that were forced into a
bent molecular state (distance between sulfur and carbonyl carbon below 0.4 nm) was chosen
as a starting point. Electrostatics were ignored since the goal of this simulation was to
estimate the optimal geometrical spacing between the MHA molecules to allow for
conformational transitions that provide switching capabilities to the monolayer. Nearest
neighbor distances were set to be between 0.58 and 1.73 nm. A distance of 0.58 nm between
two sulfur atoms corresponds to the densest packing we could establish with a bent assembly,
while the distance of 1.73 nm was chosen as an upper limit to guarantee chain-chain overlap
(an all-trans oriented chain of MHA has an approximate length of 2.24 nm). All
alkanethiolates were confined on a hexagonal gold lattice (Au-Au distance of 0.29 nm) and
sulfur and gold atoms were fixed in space. The intermolecular potential was adopted from
literature (33-34) and the potential describing the interactions between carbon and sulfur
atoms with the gold surface was selected to mimic the values reported by Hautman and Klein
(35).

Based on these theoretical considerations, a MHA derivative with a globular end group
((16-mercapto) hexadecanoic acid (2-chlorophenyl) diphenylmethyl ester, MHAE) was
synthesized. Its space-filling end group (approximately 0.67 nm?) matched closely with the
above-determined area of 0.65 nm’. Self-assembly of MHAE on gold and subsequent
removal of the acid-labile end groups resulted in a low-density SAM of MHA (20). The
quantitative removal was verified by the absence of the signal of chlorine as detected by X-
ray photoelectron spectroscopy (XPS). In addition, the characteristic signal of the Cl-
triphenyl ester group at 1743 cm™ in the infrared (IR) spectrum was no longer observed and
the characteristic C=0 peak appeared (21). We then exposed a low-density SAM of MHA to
a solution of n-butanethiol immediately after cleavage of the bulky end group and conducted
electrochemical desorption. For the mixed SAM formed from the low-density MHA
backfilled by n-butanethiol, a single desorption peak was detected (orange line in Fig. 2.3). In

contrast, two desorption peaks were found for phase-separated SAMs composed of MHA and
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n-butanethiol formed via co-adsorption (blue line in Fig. 2.3), corresponding to the co-
existence of two distinct phases (22). We concluded from this experiment that preparation of
a SAM following the above-mentioned strategy resulted in a rather homogeneously
distributed monolayer and not in a phase-segregated system. These results support the
assumption that the low-density SAM consists of molecules that show increased spacing

between individual molecules; the formation of MHA clusters is less likely.

-
o

o

‘'
-
o

0
=

e
NS

[

Current density (uA*cm™?)
w
o

€ 3888

-

-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0
Electrical potential (V) vs. Ag/AgCI

Fig. 2.3 Electrochemical desorption of two-component SAMs consisting of MHA and n-
butanethiol in 0.1 M KOH with a sweep rate of 50 mV s”'. Reductive desorption of two
SAMs is shown that have been prepared following different procedures: (i) A Low-density
SAM was prepared through self-assembly of (16-mercapto)hexadecanoic acid (2-
chlorophenyl) diphenylmethyl ester on gold and subsequent cleavage of the ester bound. The
resulting low-density SAM of MHA was subsequently incubated with n-butanethiol (1mM,
ethanol) (orange line); (ii)) A SAM on gold was prepared via co-adsorption of a 2:1 mixture
of MHA and 3-mercaptopropionic acid (MPA) in ethanol. The MPA was selectively
desorbed and the resulting monolayer was backfilled with n-butanethiol (blue line). Cyclic
voltammetry of the SAMs was performed in a glass cell equipped with a supported gold film
as the counter electrode, an Ag/AgCl reference electrode (Bioanalytical Systems, Inc), and a
Gamry PC4-300 potentiostat. Working electrodes were fabricated from silicon wafers coated
with silicon nitride using standard deposition techniques and photolithography, producing
gold electrodes with a working surface area of 0.25 cm”.
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Prior to examining whether the low-density SAM of MHA undergoes conformational
transitions in response to electric potentials, we confirmed the conformational freedom of the
alkanethiolates by studying their response to changes in the chemical environment. Sum-
frequency generation spectroscopy (SFG) was used for this purpose since it exploits a highly
surface-sensitive nonlinear optical process (23). The intensity of a peak in the SFG spectrum
is affected by the orientation of the adsorbed molecules. An ordered monolayer of all-trans
oriented molecules is locally centrosymmetric and hence, by rule of mutual exclusion, its
CH;- modes are sum-frequency inactive. Gauche conformations break the local symmetry
and give rise to SFG-signals of the CH,-groups (24). Fig. 2.4 shows SFG spectra of the low-
density SAMs of MHA that was deprotonated. When exposing the low-density SAM to an
apolar medium such as air or toluene, the molecules were found to be in disordered
conformations. This state was characterized by the presence of gauche conformations as
indicated by SFG-signals of the CH,-groups at wavelengths of 2925 and 2855 cm™' (Fig. 2.4,
green filled squares and black filled dots). When the same surface was brought in contact
with a polar environment (acetonitrile or water), molecules straightened up, presumably by
exposing their polar end groups to the solvent. SFG signals associated with the CH»-groups
were no longer detected. For the dense SAM of MHA, structural reorganizations were far
less pronounced and were comparable to reported studies (25). Based on the detected
conformational transitions in response to changes in the polarity of the surrounding medium,
we concluded that only the low-density SAM provided sufficient chain mobility to allow

conformational reorientations from a hydrophilic state (straight chains) to a hydrophobic state

(bent chains).
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Fig. 2.4. In situ SFG spectra of the CH-stretch region (2820-2940 cm™) for the low-density
SAM being exposed to air (green filled square), d°-acetonitrile (red open triangle), &>-water
(blue open diamond) and d®-toluene (black filled circle). Tunable mid-infrared light (1400-
4000 cm™) was generated by difference frequency mixing of near-infrared light with the
fundamental beam of the Nd:YAG pump laser in a LiNbO; or AgGaS; crystal. The near-
infrared light was produced through optical parametric generation and amplification of 532-
nm light in angle-tuned barium borate crystals. The infrared and visible beams were incident
on the hquld/sohd interface at 40° and 35° and have energy densities of 4 mJ/cm? and 15
mJ/cm?, respectively. SFG spectra were an average of 10 scans with 5 cm™ resolution. SFG
signals were collected for 1 to 5 seconds at every 5 cm™ interval. SFG data were normalized
with respect to the reflected IR beam from the electrode to ensure that no false SFG peaks
were observed due to strong IR absorption by the thin film of electrolyte above the electrode
surface. The lines are drawn as a guide to the eye.

We next assessed switching induced by an active stimulus such as application of an
electrical potential. Information regarding the prospective range of the electrical potential for
switching may be obtained from basic energy considerations. First, alkanethiolates adsorbed
on gold and exposed to a surrounding solution show electrochemical stability only in a
relatively narrow range of electrical potential (—1.046 V to +654 mV w.r.t. standard Calomel
electrode (SCE)) (26). Applied electrical potentials must be within this range of stability.
Second, the change in Gibbs free energy of the system must be negative for a change in the

68



monolayer structure to occur. Using a basic model, we estimated a potential above about
+150 mV (-118 mV w.rt. SCE) to be required to satisfy the conditions of molecular
reorientation in a low-density SAM (27).

A SFG spectrometer equipped with an electrochemical quartz cell (28) was used to assess
the switching of the surface in response to electrical potentials (Figs. 2.5A and B). Without
applied electrical potential, the SFG spectra recorded in acetonitrile (0.1 M cesium
trifluoromethanesulfonate (CT)) were featureless in the range between 2820 and 2940 cm’!
signifying straight molecular conformations of an all-trans orientation. Slightly positive
polarization of the gold surfaces (25 mV w.rt. SCE), however, initiated simultaneous
switching of the molecules indicated by characteristic CH,-modes at wavelengths of 2855
and 2925 cm™ (Fig. 2.5A). The presence of gauche conformations in the molecules implies
that the molecules bend their negatively charged end groups toward the positively charged
gold surface (Fig. 1). After the positive potential was turned off, the low-density SAM
returned into an assembly of straight molecules with all-trans orientation, as SFG signals of
the CH,-groups were no longer detected. Switching was reversible with intensities of the
SFG signals being nearly constant as the electrical potential was repeatedly applied. In
contrast, the dense SAM of MHA did not show reorientations induced by an applied

electrical potential, as the SFG signals remained unaltered when potential was applied (Fig.

2.5B).

69



>

o8]
o
S

60-
S 50 . 3 504
@ = &
= 40- i @ 40-
o = g
<304 /A . < 30
e g
.(%’ 20+ (%’ 204
Q 104 g 10- .
(2] 8] —e—0_ _O

0'—r——-r T a T T T T T 0‘ ;)&;—_QX*X?>?/?\L£(‘? o
on off on off on off on off on off on off on off on off
Positive electrical potential

C D

1.0 1.0 00— —0—— 88— 8 —

] . 1 e—e—s—a—a—p—s—s—1
ool /) \VA \/ AVAN o8
n -

= 0.6 Z 06
/2] »
o Q
€04 © 0'41

0.2 0.2

D.__D_D,-—D——D/D\D—D"’D

——— . . ~ 0.0 ———T— T T —
O EM®EE O EEEEEEE

Surface polarization

Fig. 2.5. Microscopic and macroscopic responses of the low-density SAM to an electrical
potential as monitored by SFG and contact angle measurements. Relative SFG intensities
(peak areas) of the CH,-modes at wavelengths of 2855 cm™ (full symbols) and 2925 cm’
(open symbols) are shown for the low-density SAMs (A) and the dense SAMs (B) measured
in d*-acetonitrile (0.1 M CT) when a potential of +25 mV w.r.t. SCE was repeatedly applied
to the system. Cosine of the advancing (open symbols) and receding (full symbols) contact
angles for the low-density SAMs (C) and the dense SAMs (D) were determined while
applying either +80 or -300 mV w.r.t. SCE to the underlying gold electrode. Four switch
cycles were conducted and contact angles were measured with an aqueous solution (0.1 M
CT, pH 11.5) at air using a goniometer (VCA-2500XE, AST) equipped with an electrometer
(6517A, Keithley Inst.) and platinum and carbon fiber microelectrodes (Kation Scientific).
Contact angles averaged at least 100 data points from nine samples with maximum errors of
+3°. The SAMs were examined for chemical integrity and deprotonation by IR spectroscopy
after an electrical potential was applied. The lines are drawn as a guide to the eye.
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We then addressed the question whether the observed rearrangements could be amplified
into macroscopically detectable changes in surface properties. Advancing (open symbols)
and receding (full symbols) contact angles for the low-density SAMs (Fig. 2.5C) and the
dense SAMs (Fig. 2.5D) were determined, while applying either +80 or -300 mV w.r.t. SCE
between the underlying gold electrode and a platinum-made microelectrode. Four subsequent
switch cycles were examined and contact angles with an aqueous solution were measured.
Fig. 2.5C indicates switching of the receding contact angles as the surface polarization was
alternately changed. While the advancing contact angle was independent from the applied
potential, the receding contact angle showed a sharp step whenever the polarization of the
surface was changed (Fig. 2.5C, full square). The large hysteresis in contact angle can be
caused by surface roughness or chemical heterogeneity of the surface (29). Since scanning
force microscopy did not reveal significant differences in surface roughness between systems
configured of molecules in bent and straight states (30), the assumption of a chemical
discontinuity along the solid/air/liquid contact line best explains the large hysteresis in
contact angles and the pronounced sensitivity of the receding contact angle. Following
Neumann and Good’s wettability model (31), the system reflects the behavior of a smooth,
but chemically heterogeneous system that is composed of a low-energy area (area exposed to
air) and a high energy-area (area exposed to solution). The observed changes in receding
contact angle then signify molecular transitions at the high-energy area. SFG results support
this assumption (cf. Fig. 2.4). The drop in contact angle was a reversible phenomenon as the
assembly was switched several times between its hydrophilic (straight molecules) and
hydrophobic state (bent molecules) (four times for the study shown in Fig. 2.5C). In contrast,

switching was not observed for the dense SAM (Fig. 2.5D). We excluded the possibility of
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electrochemically induced protonation, because it would affect both dense and low-density
SAMs similarly (in addition, experiments were conducted at pH 11.5 to avoid protonation).
It is important to point out that the applied electrical potentials were well above the estimated
lower limit of electrical potentials that permits conformational transitions (27), but low
enough to be within the potential window of greatest stability for SAMs of alkanethiolates on
gold (26, 32). Thus, electrochemical reactions can be excluded as driving force for the
observed changes in surface properties. We conclude that the observed switching in surface
properties is microscopically driven by conformational transitions.

In summary, the study demonstrates reversible control of surface switching for a low-
density monolayer. Due to synergistic molecular reorientations, amplification into
macroscopic changes in surface properties is observed. Future research might be directed
towards enhancement of macroscopic effects and development of alternative stimuli. The
fact that controlled conformational reorientations of single-layered molecules induced
observable changes in wettability raises hope that these findings may, with further study,
have implications in dynamic regulation of macroscopic properties, such as wettability,
adhesion, friction, or biocompatibility. Potential applications might include microfluidics,
microengineering of smart templates for bioseparation or data storage, or the microfabrication

of controlled-release devices.
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2.2. Materials and Method

Synthesis of MHAE

Prior to esterification, selective protection of the thiol group was achieved by reacting
purified MHA (5 mmol) with 1,1'-(chlorophenylmethylene)bis[4-methoxybenzene] (5.2
mmol) and triethylamine (6 mmol) in a mixture of tetrahydrofuran, acetic acid and water
(5:4:1) for 14 h at room temperature under an argon atmosphere. After removal of the
solvent under reduced pressure, the remaining residue was dissolved in ethyl ether.
Extraction ~ with ~ ammonium  bicarbonate (1 M)  delivered 16-[[bis(4-
methoxyphenyl)phenylmethyl]thiolhexadecanoic acid that was purified by column
chromatography. Subsequently, the S-protected acid (4 mmol) was allowed to react with 1-
chloro-2-(chlorodiphenylmethyl)benzene (5 mmol) and diisopropylethylamine (9 mmol) in
methylene chloride for 14 h at room temperature to yield the S-protected ester. For
deprotection of the thiol group, the S-protected ester (I mmol) was dissolved in 20 ml of
tetrahydrofuran and methanol (3:1) and 2 ml of an aqueous solution of sodium acetate (3 M).
Silver nitrate (2 mmol) dissolved in a mixture of water and methanol (1:5) was added and the
resulting suspension was stirred at room temperature for 1 hour. Subsequent centrifugation
and re-suspension in 20 ml of the tetrahydrofuran/methanol mixture delivered a crude
intermediate that was subsequently converted with dithioerythritol (2 mmol) in aqueous
sodium acetate (3 M) for 5 h. The precipitate was filtered and the remaining filtrate was
concentrated under reduced pressure. Extraction with ethyl acetate and subsequent column
chromatography yielded (16-mercapto)hexadecanoic acid (2-chlorophenyl)diphenyl methyl

ester. Only freshly prepared precursor was used for SAM formation on a flat Au(111)

73



substrate (root-mean square (RMS) roughness < 2 nm determined by scanning force

microscopy).

16-[[bis(4-methoxyphenyl)phenylmethyl]thio]hexadecanoic acid. 'H NMR (300 MHz,
CDCl3, TMS): &= 1.18-1.39 (m, 22H, CH>), 1.37 (q, 2H, CH,-CH,COO), 1.62 (q, 2H, CH,-
CH>S), 2.05 (s, 1H), 2.14 (t, 2H, CH,COO), 2.34 (t, 2H, CH,S), 3.78 (s, 6H, OCH3), 6.80 (d,
4H, CH), 6.81 (q, 2H, CH), 7.16-7.31 (compl., 5H, CH), 7.37-7.40 (compl., 2H, CH); °C
NMR (75 MHz, CDCl;, TMS) 6= 14.44, 21.31, 24.92, 28.89, 29.30, 29.47, 29.49, 29.68,
29.82 (double), 29.84 (double), 29.87 (double), 32.37, 34.24, 55.44 , 60.68, 113.27, 126.61,

127.99, 129.63, 130.90, 137.75, 145.93, 158.12; MS (electrospray): m/z [M-H] = 589.34.

16-[[bis(4-methoxyphenyl)phenylmethyl]thioJhexadecanoic acid (2-chlorophenyl) diphenyl
methyl ester. 'H NMR (300 MHz, CDCl;, TMS): 8= 1.18-1.39 (m, 22H, CHL), 1.37 (q, 2H,
CH,-CH,COO), 1.69 (q, 2H, CH,-CH»S), 2.05 (s, 1H), 2.19 (t, 2H, CH,COO), 2.56 (t, 2H,
CH»S), 3.79 (s, 6H, OCH3), 6.81 (d, 4H, CH), 6.81 (q, 2H, CH), 7.70-7.36 (compl., 19H,
CH), 7.39-7.43 (compl., 2H, CH); ’C NMR (75 MHz, CDCl;, TMS) 8= 35.37, 35.51, 36.67,
36.54, 52.19, 129.21, 131.96, 132.68, 133.13, 133.51, 135.71, 136.54, 136.84, 139.78,

140.69, 142.50, 168; MS (electrospray): m/z [M-H] = 865.37.

(16-mercapto)hexadecanoic acid (2-chlorophenyl)diphenyl methyl ester. 'H NMR (300
MHz, CDCl;, TMS): &= 1.32 (s, 22H, CHy), 1.63 (compl., 4H, CH,-CH,COO, CH,-CH,S),
2.53 (compl., 4H, CH,COO, CH,S), 3.50 (g, 1H), 7.18-7.36 (compl., 14H, CH); >C NMR
(75 MHz, CDCl3, TMS) 6= 35.37, 35.51, 36.67, 36.54, 52.19, 129.21, 131.96, 132.68,
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133.13, 133.51, 135.71, 136.54, 136.84, 139.78, 140.69, 142.50, 168; MS (electrospray): m/z

[M-H] = 563.27.
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CHAPTER THREE

A SYNTHETIC CHEMICAL ROUTE FOR THE FORMATION OF

HOMOGENEOUSLY MIXED SELF-ASSEMBLED MONOLAYERS



3.1. Introduction

The formation of self assembled monolayers (SAMs) containing homogeneously mixed
multicomponent alkanethiol derivatives is of interest in the design of oligonucleotide
arrays, in electroanalysis, in the study of electron transfer mechanism, and in exploring
the molecular-level basis of wettability, adhesion, and frictional properties.” Mixed or
multicomponent SAMs are often formed by immersing the substrate into a solution
containing a mixture of the self-assembling molecules.”™ This process can be controlled
by varying factors such as solvent, temperature, and mole fractions of the components in
solution. However, factors such as rate of competitive adsorption, reversibility of
adsorption, and exchange between molecules in solution and in the mixed SAMs are
more difficult to control.” These factors lead to a process that often involves numerous

21 due to differences

trial and error experiments to obtain the desired surface composition
in adsorption rate of the two species.”” The tendency of adsorbates to form single-
component domains or “islands” makes it difficult to obtain a homogenously mixed
monolayer. These micron-sized domains are characterized by the presence of two peaks

in voltammograms for the reductive desorption of the mixed SAMs.'""*"

For applications
where periodic molecular spacing is desired, a homogenously mixed monolayer and the
ability to spatially control its composition are of importance.

Several approaches to form mixed SAMs have been reported. One approach involves
the chemisorption of bifunctional adsorbates such as unsymmetrical alkyl sulfides or
disulfides,™” or unsymmetrical spiroalkanedithiols, 2-octyl-2-pentadecylpropane-1,3-
dithiol,” onto gold to yield complex interfaces. Both methods are generally limited to

creating monolayers with a 1:1 molecular ratio of the two components. Recent effort has

shown that a homogenously mixed SAM can also be formed from a multi-step
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electrochemical method.” Shimazu et. a/ used underpotential deposition (UPD) to create
a low-density layer of Pb atoms on Au, followed by the formation of a SAM onto the Pb-
Au surface. Desorption of the Pb atoms created vacant sites onto which a second
alkanethiol was absorbed to form a mixed monolayer. This approach made major strides
in the creation of two-component SAMs that were homogeneously mixed over short
length scales.’

Here we report a novel route for the formation of homogeneously mixed SAMs,
employing a strategy that exploits the synthesis and self-assembly of a 16-
mercaptohexadecanoic acid (MHA) derivative containing a globular end group opposite
to the thiol moiety. Scheme 1 illustrates the formation process. The SAM of Cl-triphenyl
methyl ester precursor (16-CTC) is a monolayer that shows low-density packing with
respect to the hydrophobic chains due to the spatial restrictions of the space-filling
endgroups (Scheme 3.1, Step 1). Subsequent cleavage of endgroups establishes a low-
density SAM of MHA (Scheme 3.2, Step 2). Backfilling the low-density assembly with a
second alkanethiol leads to formation of a mixed monolayer of two different components
(Scheme 3.3, Step 3). Characterization of the resulting SAM with optical ellipsometry,
contact angle goniometry, X-ray photoelectron spectroscopy (XPS), Fourier-transform
infrared spectroscopy (FT-IR), cyclic voltammetry (CV), and reductive desorption
voltammetry indicates the formation of a homogeneously mixed SAM. This method
presents several advantages over complimentary techniques. For example, our method
can incorporate molecules that would normally form islands in coadsorption. It also has
an advantage over other methods in allowing for molecules with a variety of endgroups to
be mixed, not just alkanethiols with different chain lengths. Our method can also

overcome some of the disadvantages associated with the UPD method. For example, a
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SAM formed from our technique should allow a wider compositional ratio of mixed
samples to be achieved by changing the headgroup size of the initial adsorbate.

The reported approach represents a novel way to produce SAMs that are uniformly
mixed using a synthetic chemical route that exploits the low-density SAM as a platform
for formation of mixed SAMs. This method affords considerable flexibility in varying the

composition and the ratio of different molecules in the mixed SAM.

16-CTC
MHA n-butanethiol
Au —»> Au
Step 2 Step 3

Scheme 3.1. Simplified schematic of the formation of the homogeneously mixed
monolayer via attachment of Cl-triphenyl methyl precursor 16-CTC (Step 1), formation
of low density monolayer (Step 2), and backfilling to form a mixed monolayer (Step 3).

3.2. Experimental Section

Materials. Silicon(111) wafers (SiliconQuest) were used for gold deposition.
Hexadecane, methanol (MeOH), anhydrous ethanol (reagent grade), and hexadecanethiol
(HDT), dichloromethane (DCM), triethylamine, diisopropylethylamine (DIPEA), 16-
mercaptohexadecanoic acid (MHA), tetrahydrofuran (THF), acetic acid (99.99%),
dimethoxytrityl chloride (DMT), dithioerythritol (DTE), silver nitrate, and potassium
ferricyanide were from Aldrich and used as received. MHA was purified via column

chromatography (silica, ethyl acetate:hexane (2:5)) prior to use. Chlorotrityl chloride
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(CTC, Novabiochem) was used as received. Deionized water was purified with a
Millipore-Q system (MilliQ).

Synthesis of CIl-Triphenyl Methyl Ester Precursor (16-CTC). The synthesis of the
precursor was briefly described previously.” The synthetic route is presented in Scheme
2. The thiol group of 16-mercaptohexadecanoic acid was selectively protected by
reacting MHA (I, 5 mmol, 1.44 g) with dimethoxytrityl chloride (3.5 mmol, 1.86 g), and
triethylamine (6 mmol, 840 uL) in a mixture of THF, acetic acid, and MilliQ water
(5:4:1) for 14 hours under an argon atmosphere. After the solvent was removed in vacuo,
the product was redissolved in diethyl ether and washed with an aqueous solution of
ammonium bicarbonate (1 M, 3 x 100 mL). The organic phase was dried over Na,SO,
and evaporated to dryness under vacuum. The crude product was purified via column
chromatography (silica, hexane:ethyl acetate:methylene chloride (6:2:1)) to yield the S-
protected acid (II). Subsequently, the S-protected acid (4 mmol, 2.36 g) was allowed to
react with chlorotrityl chloride (5 mmol, 1.57 g) and DIPEA (9 mmol, 1.57 mL) in DCM
for 14 h at room temperature to yield the S-protected ester (III). The product was purified
via column chromatography (silica, hexane:ethyl acetate:methylene chloride (6:2:1)). For
deprotection of the thiol group to yield Cl-triphenyl methyl ester precursor (16-CTC), the
S-protected ester (1 mmol, 0.869 g) was dissolved in 20 mL of THF and methanol (3:1)
and 2 mL of an aqueous solution of sodium acetate (3 M). Silver nitrate (2 mmol, 340
mg) dissolved in a mixture of water and methanol (1:5) was added and the resulting
suspension was stirred at room temperature for 1 h. Subsequent centrifugation and re-
suspension in 20 mL of the THF/methanol mixture delivered a crude intermediate that
was subsequently converted with dithioerythritol (2 mmol, 0.308 g) in 3 mL aqueous

sodium acetate (3 M) for 5 h. The precipitate was filtered, and the remaining filtrate was
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concentrated under reduced pressure. The solid was then dissolved in mixture of ethyl

acetate and water (1:1). The aqueous phase was extracted with ethyl acetate (3 x 50 mL)

and the organic phase was washed with water (3 X 50 mL). The combined organic phase
was dried over Na,SO, and evaporated to dryness under vacuum. Subsequent column
chromatography (silica, ethyl acetate:hexane (2:5)) yielded Cl-triphenyl methyl ester (16-
CTC) with the following properties: 'H NMR (300 MHz, CDCl,, TMS): 8= 1.32 (s, 22H,
CH,), 1.63 (compl., 4H, CH,-CH,COO, CH,-CH,S), 2.53 (compl., 4H, CH,COO, CH,S),
3.50 (q, 1H), 7.18-7.36 (compl., 14H, CH); "C NMR (75 MHz, CDCl,, TMS) &= 33.37,
33.51, 36.67, 36.54, 52.19, 129.21, 131.96, 132.68, 133.13, 133.51, 133.71, 136.54,
136.84, 139.78, 140.69, 142.50, 168; ESI-MS: m/z (M-H) = 563.27 (theoretical 563.28).
Preparation of SAMs. Substrates were prepared by evaporation of titanium (100 A) as
an adhesion layer and gold (1000 A) on test grade silicon wafer (SiliconQuest) that was
precoated with a 3000 A layer of Si,N, as an electrically insulating layer. The evaporation
was carried out in a Temescal Semiconductor Products VES 2550 electron beam
evaporator under high vacuum (10" Torr). The root-mean square roughness of the surface
as determined by atomic force microscopy (AFM) with the Nanoscope Illa Scanning
Probe Microscope (Digital Instruments) using tapping mode in air was approximately 15
A. Substrates were either used fresh or cleaned for 1 min in piranha solution (7:3,
H,SO,:H,0,), washed 3 times in MilliQ water and absolute ethanol, and blown dry under
a stream of nitrogen; caution: “piranha’” solution reacts violently with organic materials,
and should be handled carefully. The substrates were immersed in 1 mM solutions of the
adsorbates in anhydrous ethanol and allowed to equilibrate for a minimum of 16 h. The

resultant SAMs were rinsed with ethanol and dried under a filtered stream of nitrogen.
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To prepare the low-density SAMs, the ester group on the 16-CTC SAMs was cleaved
in 50% trifluoroacetic acid in ethanol for 1 min. The resultant monolayers were sonicated
in ethanol for 1 min, washed exhaustively with MilliQ water and ethanol and blown dry
in a filtered stream of nitrogen. Formation of the mixed SAM was performed by
immersing the low-density SAM for 2-5 min in 1 mM ethanolic solution of n-
butanethiol. The mixed monolayer was rinsed exhaustively in ethanol, sonicated for 1
min in ethanol, rinsed in water and ethanol, and dried in a filtered stream of nitrogen.

Contact Angle Measurements. Water advancing, receding, and static contact angles
were measured at ambient temperature using a goniometer (VCA-2500XE, AST). To
measure the advancing and receding contact angles, the angle of a water droplet that
formed at the end of a blunt-tipped syringe made with the surface was examined.
Advancing and receding angles are defined as the angle formed between the film-droplet
interface and the tangent to the droplet at its intersection with the substrate as the volume
of the drop is being altered via a syringe.

Ellipsometric Measurements. Thickness measurements were carried out on a Gaertner
Ellipsometer Model L3W26C.830 equipped with a 632.8-nm helium-neon laser.
Monolayer thicknesses were determined with incident and reflected light at 70° to the
surface normal and assuming that n, = 1.3.% Optical constants were measured prior to
deposition and used to calculate thickness of the molayer after deposition. The variation
in the measured thickness among 3-4 spots on any sample was + 2 A. Reported
thicknesses were the average of at least five independent experiments in which each
sample was characterized by ellipsometry at three distinct locations on its surface.

Reflectance Infrared Spectroscopy (Grazing Angle FT-IR). IR spectra were obtained in

a single reflection mode with a Bio-Rad FTS 175 infrared spectrometer and Universal
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Reflectance Attachment, which allowed for p-polarized light to reflect off the sample
with an angle of incidence at 80° from the surface normal. The spectrometer was
equipped with a narrow-band mercury-cadmium-telluride (MCT) detector cooled with
liquid nitrogen. Background spectra were taken using gold substrates coated with
octadecanethiol-d,, and 1024 scans of both sample and reference were used to obtain
good signal to noise ratio at a resolution of 2 cm after triangular apodization.

Electrochemistry. Cyclic voltammetry (CV) of the SAMs was performed in a glass cell
with a supported gold film as the counter electrode, Ag|AgCl as a reference electrode
(Bioanalytical Systems, Inc), and a Gamry PC4-300 potentiostat. Working electrodes
consisted of 2 pads, a rectangular pad (0.5 cm X 0.75 cm), and a square pad (0.5 cm X 0.5
cm), connected by a 0.1 mm wire 0.5 cm long. This electrode design was chosen in order
to simultaneously prepare a series of electrodes with the same geometrical area. The
electrodes were fabricated using standard lithographic techniques, producing electrodes
with an Au working surface area of 0.25 cm® or 0.375 cm’ on Si,N, coated Si wafers. The
voltammetric experiment was carried out in a 1 M KCI solution containing 0.1 mM
Fe(CN),”. The scan rate was 50 mV/s. Typically up to 10 cycles were recorded with a
scan range of —0.2 to 0.5 V versus a Ag|AgCl|saturated KCl electrode.

Electrochemical Reductive Desorption. All experiments were conducted in a nitrogen-
filled glove bag to minimize interference from dissolved oxygen. A low-density SAM of
MHA prepared from its 16-CTC precursor was incubated with n-butanethiol (1 mM,
ethanol) for 2 min. Another SAM on gold was prepared via co-adsorption of a 2:1
mixture of MHA and 3-mercaptopropionic acid (MPA) in ethanol. The MPA was
selectively desorbed and the resulting monolayer was backfilled with n-butanethiol. *

Electrochemical desorption of two-component SAMs consisting of MHA and #-
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butanethiol was performed in deoxygenated 0.1 M KOH with a scan rate of 50 mV/s in a
glass cell equipped with a supported gold film as the counter electrode, an Ag|AgCl
reference electrode, and a Pine Mode AFRDE bipotentiostat interfaced to a PC using a
custom-made DAQCard-6024E (National Instruments) and a LabVIEW program.
Working electrodes were fabricated as described above.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were obtained using a Kratos
AXIS Ultra Imaging X-ray Photoelectron Spectrometer with a monochromatic Al Ky X-
ray source operated at 1400 V and a 160 mm concentric hemispherical energy analyzer.

The spot size was 300 x 700 um. Take-off angle of 90 degree was used.

3.3. Results and Discussion

The procedure for formation of the mixed SAM is presented in Scheme 3.1. Step 1 is
the adsorption of a Cl-triphenyl methyl precursor, 16-CTC. Step 2 is the cleavage of a 16-
CTC monolayer and formation of a low-density monolayer of MHA molecules. Step 3 is
a backfilling step in which n-butanethiol molecules adsorb onto accessible Au sites,

resulting in a mixed SAM.

3.3.1. Synthesis and characterization of 16-CTC monolayers (Step 1)

Synthesis. The synthesis of the 16-CTC precursor was carried out according to the route
shown in Scheme 3.2. The protection of the thiol group, II, had good yield and was
purified as described. The protection of the acid group was much lower in yield (III), and

subsequent deprotection of the thiol group gave about 15-25% yield. Compound II was

an orange-color oil that became a clearer, more yellowish oil upon purification.
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Compound III was also a yellowish oil. The final product, 16-CTC (IV) was a white

solid.
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Scheme 3.2. Synthetic route for the Cl-triphenyl methyl ester precursor (16-CTC)

Formation of 16-CTC Monolayers. The water contact angles for the 16-CTC
monolayers were 86 + 3°, 96 + 3°, and 72 * 3° for static, advancing, and receding values,
respectively. These values are significantly higher than those observed for the acid
terminated MHA (10°).”' This result indicates a substantial increase in hydrophobicity of
the 16-CTC monolayer due to presence of the hydrophobic triphenyl group. The static
angle was also similar to that obtained for dimethoxytrityl chloride group (DMT) tethered
to a mercaptoundecanol SAM on Au where researchers measured a contact angle of 61°.*

The thickness of the monolayers measured by ellipsometry was 23 + 2 A, whereas

those of MHA and HDT monolayers were 20 + 1 and 18 + 2 A, respectively. Based on
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this result, the thickness of the CTC headgroup was derived to be about 3-5 A, a
reasonable estimate given that the DMT group, a similar molecule to CTC, has a
thickness of about 5 A.*

To determine structural information regarding the 16-CTC monolayer, Fourier-
transform infrared spectroscopy (FT-IR) was used. The CH, stretching vibrations of the
alkyl chain are very sensitive to packing density and to the presence of gauche defects,
which makes these vibration modes ideally suited as probes to determine the quality of

SAMSs. In particular, the asymmetric CH, stretching (v, ™) vibration at ~2918 c¢m’™ is a

CH;

useful indicator.” For a densely packed, crystalline SAM of exceptional quality, the v,
band would appear between 2916 and 2917 cm'. For normal, densely packed SAMs, the
v, band would be near 2918 cm™. For a disordered, "spaghetti-like" SAM, it would be
at 2926 cm’' or above.” As shown in Figure 3.1A, the FT-IR spectrum of 16-CTC
monolayer (solid line) shows CH, vibrations at 2924 and 2855 cm’, suggesting moderate
disorder along the alkyl chains. These bands are reproducible at higher frequencies than
those of MHA SAM (dashed line), which appear at 2920 and 2852 cm™. The decrease in
crystallinity of the 16-CTC SAM is likely due to the spatial limitations exerted by the
bulky headgroup, preventing the close-packing of the chains. This increased chain-to-
chain separation can also lead to weaker interchain van der Waals stabilization and
further decreases the conformational order in the 16-CTC films. Other differences
between the 16-CTC and MHA SAMs include the presence of aromatic CH stretches at
3071 and 3030 cm” (Figure 3.1A) and of an ester bond at 1746 cm” (Figure 3.1B) in the
16-CTC spectrum as opposed to the two peaks at 1743 and 1720 cm™, which are from the
non-hydrogen-bonded and hydrogen-bonded —C=0O stretches of —COOH groups,

respectively, in the MHA SAM.*"
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Figure 3.1. FT-IR spectra of 16-CTC (solid line), MHA (dashed line), and cleaved 16-
CTC (dotted line) in high (A) and low (B) frequency regions. Vertical lines at 2924 cm”
(A) and 1720 cm™ (B) are included to aid spectral comparison.
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Table 3.1. Composition results obtained from XPS.

Sample C 0 S Cl

16-CTC 92.42 4.44 1.35 1.79
theoretical? 89.74 5.13 2.56 2.56
16-CTC cleaved 86.63 9.24 4.13 0.00
MHA 87.47 10.43 2.18 0.00
theoretical® 84.21 10.53 526 0.00
16-CTC cleaved + butanethiol 88.24 8.21 3.55 0.00
butanethiol 94.46 2.41 3.13 0.00

“Theoretical values represent simple atomic percentages, ignoring attenuation of
electron signal through the SAM.

The 16-CTC SAM was subjected to compositional analysis using XPS, a sensitive
technique in determining the relative atomic composition, the substrate attachment
chemistry,”” and the local chemical environment in the SAM. Table 1 displays the XPS
compositional results for the monolayers. There was good correlation between the
theoretical and calculated atomic composition of the 16-CTC SAM. The difference may
be due to the attenuation of the sulfur and chlorine signal by the bulky aromatic rings.
The sulfur seems to be more screened than chlorine as is expected from its increased
attenuation by the alkyl chain.

The presence of defects in the monolayer was investigated by cyclic voltammetry with
a redox active probe, ferri/ferrocyanide (Fe(CN),"*). The ability of a SAM to block
electron transfer between the gold electrode and an electroactive probe in solution is a
very useful tool to measure the nature and extent of structural defects in SAMs.” For a
densely packed monolayer prepared by using alkanethiols on gold electrodes, there is
minimal charge transfer that occurs between the redox couple and the metal surface,
giving rise to a very small current in cyclic voltammetry.” However, if there are any

defects such as pinholes or gross defects, an increase in current will be recorded. Cyclic
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voltammograms for the 16-CTC monolayer (solid line) as compared to a dense layer of
MHA (dashed line) are shown in Figure 3.2. The 16-CTC monolayer was very effective

34

at preventing charge transfer between the Au and the Fe(CN),” " redox active probe. The
16-CTC monolayer actually performed slightly better at inhibiting charge transfer than
the MHA sample at comparable incubation time, perhaps due to the ability of the
aromatic group to prevent the penetration of the bulky Fe(CN),"™* species into the
monolayer. This result combined with FT-IR results shows that although the 16-CTC
monolayer is not densely packed with respect to the methylene chains, it is effective at
blocking electrochemical reactions at the Au surface.

These characterization methods demonstrate that a monolayer of 16-CTC molecules is
uniformly adsorbed with no gross defects. FT-IR, ellipsometry, and XPS results support
the presence of aromatic rings and chlorine group as found in the CTC headgroup, and

demonstrate that the monolayer is of low density with respect to the methylene chains

and is densely packed with respect to the space-filling end-groups.
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Figure 3.2. Cyclic voltammograms of Fe(CN),” redox couple at 16-CTC (solid line)
and dense MHA (dashed line) SAMs on gold at a scan rate of 50 mV/s.
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3.3.2. Formation of low-density monolayers (Step 2)

Formation of low-density monolayers. After cleavage of the CTC head group, water
contact angles of the 16-CTC SAM decreased to 55 + 3° (static), 80 + 5° (advancing) and
52 + 5° (receding), with the difference between advancing and receding angle (hysteresis)
of approximately 28°. These values are ~20° lower than that for the 16-CTC monolayer
but are substantially higher than for a dense MHA layer where the contact angle was 10°
(static) and hysteresis was less than 10°. This difference between cleaved 16-CTC and
dense MHA is attributed to the low-density monolayer exhibiting a mixture of
hydrophilic acid groups and hydrophobic carbon chains at the interface, giving rise to a
chemically heterogeneous surface. This idea is supported by molecular modeling and FT-
IR characterization performed in our lab, which showed that the low-density monolayer
consisted of molecules that were in relatively random and disordered conformation,
exposing both the hydrophilic acid group as well as the hydrophobic methylene backbone
in air.” In addition, the spacing between molecules would not allow for dense and ordered
packing of molecules since strong chain-chain interactions are prevented. A
heterogeneous system in the SAM is formed when a water droplet from the contact angle
goniometer contacts the low-density SAM. This system consists of a low-energy area
(area exposed to air) and a high-energy area (area exposed to water), following Neumann
and Good’s wettability model.” Here, the assumption of a chemical discontinuity along
the solid/air/liquid contact line best explains the large hysteresis. The significantly
reduced receding contact angle observed signifies molecular transitions at the high-
energy area due to the molecular rearrangement of MHA molecules upon exposure to
water. This molecular rearrangement involves the MHA molecules straightening from a

random conformation to expose their hydrophilic carboxylic acid group to the water
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surface, reducing the receding contact angle and leading to a large hysteresis. Langmuir
suggested a similar phenomenon where the contact angle hysteresis of water on
monolayer surfaces was due to the flipping of surfactant molecules on becoming exposed
to water, rendering the surfaces hydrophilic and reducing the receding angle.” This is
especially true for cases where water can penetrate into the adsorbed layer and drastically

change its structure and dynamics.”

In the case of cleaved 16-CTC, the monolayer is a
low-density one, where water can easily penetrate and “pull out” the hydrophilic groups,
especially when the monolayer surface has already been exposed to the liquid, as in the
case of the receding contact angle.

The ellipsometric thickness of the low-density monolayer was 11 + 1 A. This value was
significantly lower than the thickness of a dense 16-CTC monolayer (23 + 2 A). If the 16-
CTC molecule was to just lose the CTC head group and retained a somewhat extended
conformation, the thickness would be that of an MHA monolayer, around 19 A. Cleavage
of the headgroup alone would not lead to such a huge change in ellipsometric thickness
since its size is likely around 3-5 A as discussed above. However, the fact that the
thickness of the cleaved 16-CTC SAM was so much lower is indirect evidence that the
monolayer collapsed upon removal of the supporting CTC head groups. For the purpose
of control, the HDT and MHA monolayers were also subjected to cleavage conditions.
However, there were no detectable changes in thickness or contact angle upon exposure
to TFA.

FT-IR was employed to further characterize the low-density monolayer. Figure 3.1
shows the FT-IR spectrum of cleaved 16-CTC (dotted line). As expected, the FT-IR
spectra display the general features of a highly disordered SAM, such as the red shift of

the methylene bands to 2929 and 2856 cm™. The removal of the bulky headgroups shifts
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the 16-CTC monolayer from a moderately disordered state to a highly disordered state
(v mode shifts from 2924 to 2929 cm™). The ester peak at 1746 cm™ disappeared (see
solid line in Fig. 1B) and was replaced by the C=0 peak at 1720 cm”. Complete cleavage
is also demonstrated by the loss of the aromatic C-H (3030 and 3071 cm™) and C=C
(1448, 1468, and 1495 cm’) stretches. The CH, scissor mode near 1469 cm” * is now
evident after the removal of the C=C modes between 1400 and 1500 cm in the spectrum
for 16-CTC.

XPS further supports the removal of the CTC headgroup evident by the loss of chlorine
signal in the low-density SAM (Table 1). Furthermore, the carbon to oxygen ratio of the
low-density monolayer is very similar to that of a dense MHA SAM. The lack of chlorine
signal and the reduction in the C:O ratio indicate that the bulky aromatic group was
removed upon cleavage. Although the sulfur (S) signal is still reduced relative to its
theoretical value based on elemental composition, the sulfur content is substantially
higher than that observed with MHA. This increase in sulfur signal relative to MHA is
likely due to the low density of the molecules in the cleaved monolayer, which reduces
the extent of attenuation in XPS.

The most dramatic change in the monolayer’s property was observed in cyclic
voltammetry. Figure 3.3 shows the cyclic voltammogram for the low-density monolayer
(solid line) as compared to that of bare gold (dashed line) and dense MHA SAM (dotted
line). There is a large difference between the spectra for the 16-CTC monolayer and the
low-density analog, which exhibited the redox peaks similar to bare gold. Since the
molecules in the low-density monolayer are widely spaced apart, the inhibition of the
electron transfer from the gold electrode to the redox active species Fe(CN),™* is reduced,

resulting in a cyclic voltammogram similar to that of bare gold. However, there is a
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slight difference in the peak-to-peak separation between that of the bare gold (77.4 mV)
and the low-density monolayer (84.9 mV). Although this difference is not large, it may
indicate some slight barrier to redox reaction from the presence of the low-density SAM.
Evidence of similar behavior has been seen with short chain alkanethiol systems.™"

These results indicate that the CTC headgroups have been removed. The resulting

monolayer is composed of loosely-packed, highly disordered MHA molecules on the Au

surface as demonstrated by FT-IR and electrochemical analysis.
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Figure 3.3. Cyclic voltammograms of Fe(CN),"* redox couple at a cleaved 16-CTC
SAM (solid line), bare gold (dashed line), and high density MHA SAM (dotted line) on
gold at a scan rate of 50 mV/s.
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3.3.3. Formation of mixed monolayers (Step 3)

Mixed monolayers formed from incubating the low-density SAM with n-butanethiol
were characterized with contact angle measurements. The static, advancing, and receding
contact angles for the mixed monolayers were: 58 + 5°, 84 + 5° and 57 * 5° respectively.
Large contact angle hysteresis was observed, which is attributable to the molecular
heterogeneity. We can use the Israelachvili equation to assess the different group
contributions to the wettability where the chemical heterogeneity is not in the form of

discrete patches but is of atomic or molecular dimensions:™*

(1+cos@)’ = f,(1+cos@,) + f,(1+cosb, ) ()
S+ S =1 @)

where 6, and 6, are the advancing contact angles of the pure homogeneous surfaces of
1 and 2 respectively, and @ is the contact angle of the mixed surface containing

components | and 2. This equation was used to calculate the molecular ratio of the two

components in the mixture.

The contact angle measured experimentally for the mixed monolayer system (8 = 84°)
and the values for the pure MHA (6, = 10°) and pure n-butanethiol (€, = 110°) monolayers
were used in eq. (1) and (2) to determine the mole fraction of MHA (f;) and n-butanethiol
(). Solving these equations resulted in values of 0.78 and 0.22 for n-butanethiol and
MHA respectively. These value correspond to a deposition of 3.4 n-butanethiol molecules
for every MHA molecule in the low-density monolayer. This method of calculation is a
first-order approximation. For more rigor, the specific intermolecular forces appropriate

to a particular system would probably need to be considered.® The molecular

rearrangements of the headgroup should also be considered. Also, this system is for a
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dense SAM, whereas our system is at least moderately disordered. Previous study has
shown that monolayer surfaces containing a high concentration of OH groups on a mobile
organic chain is not stable over time, and that the OH groups could stabilize by
reorganization and adsorption of contaminants.” Hence, there may be an increase in
contact angle associated with a similar rearrangement of the -COOH headgroups in the
low-density monolayer to minimize surface energy.

The thickness of the monolayers measured by ellipsometry remained relatively
unchanged at about 11 + 2 A after exposure of the low-density SAM to n-butanethiol.
This is expected since the n-butanethiol molecules are only 2-3 A in length and will not

be sufficiently long to cause a change in thickness of the overall low-density monolayer.
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Figure 3.4. FT-IR spectra of 16-CTC after cleavage and backfill with n-butanethiol (solid
line) and n-butanethiol (dashed line). The spectrum for MHA (dotted line) is also shown
for comparison.
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Figure 3.4 shows the FT-IR spectra of the low-density monolayer backfilled with n-
butanethiol (solid line) and pure n-butanethiol (dashed line). The pure n-butanethiol SAM
has peaks at 2879 cm’, 2924 cm’, 2936 cm’, and 2966 cm”. These bands correspond to
the symmetric CH,, asymmetric CH,, symmetric CH,, and asymmetric, in-plane CH,
vibrations, respectively, based on standard assignments.” The mixed monolayer spectrum
(Figure 3.4, solid line) continue to be dominated by the asymmetric and symmetric CH,
vibrations at ~2930 cm™ and 2859 cm’, respectively. The broadened peak at 2930 cm™ is
most likely due to the combined CH, vibrations from the MHA and the n-butanethiol and
indicates a still highly disordered SAM. This is due to the fact that n-butanethiol SAM
itself is highly disordered, and backfilling of the n-butanethiol for a short time into a
disordered, low-density MHA system will not improve ordering in the mixed SAM.™
However, two new bands were observed at 2967 cm” and 2876 cm’. These bands likely
correspond to the symmetric and asymmetric, in-plane CH, modes as described for n-
butanethiol above. The final CH, mode at 2936 cm is likely obscured by the intense v,
mode at ~2930 cm’. The presence of the CH, bands after exposure to n-butanethiol is
further evidence of the inclusion of the molecule into the low-density MHA monolayer.

Table 1 shows compositional results from XPS characterization of the low-density
monolayer backfilled with n-butanethiol as compared to a pure n-butanethiol SAM. After
exposure of the low-density SAM to n-butanethiol, several changes in composition were
apparent. The carbon content increased while the oxygen and sulfur content decreased.
All these changes were consistent with the values expected from inclusion of n-

butanethiol into the monolayer based on XPS results from the pure n-butanethiol system.
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Figure 3.5 shows the CV of the mixed SAM of MHA and n-butanethiol (solid line) and
that for dense n-butanethiol SAM (dashed line). Exposure of the low-density MHA
monolayer to n-butanethiol has greatly reduced the current from that seen with the low-
density monolayer itself (Figure 3.3, solid line). The current is also substantially lower
than that observed for the pure n-butanethiol SAM (Figure 3.5, dashed line). The lower
current for the mixed monolayer is likely the result of the combined effects of short-chain
n-butanethiol with the low-density MHA monolayer. Although the same degree of
passivation as the initial 16-CTC monolayer was not achieved (see Figure 3.2, solid line),
the voltammetric signature of the mixed SAM indicates that no significant gross defects
or pinhole defects exist in the monolayer. This extent of passivation by the mixed SAM
system indicates a well-formed system despite the geometric constraints of the backfilling

process.
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Figure 3.5.Cyclic voltammograms of Fe(CN),”* redox couple at a 16-CTC SAM after
cleavage and backfilling with n-butanethiol (solid line) compared with voltammograms
for a dense n-butanethiol (dashed line) SAM.
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Electrochemical desorption. Previous studies have shown that if mixed monolayers
are constructed from a solution of mixed thiols, separate single component domains likely

2.14-16

form. Upon electrochemical desorption, the voltammetry shows two peaks, one at the
characteristic desorption voltage of each of the respective single component monolayers.
However, if a uniformly mixed monolayer with domain size less than 15 nm” is formed, a
shift in the peaks will occur so that the mixed monolayer will show a single peak between
that of the two original components.”'' This method will elucidate whether the single
component domains exist in a low-density monolayer backfilled with shorter chain
alkanethiols.

Electrochemical desorption experiments were conducted using the low-density
monolayer backfilled with n-butanethiol. Figure 3.6 shows the reductive desorption
results from the low-density backfilled monolayer (solid line) and the MHA/n-butanethiol
mixture (dashed line) formed from the adsorption method outlined in the experimental
section. As the desorption potential is dependent on chain length, a longer alkanethiol is
desorbed at a more negative potential. With the MHA/n-butanethiol system, z#-butanethiol
desorbs first at —0.85 V followed by MHA at —1.01 V. These values match those seen for
single component SAM of n-butanethiol and MHA ( Figure 3.3.7). Previously
researchers have attributed the presence of two peaks to the existence of phase-segregated
domains over 15 nm’*"*" For the mixed SAM formed from the low-density MHA
backfilled by n-butanethiol, a single desorption peak was detected (solid line in Fig. 5).
There is a small shoulder appearing at the most negative potential for the MHA/n-
butanethiol sample. The origin of this subwave is unclear but it is probably due to the

heterogeneity in the crystallinity of the substrate surface”™ and in the packing of thiol

47,48

molecules. We have observed this phenomenon in other SAM surfaces used in
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electrochemical desorption such as that of n-butanethiol. We concluded from this
experiment that preparation of a SAM following the above-mentioned strategy resulted in
a homogeneously distributed monolayer and not in a phase-segregated system. These
results support the assumption that the low-density SAM consists of molecules that show
increased spacing between individual molecules; the formation of MHA clusters is less

likely.
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Figure 3.6. Reductive desorption of low density MHA backfilled with n-butanethiol
(solid line) and MHA :n-butanethiol formed as outlined in the experimental section. Both
voltammograms were recorded in a 0.1 M KOH solution with a scan rate of 50 mV/s.

104



Current (mA)

-50 T T T T T T
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4

Potential (V vs. Ag|AgCl)

T M T

Figure 3.7. Reductive desportion voltammetry of pure MHA (solid line) and pure »n-
butanethiol (dashed line) monolayers.

3.4. Conclusions

A novel method involving use of a synthetic chemical route to form low-density and
homogeneously mixed monolayers was reported here. The route is via synthesis of a
precursor molecule, 16-CTC, which contains a bulky head group, and subsequent
assembly of these molecules on gold surfaces. Characterization of the monolayer showed
dense packing with respect to the space filling CTC group and low-dense packing with
respect to the alkane chains. Upon cleavage of the ester bond, the monolayer collapsed to
a highly disordered state, which resembled a low-density SAM of MHA molecules. This
low-density monolayer had vacant Au sites that could be occupied by molecules such as
n-butanethiol via backfilling. Homogeneity of this mixed monolayer was demonstrated
via electrochemical desorption, where a single peak was observed as opposed to two

peaks arising from phase separation.
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This is a new concept where molecular and structural control of the monolayer’s
architecture was achieved via a synthetic method. The ability to modulate the
microenvironment around a single adsorbed molecule gives flexibility in controlling
charge transfer mechanism, in studying single molecule array of devices, and in providing
a designer’s platform for building well-ordered surface chemical and biological
functionalities such as proteins, nucleic acid, or small organic molecules. This method
also gives considerable flexibility in allowing for the formation of homogenously mixed
SAM of molecules that would normally phase-separate and can also serve as a useful
model system to explore interfacial phenomena. Good control over composition at a
molecular level is achieved, together with the possibility that adjustment of the size of the
headgroup would also give some degree of lateral control in constructing mixed
monolayers. By varying the size of the globular end group and also changing the type of
the backfilling thiol the composition and also the ratio of the different molecules in the
mixed SAM can be altered. Supramolecular chemistry can be done on the monolayer in
which DNA, proteins, other molecules can be attached, spaced apart on the surface at a
reduced density. Further study is underway for use of this platform in oligonucleotide

array application.
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CHAPTER FOUR

DESIGN OF OLIGONUCLEOTIDE ARRAYS USING HOMOGENEOUSLY

MIXED SELF-ASSEMBLED MONOLAYERS



4.1. Introduction

The genomic revolution has created more demand for developing surface-based
biosensors such as DNA hybridization biosensors for gene mapping, DNA sequencing,
clinical diagnosis of genetic diseases, detection of infectious organisms and analysis of
DNA-ligand interactions.'” Heterogeneous hybridization of DNA from free solution on
to an oligonucleotide microarrays (DNA chips or biosensors) has potential to become one
of the most promising techniques in molecular biology and genomic analysis.® The
inherent specificity in DNA base pairing, the sensitivity associated with various
analytical detection schemes, and declining cost of sensor fabrication have made the
development of DNA biosensors attractive.”'® The main research effort in the DNA
sensor design has been focused on several issues, including the development of methods
for the controlled immobilization of the oligonucleotides, the optimization of the ligand
or hybridization efficiencies, and the introduction of sensitive techniques for signal
detection and analysis."" Development of DNA biosensor often involved the tethering of
DNA probes to a self-assembled monolayer (SAM) composed of functionalized
alkanethiolates on gold.*''"?* These DNA microarrays can be used as a foundation for
constructing nanostructured materials via self-assembly, where the spatial distribution of
the DNA at the surface is critical to achieve stability at the interface.”’ Optimizing the
surface density in the resulting DNA arrays permits a high hybridization efficiency to be
achieved. Hybridization efficiencies are often tied to surface coverage, with densely
tethered DNA probes providing lower hybridization efficiency due to increased steric

hindrance and/or inappropriate oligo orientation for the complement hybridization.'"""®
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Many attempts have been done to improve DNA hybridization efficiencies, mostly
involved in forming mixed SAM of the desired DNA-alkanethiol molecules and spacer

11,12,24-31

molecules of “filler” alkanethiolates with varying amount of success. Some

studies, aimed at alleviating steric effects have used oligonucleotide spacers to move

32 Various other methods are

probes away from the surface and enhance hybridization.
also used where selective desorption of alkanethiols in mixed SAMs is employed for
subsequent oligo attachment and DNA hybridization® to give improved DNA
hybridization efficiency. Efforts at controlling surface probe density also involves
varying the time of incubation of the thiolated probe, varying the solution ionic strength,
and applying an attractive electrostatic field at the interface to assist in the
immobilization of negatively-charged thiolated-DNA.>* However, no controlled-design
methods have been used to create a microarray of DNA SAM as often the mixed SAMs
formed from coadsorption may phase separated, form small domains, and the ability to
space apart functional group is very difficult in a controlled fashion with
coadsorption.''**** We report a novel way to control DNA hybridization efficiency by
tailoring the distance between functional groups in a mixed SAM using a new method for
the formation of homogeneously-mixed SAM via a synthetic chemical method as
outlined in Scheme 1.*° Here, we used an assembly of precursor molecules containing a
bulky endgroup that form a SAM that was densely packed with respect to the space-
filling endgroup, but showed low-density packing with respect to the hydrophobic
methylene chains (Step 1). These molecules were derived from 16-mercaptohexadecanoic
acid (MHA). Cleavage of the endgroups gave a low density SAM, and backfilling this

low-density layer with a second alkanethiol created a homogeneously-mixed SAM (Step
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2-3). Using this method, we were able to space apart the functional group, this case —
COOH, on the SAM surface.”® This mixed SAM was then used as a platform for the
attachment of oligonucleotides via the N-hydroxysulfosuccinimide (NHS)/1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) reaction (Step 4).
Subsequently, target oligonucleotides were introduced and the resulting DNA
hybridization (Step 5) efficiency as compared to a surface composed of oligos attached to
a dense layer of MHA SAM was determined via surface plasmon resonance (SPR) and
quartz crystal microbalance with dissipation monitoring (QCM-D). SPR and QCM-D are
surface-sensitive mass detection techniques that do not require added labeling. Using
SPR, molecular interactions can be detected as changes to the refractive index over time,
which is proportional to the mass of molecules bound to the surface and shown in

4041 OCM is also a very sensitive mass-measuring

sensorgram as resonance units (RU).
device due to the changes in its resonance frequencies upon binding of molecules to the
surface of QCM crystals, which can be detected at high sensitivity. In QCM-D,
viscoelastic properties can also be detected, as the resonant frequency is not only
sensitive to mass but also to viscosity, elasticity, surface roughness amongst other

factors.**

. These two techniques are complementary in the way that SPR allows for
measurement of changes in the amount of mass absorbed to a surface, and QCM-D, while
providing semi-quantitative mass changes, also provides additional information about
both the structure of the immobilized nucleotides and the kinetics of the subsequent
hybridization processes through energy dissipation monitoring.‘”’ The QCM-D technique

measures simultaneously a change in mass via a change in resonant frequency f, and

energy dissipation, D (cf. viscoelastic properties).** The magnitude of AD variations
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provides information about viscoelastic properties, and determines if Af can be directly
converted to mass via the Sauerbrey equation (see subsequent discussion) or if modeling
is required.”?

Here, we used both SPR and QCM-D to measure the hybridization efficiency of oligos
tethered to our homogeneously-mixed SAM vs. the dense MHA SAM. The use of short
functionalized alkanethiol linkages has the added benefit of bringing the DNA closer to
the QCM crystal surface, preventing large losses due to viscoelastic coupling and the
resultant decrease in mass sensitivity.” This work represents a controlled method to
improve hybridization efficiency via controlling the spatial distribution of oligos on the

gold surface, and may lead to improvement in DNA arrays fabrication.

16-CTC
MHA n-butanethiol
| Au | & | Au | = | Au |
Step 1 Step 2 Step 3

Complimentary target

- VOOV~

Scheme 4.1. Illustration of the formation of homogeneously-mixed (HM) SAM (steps 1-
3) and the subsequent attachment of oligonucleotide probe via EDC/NHS reaction (step
4) and hybridization to a target sequence (step 5).
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4.2. Surface Plasmon Resonance
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Scheme 4.2. The Biacore 2000: Operating principle.”

In the past decade, surface plasmon resonance (SPR) spectroscopy has become a
powerful tool for in situ characterization of solid/liquid interfaces, and for studying the
interactions of biological molecules with surfaces and has been widely used in recent
years in biochemistry research to monitor events such as antibody-antigen binding,***®
DNA/RNA hybridization,'g"‘g'5 : protein-DNA interactions,n'sz'58 and detection of
conformational changes of immobilized proteins.’*® Surface plasmon resonance is a

phenomenon which occurs when light is reflected off thin metal films. In SPR, a thin

layer of metal film is placed between two media of different refractive indices. At the

? http://www.biacore.com
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interface between these two transparent media (glass and water), light coming from the
side of higher refractive index is totally reflected in a phenomenon called total internal
reflection. However, there is an electromagnetic field component that penetrates a short
distance into a medium of lower refractive index, creating an exponentially attenuating
evanescent wave. If the interface is coated with a thin layer of metal, surface plamons
(SPs) can be created when light energy from p-polarized incident photons is coupled into
oscillating modes of free electron density present in the metal film. The SPs are
evanescent waves that have their maximum intensity at the surface and decay
exponentially away from the phase boundary to a penetration depth on the order of 200

24
nm.

When the wavevector for the photon and plasmon are equal in magnitude and
direction, surface plasmons (SPs) or the collective oscillations of electrons at the
boundary between conductors and insulators will be excited in the interface between the
thin metal film and the medium having the lower refractive index. If the interface
between the media is coated with a thin layer of metal (gold), and light is monochromatic
and p-polarized, the intensity of the reflected light is reduced at a specific incident angle
producing a sharp shadow (called surface plasmon resonance) due to the resonance
energy transfer between evanescent wave and surface plasmons. The precise angle of
incidence at which this occurs is determined by a number of factors, but in the Biacore
devices the principal determinant becomes the refractive index close to the backside of
the metal film, to which target molecules are immobilized and interacting with ligands
that are being circulated via microfluidics. If binding occurs to the immobilized target the

local refractive index changes, leading to a change in SPR angle, which can be monitored

in real-time by detecting changes in the intensity of the reflected light, producing a
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sensorgram. From this sensorgram, association and dissociation rate constants and
equilibrium constant (affinity) can be derived from rates of change of the SPR signal,
while mass information can be derived from the magnitude of change as the size of

change in SPR signal is directly proportional to the mass immobilized (Scheme 4.1 ).81-63

4.3. Quartz Crystal Microbalance (QCM)

Oscillator Frequency Counter
Circuit =EE -
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Scheme 4.3. Schematic of the experimental setup for the QCM apparatus.”

The piezoelectric quartz crystal microbalance (QCM) is a ultrasensitive weighing
device, consisting of a thin disk of quartz crystal connected to metal electrodes.** When
the electrodes are connected to an oscillator and an AC voltage is applied, the crystal

oscillates at its resonance frequency. Most often, AT-cut crystal is used where the crystal

b http://poohbah.cem.msu.edu/courses/cem419/
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oscillates in a shear mode.** The crystal is housed in a chamber where liquid can be
exchanged, and the changes in resonance frequency can be detected by a frequency
counter associated with a computer (Scheme 4.2). If a rigid layer is deposited on one or
both of the electrodes, the resonant requency will decrease proportionally to the mass of

the adsorbed layer according to the Sauerbrey equation:®’

[QfozAmJ
Af = -l TR 4.1)
o, 1, V%)

Af =measured frequency shift

fo = resonant frequency of the fundamental mode of the crystal
Am = mass change per unit area (g/cm?)

A = piezo-electrically active area (14 mm diameter)

pq = density of quartz, 2.648 g/cm3

Uq = shear modulus of quartz, 2.947 X 10" g/(cm s%)

However, in the case where the mass is not rigidly deposited, slips on the surface, or is
not evenly distributed, the Sauerbrey equation does not hold. The change in resonance
frequency of a QCM taken from air into liquid is given by:*®

A =17 L(:)L/Z_]Ln)q } (4.2)

Af =measured frequency shift

f, = resonant frequency of the unloaded crystal

pq = density of quartz, 2.648 g/cm’

Uq = shear modulus of quartz, 2.947 x 10" g/(cm s°)
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pr = density of liquid in contact with the crystal

KL = viscosity of the liquid in contact with the crystal

It was verified experimentally that quarz oscillators could respond to properties of a
contacting liquid.”*® Those observations paved ways for investigations of the use of
QCM in liquids.

In many situations the adsorbed film is not rigid and the Sauerbrey relation becomes
invalid. A "soft" (viscoelastic) film will not fully couple to the oscillation of the crystal,

and hence, dampens the crystal's oscillation. The dissipation (D) of the crystal's

oscillation is a measure of the film's softness (viscoelasticity). D is defined as:
D= Lo (4.3)
ZEESIOI'E([

where E|o 1s the energy lost (dissipated) during one oscillation cycle and Egreq is the
total energy stored in the oscillator.

The quartz crystal microbalance with dissipation monitoring (QCM-D) technique
measures simultaneously the change in mass via changes in resonant frequency f, and
energy dissipation, D (cf. viscoelastic properties).69 The dissipation of the crystal is
measured by recording the response of a freely oscillating crystal that has been vibrated
at its resonance frequency and numerous overtones at 15, 25 and 35 MHz. By measuring
at multiple frequencies and apply a viscoelastic model, the adhering film can be
characterized in details and the viscosity, elasticity and correct thickness may be
extracted.”” The magnitude of AD variations provides information about the shear
viscoelastic properties.®” The information contained in both the frequency and
dissipation changes have been shown to add unique information about structure and other
properties of biomolecular films such as proteins,”*”! lipid vesicles,”>" and DNA.*
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4.4. Experimental Section

Materials.  Anhydrous ethanol, n-butanethiol (BT), N-Hydroxysulfosuccinimide
(NHS) were obtained from Aldrich and used as received. 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) was from Alfa Aesar. DNAse and RNAse-free
water, phosphate-buffered saline were from Invitrogen. Tris-EDTA (TE) pH 8.0 buffer
(20x) was obtained from Boston Scientific and diluted with water treated with a
Millipore purification system (MilliQ water) to 1x prior to use. Amine modified oligo
(NH»-(CH3)6-5’- CAC-GAC-GTT-GTA-AAA-CGA-CGG-CCA-G-3’), and the target
with a sequence complimentary to the 25-mer probe were all acquired from Integrated
DNA Technologies, Inc. (Coralville, 1A). All solutions were prepared with MilliQ
water, filtered and degassed before use. 16-[[bis(4-methoxyphenyl)phenylmethyl]thio]-

hexadecanoic acid (16-CTC) were synthesized in our lab as described previously.3 ’

Solution preparation. TE buffer used in this work contained 1M NaCl (pH = 8.0).
DNA solutions were prepared in this TE buffer. EDC/NHS solutions were produced by
mixing 100 mM NHS and 400 mM EDC in water immediately before use. PBS pH 8.6

was made by adjusting the pH of PBS buffer with 1M NaOH.

Formation of SAMs and Subsequent DNA Attachment. Formation of homogeneously-
mixed SAMs has been described previously.” SPR substrates were from the SIA Au Kit
(BIAcore) and QSX sensor crystals were from Q-sense. Both the gold SPR substrates
and the sensor crystals were cleaned for 1 min in piranha solution (7:3, H,SO4:H,;0,),
washed 3 times in MilliQ water and absolute ethanol, and blown dry under a stream of

nitrogen; caution: “‘piranha’ solution reacts violently with organic materials, and should
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be handled carefully. The substrates were immersed in 1 mM solutions of the 16-CTC in
anhydrous ethanol and allowed to equilibrate for a minimum of 16 h. The resultant SAMs
were rinsed with ethanol and dried under a filtered stream of nitrogen. The CTC group
was then cleaved, and the resulting low-density SAM backfilled with n-butanethiol to
form a homogeneously-mixed SAM. Formation of the MHA SAM was achieved via a
similar method, minus the cleavage and backfilling. Attachment of DNA to the SAM
surface was carried out via the EDC/NHS method. In brief, the mixed monolayer was
incubated for 5 min in PBS, pH 7.4, then 20 min in a fresh solution of EDC/NHS.
Coupling of the 5’-modified oligos was performed by incubating the SAMs in 100 uM
strands of oligos in TE buffer for 3-6 h. Subsequent incubation of the substrates for 1
min in PBS was followed by 20 min incubation in PBS pH 8.6. The DNA-covered
substrates were used immediately for SPR or QCM-D measurements after rinsing with

PBS pH 7.4 and water.

SPR. A BlAcore 2000 instrument (BIAcore, Upsala, Sweden) was used in all
experiments. The SIA Au kit contains bare gold-coated substrates that can be used for
surface modifications prior to assembling and running in the BIAcore. The running
buffer is TE containing 1 M NaCl. The baseline was stabilized for at least 5 min to 1 h at
a flow rate of 5 pl/min prior to injection of solution. EDC/NHS solution was made fresh
right before the start of the injection. A dilute function was used to mix the two
solutions. Typically, about 60 pl of EDC/NHS was injected at the flow rate of 5 ul/min.
Oligonucleotide probe solution (150 ul of 1 pg/ul solution in TE buffer) was then

injected at the same flow rate followed by 35 ul of PBS pH 8.6. Subsequently,
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complimentary target oligos (600-750 ul of 0.0065 umol/mL) was injected at 5 pl/min

and hybridization was carried out for 3-4 h.

QOCM-D. The QCM-D measurements were carried out in a Q-sense D300 measurement
system (Q-sense AB, Gothenburg, Sweden). As described above, QCM is a mass
detection technique in which changes in resonant frequency (f) of a quartz crystal is
monitored as a material deposits on its suface.>™ QCM-D is a new technology that
allows for the simultaneous measurements of both changes in mass and viscoelastic
properties due to the ability to measure energy dissipation factor (D). The combined
information recorded in a parallel fashion makes QCM-D a powerful technique to study
viscoelastic monolayers, biofilms, and small proteins in liquid.** The QCM-D sensor
crystals are gold coated, 14 mm in diameter, 5 MHz AT-cut quartz crystals. The crystal
resonant frequency shift (Af) and the dissipation factor (AD) were measured
simultaneously at the fundamental frequency (5 MHz) and 3 other over tones at 15, 25,
and 35 MHz. All samples were thermally equilibrated to 23 + 0.1 °C for 2 min in an
axial flow chamber (QAFC 301) which comprised of a T-loop that can hold upto 1.5 mL
of liquid. The sample (0.4-0.5 mL) was introduced to the measurement chamber after it
had been thermally equilibrated, resulting in small pressure changes evident on the f/ and
D traces. A steady baseline was acquired prior to staring all measurements.

DNA hybridization was carried out as follows: 0.4 mL of PBS buffer for 5 minutes,
0.4 mL of complementary oligos 3-4 X, waiting 2 min between each injection, incubate

for at least 6 hours, flush with buffer until baseline stabilize.

128



4.5. Results and Discussion

45.1. QCM-D. The QCM-D technique was used to examine the hybridization
efficiency of 25-mer oligos immobilized on both the homogeneously-mixed (HM) SAM
generated as described versus the dense MHA layer. If we assume that the absorbed film
is thin, not too viscoelastic, and fulfilling certain conditions about the coupling to certain
medium, then the Sauerbrey equation can be applied: *'

C
AmQ(‘M = P fitm ) film = %Af (4.4)

where prm and O are the effective density and film thickness, respectively, Cocm
(=17.7 ng cm™ Hz'') is the mass sensitivity constant, and n (=1,3,5,7) are the overtone

number.***

This calculation is complicated in liquid due to the fact that liquid may
absorb a considerably high amount of water, which is sensed as a mass uptake by all
QCMs. The QCM-D technique allows users to determine whether the absorbed film is
rigid or water-rich (soft) by measuring several frequencies and the dissipation (D). &
Viscous loss of energy in the film can lead to a non-trivial reduction in measured surface
mass of the film.”® Other theoretical considerations need to be accounted when the film
is not rigid and the results deviate from what predicted by the Sauerbrey equation. Figure
4.1 shows the frequency vs time (A) and dissipation vs time (B) for the oligo-modified
HM & MHA SAMs upon hybridization. The HM SAM shows a Af of 43.0 vs 24.2 for
the MHA SAM for the third harmonic at 15 MHz (which will use throughout the
analysis). First, using the approximation that the monolayer is fairly rigid and applying
the Sauerbrey equation, mass changes of 253.8 ng cm™ and 143.1 ng cm™ are obtained

for the HM SAMs and MHA SAM respectively. The HM SAM shows an improvement

129



of 1.77 times more than the MHA monolayer. Since the change in dissipation (AD) is
small (1.5 x 1077 and 6.2 x 107 for the HM and MHA SAMs respectively) and within
detection limits, we can assume that the covalently bound nucleotides form fairly rigid
film at the surface.**® The change in AD is a little small to assign confidently to
hybridization process, however, we consistently observe a change in dissipation in all the
samples, ranging between 1 x 107 to 1 x 10 for HM samples and similarly for MHA

SAMs.
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Figure 4.1. Change in frequency vs. time for the hybridization of complimentary strands
to oligos tethered to homogeneously mixed (HM) monolayers (black straight line) and
MHA monolayer (gray dotted line).
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Figure 4.2. Change in dissipation vs. time for the hybridization of complimentary
strands to oligos tethered to homogeneously mixed (HM) monolayers (black straight line)
and MHA monolayer (gray dotted line).

The change in AD is higher for the MHA monolayers than for HM. This may be due to
the oligos on the HM surfaces lying down as they are not so densely tethered, and
therefore reducing the dissipative effects by not protruding into the solution. The
opposite is true for the MHA monolayer, where oligos are so densely tethered and hence
more rigid that they protrude into the solution, increasing AD. Similar observations was
noted by other reseachers where higher AD was observed for more rigid protein
formation.”” or to increased duplex length, increased close-packing the resulting energy
losses through chain entanglement.*> While this is speculative, support for this

interpretation can be drawn from comparison with the work of Kim et al. who showed a
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relationship between energy dissipation in a polymeric film on a QCM sensor and the

level of molecular entanglement within the film.”

4.5.2. SPR. The hybridization efficiency is expressed as the ration of hybridized
and immobilized nucleotides per square centimeter. This is obtained from the SPR
spectra, with the difference between pre- and post-oligo immobilization serves as the
amount of immobilized probes, and the difference between pre- and post-target
hybridization as the amount of oligo bound to its complimetary sequence on the surface.
Figure 4.3 and 4.4 show the SPR spectra for the HM and MHA monolayers, respectively,
post hybridization. The hybridization efficiency for HM monolayers is approximately

93-96% whereas for the MHA monolayer is 48-65%.
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Figure 4.3. SPR spectra for the immobilization of oligo on to HM SAM via EDC/NHS
reaction and the subsequent hybridization of complimentary target oligos.

132



18000

EDC/NHS injections
'
>
g', f
g 160007 NH, oligo injections
8 = Hybridization
2 12000 ] PBS pH 8.6 /
s !
& hybridized oligo
0
10000 - \
oligo attachment to SAM
8000 1 | L I’fl T ) ) LB T T ]
0 83 167 320 325 330 335 340 345 350
Time (min)

Figure 4.4. SPR spectra for the immobilization of oligo on to MHA SAM via EDC/NHS
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1530347 the hybridization efficiency

As expected, and in agreement with earlier reports
depends strongly on the probe density. The immobilization of probe results in changes of
90-350 RU, where 1000 RU corresponds to approximately lng/mm2 (Biacore manual)
and have been used by other authors for estimating the amount of immobilized

0,81
probes,**®

although this method has originally been employed for proteins. Using this
approximation, the probe density for the MHA monolayer is approximately 2.71 x 10"
molecules per cm® (RU of 353.4 and a molecular weight for the oligo of 7864.2 g/mol)
and that for the HM monolayer is 9.03 x 10'' molecules per cm® (RU of 117.9). The

amount of hybridized oligo is 1.62 x 10'? and 8.70 x 10'" molecules per cm? with the

corresponding hybridization efficiency of 58.2 % and 93.6% for the MHA and HM
monolayers respectively. This is in good agreement with earlier results where a 90%

efficiency was observed for a mixed monolayer of 11-mercaptoundecanoic acid and 1-
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decanethiol, where the maximum surface density of the DNA probe is 3 x 10"
molecules. For higher density probes (up to 12 x 10'%) molecules per cm?, much lower
efficiency was found (about 40%).'" Another group reported coupling efficiency of ~50
% for the high density probe (3.0 x 10" probes per cm?) and a much better improvement

in hybridization efficiency up to 100% for lower density probes (1.5 x 10'* probes per

cm?). B

Demers et al.® used a fluorescent-based measurement to detect probe coverage
and target hybridization on planar gold. Over night incubation, which likely led to
higher-density probe coverage, the reported target hybridization was 33% even after 40 h
of incubation.® Steel ez al. also showed a similar trend: higher-density probe films have
reduced target hybridization efficiency.*® However, our results are only an estimate, and

to exactly quantify the amount of immobilized probes, labeling of probes may be

necessary.

4.6. Conclusions

We have employed two quantitative techniques, quart-crystal microbalance with
dissipation monitoring (QCM-D) and surface plasmon resonance imaging (SPR) to
quantify the hybridization efficiency of a 25-mer oligonucleotide probe to two different
surfaces: a dense MHA monolayer and a homogeneously-mixed (HM) SAM generated
from a method that allows for regular spacing of functional -COOH groups. The HM
SAMs are about a third as dense in terms of ~-COOH groups as the MHA SAM based on

earlier study.®

This reduced density of functional groups led to reduced attachment of
oligonucleotide probes to the surface, increasing the area per probe, and allowed more

space in which complimentary sequence can bind. Reducing the density of immobilized
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probes led to the improvement in hybridization efficiency as demonstrated in both SPR
and QCM-D results, which are comparable to previous reports. Our method paves the
way for customizing binding efficiency and target probe density based on the distance
between functional groups. By changing the headgroup size of the precursor monolayer,
different distances between functional group can be formed, allowing for an ability to
tailor distances between molecules. This method may allow for improvement in DNA

array technology.
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CHAPTER FIVE

LONG-TERM STABILITY OF SELF-ASSEMBLED MONOLAYERS IN

BIOLOGICAL MEDIA



5.1. Introduction

Recently, biological microelectromechanical systems (bioMEMS) have received
significant attention.'” These devices find potential applications in areas as diverse as
biosensing and artificial organ generation. One interesting potential application is the use
of bioMEMS devices for drug delivery.’ These bioMEMS drug delivery vehicles
incorporate many of the typical materials encountered with microfabricated devices such
as silicon, silicon oxide, silicon nitride, and gold.“'6 Since many of these proposed uses
for these devices necessitate moderate to long-term exposure to a biological medium in
vivo, the material-environment interactions are important for the device’s ultimate
performance.

Although initial tests of biocompatibility look promising for these types of
devices,® concerns over biofouling remain. To minimize biofouling effects, researchers
have investigated protein/cell adhesion resistant surface-bound materials such as
poly(ethylene glycol) or oligo(ethylene glycol) terminated self-assembled monolayers
(SAMs).™'"® The SAMs have several advantageous properties. Alteration of functional
groups from thiols to trialkoxysilanes allows the monolayers to be prepared on myriad
surfaces including gold, silicon oxide, and metal oxides, which are commonly
encountered in MEMS. Additionally, these materials show increased resistance to
adsorption of numerous proteins including ribonuclease A, chymotrypsinogen, pyruvate
kinase, fibrinogen, lysozyme, and (J-globulin.'''* The total adhesion of cell lines such as

glial, fibronectin, and bovine and human endothelial is also reduced due to the reduction
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of pre-adsorbed protein.ls'l7

It is this property of SAMs, along with their application to
many surfaces, which make them useful to bioMEMS devices.

Despite intense interest in SAMs for modifying biocompatibility/biofouling
relatively little on the long-term stability of the monolayers is known. The majority of
studies involving in vitro testing of oligo(EG) terminated alkanethiols are conducted after
immersion in media for periods ranging from 15 minutes to several hours.''3 141819 Ope
study investigating moderate time length cell adhesion resistance of oligo(EG) terminated
alkanethiols is that by Mrksich and co-workers.?’ The researchers found that the ability to
resist adhesion of 3T3 fibroblasts diminishes significantly at times longer than 7 days in
culture. No investigation of changes in monolayer structure or integrity was conducted,
however. Little else is known concerning the long-term exposure of these potentially
useful materials to biological media. The air stability of highly crystalline alkanethiol
monolayers has also been debated.?'?*

To address the issue of moderate to long-term stability of SAMs for bioMEMS
device modification, alkanethiol and oligo(EG) terminated alkanethiol monolayers were
prepared and studied after immersion in either phosphate buffer saline (PBS) or calf
serum. Electrochemical response to a probe molecule, ferricyanide (FeCNg»), is
determined at time points over the course of five weeks. The specific interest here is in
the modification of gold features on a electrochemically activated MEMS based drug
delivery device.* This application has importance for other electrode-based MEMS
devices such as cardiac pacemakers® and biosensors. Additionally, this work may serve

as a starting point for further studies of surface chemical modification methods for

moderate to long-term minimization of biofouling for in vivo applications.

148



5.2.  Experimental Section

Materials. 1-Undecanethiol (C;;SH) and Na,;SO4 (Aldrich), K3;Fe(CN)e (Mallinkrodt),
and 200 proof ethanol (Pharmco), 10X phosphate buffered saline (Roche), and uric acid
(Sigma) were all used as received. HO(C,H40);CH2,SH (EG3;C,;;SH) was a gift from
Dr. Insung Choi (KAIST, Daejon Korea) and was synthesized according to literature
procedures.”® All water was purified using a Milli-Q UV system (Millipore, Bedford,
MA). Calf serum, Fungizone Antimycotic, and Penicillin-Streptomycin were all from
GIBCO. Calf serum solutions used here contained 1.0 % (v/v) Penicillin-Streptomycin
and 0.2 % (v/v) Fungizone Antimycotic. Glassware was cleaned by rinsing with aqua
regia (3:1 HCI:HNOs) followed by rinsing with Milli-Q water.

Surface and Self-Assembled Monolayer Preparation. Gold on silicon surfaces were
fabricated by the following method outlined below. The electrodes consisted of two pads,
0.5 cm X 0.5 cm and 0.75 cm X 0.5 cm connected by one gold strip, 0.1 cm x 0.5 cm.
This electrode design was chosen to simultaneously prepare a series of electrodes with the
same geometric area. The electrodes were fabricated using standard lithographic
techniques, producing electrodes with a macroscopic surface area of 0.25 cm” and 0.375
cm’. The electrodes were prepared by evaporation of titanium (100 A) as an adhesion
layer and gold (1000 A) on test grade silicon wafer (SiliconQuest) precoated with a 3000
A layer of Si3N4 as an electrically insulating layer. The ebeam was carried out in a
Temescal Semiconductor Products VES 2550 electron beam evaporator under high
vacuum (107 Torr) at the slowest rate of 1 A/sec to ensure smooth gold deposition. The
root-mean square roughness of the surface from atomic force microscopy (AFM) using
the Nanoscope IIla Scanned Probe Microscope (Digital Instruments) is approximately 15

A. Prior to self-assembly, the gold surfaces were cleaned in piranha solution (4:1 ratio of
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H,SO, to 30% H»0,). (Safety note: Piranha solutions can react violently with organic
materials.) The surfaces were withdrawn from piranha, vigorously rinsed in a water then
ethanol stream, and dried in a Ny(g) stream. Immediately after piranha cleaning, gold
surfaces were placed in an electrochemical cell containing 5.0 mM K3Fe(CN)g and 0.10
M Na,SO; and characterized with cyclic voltammetry as outlined below. Surfaces were
again cleaned with water and ethanol and dried in a N»(g) stream.

Gold surfaces were immersed in 2.0 mM EG;C;;SH or 2.0 mM C;;SH in ethanol
solution after cleaning. The samples were immersed for 48 hours at minimum to enable
formation of monolayers with minimal defects. After self-assembly, surfaces were
withdrawn, cleaned with the normal protocol (water, ethanol, N»(g) dried), and
characterized with contact angle goniometry and cyclic voltammetry as outlined below.
Samples were then stored in one of three solutions: phosphate buffered saline (PBS), calf
serum, or deoxygenated-PBS with 1.0 mM uric acid.

Contact Angle Measurements. Contact angle measurements were made using a
VCA2000 (AST Products, Inc.) system. The SAM/Au samples were withdrawn from
solution, washed in a high flow rate water and then ethanol stream, and subsequently
dried in a filtered Nj(g) stream. Devices were placed on the sample stage and the
advancing contact angle of Milli-Q water was recorded. The values reported here
represent the average of at least two distinct spots on two separate samples along with the
corresponding standard deviations.

Electrochemical Analysis. Cyclic voltammetry was performed on a Solartron 1287
electrochemical system interfaced to a PC for data acquisition. A three electrode
electrochemical system employing a Au film counter electrode (100 nm Au on silicon

with a 10 nm Ti adhesion layer) and a Ag|AgCl|saturated KCI reference electrode
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(BioAnalytical Systems) were used. Contact was made to the larger pad of the electrode
with a flat clip. Solutions of 5.0 mM K3Fe(CN)s and 0.10 M Na,SO4 were freshly
prepared in Milli-Q water and deoxygenated for 20 minutes minimally. The working
SAM/Au surface and the Au counter electrode film were reproducibly place ~4 mm apart.
The reference electrode was then placed in close proximity, less than 1 cm, from the other
electrodes.

Infrared Spectroscopy. IR spectra were recorded with a Bio-Rad FTS 175 spectrometer
fitted with the Universal Reflectance Attachment. The spectra were recorded in a single
reflection mode with the p-polarized light incident at 80° from the surface normal. The
reflected light was collected with a narrow-band MCT detector. Octadecanethiol-d3; on
gold served as a spectral reference. A minimum of 512 scans was acquired for all
samples. After triangular apodization, resolution was 2 cm’™.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectra were recorded using a
Kratos AXIS Ultra spectrometer. Spectra were obtained with a monochromatic Al K X-
ray source and a pass energy of 10.0 eV. Spectra were recorded with similar settings
(number of sweeps, integration times, etc.) from sample to sample to enable comparisons
to be made. The S 2p peak heights in Figures 5.6 and 5.7 have scales that have been
normalized to the Au 4f peak. Samples for XPS were cleaned using the water, ethanol,
N>(g) method after emmersion from solution and then transferred to the vacuum

environment of the spectrometer.

5.3. Results
Contact Angle Measurements. Figure 5.1 shows the surface wettability of SAM/Au

samples as measured by the advancing contact angle. Initial contact angles for the
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C11SH/Au (99 + 3°) and EG;C;;SH/Au (31 + 2°) systems were similar to those previously
observed for these surfaces.'>?® Samples immersed in PBS (solid circles and squares in
Figure 5.1) show only mild alteration of contact angle through 21 days. After that time,
however, an abrupt change in contact angle is observed. The C;;SH/Au contact angle
exhibited a drop in contact angle from ~100° to 31 = 1° at 35 days. Similarly, the
EG;C|;SH/Au samples increased from approximately 30° to 42 + 3° over the same
period.

SAM-coated gold surfaces immersed in calf serum differ in contact angle
behavior from the PBS immersed counterparts, as shown in the open circle and square
data in Figure 5.1. Here, samples show a dramatic change in contact angle from the initial
value before immersion to the first sample recorded at 24 hours. Both C;;SH and

EG;CSH have advancing contact angles that vary between 80° and 59° from day 1-35.

110

100 4 ———
] ol i i\
%‘

4

801 N LR

70

604
]

6_(degrees)

a

501

© e
a0  Ge @ o

T T 1 T T 77 T T 1

5 0 5 10 15 20 25 30 35 40
Time (days)

Figure 5.1. Surface wettability measured as the advancing contact angle for C;;SH
(solid squares) and EG;C;SH (solid circles) in PBS and C;;SH (open squares) and
EG;CSH in calf serum. Measurements were made following withdrawal of the sample
at the indicated time from PBS or calf serum followed by the cleaning procedure outlined
in the Experimental Section.
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Cyclic Voltammetry. Figure 5.2 shows voltammetric results from the (a) C;;SH/Au and

(b) EG3;C;SH/Au samples immersed in PBS over the course of 35 days. The initial

3-/4-

voltammetry for the Fe(CNg)™™" couple at the SAM covered gold surface is shown as the

0 day sample. Voltammetry after immersion for 1, 7, 14, 21, 28, and 35 days in PBS is
also shown in Figure 5.2. The peak current densities at 1 day were similar to that obtained
immediately following SAM formation. Both samples deviated from the initial behavior,
however, by the seven-day time point. Current densities for anodic and cathodic peaks

continued to increase over the course of the 35 days.
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Figure 5.2. Cyclic voltammograms of 5.0 mM K3;Fe(CN)¢ + 0.10 M Na,SOy, at (a)
C1SH/Au and (b) EG;C;;SH/Au after immersion for 0—35 days in PBS. The scan rate
was 10 mV/s.

The percentage of current density maximum obtained in voltammetry from PBS-
immersed samples is shown in Figure 5.3(a). The percentage represents the average of the
absolute value of cathodic and anodic peak current densities divided by the same value
calculated from a clean, unmodified surface. As Figure 5.3(a) shows, the average current
density increases for both C;;SH/Au and EG3;C;;SH/Au systems over the course of 35
days. Data are also presented for the C;;SH/Au and EG3C;;SH/Au samples immersed in
calf serum in Figure 5.3(b). In serum the percentage of peak current density maximum
increases from 0-21 days after which decreases from 21-35 days are observed. Finally,
similar data are presented in Figure 5.3(c) for samples placed in deoxygenated PBS
containing 1.0 mM uric acid. Here little variation in the maximum current densities

occurred over the course of 35 days.
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Figure 5.3. Peak current densities measured as a percentage of the average of cathodic
and anodic currents for the sample divided by initial peak current densities of clean gold
for surfaces immersed in (a) PBS, (b) calf serum, (c) deoxygenated PBS containing 1.0
mM uric acid for C;;SH (solid squares) and EG;C,;SH (open circles).
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Infrared Spectroscopy. Figure 5.4 shows selected infrared spectra for the
(1 ;SH/Au system after immersion for 0, 7, 21, and 35 days in PBS saline. The 0 day
spectrum (bottom trace) has predominate peaks centered at 2965.9 em’, 2919.6 cm™,
2879.1 em™, and 2851.1 cm™. These bands have previously been assigned to the CH;
asymmetric (v,-CH;), CH, asymmetric (v,-CH;), CH3; symmetric (v-CH3), and CH,
symmetric (v¢-CH,) vibrations, respectively, for other alkanethiol SAM systems on
gold.?” The spectrum seen here for the C;;SH/Au system match that previously observed
in IR studies for well formed monolayers.”® Significant changes in spectral features occur
after immersion in PBS for as little as 7 days as seen in the second trace from bottom in
Figure 5.4. All four peaks have all increased in magnitude as is illustrated in Figure 5.5,
where peak heights are plotted as a function of immersion time for the four bands.
Additionally, the peaks have broadened significantly and the v,-CH; and v,-CH, peaks
have shifted position slightly to 2925.4 cm™ and 2854.9 cm™, respectively. The spectral
signature is maintained for the 14 and 21 days samples. At 28 and 35 days, however, a
second change is observed. Peaks decrease in height to approximately half there initial
value, as seen in Figure 5.5, with substantial peak broadening. Also with the final two
time points, the v,-CH; mode is more intense than the v,-CH3; mode.

Three main peaks at 2921.5 cm™, 2851.1 cm™, and 1140 cm™ characterize the initial IR
spectrum for EG;C;SH/Au. These peaks have previously been assigned to the v,-CHj,
v¢-CH; and C-O and C-C stretching modes in the ethylene glycol groups, respectively.'®
The alteration of the peak intensities for the EG3;C;;SH/Au samples immersed in PBS

mimics that observed in the C;;SH/Au system (data not show).
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Figure 5.4. IR spectra of C;;SH/Au SAM after immersion for 0, 7, 21, and 35
days in PBS solution. Spectra have been vertically offset for clarity, but all share the same
absorbance scale indicated by the vertical bar.

Temporal changes to spectra for both the C;;SH/Au and EG3;C;;SH/Au samples were
also investigated in calf serum. Here, however, peaks associated with biological
component adsorption (as assigned from bare gold controls aged in calf serum)
dominated the spectra from the 1-day point onward.

Controls for the C;;SH/Au and EG3;C;;SH/Au monolayers placed in ethanol indicated
only minimal decreases in signal over the course of the 35-day experiment. The two
monolayer systems immersed for 35 days in deoxygenated PBS containing ].6 mM uric

acid exhibited changes similar to those of the ethanol controls (data not shown).
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Figure 5.5. Temporal changes in IR peak intensities for the C;;SH/Au system
immersed in PBS for the 2850 cm™ (solid squares), 2880 cm’™ (open circles), 2920 cm’
(solid triangles), and 2965 cm™ (open diamonds) vibrational bands. Values represent the
average of at least 3 samples and errors represent the corresponding standard deviations.

X-ray Photoelectron Spectroscopy. Figure 5.6(a) shows the S 2p region of the X-ray
photoelectron spectrum for C;;SH/Au both immediately after monolayer formation (solid
line) and after 35 days immersed in PBS (dashed line). The count rates were normalized
so that the count rate for the Au 4f;;, peak was the same for each sample. The position of
the S 2p peak corresponds well with the reported values for other self-assembled
monolayer systems on gold surfaces.”* The position of the S 2p falls within the range
(160-165) expected for thiols.”’ Similarly, Figure 5.6(b) shows the S 2p region of the
spectrum for the EG;C,;SH/Au immediately after monolayer formation (solid line) and
after 35 days immersed in PBS (dashed line), again with normalized count rate. Both the
C11SH/Au and EG;C;;SH/Au spectra show appreciable loss of the S 2p peaks after 35
days immersion in PBS. Control experiments with freshly prepared SAM/Au immersed in

ethanol over the same period of time showed no similar loss in S 2p signal.
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Figure 5.6. XPS of S 2p region for freshly prepared SAM/Au (solid lines) and samples
emmersed (dotted lines) after 35 days in PBS for (a) C;;SH/Au and (b) EG3C;;SH/Au.

Spectra for the C;;SH/Au and EG;C;;SH/Au samples immersed for 35 days in
deoxygenated PBS with 1.0 mM uric acid present are shown in Figure 5.7, solid and

dashed lines respectively. Here, both the samples retain their initial peak heights over the

course of 35 days.
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Figure 5.7. XPS of S 2p region of C;;SH/Au (solid line) and EG3C,;SH/Au (dotted
line) after 35 days in deoxygenated PBS solution containing 1.0 mM uric acid.

5.5. Discussion

Integrity of the as-formed SAMs. The C;;SH/Au and EG;C,;SH/Au monolayer
systems both exhibit characteristics associated with well-formed monolayers prior to
immersion in PBS or serum. The initial advancing contact angles of water for the two
samples, 99 + 3° C;SH/Au and 31 £ 2° EG;C;;SH/Au, correspond well to previously
observed values.'** Strong passivation of the gold electrode surface is also observed in

electrochemical experiments using 5.0 mM Fe(CNg)*"™*

as a redox probe as illustrated in
the 0 day voltammograms in Figure 5.2 (a) and (b). The C,;SH/Au system exhibits a
maximum current density that is less than 10% of that seen for a clean gold surface and
the EG;C;SH/Au sample is less than 1% that value. Additionally, both the cathodic
current density maxima are dramatically shifted toward more negative potentials. Again,

the voltammetric features for the straight chain alkanethiol system are similar to those

observed in well-formed SAM systems previously.’*3? Although little electrochemical
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characterization of oligo(ethylene glycol) terminated SAMs is available in the literature,
the degree of initial passivation indicates formation of monolayers with low defect
density.

Initial contact angle measurements indicate the expected hydrophobic and hydrophilic
nature of the C; SH/Au and EG;C; SH/Au monolayers, respectively. Similarly,
voltammetry of Fe(CN6)3 " at these monolayers reveals that the surfaces as formed are
largely defect free. The importance of surface preparation on long-term stability of SAMs
in air has been noted.?***** To test the robustness of SAMs used in these studies,
RSH/Au samples were immersed in alkanethiol-free ethanol and stored for 35 days. After
that time, samples were withdrawn and probed using contact angle goniometry and
electrochemistry. The contact angles measured and the currents observed in voltammetry
both indicate little loss in the initial monolayer integrity (data not shown). Specifically,
the contact angle for both samples was within the error of the initial readings and the peak
cathodic current density from voltammetry was within 5% of that observed initially.
Therefore, the monolayers appear to have stability in ethanol over the course of five
weeks.

FT-IR spectroscopy serves as an excellent measure of the initial integrity of a SAM. In
particularly, the v,-CH, band is strongly sensitivity to monolayer order occurring at 2916-
2917 em” for highly crystalline, long-chain alkanethiols and shifting toward 2925 cm™ or
above for more disordered monolayers.”® The initial position of the band for the
C1SH/Au sample at 2919.6 cm™ indicates that this relatively short chain alkanethiol is
well-formed. The EG3;C; SH/Au asymmetric methylene stretch at 2921.5 cm™ is

somewhat shifted from the crystalline value, but this is expected for ordered
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oligo(ethylene glycol) terminated SAMs where the peak is typically found near 2921 cm’
1

SAM Behavior in PBS and Serum. The long-term immersion of SAM/Au in PBS and
serum causes significant alteration in properties. In PBS, C;;SH/Au shows slightly
different time scales of alteration in contact angle and electrochemical analyses. The
advancing contact angle drops precipitously from ~100° to > 50° after 21 days as seen in
Figure 5.1. Voltammetry results, however, reveal a steady increase in current densities
measured beginning with the first time point at 1 day (closed squares in Figure 5.3a).
Similar, though not as pronounced, differences between contact angle and
electrochemistry results are observed for the EG;C,;SH/Au system. The origin of the
difference may lie in the length scale over which these techniques probe. Cyclic
voltammetry using a solution-based redox active probe is a technique that allows the
identification of nanoscopic defects within the self-assembled monolayer.>”* On the
other hand, contact angle measures large area properties. One likely explanation, then, is
that the monolayer slowly degrades by removal of alkanethiol molecules from the surface.
Figure 5.6 indicates this loss for both C;;SH/Au (a) and EG;C;;SH/Au (b) monolayers by
the substantial decrease in S 2p signal between days 1 and 35. A mechanism for this
proposed loss is outline below. As SAM molecules desorb, current densities immediately
increase due to small-scale defects allowing access of the redox probe to the gold surface.
The contact angle, however, remains relatively constant because chains simply tilt further
from the surface normal while retaining their hydrophobic or hydrophilic nature.

This mechanism of SAM loss is supported by infrared spectroscopy. Significant
increases in peak intensities are seen between days 0 and 7 as Figure 5.4 shows. Figure

5.5 illustrates the temporal changes in peak intensity for each of the four major bands of
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the C;;SH/Au system. These increases in intensity, in particular those of the CH;
vibrations, are correlated with the increase in tilt angle of the SAM molecules away from
the surface normal or an increase in disorder along the alkanethiol backbone.*® Previous
studies of methyl-terminated SAMs in air have shown similar changes in peak intensities
as a function of time and attributed these changes to increases in molecular tilt angle.”!
Additionally, between days 0 and 7 the v,-CH; band shifted position form 2919.6 em™ to
2925.4 cm™ signifying a decrease in monolayer crystallinity.’® Over the first week in
PBS, the C;;SH monolayer appears to rapid become less well ordered along the
hydrocarbon backbone and tilt farther from the surface normal. These changes likely
occur through the loss of some fraction of the molecules within the monolayer.

After 21 days, the peak intensities decrease and bands broaden significantly as
illustrated by the 35-day spectrum in Figure 5.4. The behavior here differs from the case
of alkanethiol monolayers oxidation in air, where only increases in peak intensity are
observed. *' The difference lies in the presence of a low energy pathway for removal of
the oxidized head group from the surface. In air, the oxidized adsorbates become
increasingly disordered with time. In PBS, however, the molecules can simply desorb
from the surface into the surrounding medium leading to a loss of signal after longer
periods of time.

Results for the monolayers immersed in calf serum vary substantially from those seen
with PBS-immersed samples as Figures 5.1 and 5.3 indicate. Figure 5.1 (open circles and
squares) shows a precipitous change in contact angle for both SAMs immediately
following immersion. The rapid change is followed by contact angles that vary
substantially between 60° and 80° over the next 34 days. The rapid change results from

the difficulty of removing serum components from the device surface. Despite vigorous
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washing in water and ethanol streams, serum components likely remained on the surface.
The variability in contact angle over the 35-day period also has its genesis in the
difficulties associated with adequate removal of biological components.

Electrochemical results in Figure 5.3(b) show variation substantially different from that
observed for PBS (Figure 5.3a). An increase in current density occurs over the first 21
days, followed by a decrease between 21 and 35 days. The origins of the current density
increases over the first 21 days likely arise through the same method as that used above to
describe the increases with PBS-immersed samples. Specifically, the alkanethiol
molecules within the self-assembled monolayer desorb and make the surface more
electrochemically accessible for the Fe(CNé)3 " species. Near 21 days, however, enough of
the monolayer has been removed so that biological molecules within the serum can easily
adsorb causing a subsequent decrease in current densities.

Mechanism of SAM Desorption. An understanding of the mechanism of desorption is
necessary both to evaluate the viability of this surface modification method and to point
to other surface chemistries that resist this mechanism and may exhibit higher long-term
stability for in vivo applications. The contact angle, cyclic voltammetry, FT-IR and XPS
results for both SAM samples are consistent with the loss of monolayer integrity over 35
days. One likely explanation for this loss is through a mechanism similar to that proposed
for alkanethiols that lose integrity in air. Researchers have attributed the process to
oxidation of the thiolate head group. Specifically, infrared,”’ Raman,”* and X-ray

23,24

photoelectron™ " spectroscopies all indicate changes in the monolayer that are consistent

with conversion of the thiolate head group to species such as sulfinates and sulfinites. The
extent of this oxidation is also found to vary based on exposure to ozone.** In XPS, the S

2p peak is seen to shift from a binding energy of 162 eV to 168 eV. Similar shifts are not
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observed here because of a fundamental experimental difference. The oxidized head
group in the current study can easily desorb from the surface and become solubilized in
the PBS or serum medium. This is in contrast to the situation in air where there is a large
energetic barrier to removal from the gold surface.

The PBS immersion experiments were repeated in a solution that was deoxygenated
with Na(g) and contained the mild antioxidant uric acid to test the oxidation hypothesis.*’
Figure 5.3(c) shows electrochemical results for these samples. Here, no long-term
increase in peak current densities occurred over the 35-day experiment. Also, the infrared
spectra of the 35-day C|;SH/Au and EG3C,;SH/Au samples immersed in deoxygenated
PBS containing 1.0 mM uric acid were indistinguishable from the ethanol controls.
Finally, Figure 5.7 shows the S 2p region for the C;;SH/Au and EG;C,;SH/Au samples
after immersion for 35 days. Again, no indication of loss of the monolayer is seen with
XPS as opposed to the results seen for the standard conditions in Figure 5.7. From these
experiments, we conclude that the most likely mechanism for loss of the monolayer
integrity is through oxidation of the thiolate head group followed by desorption into the

surrounding medium.
5.6. Conclusions

The multiweek stability of C;;SH/Au and EG;C|;SH/Au self-assembled
monolayers was investigated after immersion in either PBS or calf serum. Contact angle,
electrochemical, FT-IR, and XPS measurements all indicate that the integrity of both
monolayer systems is compromised over the course of 35 days of immersion. The most
likely origin of the monolayer loss is through the oxidation of the thiolate head group and

its subsequent desorption from the gold surface. Controls with deoxygenated PBS
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containing an antioxidant substantially improved the monolayer integrity, supporting this
conclusion. The results here suggest that the use of SAMs for alleviation of biofouling
issues faced by MEMS devices is usefully over a time scale of several weeks. Systems
requiring longer durations may necessitate the use of modified systems such as a cross-
linked,*' oligo(EG) terminated SAMs or other methods of surface passivation such as that

involving block copolymers42 , which may exhibit better long-term stability.
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CHAPTER SIX

CONCLUSIONS AND FUTURE DIRECTIONS



This thesis represents an effort to understand the phenomena occurring at the interfaces of self-
assembled monolayers (SAMs) and solutions, to explore the ability to control SAM properties by
modifying surface functionalities, and to develop means of improving technologies related to
biosensing, drug delivery, implantable biochips, as well as other nanotechnological applications.
SAMs are good candidates for studying of interfacial phenomena, since they are relatively easy
to form, and has structural order that allows surface properties to be fine-tuned and interfaces to
be designed according to specific requirements. One of the original goals of the project is to
investigate the feasibility of controlling surface wettability by applying an external force, in this
case an electrical potential. In developing this goal, we have synthesized a new class of SAM
containing a globular endgroup that is densely packed with respect to the space-filling endgroup,
yet shows low-density packing with respect to the methylene chains. Cleavage of this endgroup
leads to formation of a low-density monolayer. The low-density monolayer was then used as a
template of surface-confined, single-layered molecules undergoing conformational transitions in
response to an electrical potential. This type of surface enables amplification of conformational
transitions at a molecular level to macroscopic changes in surface properties without altering
chemical identity. We observed changes in both a microscopic scale with Sum-Frequency
Generation Spectroscopy and the macroscopic scale with dynamic contact angles measurements.
The changes are reversible (up to four cycles) and the macroscopic change from a hydrophilic to
a moderately hydrophobic state is observable in receding contact angle measurements. This
reversibility is of importance in developing lab-on-a-chip, biosensor, and drug delivery
technologies, where capture and release of cells, biomolecules, and drugs are desirable.
However, this is a proof-of-principle. In order to develop further the technology, new class of

molecules that can amplify these effects is needed. This new class of molecules may involve, for
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example, a flip-flop module that can reversibly switch between a hydrophobic and hydrophilic
state, or it may involve two crown ether molecules with a “thread” in-between that contains a
planar compound with hydrophobic/hydrophilic sides and an ability to rotate around its axis. A
“state change” as close as possible from O to 1 is most desirable (ie from a completely
hydrophobic to completely hydrophilic state). Once a more robust system with a larger change
in surface property in response to an external force is developed, one can think about developing
switches in biological properties, introducing functional groups, enzymes, proteins at the right
temporal pattern. This has interesting applications in the study of the dynamics of cell-surface
interactions, where turning on and off charges on a surface, increase or decrease hydrophobicity,
hydrophilicy, as well as introduction and withdrawal of extracellular-matrix binding elements
may lead to interesting insights regarding how cells interact with its environment. Other
applications involve drug delivery, microfabricated cell-sorter with an ability to capture and
release cells, biosensing devices, and microfluidics devices, where a change in hydrophobicity
and/or hydrophilicity can act as a nanovalve, redirecting fluid flows in a desired direction.

The development of a new class of low-density monolayers led us to some interesting projects.
One involves backfilling the low-density assembly with a second alkanethiol molecules,
therefore forming a homogeneously-mixed self-assembled monolayer. This method of forming
mixed SAMs has implications in the ability to tailor-make and space apart functionalities on a
surface, as well as varying the composition of the different components in the SAM. This is an
improvement over some previous methods, where the control of surface composition involves
trial-and-error, and one has little control over the spacing between each molecules. The
development of the homogeneously-mixed SAMs can lead to applications in oligonucleotide and

proteins arrays, where reduced density often leads to improvement in hybridization or binding
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efficiency. We tested this hypothesis by tethering oligos to our homogeneously-mixed SAM and
investigated its hybridization efficiency with complimentary target oligonucleotides versus the
same procedure on a densely-packed SAM of the same functional group (in this case, a
carboxylic acid compound — 16-mercaptohexadecanoic acid). Both quartz-crystal microbalance
with dissipation monitoring (QCM-D) and surface plasmon resonance (SPR) measurements
support the hypothesis that oligo tethered to a backfilled low dense layer has improved
hybridization efficiency versus a dense layer. This observation may be attributable to decrease
steric hindrance and/or more appropriate oligo orientation for complement hybridization. Future
applications can be in tailoring the distance between molecules for specific needs, depending on
the size of the molecules being tethered, and development of protein arrays using similar
technologies. The ability to isolate single molecule from each other may have implications in
studying single-molecule dynamics, charge transfer properties, etc.

The final piece of the project involves the study of the long-term stability of SAMs in
biological media. SAMs have many interesting applications in modifying surface properties,
rendering it biocompatible by attachment of extracellular matrix peptides, or in preventing
adsorption of proteins, in decreasing adhesion of cells, etc., most often through the use of
poly(ethylene glycol) (PEG) terminated endgroups. These properties render them desirable for
possible uses in implantable bio-microelectromechanical system (bioMEMs), drug delivery, and
artificial organs devices, which often have prolonged exposure to bodily fluids and tissue. We
investigated the electrochemical and surface properties of PEG-terminated SAM versus
undecanethiol SAMs after 35 days immersion in either PBS or calf serum. The results show that
both surfaces are compromised over the course of 35 days, with desorption of monolayer through

a possible oxidative process, implying that the use of SAM in MEMs devices are useful over the
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time scale of several weeks. System requiring longer duration may necessitate the use of
polymeric or cross-linked monolayers. This particular project ties in nicely with the rest of the
thesis, since it addresses long-term issues in the use of SAMs for implantable devices purposes,
and may serve as a starting point for further studies of surface chemical modifications methods

for moderate to long-term minimization of biofouling in i vivo applications.
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