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Nomenclature

C-18

COOH

W

1-octadecanethiol

1-mercaptohexadecanoic acid

Fractional occupancy

Partial pressure

Langmuir constant

Reflectance

Change in reflectance

Transmittance

Intensity reflected from the exposed surface

Intensity reflected from the non exposed surface
Absorbance

Angstrom

Seconds

Hour

Watt

Component of the light polarized parallel to the plane
of the incidence light

Component of the light polarized perpendicular to the plane
of the incidence light

Amplitude ratio of the p and s components of the polarized light.
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A Phase shift of the p and s components of the polarized light

R, Complex fresnel coefficient
R, Complex fresnel coefficient
n Refractive Index

k Extinction coefficient

t Thickness of the film

I Intensity

A Analyzer Angle
P Polarizer Angle

kPa Kilo Pascal

Hz Hertz
r Radius of the drop
I Concentration

R Radius of the cylinder

0 Apparent density

d Thickness of the deposit
m Protein mass

K Kelvin

Co Initial concentration

NIR  Near infrared region
FTIR TFourier transform infrared

HSA  Human serum albumin
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Chapter 1

Introduction

1.1 An Introduction to Self Assembled Monolay-
ers (SAM’s)

Self-assembly, in general terminology, can be defined as the spontaneous formation of
complex hierarchical structures from pre-designed building blocks, involving multiple
energy scales and several degrees of freedom. In nature, self-assembly occurs in the

formation of membranes from lipid molecules and living cells.

Yariable thickness of hydrocarbon

Functional group attached tp metal

Figure 1.1: Schemafic representation of a typical self-assembled monolayer adsorbed
on a metal or mefal-oxide support.

Self-assembled monolayers as shown in the Fig:1.1 can be defined as the ordered
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molecular assemblies that are formed spontaneously by the adsorption of a surfactant
with a specific affinity of its head group to a substrate [1]. Various self-assembled
monolayer systems are characterized by this head-group-substrate pair. The ordered
molecular assembly makes SAM’s inherently manufacturable and technologically at-
tractive for building super-lattices and for surface engineering. The stability and
the order in these two-dimensional systems are produced by a spontaneous chemical
synthesis at the interface, as the system approaches equilibrium [2].

Several systems have been used to form self-assembled monolayers. Since the
defining feature for characterizing the monolayer is the pair of the chemisorbing head-
group of the molecule and the substrate, the rest of the molecule can literally be quite
freely chosen. This property makes SAM’s an ideal candidates for surface engineer-
ing and it is this property of SAM’s that make them attractive for use in surface
adsorption-based sensors. Some of the frequently used compounds for making SAM’s

are extensively covered in the literature [1, 2, 3, 4].

1.2 Potential of SAM’s as Sensitive Receptors for
Adsorption Based Sensors

Sensors are used in a variety of applications and industries. For example, demand is
increasing for small, inexpensive sensors for the detection of hydrocarbon gases for
safety, process control and environmental monitoring. According to Sensor Business
Digest, the overall North American market for gas sensors/analyzers totaled about
$827.3 million in 2001. During the last two decades, the scientific community has

witnessed remarkable research activity aimed at the realization of optical sensors for
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the measurement and detection of chemicals. It is known that when thin films come
into contact with an adsorbent, there is a change in the optical properties of the
thin films, and it is this phenomenon which can be exploited for gas sensing. A
number of different techniques have been used for gas detection such as: (1) surface
plasmon resonance [5], (2) surface acoustic waves [6], (3) micro hotplates [7] and (4)
immobilized enzymes [8]. Some of the disadvantages of these sensors are: insufficient

sensitivity to hazardous chemical environments, susceptibility to electrical noise, large

sensor size, expensive to manufacture, and fire hazard in a flammable environment.

1.2.1 Langmuir Isotherm

All of the sensors developed so far suffer from problems, and the search is still on for
a sensor capable of meeting all these requirements. Hope lies in the development of a
novel optical gas sensor, based on adsorption phenomena on ultra thin surfaces. Gas

adsorption can be modelled by the Langmuir adsorption isotherm [9, 10, 11}

bP

=1 %P (11)

where 6 is the fractional occupancy (the ratio of number of occupied sites to the
total number of sites present), P is the partial pressure of the target gas and b is the
Langmuir constant. This constant is a function of temperature, energy of adsorption
and the area of the binding site. Since the surface area of a given receptor film is
constant, variation in surface energy and temperature is a way to achieve selectivity

and sensitivity.
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C

Figure 1.2: Typical Langmuir adsorption isotherm showing concentration VS frac-
tional occupancy.

From the characteristic shape of the Langmuir isotherm shown in Fig.1.2, it is
evident that at low concentration the fractional occupancy € is proportional to the
concentration of gas. However, as shown in Fig.1.2 at high concentrations all the
binding sites are occupied (§ = 1) and no more gas can be adsorbed [12]. Therefore

the response of the sensors based on adsorption is linear only at low concentrations.

1.2.2 Adsorption Based Optical Sensor

It has been shown in the past that the optical properties of a material change with
the adsorption of an analyte on a surface. This is a common method used in infrared-
spectroscopy and spectrophotometry. Interest is shifting to adsorption based gas
sensors that use optical techniques to determine gas composition and concentration
to avoid the complications which arise with sensors based on enzymes and other
methods.

The general method for optical technique is to have a thin film on a optically non-

absorbing substrate. The thin film is composed of molecules with favorable surface
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energy for the adsorption of analytes of interest. The adsorption of the gas molecules
results in a change in the optical parameters of the thin film. This change in properties
can then be used to calculate the concentration of the adsorbed molecules.

In the past adsorption of gas was measured by changes in the thin film’s refractive
index. This method was based on the concept of multiple beam interference or, to
be more precise, on the principle of an anti-reflectance coating {13, 14, 15]. Using the
above method, Peterson et al. made Langmuir-Blodgett (LB) films of azo-dyes and
polysiloxanes which were deposited on silicon dioxide to measure the concentration of
NOs. It was observed that the use of a LB film as an anti-reflective coating resulted
in a change of reflectance (AR) after the adsorption of the gas on the thin film. This
change was relatively large compared to the reflectance (R) on a control medium,
resulting in a high sensitivity. Furthermore, Peterson showed that many factors tend
to effect the performance of the NOy gas sensor such as the type of substrate, angle
of incidence, wavelength of light used, type of materials used. It was also discovered
that using materials with high polarisibility [16], and the selection of wavelength {14]
has a substantial effect on the reflectance from the surface. Further, it was shown

that the choice of material plays an important role in the response time [17].

1.2.3 Refractive Index Method VS Optical Absorbance
Peterson and his co-workers originally used changes in refractive index to relate gas
adsorption to changes in optical properties of thin films. It was soon realized that

instead of refractive index, optical absorption was much more representative of gas

adsorption [18].
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Light energy is dissipated after absorption of light within a medium. When the
molecules absorb light in the infrared region they often vibrate through bond bend-
ing or bond stretching [19]. Absorption of the radiation can be measured by the

absorbance or transmittance. Transmittance is defined as,
I
T=— 1.2
10 (1.2

where I; is the energy reflected from the surface which has been exposed to the gas,
and I, is the incident light energy from the surface which has not been exposed to

the gas. Absorbance is related to the transmittance by,

1
A=1 — .
OglOT (1 3)

An increase in fractional occupancy 6 results in an increase in the absorbance or a
decrease in the transmittance of light from the surface. Peterson constructed a sensor
to measure NO, gas concentration based on optical absorption. It was observed
that the activation energy strongly effects the performance of the gas sensor. The
activation energy is the binding energy of the gas molecule to the thin film. Activation
energy cannot be decreased randomly, because it has a trade-off with both sensitivity
and response time. It was also observed that surface temperature was fundamental for
achieving selectivity and reversibility of the surface. Any variation in the temperature
of the surface alters the thermodynamic conditions necessary for the gas molecules to
desorb or adsorb on the surface.

Past work has shown that gas adsorption is a very fast process [20]. The time
constant for adsorption is of the order of 1077 second, although other effects like

6
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boundary layer diffusion may slow down the process. Peterson’s sensor was found to
have a response time of approximately 10 seconds. Moreover, he found that the time
response of the sensor was based on gas molecules diffusing into the film. With further
experimental studies it was shown that diffusion was a major factor influencing the
response time in Langmuir Blodgett thin films with long molecules. Moreover, these
films are not robust and degrade rapidly with time [6].

However, a novel sensor could be developed which is not plagued by these prob-
lem. The diffusion problem can be tackled by using ultra thin films, such as self
assembled monolayers on a gold substrate. However there are some questions which
needed to be answered before using them. Research is needed to determine the wave-
number /wavelength of the light source and the type of the surface best suitable for a

particular type of gas.

1.2.4 Optical Gas Sensor Based on Adsorption

Although their are many sensors available in the market based on different physical
phenomenons. Their is an opportunity to introduce a novel sensor which is easy to
manufacture, inexpensive, sensitive and can be used in the flammable environments.
It is possible to make a sensor based on adsorption of gas on ultra-thin films, such
as self-assembled monolayers, using optical techniques. However, for a surface to
sense optically, it should be thermodynamically inclined towards adsorbing the gas
of interest, while not adsorbing any other gases which optically absorb at the same
wavelength.

To realize the above goal emphasis has to be laid on the selection of the surface
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material. Formation of self-assembled monolayers (SAM’s) of alkanethiols on metal
surfaces (i.e.nanoparticles) offers a simple and attractive method of surface modi-
fication. SAM'’s can be modified using thiol adsorbates with different w-terminal
functional groups [21, 22, 23, 24]. SAM’s have been used in many chemical and bi-
ological sensor technologies because of their ability to functionalize a metal surface
for specific analyte capture and protect fragile biological molecules from denaturing
upon exposure to bare metal surfaces {25, 26, 27].

Though SAM’s hold great promise for gas sensing, few efforts have been made
in the past. It has been shown in previous studies, that various organic molecules
in their vapor-phase adsorb on alkanethiol SAM’s [28, 29, 30] depending upon the
functional group. It was also observed that the selectivity of the surface depends on
the ability of the functional group to accommodate the adsorbate molecule within
its structure [31}. Although these results were for organic molecule adsorption on
SAM’s, the same principle can be applied for gas adsorption. T. Nomura et al. [6]
used polymer SAM’s as thin films for gas sensing. Polymer SAM’s are an excellent
material for sensing because they are easy to fabricate and the adsorption phenomenon
is reversible. Alkanethiol SAM’s may show more promise since they are more closely
packed and their ability to change functional groups [2, 1] make them more adaptable
for micro-contact printing for easy manufacture of an array of sensors.

There has been some work done in the past to study the adsorption character-
istics of different self-organized polymers as sensitive coatings. It was reported [32]

that the analytes are best detected when the active surface is composed of highly
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symmetrical cavities suitable for the inclusion of analytes. Furthermore, these sur-
faces can be customized to produce a highly selective and sensitive surface. Several
materials were analyzed and it was found that molecules like Calis[N]Arene in a
polyurethane matrix have highly symmetric cavities which make them ideal for an-
alyte sensing [32]. Molecules like alkyl-chlorosilanes and trimethylchlorosilane, on
quartz substrates, were found to have short response times, good reversibility and
excellent sensitivity. Lastly, an alkanethiol monolayer on gold was shown to work as
a sensitive surface for discriminating used oil from new oil when it was exposed to
the oil in a gas phase [32].

The real difficulty in designing an optical sensor based on adsorption is the selec-
tion of the sensitive surfaces for the analytes of interest. In this study, self assembled
monolayers of alkanethiols were chosen on the basis of the promise they hold as re-
ported in the past (for more details refer to chapter.2). Building on this promise,
different monolayers were examined for hydrocarbon gas detection using FTIR and

ellipsometry and the results reported in chapter.3.

1.3 Potential of SAM’s as Platforms for Biological
Detection

In addition to their utility for gas detection, there is interest in the use of SAM’s for
a broader array of adsorption sensing. Research is going on to improve the existing
and find new sensor technologies capable of biological detection because of the huge
demand for medical diagnostics and pathogen detection. Development of large-scale
biosensor arrays composed of highly miniaturized signal transducer elements that en-

9
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able real-time and parallel monitoring of multiple species is an important driving force
in biosensor research. This is particularly significant in high-throughput screening ap-
plications such as drug discovery and proteomics research where many thousands of
ligand-receptor or protein-protein interactions must be rapidly examined. In these
situations, it is necessary to utilize sensor platforms that have as many of the desir-
able characteristics of SAM’s as possible. The ability to choose functional groups at
the end of the chain length gives SAM’s the required flexibility to design platforms
which are capable of binding targeted proteins.

SAM’s of alkanethiols on gold were chosen because they provide practical systems
around which the surfaces can be designed and synthesized {33, 34, 35]. Using these
systems, it is relatively straightforward to tailor both the physical and chemical prop-
erties of biologically relevant interfaces (36]. The ease with which simple alkanethiols
can be synthesized and the compatibility of these synthetic methods with biochem-
ical functional groups make it straightforward to present even structurally complex
groups at the surface of SAM’s [33, 34, 35, 37, 38|.

There are several advantages associated with alkanethiols SAM’s:(1) they form
dense, well ordered, tightly bonded films, (2) they provide a simple motif for selec-
tive tailoring of surface chemical properties and, (3) they protect the fragile biolog-
ical molecules from contamination upon exposure to bare monitoring of metal sur-
faces [39]. These features are important in many areas of scientific study like chemical
and biological sensor technologies [40, 41, 42], molecular electronics {43, 44, 45, 46],

lithography [47, 48], and biomimetics [49].

10
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In this study, the main area of thrust is to determine whether ellipsometry can
be used for characterizing and measuring the concentration of the proteins. For
immobilizing the proteins, we have used SAM’s as platforms for their suitability as

already explained in the above discussion.

1.3.1 Proteins

What are proteins? Proteins are the fundamental molecules that constitute the hu-
man body and carry out the task of life. Proteins are large molecules and their molec-
ular mass can vary from few thousand g-mol™! to more than a million g-mol™! [50].
Proteins were discovered in 1838 by a Swedish chemist called Jons Jacob Berzelius [50]
and are recognized as the fundamental ingredients of cells. They represent more than
forty percent of the dry mass of the human body. Their has been a lot of emphasis
on understanding the proteins but only 3 percent of them have been adequately de-
scribed so far out of an estimated 30 thousand different proteins. Protein molecules
vary in shapes and sizes and they can be anything from compact soluble globules
which can pass through cell membranes and initiate metabolic reactions to long in-
soluble fibres which make up body tissues and hair. In their proper shape, they direct
our bodies’ activities, channel resources, defend our body against infections and keep

us fit whereas, in their mutant form they can cause diseases like cancer or mad-cow.

1.3.2 Structure of Proteins

Proteins at the fundamental level are made up of amino acids whose identity and

order are dictated by the genes according to the sequence of DNA bases. Forces
11
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due to chemical bonds between these amino acids like hydrogen bonds, electrostatic
interaction between positive and negative charges, and disulfide bridges cause a pro-
tein molecule to coil or fold into a secondary structure (i.e. a-helix and §-sheet).
Final macroscopic dimensions and tertiary structure of the protein is determined by
the forces between these secondary structures. In this study, fibrinogen from human

plasma and albumin from human serum were used as the protein samples.

1.3.3 Protein Identification

Protein identification is of paramount interest because of its use in disease detection
and identifying bio-chemical hazards. The composition and sequence of the amino
acid as well as the molecular weight of the protein produced by certain types of bac-
teria are different from those of the protein forming the coat of a particular virus [51].
Every microbe produces proteins which are unique for that particular organism and
can act as a signature for its identification. Therefore, the ability to identify proteins
can aid in diagnosing diseases. Translating the signature proteins into unique optical

responges can aid in the early detection of diseases.

1.3.4 Methods for Protein Identification

There are several methods presently used for the identification and measurement of
the concentration of proteins like mass spectrometry [52], protein structure-NMR, [53],
X-ray crystallography [54, 55] and optical techniques. For this experimental study
we have placed an emphasis on doing a preliminary investigation to determine the

possibility of using spectroscopic ellipsometry as an optical technique for protein
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identification and measurement.

Optical techniques are based on the principal that the properties of the light beam
change upon reflection, refraction or scattering. Changes in the optical properties
of the light after reflection from thin films can be used to determine the changes
in the light intensity reflected from the surface, and even the bonding state of the
protein layer can be obtained from this. Most of these techniques are based on
determining the changes in the amplitude, phase or wavelength of the light used for

sample interrogation.
1.4 Organization of this Thesis

This chapter has laid out some of the background and principles of the use of SAM’s
as the platform or active elements for adsorption -based gas sensors. The next chapter
expands on how SAM’s are formed, preparation of gold surfaces and the selection of
thiol’s on Au (111) geometry. Chapter three deals with an experimental study of two
prospective SAM’s as gas sensors for model hydrocarbon gases. Chapter four deals
with Chéracterization of two model proteins and the measurement of protein concen-
tration using cllipsometry respectively. Finally Chapter five provides a summary of

conclusions and presents some suggestions for future work.
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Chapter 2

Background on Self-Assembled
Monolayers

The field of self-assembled monolayers (SAM’s) has witnessed tremendous progress
in the past decade in terms of synthesis and characterization [56]. In 1946, Zisman
published the preparation of a monomolecular layer by adsorption (self-assembly) of
a surfactant -onto a clean metal SU.I‘f&Cé [57]. His publication did not evoke much
interest because the potential of self assembly was not realized at that time. Work
initiated in Kuhn's laboratory at Gottingen [1], applying many years of experience
in using chlorosilane derivative to hydrophobize glass, was followed by a more recent
discovery, when Nuzzo and Allara showed that SAM’s of alkanethiols on gold can be
prepared by adsorption of di-n-alkyl disulfides from dilute solutions [58].

The success of SAM’s based on alkanethiols was mainly due to their advantage over
the moisture-sensitive alkyl trichlorosilanes, as well as working with crystalline gold
surfaces. Many other self-assembled systems have been investigated, but monolayers
of alkanethiolates on gold are the most studied SAM’s to date. For a further account

on the history of organic thin films refer to [59, 60].
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The formation of monolayers by self-assembly of surfactant molecules is one exam-
ple of the general phenomena of self-assembly. Nature has its own self assembly which
results in supramolocular hierarchical organization of interlocking components that
provide very complex systers [61]. Self assembly of SAM’s offer unique opportunities
to increase fundamental understanding of self organization, structure-property rela-
tionships, and interfacial phenomena. Interest in SAM’s is growing mainly because of
the flexibility to tailor both head and tail groups of the constituent molecules which
makes them an excellent raw material for many molecule-substrate and molecule-
solvent interactions.

SAM structures provide the design flexibility both at the material level and at
the molecular levels. This flexibility is necessary to investigate specific interactions
involving different substances at a molecular level, and to investigate the effect of
increasing molecular complexity on the structure and stability. Research into these
phenomena may lead to the actual utilization of SAM’s in industrial and medical
applications.

There has been tremendous growth in the SAM research particularly in recent
years due to the national initiatives taken hy various governments around the world
in the field of nanotechnology. Nanotechnology from its infancy has moved into
interdisciplinary areas and people are engaged in research where physics, chemistry,
life sciences and engineering intermingle.

Interest in the general area of self-assembly and specifically in SAM’s stems par-

tially from their perceived relevance to science and technology. In contrast to ultrathin
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films made by physical and and chemical vapor deposition, SAM’s are highly ordered
and oriented and can incorporate a wide range of groups both in the alkyl chain and
at the chain terminal [2]. A variety of surfaces with specific interactions can be pro-
duced with fine chemical control [62]. Their flexibility, dense and stable structure,
biocompatibility and biomimetic nature make SAM’s an ideal candidate to be used
as films for coating to prevent corrosion and applications in biochemical and chemical

sensing.
2.1 Preparation of Gold Surfaces

Gold as a substrate is an excellent choice from an experimental standpoint and it is
relatively easy to work with. Gold is quite robust in terms of its inertness to oxidation
and contamination, unlike copper which oxidizes rapidly upon exposure [3]. For using
gold films, a modest setup is required and there is no need to build a cleanroom facility.
It is relatively easy to obtain high quality self assembled monolayers on gold surfaces
even in an environment which is not clean and where the gold is routinely exposed
to different airborne contaminants and organic compounds. The reason for the high
quality can be attributed to the thiols and di-sulfides, which displace these weakly
adsorbed organic and other airborne materials during the assembly of self assembled
monolayers on a gold substrate [3].

For coating silicon and other substrates with gold, evaporation is a commonly
used method. In this method heated gold is evaporated onto and condensed onto

a relatively flat silicon substrate to produce a thin film (1000 A). Evaporation of
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gold on silicon was accomplished using a resistive thermal source within a vacuum
chamber that is capable of reaching pressures of 1075 Torr. Electrical current is passed
through a metal resistive heater which is raised to a temperature where the source
material evaporates and deposits onto the cooler silicon substrates. Operationally
this process is not complex and can produce several gold surfaces of relatively large
area (> 100cm?) inexpensively and of extreme purity.

The typical evaporation rate used in these experiments, is approximately 2 A/ S
which ensures smooth and atomically flat surfaces. The choice of the resistive heater
material depends upon the material to be evaporated on the silicon substrates. Tita-
nium and gold were evaporated using alumina coated tungsten resistive heaters and
tungsten resistive heaters respectively.

The reason for coating silicon substrate with titanium before evaporating gold on
it has to do with the adhesion of gold onto silicon. The level of adhesion between
the deposited gold film and the silicon substrate is very weak and an interlayer of
titanium > 100 A is often used to enhance the adhesion [3].

An important requirement for the evaporation process is that the deposition for
both the layers should be carried out without breaking the vacuum. To accomplish
this, an evaporation chamber was used with two individually addressable evaporation
sources for titanium and gold. As evident in Fig. 2.1, cleaned silicon substrates are
placed on a stainless steel slab with their smooth side facing down towards the evap-
oration source. This is a two step process accomplished by first evaporating titanium

onto the silicon substrates and then evaporating gold on the deposited titanium. The
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gold in the resistive boat is shielded from the cross contamination of titanium by
using a Pyrex glass divider.

«——Chamber

T
substrates (facing
down)
|- Metal source
. i
‘ Substrate holder
I 1
[ )
! ~<«—— Main Valve
|
L
Diffusion pump—-s
Variac

Figure 2.1: Schematic representation of a typical thermal evaporation system used
for the preparation of gold substrates.

Gold prepared by evaporation at room temperature is polycrystalline and has
a predominately (111) texture [63]. The gold surface made by this process has a
rolling hills topology [3] and consists of crystallites of 40 nm x 80 nm with typical

peak-to-valley heights of 3 nm hetween grains [64].
2.2 Thiols on Au (111)

Alkane thiol compounds on Au (111) are the most popular SAM systems. Other
popular systems include organo-silicon monolayers on hydroxylated surfaces; however,
these typically do not exhibit the degree of long-range order observed for thiols on
Au(111) [1, 2, 3, 65]. There are several reasons for the popularity of thiols on Au
(111); their ease of preparation [2, 3, 65], well defined order [1, 2, 3, 65} and rclative
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inertness of the substrate [1, 3, 65|. Another reason for choosing Au (111) topology is
the low surface energy. The higher the surface energy, the more chance of absorbing
impurities from the atmosphere which would make the SAM sensor less selective.
Surface energetics become even more important when the analyte to be sensed is a
protein as they are susceptible to contamination.

Considering the relative stability, low surface energy, ease of engineering and suit-
ability to biological samples, it is logical to opt for SAM’s of alkanethiols on Au (111)

as the system of choice in many research studies.
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Chapter 3

Use Of SAM’s for Hydrocarbon
Gas Sensing

3.1 Introduction

There has been a growing interest in gas sensing in the last decade because of
its use in a variety of applications and industries. Demand is increasing for small,
inexpensive gas sensors. Different sensing methodologies have been applied in the
past depending upon the cost, environment, and the type of the gas to be sensed.
Industrial interest in small, inexpensive and sensitive sensing elements for safety and
environmental monitoring is one of the driving forces behind the research work for
the development of gas detection using thin organic films [66].

Many physical principles have been discovered upon which the sensing systems
could be developed. These principles include for example systems based on: resistivity
changes, optical changes including surface plasmon resonance and electrochemical
phenomena. However, the challenge lies in the production of inexpensive, small,
selective, sensitive and easy to manufacture sensors. As an alternative approach,

sensors based on optical effects using ultrathin organic films can be of interest for gas
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sensing.

Gas adsorption is a very fast process [20]. The time constant for adsorption is
of the order of 107"s seconds. Peterson’s [13] sensor had a response time of approx-
imately 10 seconds. He found that the response time of the sensor is based on the
gas molecules diffusing into the thin film. Time response can be improved by the
use of ultra thin films, for example self assembled monolayers (SAM’s) on gold sub-
strates. Sensors based on surface acoustic wave (SAW) devices using SAM’s have
been tested [67] and they have been found to be better in terms of response time [6]
and durability [6] in comparison to sensors designed using Langmuir Blodgett film.
Moreover, SAM’s can also be used to tailor surfaces which are sensitive to a partic-
ular gas and this property can be exploited to make sensor array on a single chip
by micro-contact printing to sense different gases. SAM’s have also been used in
many chemical and biological sensor technologies because of their ability to function-
alize a metal nanoparticle for specific analyte capture [25, 26, 27]. Although SAM’s
hold great promise for sensors based on gas adsorption, few efforts have been made
in the past. There are some examples in literature of the vapor-phase adsorption
of various organic molecules on alkanethiol SAM’s [28, 29, 30]. It was observed in
these studies that they adsorb differently on the SAM’s depending on the functional
group. Furthermore, it was concluded that the selectivity of the surface depended
on the ability of the functional group to accommodate the adsorbate molecule within
its structure [31]. Although these studies were performed on organic molecules, the

same principle could be applied for hydrocarbon gases such as propane, methane and
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also hydrogen.

Also, surface energetics play an important role in the adsorption of a gas molecule
at the surface of interest. Surfaces with different energies can be realized by varying
the chain length of the SAM’s or by changing the temperature of the surface. With
a change in surface temperature, suitable thermodynamic conditions can be main-
tained which are essential for the gas molecules to desorb or adsorb at the surface.
Furthermore, surface energy is key in designing reusable surfaces. However, for a
surface to sense optically, it should be thermodynamically inclined towards adsorbing
the gas of interest, but not adsorbing other gases which optically absorb at the same
wavelength.

Research is required to determine a suitable wavelength of light to be used and
the type of SAM’s suitable for a particular type of gas. The main interest in con-
ducting this experimental study was to determine the behavior of various alkanethiol
monolayers of different surface energy towards hydrocarbon gases and to find a band
of wavelengths sensitive to a gas (propane, methane), with respect to the monolayer
used for gas adsorption. In order to accomplish, this spectroscopic ellipsometry and
FTIR were used to interrogate the surface (exposed to gas) to determine whether the
gas adsorbed on the monolayer and the sensitive wavelength to detect the adsorption.

For the purpose of this study, hydrophobic 1-octadecanethiol CH3(CHy)17SH (C-
18), and hydrophilic 16— mercaptohexadecanoic acid HS(CHz);sCOOH (COOH) were
used. A simple schematic of these SAM's is shown in Fig. 3.1 and 3.2 where the

symbolic features are replaced thus: for a monolayer of CHz( CHs)17SH the functional
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tail group is replaced by the methyl group (-CHj) which is a terminal group that
produces low surface energy, and for HS(CH,)15COOH it is replaced by the carboxylic
group (-COOH) which has a high surface energy. When choosing monolayers a major
consideration is surface energy. COOH and C-18 lie at opposite ends of the spectrum

in terms of surface energy. And it is expected that they will behave differently towards

the chosen gases.
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Figure 3.1: Schematic representation of a 1-octadecancthiol self-assembled monolayer
adsorbed on a gold metal support.
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Figure 3.2: Schematic representation of a 1-mercaptohexadecanoic acid self-assembled
monolayer adsorbed on a gold metal support.
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3.2 Methods and Materials

3.2.1 Materials

Test grade silicon wafers were obtained from Wafer World (West Palm Beach, F1)
with 100 mm diameter. These wafers were sawed into rectangular shapes of about
2.5em x 5em. Gold (99.999%) and titanium pellets (99.995%) were obtained from
Kurt J Lesker (Clairton, PA). Ethanol (100%) was obtained from the Chemistry
department, University of Alberta. 1-Octadecanethiol and 16—mercaptohexadecanoic

acid were obtained from Sigma-Aldrich and used as received.

3.2.2 Preparation of SAM’s

Au/Ti/Si substrates for this experiment were made in an in-house evaporator using
the process described in detail in chapter 2. Substrates were prepared by sequentially
evaporating titanium (100 A) and gold (1000 A) onto silicon wafers in a diffusion-
pumped vacuum chamber at 107° Torr. The layer thicknesses were measured with
a quartz crystal monitor (QCM). The chamber was backfilled with air and the sub-
strates used within 48h of preparation. The evaporated surfaces were blown dry with
nitrogen gas and then immediately used for the formation of the SAM’s. SAM’s
of C-18 and COOH were prepared by immersing the test pieces into solutions of
CH3(CHz)17SH or HS(CH,);5COOH in ethanol for 12h. The resulting surfaces were
then rinsed with ethanol and blown dry by nitrogen before use. Propane and methane

were obtained from Prax Air in various concentrations.
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3.2.3 FTIR

Fourier Transform Infrared (FTIR)was used to characterize the C-18 and COOH
monolayers and to observe the changes in the characteristic absorbance peaks of the
monolayer before and after exposure to the gas. In the FTIR a sample is interro-
gated with an infrared (IR) signal. This IR beam can either bounce off (reflectance
spectroscopy) or pass through (transmission spectroscopy) the sample and this in-
duces vibrations in the molecules. Energy associated with different bonds is unique
and they vibrate giving out radiations which are the signature "fingerprints” of the
molecules under investigation. This energy will change the frequency of the IR wave
at the detector and thus analyzing the changes in the frequency will provide the
information about the molecular bonding thereby providing information about the
chemical structure.

The FTIR instrument employed in this experiment is a Nexus 670 with a KBr
beam splitter and liquid Ny cooled MCT/A (mercury-cadmium-telluride) detector.
The actual range of detectable signals is 7400-600 cm™!. The FTIR is purged with
dry air to minimize interference from water vapor or CO,. Spectra were obtained with
a variable angle specular reflectance unit (PIKE VeeMax model) accessory using S-
polarized light (with polarizer angle set at 90°) incident at 70° with respect to the

surface normal. The gain was set to 8, resolution to 4 em™!

, and aperture diameter to
32 mm in each measurement. The spectra were acquired over 512 scans from which

a background spectrum was automatically subtracted. All the FTIR data presented

in this paper is baseline corrected.
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Figure 3.3: Schematic of the ellipsometry setup used for the experiments.

3.2.4 Ellipsometer

All ellipsometric techniques use the physical phenomena where, a linearly polarized
light beam is generally elliptically polarized after reflection from a sample surface.
The light reflected from the surface has two components [68] polarized perpendicu-
lar (s) and polarized parallel (p) to the plane of incidence. Quantitatively it is an
optical measurement of the polarization change occurring when light interacts (re-
flection/transmission) with materials. It is commonly applied to bulk substrates and

single or multilayer coatings. The measurement is described by two parameters, A
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and 1, that represent phase and amplitude change [69], respectively. A and ¥ can

be related to the complex Fresnel coefficients R, and R, of the polarized light by Eq.

(4.4) [68).

tan(h)e'> =

S|

(3.1)

Where v is the amplitude ratio of the p and s components of the polarized light and
A is the phase shift of the p and s components of the polarized light [70].

Ellipsometric measurements were performed using a Sopra GESP-5 spectroscopic
ellipsometry system. The light beam can be modulated by the rotation of the polar-
izer, analyzer or of a compensator. For Sopra GESP-5 instrument the measurements
were done by linearly polarizing a beam of light from a 75W Xe-arc lamp using a
polarizer rotating at 8 Hz and directing it onto the surface at a 75° angle from the
surface normal. For this kind of measurements it is a necessity to have a source with
well known polarization state. After reflection from the sample, the analyzer is fixed
and therefore, it is not necessary to have a detector insensitive to the polarization [71].
To analyze the signal and extract the two components at the double frequency 2P
of rotation of the polarizer, Hadamard transformations were used and the signal is
integrated after every quarter of the period [71]. The data for tan and cos A were
collected over the visible (0.3-0.850 pm) and near infrared range (0.9-2.0 pm) using
a rotatable analyzer in the tracking analyzer mode.

Also, spectroscopic ellipsometry measures the changes in the intensity after re-

flection /refraction from the surface and this intensity at the detector is given by Eq.
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(3.2) where; I [72], can be described by:

I=TIy(a*cos2P + B *sin2P + 1) (3.2)

where:

tan? ¥ — tan? A

¢ U tan? A (3:3)
tan ¥ * tan A
= 2+%cosA 4
fi=2rcosix tan® ¥ + tan? A (3:4)
7512 Eol? cos® A
Iy = 3.
0 2 tan? ¥ + tan? A (3:5)

Since a, [ and [, are functions of tant and cos A which are parameters of the
physical properties of the material as described by Eq. (3.6), therefore we can relate
the intensity to the physical properties by Eq. (3.2). In the above equation A is the
analyzer angle and there is no need of reference measurement for the intensity as the
coefficients alpha and beta do not depend on the intensity of the lamp.

cos A and tan V¥ for a bare gold substrate were measured as a reference after
evaporation. Again, the measurements were taken for tan v and cos A after immersing
the substrates into 1-octadecanethiol solution for overnight. Using an ambient-film
substrate model for regression with known refractive indices for 1l-octadecanethiol
and gold, the thickness for C-18 was determined. The refractive index for C-18
was obtained from Sopra GXR grazing reflectometer. The thickness of the adsorbed

monolayers were computed using the formula [70]:

= T (3.6)

In Eq:(3.2), n is the refractive index and k is the extinction coefficient of the film, ¢ is
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its thickness and the subscript j represents various wavelengths. An average of three

measurements were used to calculate the thickness of each sample.

3.3 Gas Exposure Setup

The gas exposure experimental setup is shown in Fig. 3.4 and was designed in-house.
A sealed chamber of stainless steel was built and connected to the gas cylinders with
Swagelock valves. Gas cylinders with known concentrations 10% of propane and
methane in 90% of nitrogen, 20% of propane and methane in 80% of nitrogen and
30% of propane and methane in 70% of nitrogen, respectively were used as obtained
from Prax Air.

Experiments were done in the following sequence : first, the optical properties
of the SAM’s were recorded with F'TIR or ellipsometry before being exposed to the
gas, then they were exposed to the gas of interest, and again analyzed by FTIR
and ellipsometer. It was estimated that to disassemble the gas exposure setup and
recover the exposed monolayers for FTIR and ellipsometry analysis took close to 80
seconds. The experiments were performed by varying the pressure and concentration
of the gas used. Gas was introduced to the chamber (1) at constant pressure 200kPa
and at a variable concentration of the gas, and (2) variable pressure and a constant
concentration (20%) of gas. All other experimental parameters such as temperature

and humidity were kept constant at laboratory conditions.
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Figure 3.4: Schematic representation of the gas exposure setup used in this experi-

ment.

3.4 Surface Characterization by FTIR and Spec-
troscopic Ellipsometer

The SAM’s were characterized before and after exposure to the test gas. FTIR,
spectroscopic ellipsometry and atomic force microscopy (AFM) were all used for the

characterization.

3.4.1 FTIR Measurements

In Fig. 3.6, the FTIR spectra for the C-18 monolayer suggests chain orientations con-
sistent with other studies of the same system [73]. The results reflect the anticipated
peak positions for the methylene backbones, the symmetric vs( CHz) and asymmetric
vo(CH,) stretching at 2850 cm™! and 2918 cm™?, respectively. The figure also shows

the peaks for the symmetric methyl and asymmetric methyl groups at 2878 cm™!
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and 2963 cm™!, respectively. This suggests that the monolayers being studied are
well-formed with normally packed densities {73] with polycrystalline structure.
FTIR results for COOH are displayed in Fig. 3.7, which shows the typical absorp-
tion band spectra for COOH. The results reflect the anticipated peak positions for the
methylene backbones: the symmetric v,(CHs) and asymmetric v,( CHy) stretching
at 2851 cm™! and 2919 cm ™! respectively. For COOH, the C=0 double bond stretch
should lie in the range from 1760-1665 cm™!. This expectation is met in our mea-
surements. It is evident from the FTIR analysis that C-18 and COOH are chemically

different.

3.4.2 Spectroscopic Ellipsometry

Ellipsometric studies were used to characterize the thickness of the surfaces using a
SOPRA GESP-5 variable angle ellipsometer. The measured thicknesses for C-18 and
COOH alkanethiol monolayers were 20.4 A and 18.3 A which are in good agreement

with those reported in literature [74, 73, 75].

3.5 Results and discussions

3.5.1 Results from Elliposmetry

Substrates of COOH and C-18 were exposed to different concentrations of propane
and methane at constant pressure and laboratory conditions and analyzed with an
ellipsometer to observe if there was any variation in the intensity of the light reflected
from the surface before and after exposure. Propane diluted with nitrogen was used

in three different concentrations 10%, 20% and 30%, respectively. Methane was used
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in 20% concentration. Figure 3.8 shows the variation of intensity with respect to
wavelength when C-18 was exposed to propane. As can be seen, there is a difference
in the intensity before and after exposure. However, there is no intensity region with
respect to the wavelength which shows a consistent relative difference in the intensity
reflected/absorbed from the exposed surface. It was expected that with an increase
in the concentration of gas used, the relative difference in the intensity reflected from
the surface after exposure to the gas should increase. However, the analysis of the
spectra gave a result not only inconsistent with this expectation but also without any
consistent trend with respect to the different concentrations of the gas used. In Fig.
3.8, from 0.9-1.1 um the relative difference decreases as we move from 10% to 30%
concentration of gas, but from 1.1-1.4 pum the relative difference is constant. From
1.45~1.65 um the relative difference decreases; however, from 1.7 ym to 1.9 pm it
first increases slightly for the surfaces exposed to 10% and 20% and then it again
decreases for 30%. For the methane exposed to C-18 in Fig. 3.8, the difference in the
intensity reflected is relatively small as compared to propane.

Spectra for the COOH SAM exposed to propane is given in Fig. 3.9. As can
be seen, for COOH exposed to 10% propane the relative difference in the intensity
before and after exposure is considerable. However, in case of 20% and 30% the error
is large enough to make the results ambiguous. For COOH exposed to methane in Fig.
3.9 the difference in the intensity reflected before and after exposure is considerable.
However, the overall trend is similar to that of propane with the only difference being

in the intensity reflected across the spectrum.
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3.5.2 Results from FTIR

Since the results from ellipsometry were not definitive, the next logical step was to use
FTIR to determine the change in the absorbance spectra of the SAM’s after exposure
to the gas of interest. Experiments were carried out systematically by exposing C-18
and COOH to varying concentrations of gas at a constant pressure {200 kPa) and
room temperature. In a second step the pressure was changed and the concentration

was kept constant at 20% (20% Propane and 80% Nitrogen).

Figure 3.5: Schematic illustration of an alkanethiolate adsorbate that is tilted af
30°(a) from the surface normal and twisted 0°(3) around its molecular axis.

In Fig. 3.5 arrows indicate the fransition dipole moments for the following stretch-
ing modes : v,(CHs), v,(CHjs), vs(CHs), and v,(CHy). The intensities of the infrared
bands for these fransition dipole moments depend on their projection along the sur-
face normal. The differences in the intensity of the absorbance spectra of the FTIR
indicate different canted orienfations of the methylene on these surfaces with the sur-

face (Au) normal. The tilt for alkanethiolate SAM’s on gold is 30° [76], which is a
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result of the packing arrangement of the monolayer on the metal (Au) surface. An
increase in the tilt angle results in a corresponding increase in the methylene peaks
in the spectra, whereas a decrease in the tilt angle reduces the peak height [73]. This
explanation of the behavior of the peak height of CHsy with respect to the tilt angle
of the hydrocarbon chain helps in interpreting the FTIR results.

Apart from propane, SAM’s were also exposed to methane to determine if there
is any change in the spectra when using a different gas. Figure. 3.10 shows gas phase
propane and methane FTIR spectra. For both propane and methane [77], the region
of interest is concentrated between 2850-3025 cm ™.

Figure .3.11 shows the FTIR spectra of C-18 taken after exposure to propane and
methane. As can be seen, C-18 exposed to various concentrations of propane and
methane shows little change in the CHj absorbance peak and no distinct peaks for
methane in the 2850~3025 cm~* range. However, in Fig. 3.12 peaks are observed
at 3016 ecm™! for C-18 and C-18 exposed to propane at 200 kPa. These small peaks
can be attributed to the residual ethanol left after the wash of C-18 coated Au with
100% ethanol solution. Other than these peaks the FTIR spectra for C-18, and C-18
exposed to propane looks relatively similar. There is a small difference in v,(CHs) and
vs(CHy) for C-18 exposed to propane and methane as the peak height for v,(CH,) and
vs(CHg) has increased relative to the unexposed C-18. This difference is very small
and can be attributed to an increase in the tilt angle of the methylene backbone after
exposure to propane gas which results in a corresponding increase in the methylene

peaks in the spectra. This small variation can also be attributed to the differences in
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the gold substrates and/or atmospheric contamination. Similarly there is a change in
the v,(CHs) and vs(CHs) peaks for C-18 (Fig. 3.12) exposed to propane at different
pressures. However, these changes are similar to those observed in Fig. 3.11 for
propane and methane, and for the symmetric and antisymmetric CHgz absorbance
peak there is no change.

It is evident from the results that their is no strong indication of the adsorption of
propane or methane on C-18 monolayer. The changes in v,(CHz) and vs(CHg) peaks
after exposure are not relatively large enough to conclude that the change is due to
the gas exposure. Figure. 3.13 shows all the spectra of COOH taken after exposure to
propane and methane. As can be seen, for wave-numbers between 2850-3025 cm ™,
no distinet absorbance peaks for CHs and CH, were observed. However, there is a
difference in the absorbance peaks (2950 em™! and 2918 cm™!) of COOH exposed to
propane and methane relative to unexposed COOH. This decrease in the peak height
of v,(CHy) and vs(CHy) can be attributed to the decrease in the tilt angle of the
methylene backbone relative to the surface normal on Au surface or it can be due
to the fact that their is a thin film of the gas on the monolayer which is decreasing
the intensity of infrared reaching the monolayer molecules their by reducing the peak
height. In the next phase of the experiment, COOH was exposed to a propane (20%
propane + 80% nitrogen mixture) at different pressures. From Fig. 3.14, it is clear
that there is a change in the absorbance peaks of COOH at 2950 cm™! and 2918 em ™!
after exposure.

It is evident from these results that the trends observed for the v,(CHs) and
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vs(CHy) peaks for propane (constant pressure and variable pressure) and methane
are similar. Furthermore, there is a decrease in the peak height of v,(CHs) and
vs(CHsg) after exposure to the gas molecules; presumably due to a change in the
tilt of the backbone or it can be due to the fact that their is a thin film of the gas
molecules on the monolayer which is decreasing the intensity of infrared reaching the
monolayer molecules their by decreasing the peak height. However, the tilt in this

case is opposite to that observed in C-18 and is much more pronounced.

3.6 Conclusions

The sensitivity of the self assembled monolayers of C-18 and COOH to hydrocarbon
gases has been experimentally . Spectroscopic ellipsometry was used to measure the
change in the intensity of the light that was reflected from the SAM’s before and after
exposure to the gas. From the experimental study, it can be concluded that C-18 and
COOH exposed to propane and methane exhibit an overall ghift in the intensity.
However, the results fail to reflect any definitive band of wavelength which can be
used to differentiate between propane and methane. For C-18 exposed to propane and
methane the only difference that is observed is in the reflected intensity across the
spectrum, and moreover this difference is not consistent giving a ambiguous trend.
For COOH exposed to propane, the instrument error is large enough to make the
results ambiguous. However, for COOH exposed to methane the relative difference
in the intensity is large enough to demand further investigation.

Further investigation was carried out with FTIR, and it was observed that no
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distinct absorbance peaks were observed for methane in case of C-18 and COOH.
Also, no change in the CHj peak was observed in case of C-18 after exposure to
propane and there was no distinct peak observed for CHj3 in case of COOH. However,
changes in the peaks of v,(CHjy) and v,(CHs) for C-18 and COOH were observed.

These change were relatively negligible for C-18 as compared to COOH.
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Figure 3.8: Variation in intensity with wavelength for C-18 before and after exposure

Te+06 -

6e+06

Se+06

4e+06

3e+06

2e+06

1e+06

Te+06

6e+06

5e+06

4e+06

3e+06

2e+06

le+06

— C-18

Te+06
6e+006
Se+06
4e+06
3e+06

2e+06

fo propane and methane

40

4 1e+06 — Ci8
---- (C-18-10%Propane -=—--  {-18-20%Propane
I ST VR U SR 0 I U SUST RSN RN E
1.2 14 1.6 1.8 2 1 1.2 14 1.6 1.8
T | — T T T T Te+06
6e-+06
Se+06
4e+06
3e+06
2e+06
— 18 ] — C18 ]
=~ C-18-30%Propane 1e+06 ==~ (-18-20%Methane |
1 [P EERVN N 0 [N RSN S S S S R
1.2 14 1.6 1.8 2 1 1.2 14 1.6 1.8
Wavelength (pm) Wavelength (um)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Te-+06 e e 7e+06 o e
6Ge+06 6e+06 |
Se+06 5e+06
P
2 de+06 4e+06
=
3
= 3e+06 3e+06
el
2e+06 2e+06
1e+06 —— COCH - 1e+06 e COOH
---- COOH-10%Propane L -~-- COQH-20%Propane
0 L 1 i " \ I 2 i i 0 1 N 1 N i N 1
0. 1.2 1.4 1.6 1.8 2 1.2 14 1.6 1.8
Te+06 I . T T T T Te+06 T T T
4 - - COOH
6e+06 6e+06 --=-  COOH-20%Methane
Se+06 S5e+06
P
= 4e+06 4e+06
o L
2 3e406 3e+06
L]
2e+06 2e+06
—— COOH B
1e+06 L ~==- COOR-30%Propane | 1e+06
0 [T WS TN S SUUTE R 0 | N SR N |
! 1.2 1.4 1.6 1.8 2 1.2 1.4 1.6 1.8
Wavelength (lLm) Wavelength (um)

Figure 3.9: Variation in intensity with wavelength for COOH hefore and after expo-
sure to propane and methane.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T T T T : T : T ¥ I T T T T : T T T r
—— Methane
— — - Propane
I’I
’
J
et i
~ ! !
g ! '
g ! ‘
’ -
\
2 / \
g / 3
) 7 3
£ 4 3
< . // \
3
” / A
4 \
P // AN
7
AV AN
/ \
7
/ N
’
- s ’ ~
= — ; 1 ! L ] " 1 1 il L 1 . { i
2800 2825 2850 2875 2900 2925 2950 2975 3000 3025 3050

Wavenumber (cm'l)

Figure 3.10: FTIR spectra of propane and methane in the gaseous phase (data taken
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Figure 3.12: FTIR spectra of C-18 self-assembled monolayers after being exposed to
20% propane at different pressures and constant laboratory temperature of 295 K.
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45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i

. : : .
2918 cm™' v, (CH,)

] Propane
2840 cm v (CH)

400 kPa-COOH

200 kPa-COOH

50 kPa-COOH

Absorbance (a.u.)

i
]
i
i
i
1
i
1
I
1
i
1
|
1
i
i
i
i
i
i
i
i
i
i
i
I
I
1

. , ! . | : L .
2800 2850 2900 2950 3000 3050

Wavenumber (cm'])
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Chapter 4

Spectroscopic Ellipsometry for
Characterization and

Concentration Measurement of
Proteins Immobilized on SAM’s.

4.1 Introduction

During the last decade, the scientific community has witnessed tremendous research
activity aimed at the realization of optical sensors for the measurement of biological
and chemical quantities. Optical sensors, using the adsorption spectrum were first
developed for the measurement of CO, and Oy concentration [25]. Since then a large
variety of optical methods have been used in chemical and biological sensing, like
surface plasmon resonance [78, 79], ellipsometry, interferometry (modal interferom-
etry in optical waveguide structures, white light interferometry spectroscopy) and
spectroscopy (luminescence, Raman, fluorescence).

Development of large-scale biosensor arrays composed of highly miniaturized sig-
nal transducer elements that enable the real-time and parallel monitoring of multi-

ple species is an important driving force in biosensor research. This is particularly
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significant in high-throughput screening applications such as drug discovery and pro-
teomics research where many thousands of ligand-receptor or protein-protein interac-
tions must be rapidly examined. In these situations it is necessary to utilize sensor
platforms that have as many desirable characteristics of optical biosensors as possible.

Several techniques have been used for protein identification like mass spectrom-
etry [562], protein structure-NMR [53], X-ray crystallography [54, 55] and light spec-
troscopy. Spectroscopic ellipsometry [80] in the past has been used as a nonin-
vasive optical technique in the visible (0.270- 0.800 nm) and near infrared (NIR)
range (0.825-2.0 nm) of the electromagnetic spectrum for the characterization of thin
films [81]. It is possible with this technique to determine the optical response of
the surface under consideration and to gain important information about its physical
microstructure, such as the possible presence of analytes. The goal of this exper-
imental study is to determine whether two different proteins can be distinguished
using ellipsometry. The idea is to find a sensitive wavelength at which the optical
response of the particular protein is unique and furthermore, to measure the changes
in the optical intensity and constants by ellipsometry and relate these changes to the
concentration of the specimen under investigation.

The ideal analytical method for studying the interaction of complex biological
media with surfaces should : (1) allow the detection of the interaction in situ, (2)
provide kinetic and thermodynamic information about the process and avoid the

need for the covalent modification of analyte, (3) use small amounts of material,

(4) have a high signal to noise ratio that allows the detection of sub monolayer
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quantities of material, and (5) have high specificity for individual structures [82].
No single technique currently meets all these criterions. In the past, gold substrates
have been used for immobilizing biological samples to measure the concentration of
the molecules using FTIR [83]. Unfortunately, gold is not a practical platform to
design sensors intended for biological applications because of its high surface energy
which favors absorbtion of contaminants from the atmosphere thus contaminating the
sample. This problem can be overcome by designing and synthesizing surfaces using
SAM’s of alkanethiols [33, 34, 35] on gold and silver.

Two SAM’s have been employed for this study; hydrophobic 1-octadecanethiol (C-
18), and hydrophilic 16-Mercaptohexadecanoic acid (COOH). The reason for choos-
ing C-18 (highly hydrophobic) and COOH (highly hydrophilic) is their unique surface
properties because of their low and high surface energies respectively. They are at the
opposite end of the surface energy spectrum, which makes them interesting candidates
for investigating the adhesion behavior of biological samples with surfaces and how it
effects the concentration measurement. Albumin (HSA) from human serum (> 98.0%
purity) has been used as a model hiological sample for concentration measurements.
For protein characterization 1-octadecanethiol CH3(CHs)17,SH (C-18) self-assembled
monolayer on gold was used. The reason for choosing C-18 was its high hydropho-
bicity, which enabled the formation of a uniform and homogenous residue of protein.
Apart from HSA, Fibrinogen (FIB) from human plasma (50% protein content) was
used as sample protein for characterization study. These experiments were carried

out at room temperature and pressure to mimic typical sensing conditions.
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4.2 Experimental section

4.2.1 Protein Deposition Method

FIB and HSA were obtained from Sigma-Aldrich and used as received. HSA and
FIB 15% (15mg of HSA/FIB in 100 ml of phosphate buffer solution) solutions were
prepared in phosphate buffer using deionized ultra filtered water (DIUF). Sample
preparation consisted of depositing a drop of 0.50 ml of each protein onto the surface of
a C-18 monolayer on a Au/Ti/Si substrate and leaving it to dry at room temperature
and pressure. The shape of the solid residual of the protein left after the evaporation
of the buffer was circular with an average surface diameter of 7 mm.

However, this preparation is plagued by a major inconvenience. The protein
residue left after the evaporation was of non-uniform thickness. To reduce the effect
of this thickness variation, the protein solution was left to vibrate on a table during the
evaporation process. The frequency of the vibrating table was set to 45 Hz. At this
frequency, the amplitude of the mechanical vibrations induced in the drop by the table
was resonant [83], thus optimizing the mixing of protein in the evaporating phosphate
buffer solution and resulting in a fairly uniform thickness and relatively homogeneous
residual. This procedure was followed for all the protein samples prepared for data

collection using ellipsometry.
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4.3 Discussions and Results

4.3.1 Interpretation of Ellipsometric Data

Light intensity reflected from bare Au substrate was measured using ellipsometry and
a similar measurement was performed on a C-18 coated Au substrate. Subsequently,
measurements were also taken of C-18/Au/Ti/Si samples on which FIB or HSA pro-
teins were deposited. In order to compare the response of protein to different optical
sources, measurements were done in both the visible and NIR wavelengths of the
electromagnetic spectrum.

Figures 4.1, 4.2, 4.3, and 4.4 show the variation of intensity at each wavelength,
collected at the ellipsometer detector after reflection of the incident light from C-18,
Au, HSA and FIB in the visible and NIR region of the electromagnetic spectrum. The
differences in the curves clearly point toward the uniqueness of the different surfaces
being examined. Furthermore, since the difference in the intensity reflected from C-18
and Au (Figures. 4.1, 4.2, 4.3, and 4.4) is relatively small, either can be used as a
control surface. However, it is highly desirable to use C-18 because of its inertness to
atmospheric contamination as compared to Au [3].

It was anticipated that the protein layer would reduce the light intensity reflected
from the Au and C-18 surfaces. However, contrary to this, the intensity reflected
from the surface coated with HSA (Fig. 4.2) was higher in the wavelength range of
0.4-0.45 pm. Furthermore, for FIB the light reflected at the 0.42 um wavelength
is equivalent to that reflected from Au and C-18. In Figures 4.1 and 4.2 the data

exhibits a clear difference between the proteins (HSA and FIB), C-18, and Au surfaces
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in the wavelength region 0.3-0.45 um. However, after 0.45 um the data is scattered
across the wavelength rendering it ambiguous for protein identification. Hence, only
the wavelength range from 0.3-0.45 pm is promising for HSA and FIB identification.

As can be seen that the Fig. 4.3 and 4.4 show the variation of the intensity with
respect to the wavelength in NIR region of the electromagnetic spectrum. In each
figure, the data points are quite smooth and systematically distributed across the
NIR wavelength. The intensity variation trend across the NIR wavelength is nearly
similar for C-18, Au, HSA, and FIB with the only difference being in the relative
amount of intensity reflected from each surface. However, the intensity of the light
reflected from SAM’s with HSA and FIB on them yields two unique curves in the
NIR region. The curves are different from each other, clearly distinguishing between
the two different proteins examined.

In Figures. 4.1, 4.2, 4.3 and 4.4 respectively, it is interesting to note that the
relative difference in intensity between all 4 experiments for HSA and FIB in the
visible and NIR region of the electromagnetic spectrum varies. This variation can
be explained by the variations in the thickness of the deposits. These differences in
thickness cause the measurements to change from one experiment to another. As can
be seen Fig. 4.5 shows the average of the four different spectra for HSA and FIB
in the visible region. The spectra have been averaged to enhance the signal-to-noise
ratio and to minimize the error in the measurement caused by the variation in the
thickness of the deposits. This averaged spectra clearly shows the difference between

the two proteins.
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4.3.2 Relationship between Thickness and Concentration

The relationship between thickness and concentration has already been derived by
Garcia et al [83], in which the deposited drop was considered to be a perfect hemi-
sphere of radius, r, having protein of concentration, C', dissolved homogeneously in it.

The total protein mass can be calculated by multiplying volume with concentration:

_ 2C7r3
3

m

(4.1)

The protein residual left after the evaporation of the water was observed to be cylin-
drical in shape with radius, R, thickness, d, and apparent density of, py. Therefore,

the total mass of protein can be calculated as follows:
m = podm R?. (4.2)

Since the mass of the protein is not changing during the evaporation process we can
equate Eq. (4.1) and Eq. (4.2) to obtain a linear relationship between the deposited

thickness, d and the concentration, ¢ in the original solution.

or?
d = o ()
3R?po

(4.3)
The relationship between thickness, d, and concentration, C, can be assumed to be
linear in Eq. (4.3) by considering that the variation in the drop size radius r, and
the solid residual radius R, and the density of the deposit, pg, is negligible between
different samples. Certainly it was found during the experimentation that equal solu-
tion volumes gave equally sized drops for a given surface, thus making the thickness

independent of radius. Substrate temperature, composition, and the concentration of
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the protein in the water are the experimental parameters that effect the evaporation
and thus effect the density. These were kept constant by maintaining the laboratory
temperature at 295 K thereby minimizing the residue density variability. Substrates
used in this study were prepared using standard techniques developed in our lab and
described in detail in the previous chapters.

The issue of the concentration inhomogeneity was minimized by using the method
of sample preparation described earlier in this chapter to minimize the variation in
density. Samples were prepared by a successive deposition method. To vary the con-
centration of the samples, a drop with a given initial concentration, Cj, was deposited
on a pre-existing solid residual of the protein. This preexisting solid residual of the
protein dissolved each time a new drop was deposited, thus leaving a residual with
twice the initial concentration. It can be assumed that after the new deposit has been
grown, the concentration of the residual is not the initial concentration but some final

concentration achieved after the dissolution of the initial residual.

4.3.3 Variation in Intensity with respect to the Change in
Concentration

As can be seen Fig. 4.6 shows the intensity collected at the ellipsometer detector after
reflection from different concentrations of the protein deposited on a C-18 monolayer.
It is clear from the figure that even for the same amount of protein concentration,
the intensity curves are different. This difference is much more pronounced at the
beginning of the deposition; however, as the thickness of the deposited protein grows

and becomes more uniform, the curves become much more consistent and reflective
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of the increase in concentration. For 0.5 ml and 2 x 0.5 ml the difference in the
intensity is not that striking and the intensity curves overlap each other for the entire
range of the near infrared (NIR) spectrum. However, between 2 x 0.5 ml and 3 x
0.5 ml the difference is quite evident until 1.15 pm after which the intensity curves
start overlapping. The overlap in this case is relatively small as compared to that in
the case of 0.5 ml and 2 x 0.5 ml. For 4 x 0.5 ml there is a striking difference with
respect to the other concentration curves.

As can be seen Fig. 4.7 shows the averaged curves for the various concentrations
of the protein on C-18. It is evident from the figure that until 1.2 pm the intensity
curves are quite distinet and they reflect the change in concentration from 0.5 ml to
4 x 0.5 ml; however, this change in intensity is not a linear representation of the
change in concentration which is inconsistent with what was expected. For the rest
of the wavelength range the curve for 0.5 ml overlaps with 2 x 0.5 ml; whereas the
curves for 2 x 0.5 ml, 3 x 0.5 ml and 4 x 0.5 ml are distinct, and show a relatively
linear variation with the change of concentration.

Figure 4.8 shows the intensity collected at the ellipsometer detector after reflection
from different concentrations of the protein deposited on a COOH monolayer. It was
expected that with the increase of the protein deposit, the intensity reflected from the
surface would decrease. As can be seen, the curves for the different concentrations of
protein are quite complex and they deviate from the expected trend in comparison
to C-18. The reason for this deviation can perhaps be attributed to the high surface

energy and consequent larger surface spreading of the protein solution on a COOH
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surface compared to that on C-18 [73]. Due to this spreading, the deposited protein
does not have a uniform thickness on COOH as compared to a surface coated with
C-18.

Figure 4.9 shows the averaged out curves for various concentrations of the protein
on COOH. Tt further strengthens the assertion about the inconsistency observed in
the COOH curves. In the wavelength region from 0.96-1.02 pm and 1.75-1.9 um, the
intensity measured from 2 x 0.5 ml, 3 x 0.5 ml and 4 x 0.5 ml reflects the change
in the protein concentration, and this change is relatively linear with respect to the
concentration. However, the light intensity reflected from 2 x 0.5 ml, 3 x 0.5 ml and
4 x 0.5 ml is more than that of 0.5 ml which is inconsistent with the expected result.

Variation of tan¥ with respect to the change in concentration

Variation of tan¥ with respect to the change in concentration was determined in
order to compare tan ¥ relative to intensity. The basis of this comparison stems from
the fact that both intensity and tan ¥ are measured at the same time and are derived

from the same samples.

fng; kj, 1)

tan W = .

(4.4)

In the above equation tan ¥ is dependent on n, k, film thickness and the A. Where
n is the reflective index and k is the extinction coefficient. Tt is clear from the above
relation that the tan ¥ is directly proportional to the change in the thickness of the
surface, therefore, a change in tan ¥ can be related to the change in concentration
by Eq. (4.3). Figure 4.10 shows the variation of tan ¥ collected from a variety of
samples of protein deposited on C-18 monolayer with respect to wavelength. As can
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be seen, tan ¥ varies with the change in concentration of the protein. Moreover, for
the same amount of the protein concentration, the tan ¥ measurement is different and
varies from one sample to another. The reason for this variation is the non-uniform
protein deposition as has already been explained; however, the relative difference in
the averaged tan ¥ measurement, shown in Fig. 4.11, reflects the changes in the
concentration. Moreover, it can be seen that tan ¥ curves for 2 x 0.5 ml, 3 x 0.5
ml and 4 x 0.5 ml are evenly spaced over the 0.9 um - 2.0 ym wavelength range and
show a relatively consistent variation with the change in concentration as compared
to 0.5 ml.

Figure 4.12 shows the variation of tan ¥ collected from protein deposited on COOH
monolayer with respect to wavelength. As can be seen, until 1.05 um, the tan ¥ curves
for 0.5 ml, 2 x 0.5 ml, and 3 x 0.5 ml are clearly different, whereas, the 4 x 0.5 ml
curve overlaps with that of 3 x 0.5 ml. In Fig. 4.13 the same measurement has been
averaged and the result clearly reflects the change in the concentration. However, the
relative difference between tan ¥ curves for different concentrations is not as much
reflective of the change in the concentration as was the case for C-18.

A comparison of the intensity and tan ¥ results for both C-18 and COOH reveal
that tan ¥ is a better parameter for concentration measurement. This confidence in
tan ¥ stems from the fact that it is relatively insensitive to the variations in surface
inhomogeneity as compared to the intensity. Furthermore, it can be seen from Figures.
4.8 and 4.12 that tan ¥ measured on COOH shows a consistent trend as compared

to the intensity, even though both parameters were obtained simultaneously from the
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same samples.

4.4 Re-usability

4.4.1 Experimental Section

Self-assembled monolayers of C-18 and COOH are quite robust and resistant to at-
mospheric contamination as compared to bare gold. To get a qualitative idea of the
reusability of C-18 and COOH monolayer surfaces, were exposed multiple times to
a test protein. After each exposure, the C-18/Au/Ti/Si and COOH/Au/Ti/Si sub-
strate was treated with a highly ionic solution of KCl and NaCl and a phosphate
buffer solution with very high pH to remove the protein and restore the SAM. In
Fig. 4.14, 1st treatment refers to the treatment of monolayer after its first expo-
sure to protein and IInd treatment refers to the treatment of the same monolayer
after its second exposure to the protein. This procedure was repeated keeping the

experimental conditions consistent.

4.4.2 Analysis with FTIR

After each treatment infrared spectra were collected and compared to determine if
any deterioration occurred in the C-18 monolayer. Figure 4.14 shows the spectra of
C-18 and COOH before and after treatment. As can be seen, peak heights for the
methyl end group (symmetric v,(CH;) and asymmetric v,(CHs) stretching at 2878
em™!, 2963 cm™) and methylene backbone, (symmetric v,(CH,) and asymmetric
v,(CH,) stretching at 2850 cm™! and 2918 cm™!) are deteriorating after each treat-

ment compared to the original C-18 monolayer. In the case of COOH, there is a
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deterioration in the peaks at 2919 cm™! and 2840 cm™}, respectively. The change in
COOH is relatively small in comparison to C-18. This shows that the surface adhe-
sion between the protein and the COOH monolayer is less than that of the protein
and C-18 monolayer. Thus it can be concluded that COOH is a better surface than

C-18 in terms of reversibility.

4.5 Conclusion

We have experimentally studied a method to detect proteins by measuring the light
intensity reflected from thin solid residuals left on a CH3(CHs)1;SH monolayer us-
ing ellipsometry and measure the concentration of biological samples by measuring
changes in light intensity and optical properties of the thin solid residuals left on a
CH3(CHj)17SH and HS(CH3)15COOH monolayer using ellipsometry.

Experiments for the protein characterization were done in the visible and NIR
regions of the electromagnetic spectrum. It was discovered that the difference in the
measured reflected intensity is most sensitive to the distinguishing chemical features
of the protein samples at 0.42 pum wavelength in the visible region. However, in
the case of the NIR region two curves clearly separating the proteins were obtained.
But in NIR region their is no specific region distinguishing two proteins. The curves
looked similar except for the difference in the intensity.

Experiments for concentration measurement were done in the NIR region of the
electromagnetic spectrum. It was concluded that the measured reflected intensity

is representative of the change in concentration on a C-18 surface in comparison to
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COQOH. However, for COOH the intensity measured after 2 x 0.5 ml and 3 x 0.5 ml
and 4 x 0.5 ml does not give a consistent trend and the curves are scattered. Further-
more, it was observed that tanW is a better parameter than intensity to measure the
change in protein concentration for both C-18 and COOH. The relative difference in
tan ¥ measured from protein on C-18 monolayer is better able to reflect the change
in concentration in comparison to the tan¥ measured from the protein on COOH
monolayer. From FTIR results, it can be concluded that the COOH surface is a bet-
ter choice in terms of reversibility than C-18. It can be presumed from these results
that the C-18 is a good surface for concentration measurement and COOH is a better
choice due to reversibility. However, both of these characteristics are highly desirable
in a system designed for concentration measurements therefore, it is important to
achieve a balance between them. This balance may possibly be achieved by using
monolayers with surface energies which fall in the range between that of C-18 and
COOH.

These results not only open a range of possible applications of protein detection
and concentration measurement by ellipsometry but with additional research in the
future it may lead to the miniaturization of the ellipsometric setup for clinical pur-
poses. This concept also holds promise in the early detection of some types of cancers

which occur due to protein mutation.
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Figure 4.1: Ellipsometry results showing the reflected intensity in the visible region
for different samples of FIB deposited on C-18 and reference C-18 and gold.
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Figure 4.2: Ellipsometry results showing the reflected intensity in the visible region
for different samples of HSA deposited on C-18 and reference C-18 and gold.
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Figure 4.3: Ellipsometry results showing the reflected intensity in the NIR region for
different samples of FIB deposited on C-18 and reference C-18 and gold.
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Figure 4.4: Ellipsometry results showing the reflected intensity in the NIR region for
different samples of FIB deposited on C-18 and reference C-18 and gold.
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Figure 4.5: Comparison of the average intensity Vs wavelength between FIB and HSA
in visible region.
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C-18 monolayers on Au/Ti/Si substrate for various samples at 4 different nominal
concentrations.
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Figure 4.10: Change in tan¥ with respect to the variation in concentration of the

protein deposited on C-18 monolayers on Au/Ti/Si substrate for various samples af
4 different nominal concentrations.
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Figure 4.11: Average change in tanW with respect to the variation in concentration of

the protein deposited on C-18 monolayers on Au/Ti/Si substrate for various samples
af 4 different nominal concentrations.
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at 4 different nominal concenfrations.

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COOH

G—O Avg-0.5
F—E1 Avg-2x0.5 -
O—© Avg-3x0.5
O—A Avg-4x0.5

tan (y)

Wavelength (um)
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Chapter 5

Summary and Future Direction

Summary and future directions can be grouped into two sections according to the

experiments that I have done.
5.1 Use Of SAM’s for Hydrocarbon Gas Sensing

Using experimental techniques I have looked into the sensitivity of self assembled
monolayers of C-18 and COOH to hydrocarbon gases. Ellipsometric and FTIR anal-
ysis was employed for the optical and chemical analysis. Ellipsometric analysis was
found unreliable due to high instrument error relative to the small changes in the
intensity. However, for methane exposed to COOH the difference in the relative in-
tensity reflected before and after exposure is large and warrants more investigation.
To evaluate this response further, experiments can be done by changing the pressure,
concentration and the temperature of the substrate. FTIR analysis further sup-
ports the indication that the C-18 monolayer is not a good receptor of methane and
propane under the experimental conditions used. However, considerable changes were
observed in the COOH chain length after exposure, but their was no clear indication
of methane or propane adsorption on the COOH monolayer.
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Adsorption of the gas on thin films is also influenced by surface dynamics [12]
among other factors. However, because of laboratory constraints the experiment was
not designed for in-situ measurements and realtime variation of temperature. Future
investigation can be carried out by designing an experiment incorporating in-situ
measurements with temperature changes. Furthermore, there is a need to investigate
other self assembled monolayers. Gas exposure experiments can also be carried out
by mixing the already available monolayers in different proportions to synthesize new
monolayers with different surface properties and morphologies suitable for different
gases. It would also be interesting to observe the behavior of the NO, gases to
different self assembled monolayers. Keeping in mind the hazards associated with
these gases, a dedicated laboratory space would be necessary to carry out real time,
in-situ experiments. Atomic force microscopy can also be used to observe changes in

the morphology of the SAM after exposure to the gases.

5.2 Spectroscopic Ellipsometry for Characteriza-
tion and Concentration Measurement of Pro-
teins Immobilized on SAM’s.

In this experimental study my emphasis was to shown that it is possible to char-
acterize proteins and measure the concentration of biological samples by measuring
the light intensity reflected from thin solid residuals left on a monolayer using spec-
troscopic ellipsometry. Experiments were done in the visible and NIR region of the
electromagnetic spectrum. It was found that the difference in the measured reflected

intensity is most sensitive to the protein samples at 0.42 um wavelength in the visible
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region. However, in the case of the NIR region two curves clearly separating the
proteins were obtained. The curves looked similar with only difference being in the
amount of intensity reflected from the surface, however their is no specific wavelength
region distinguishing two proteins. For concentration measurements it was found that
the reflected intensity changes were more representative of the change in concentra-
tion on a C-18 surface than to COOH. It was also observed that tan ¥ is a better
representative of concentration change as compared to intensity. From FTIR results,
it was concluded that the COOH surface is a better choice in terms of reversibility
than C-18. It can be presumed from these results that the C-18 is a good surface
for concentration measurement and COOH is a better choice in terms of reusability
consideration.

For future direction research can be carried out by applying the concept of protein
characterization for the early detection of certain types of cancer at a cellular level and
genetic diseases which occur due to mutation in the genes. By designing a suitable
experiment it is possible to obtain the optical signatures of the rogue proteins and
detect the disease in its infancy. Moreover, there is a need to further investigate other
self assembled monolayers with surface energies between that of C-18 and COOH, for
their suitability toward biological detection. Investigation into this can also lead to
the optimization of surface properties which are imperative for reusable and consistent
detection. Also experiments can be carried out to identify different functional groups

which can act as antibodies for specific analyte capture.
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