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ABSTRACT

Various surface phenomena, which are closely related to catalysis, corrosion,
biology, etc., occur at a metal surface specifically due to unique nature of surface. Sum
Frequency Generation (SFG) microscopy has been established as a powerful technique to
investigate surface chemistry on heterogeneous metal surface. In this present work, the

possibility about extending the application of SFG microscopy is described in detail.

A new-generation SFG imaging setup with an improved spatial resolution and data
acquisition speed has been developed and presented in the second chapter. In addition, the
SFG theory and other experimental setups are introduced in the first two chapters. The
main part of research presented in this thesis is about that the self-assembled monolayer of
octadecanethiol (ODT) on the microcrystalline copper surface. The crystal grain and grain
boundaries of the microcrystalline copper surface are mapped in the SFG image based on
the strong brightness contrast of the SFG signal across the boundary. Local SFG spectra
reveal significant difference with each other, as well as with the average SFG spectra,
indicating the heterogeneity of the monolayer results from the copper grains with distinct
crystallographic facets and orientations on copper surface. In addition, the statistical
orientation analysis of amplitude ratio of CHs-sym/CHz-asym and corresponding contour
maps imply that the orientation of ODT molecules is affected by the underlying copper.
This work demonstrates that SFG imaging is a good approach to build the local spatial
correlation of the optical non-resonant response of the metal surface to the conformation
and orientation of the local adsorbed molecule. Besides that, the adsorption of near-

atmospheric pressure methanol on the polycrystalline copper surface is investigated by

Vi



SFG imaging. Methoxy is found as a stable intermediate which stably and abundantly
exists on the metal surface. The pre-adsorbed oxygen promotes the dissociation of
methanol with formation of a more ordered and higher density methoxy monolayer on
copper surface. Another system studied by SFG imaging is the CO adsorption on a
polycrystalline platinum surface. The stretching vibration mode from linearly bonded of
CO adsorbed on the platinum surface is identified by the SFG spectra. The resonant

frequency of CO stretching vibration varies on the different crystal domain areas.

The significant advantage of SFG microscopy over averaged SFG spectroscopy, as
well as other surface techniques, is demonstrated in its ability to spatially correlate local
molecular behaviors in response to the local properties of the metal surface. This work
further demonstrates the powerful capability of SFG microscopy in characterizing
molecular behaviors on the metal surfaces, as well as exploits the potential in analyzing

surface chemistry on a heterogeneous metal surfaces.
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CHAPTER 1. Introduction

1.1. Surface chemistry and its application on the metal surface

Ninety five years ago, Irving Langmuir made a statement in a famous paper about
the heterogeneous catalysis which has been regarded as the birth of surface science: "Most
finely divided catalysts must have structures of great complexity”.> Normally, the surface/
interface is defined as the boundary separating any two different phases of matters, such as
a solid-liquid interface, a solid-gas interface, or a liquid-gas interface, etc. Two kinds of
immiscible liquids could also form an interface between each other, such as a water/oil
interface. An interface consists of the top 2-10 atomic or molecular layers where the
physical properties such as the atom structures are significantly different from the bulk
media.? The uneven forces between molecules across the interfacial layer determined the
unique properties and structures of interfaces.® All chemical and physical processes involve
molecules crossing the interface, even though the number of molecules or atoms exposed
at the interface are relatively small compared with the bulk media. Various surface
phenomena, which are closely related with industry and practical applications, such as
surfactants, heterogeneous catalysis, semiconductor device fabrication, fuel cells, self-
assembled monolayers, and adhesives, occurred at the interface specifically due to its
unique nature. It is therefore vital that the molecular properties and behaviors at the
interface be thoroughly understood. Surface science is not only fundamentally but also

practically important.

Metals are materials with good electrical and thermal conductivity, and have been
widely used in our environment. About 91 of the 118 elements in the periodic table are

1
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metallic (some elements appear in both metallic and non-metallic forms). Most metals
interact with the surrounding environments through various chemical processes, which
occur as a chemical reaction on the metal surface. These chemical processes are seen in
industry and the natural world. For example, the atmospheric corrosion of stainless steels
could be eliminated by a highly protective chromium oxide coating treatment. The noble-
metal catalysts in the car converter removes most of the worst output of the combustion
engine such as nitrogen oxide.* Hence, the precise understanding about the metal surface
reactivity would determine how well the metal material behaves in its intended function.
In terms of the inherent complexity of these practical chemical processes, it imposes high
demands on the analytical method in order to comprehensively understand the surface

chemistry on metal surfaces.

Despite the significant importance of metal surfaces in both fundamental science
and technological applications, the understanding of chemical reactions and molecular
behavior on metal surfaces is still primitive, especially at the atomic or molecular level.
This arises from the fact that the metal interface is complex resulting from factors including
oxidation, defects, and grain structures. Moreover, the chemical species of the interface,
which play an important role in influencing surface reactivity, present in very low
concentrations. Consequently, it is highly demanding for a surface technique which is able
to derive its signal as near exclusively as possible from within the top surface range. In
today’s world with the development of techniques such as x-ray photoelectron
spectroscopy (XPS), secondary ion mass spectrometry (SIMS), and auger electron
spectroscopy (AES), a significant impact on metal surface research has been achieved and

benefitted strongly for both fundamental and applied surface analysis.>® However, it is a



characteristic of most surface analysis techniques that they are carried out based on the
spatially averaged signals on various area sizes. The surface heterogeneities on metal
surfaces including oxidation, defects, and grain structures result in surface complexities.®-
8 For example, crystal domains of various sizes naturally form on most metallic material
surfaces. It would induce heterogeneous corrosion process due to the variation of local
physical and chemical properties.®!2 Furthermore, most catalysis processes on metal
surfaces such as CO adsorption and reaction with oxygen on the polycrystalline platinum
surface are heterogeneous with various reaction rates on different sites.’>* Therefore,
enormous local chemical information would be overlooked and an inaccurate interpretation
of surface chemistry might happen if the signal are acquired from the entire surface instead
of analyzing the individual regions of interest on the surface.'® A full investigation of the
surface phenomena of metal surfaces demands a microscopic study about the surface

heterogeneity, as well as local chemical processes.

Such demands to map variation in the chemistry across the metal surface with
spatial resolution arises in a wide variety of microscopy technologies. Over the years those
techniques have been carried out to probe different aspects of the surface properties and
found wide applications in basic surface science and applied industry.'®1° For instance,
probe scanning microscopies including scanning tunneling microscopy (STM) and atomic
force microscopy (AFM), are powerful and popular techniques for probing the metal
surface structure and morphology. The impressive images with excellent spatial resolution
to single atomic level have significantly advanced the surface chemistry studies. However
the chemical information provided by these techniques is not straight-forward and lacking.

Additionally, these techniques lack the capability of elucidating the molecular



conformation information on most metal surface. Photoemission electron microscopy
(PEEM) is capable of measuring electron binding energies to determine the component
atoms with surface sensitivity, as well as micrometer spatial resolution. However, those
techniques, which are based on the scattering, absorption, and reflection of photons,
electrons, neutrons, atoms, and ions, could only be applied in ultra-high vacuum (UHV)
systems. This constraint imposes severe restrictions since the surface processes which are
able to be studied are greatly reduced such as the liquid interface. Besides that, only a few
complete surface reaction mechanisms had been derived based on systems studied under
UHV conditions (pressure gap).2° Microscopic studies of surfaces under high pressure,
which are common in practical applications of metals, had been mostly left behind. In
principle, modeling complex chemical processes on the heterogeneous metal surfaces
requires analytical techniques, which have to be very sensitive to detect molecules at a
level below 10%/cm?, to yield the molecular level information, and, at the same time, to be
applicable under non-vacuum conditions. Fortunately, the SFG imaging technique
overcomes these difficulties. As a surface-specific spectroscopy technique applied in the
imaging mode, SFG imaging could yield a molecular-level understanding of the processes
of adsorption and reactions at metal surfaces with high spatial resolution. The ability of
SFG imaging to study the metal-adsorbate interaction has been theoretically and

experimentally demonstrated in this thesis.

1.2. Sum frequency generation imaging

1.2.1 Sum frequency generation



Since the past century, non-linear optical phenomena including Pockels and
Faraday effect have been observed. Soon after the initial invention of pulsed lasers at the
end of 1950s, experimental observation and theoretical understanding of more nonlinear
optical phenomena including second harmonic generation (SHG) and SFG have been
realized.?"> The SFG signal generated from a monolayer of coumarin dye on fused silica
was attained by the group of Shen the first time. Soon SFG has been rapidly developed into
a powerful surface technique for versatile studies of chemical bonding, identity, structure,
conformation and molecular reaction on almost all kinds of surfaces and interfaces in these
three decades.®>?%3 In a typical SFG setup, two incident beams, a visible beam and a
tunable infrared beam, interacted simultaneously with the atom or molecule to
instantaneously produce a new photon with the sum of the two frequencies. There will be
a resonant enhancement of the SFG signal when the infrared frequency matches the
frequency of a vibrational mode of the molecules at the interface. This results in a peak or
a dip from scanning the infrared frequency, therefore yielding a vibrational spectrum called
the SFG spectrum. Compared with other vibrational spectroscopy methods, the unique
advantage of SFG lies in its intrinsic surface sensitivity. Under the electric dipole
approximation, symmetry requirements for second-order optical processes only allow the
SFG signal to be generated from the interface between two isotropic medium and

consequently make SFG surface-specific.3

1.2.2 Introduction of SFG imaging

SFG vibrational spectroscopy is a nonlinear optical technique that probes the

nonlinear response of materials, as described by the second-order susceptibility ® . The



combination of chemical sensitivity and surface selectivity has rendered SFG a popular
tool for studying molecular properties at interfaces. However, the spatially averaged SFG
signal is not sensitive to surface heterogeneities in samples that manifest themselves on the
microscopic scale. To resolve such issue, SFG adopted in a microscopic/imaging mode
emerged by Florsheimer et al in 1999 at the first time and was referred to as SFG imaging.*®
In their SFG imaging setup, the SFG signal was collected by an intensified charge-coupled
device (CCD) camera from a fused silica prism with a Langmuir-Blodgett (LB) monolayer
deposited on the surface. The collection direction of the SFG signal was set at an oblique
angle. It required an optical design to avoid the distortion of images and to enable the whole
image in focus over the entire field of view. The near-field configuration of SFG imaging
was developed by several groups and undistorted SFG images were obtained with spatial
resolution as high as 190 nm.**3" However, such near-field SFG imaging setups were
difficult to be widely used due to extremely weak SFG signals. Only materials with huge
nonlinear susceptibilities such as GaAs were able to generate enough signals to achieve a
good SFG image in a reasonable time frame. Later, a 1:1 telescope and diffraction grating
were employed to solve the image distortion issue from wide-field SFG imaging and was
rapidly applied by Kuhnke et. al®® and Baldelli et. al.™>3%* This type of SFG microscope
has demonstrated its power in the image quality and reliablity for surface chemistry studies
with a more widespread application to more complex systems in various fields of
technological importance such as self-assembled monolayers (SAMs) and gas (i.e., CO,

methanol) adsorption on metal surfaces.!:3%4042:46:47

To date, a number of new SFG imaging setups based on either a point scanning or

wide-field illumination configuration have been reported. For example, Conboy et al.



described an SFG imaging setup, which utilizes a single focusing lens in conjunction with
a confocal stop that was capable of resolving both vertical and horizontal line-widths of
varying sizes in the micrometer scale.*® Ge and her coworkers reported a novel confocal
SFG microscope with imaging studies on collagen structures.*® In their SFG imaging setup,
the incident beam was focused with a beam size approximately equal to the diffraction
limit. The SFG signal was collected by a PMT in scanning mode to reconstruct the SFG
image with sub-micron spatial resolution. In addition, Baldelli et al. developed a unique
SFG imaging setup to collect the SFG signal with the combination of a digital mirror device
(DMD) with a PMT instead of CCD. The SFG image was then reconstructed through a
comprehensive sensing method.>® Most recently, Mason et al. built a microscope through
combining sample scanning SFG imaging with confocal fluorescence microscope. It
allowed the surfaces to be probed both spectrally and visually with contrast generation

derived from two distinct techniques.

Among the various kinds of SFG imaging configuration, the wide-field reflection
SFG imaging setup is the most attractive since such microscope design is easy to build and
operate.*! Such imaging configuration not only enables fast image acquirement with high
spatial resolution, but also allows the independent characterization of alternative
vibrational modes with different polarization resolved conditions, which is especially
useful for relating the properties of chemical group vibrations to molecular orientations at

interfaces.

1.2.3 Comparison with other spectroscopic microscopes



The most-striking advantage of SFG over other microscopic techniques is the
intrinsically high interface sensitivity due to the nonlinear interaction of light with matter.
Other vibrational microscopy techniques including Fourier transform infrared microscopy
(FTIR microscopy)®>®® and Raman microscopy>*® are also able to probe the surface at
molecular levels with varied spatial resolution; however, these techniques cannot
distinguish the signal from the bulk contribution considering the bulk exhibits a vibrational
features in the same spectral range as the surface species. For practical consideration, a key
advantage of SFG imaging is the up-conversion of the IR beam into the visible/near-
ultraviolet (UV) range. This enabled the use of a highly sensitive detection device such as
photomultiplier tube (PMT) or a CCD. Moreover, it was well known that in IR and Raman
studies the congestion of various vibrational modes in the C-H stretching region made
spectral assignments notoriously complex even with the simplest molecules. As an
intrinsically coherent spectroscopy, it was feasible to use the polarization analysis and
selection rules to discern complex vibrational spectra by SFG spectroscopy. In addition, as
a coherent optical process, another advantage of SFG imaging lies in its capabilities to
analyze the orientation of molecules on surfaces compared with the linear vibrational
spectroscopy technique such as an IR microscope. Detecting different polarization
combination of the IR, visible, and SFG beam enables the determination of orientation
information of molecular groups at the interface under investigation. Despite all of these
advantages for interface studies, SFG imaging is limited for becoming a common analytical
instrument for general practice because of its weak signal levels. An intense pulsed laser is
always required to generate enough SFG signals. The time spent on maintenance and

optimization of the laser systems, together with the high costs, restricts the widespread



applications of SFG imaging. Nevertheless, tremendous progress in instrument
implementations have dealt with these technique difficulties and have allowed SFG

imaging to be a much more useful technique for future surface science research.

1.2.4. The SFG research on the metal surface

Molecular level understanding of the molecular behavior on metal surfaces is
crucial for addressing important problems such as catalysis in surface chemistry. SFG, as
well as SHG, has been proven to be effective for probing chemical bonding, chemical
structure, and molecular reactions at the metal surface. SHG has been applied to investigate
the surface electronic properties of metals.°®> In the past three decades, SFG was
extensively applied for the research of various metal surface systems, such as surface
catalysis and electrochemical interface.®®® SFG’s ability to study the metal-adsorbate
interaction and the metal surface was theoretically described.®® Remarkably, most metals
including copper and silver give rise to a large non-resonant background signal which
arises from the optical non-linearity of the metal surface itself.®* This background provides
an internal reference for phase measurements and greatly optimizes the SFG signal.
However, it also complicates the interpretation of the SFG spectrum with the modification
of the spectral profile through the interference between non-resonant and resonant
components. Consequently, it needs to be taken into account when interpreting the
spectrum. Another feature of SFG studies on metals is that the component of the local
electric field normal to the surface is enhanced; however, the parallel component becomes
smaller because of the boundary conditions of the electric field on metal surfaces.52¢2 This

is particularly true for the light beam in the IR frequency range.5* The P-polarized light has



an electric field parallel to the plane of incidence, while the S-polarized light is
perpendicular to the plane of incidence. Consequently, these two elements of nonlinear

susceptibility which are the & and »( dominate the SFG signal on the metal surface.

ssp
The last feature is that all metals are opaque to the visible light. Thus, the metal surface

usually has a lower damage threshold compared with the dielectric surfaces.>®52

The theory of SHG generated in the metal bulk medium has been well developed
during recent years.?>%6 However, the interpretation of the SFG process on metal surfaces
is still unclear. It is well known that the surface nonlinear susceptibility of a metal strongly
depends on the surface electronic distribution of the metal " Traditionally, SFG signal
generated from the metal surface was explained by employing the jellium mode, which is
derived from the non-resonant polarizability of nearly free electrons.®®%°"1 In this model,

only this element of nonlinear susceptibility which is y,,, would be affected by the spatial

dispersion of nearly free electrons, where z denotes the direction normal to the surface
plane. Such explanation provides a simple and clear physical model. However, this model
could not explain the azimuthal anisotropy of SFG signal on the metal surface. In metals,
if the electrons are totally free, the nonlinear polarizability should be isotropic.”>" If a
suitable amount of the nonlinear polarizability is due to interband transitions, some
anisotropy of the second order polarizability might be expected from the metal surface.>®
Previous works also demonstrated that the nonlinear response of metals has two parts: the
first part originated from a bulk current that extends roughly one optical skin depth into the
metal, and the another part originated from the surface current, which is presented in a

layer of only a few angstroms.”®74"
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The remarkable nonlinear background of metal surfaces originated from the metal
surface electron is unique compared with dielectric surfaces. The convolution of the
resonant and non-resonant susceptibilities leads to the wide variety of line shapes observed
in the SFG spectra, which causes the interpretation of SFG spectrum on metal surfaces
difficult and ambiguous. However, the local spatial correlation of the non-resonant
response with the conformation and orientation of adsorbed molecules is very useful in
understanding how the local metal features influence the property of top-layer molecules.
This makes it of utmost importance to deduce the non-resonant response on the metal
surface as completely as possible by systematic studies. Such works have been introduced
in the fifth chapter, which focuses on a systematic investigation of SAMs on a micro
polycrystalline copper surface with the goal to further develop SFG as a tool for metal

surface analysis.

1.3. Corrosion studies about the grain boundaries and grain on the copper surface

covered with SAMs monolayer

SAMs of alkanethiol on metal surfaces has been extensively studied due to their
simple chemical adsorption, densely packed structure, excellent stability, and wide
application including the formation of a hydrophobic barrier to protect the metal surface
from corrosion.”®® It was further concluded that the SAMSs with longer hydrocarbon chain
length have better inhibition ability for the metal surface.8* Currently, one popular
technique for monitoring the corrosion behavior of metal surfaces covered with SAMs
monolayer is SFG spectroscopy, which can provide detailed information and

understanding of the molecular composition, conformation, and interaction with the
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underneath metal surface at a molecular level.2? In the work done by Fonder et al., SFG
studies have been applied to monitor the protection efficiency of the ordered monolayer of
alkanethiols on a metal surface for corrosion.®® Recently, Hosseinpour et. al. investigated
the oxidation of ODT-covered copper in dry air by SFG and observed the formation of a
thin layer of copper (1) oxide beneath the ODT monolayer based on the phase change of
the SFG spectra.”” However, the local chemical information can be overlooked since all
these SFG studies were based on an average spectral analysis of the surface without
detecting local heterogeneous chemical information. In recent studies, the SFG imaging
technique have been developed and demonstrated good capability for studying monolayers
on a heterogeneous metal surface with high spatial resolution.3*414 The localized
corrosion processes including Cu.O formation occurring on copper surfaces in an

oxygenated environment have been firstly studied by Santos et. al.>

Various-sized crystal domains with different crystallographic orientations naturally
forms on most metallic material surfaces, including copper.®*® The local physical and
chemical properties of adsorbed monolayers, associated with surface functionalities such
as wettability, corrosion, and other technological applications would be strongly affected
by the local surface atom arrangement.'*'2 Generally, the atmospheric corrosion process
of metals with SAMs is complicated due to various heterogeneous chemical processes,
which originates from crystal grains with different crystallographic orientations that exist
on most polycrystalline metallic material surfaces.>!® Recent studies indicated that the
localized corrosion on a copper surface could be induced by the heterogeneity across
microscopic crystal grains and grain boundaries (GBs).84%¢ Additionally, the features,

including surface current difference across grains,%’ extensive mis-orientation between
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grains,® and grain sizes®”#8 contribute to heterogeneous corrosion occurring on the surfaces.
Thus, the comprehensive understanding about the role of crystallographic orientations on
local metallic corrosion processes and inhibition is of critical important due to its

significance to the modern world.®°

1.4. Overview of the thesis

In this past decade, SFG imaging technique has been widespread used to study
various surface systems and proved to be a useful tool to study the heterogeneous surface
chemistry. The focus of this study is to present a detailed description of the SFG imaging
technique and its advantages in studying the molecular behavior on heterogeneous metal
surfaces. The overall goal is to advance this technique as a powerful analytical research
technique for qualitatively and quantitatively measuring the surface chemistry in complex
metal surfaces associated with catalysis, corrosion, and biological systems. The metal
surface systems studied in this thesis consist of two main parts, including gas adsorption

on a metal surface and monolayers on a metal surface.

In the next chapter, a detailed theory of SFG vibrational spectroscopy is introduced.
Besides that, the experimental setup of SFG imaging including the picosecond laser source,
OPG/OPA system, the SFG microscope setup is described. The ultra-high vacuum system

and hydrogen annealing oven, which are used to prepare a clean metal sample, is described.

In the third chapter, the adsorption of methanol at a near-atmospheric pressure on
the polycrystalline copper surface has been studied using a combination of SFG and

temperature programmed desorption. The role of oxygen atoms on the copper surfaces in
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the adsorption of methanol is investigate by the SFG imaging. Based on the statistical
analysis of SFG images, the heterogeneities of the methoxy monolayer with/without

oxygen are compared.

The following chapter is about an octadecanethiol (ODT) self-assembled
monolayer on microcrystalline copper investigated by SFG imaging. The crystal grain and
grain boundaries of the copper surface are mapped in the SFG image based on the strong
brightness contrast of the SFG signal across the boundary. Local SFG spectra reveal
significant differences with each other, as well as with the average SFG spectra, indicating
the heterogeneity of the copper surface resulting from copper grains with distinct
crystallographic facets and orientations. In addition, the statistical orientational analysis of
the amplitude ratio of CHs-sym/CHz-asym and the corresponding contour maps imply that

the orientation of ODT molecules is affected by the underlying copper.

The fifth chapter addresses that the metal surface usually has a strong non-linear
background which results from the surface electronic properties of the metal. The local
metal property variation introduces the metal surface heterogeneity, which may cause the
molecular behavior in a local area to vary from each other. SFG imaging is very powerful
in building the local spatial correlation of the optical non-resonant response of the metal
surface to conformation and orientation of the adsorbed molecule. The relationship
between the local chemistry of interfacial molecule with their local special chemical
environment may be deduced. However, in order to deduce the structural information, it is
critical to understand the behavior of the nonlinear optical fields at different surfaces. The

systematic formulation of the optical field and transformation of the nonlinear
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susceptibility to hyper-polarizability are discussed with SFG intensity simulation on

dielectric, semiconductor, and metal surfaces.

In the sixth chapter, the CO adsorption on a polycrystalline platinum surface
investigated by SFG imaging is presented. SFG spectra identify the linearly bonded of CO
adsorbed on the polycrystalline platinum surface based on the stretching vibration mode of
CO. Crystal domain structures on the polycrystalline platinum surface are demonstrated on
the SFG image. In order to deduce the heterogeneity on the polycrystalline platinum
surface, the image statistical analysis based on CO stretching frequency is performed. The

resonant frequency of CO stretching vibration varies on the different crystal domain areas.

In the last chapter, a summary of the work is given, together with an outlook and

suggestions for future work.
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CHAPTER 2. Theory and Experimentation

2.1. Sum frequency generation (SFG) theory

2.1.1 SFG optical process

Sum frequency generation vibrational spectroscopy (SFG-VS) is a second-order
nonlinear optical technique in which a tunable IR beam is spatially and temporally
overlapped with a visible beam on the surface to generate a SFG output beam.* The new
generated SFG beam is at the sum frequency of the two incident photons through
simultaneous interaction with a nonlinear optical medium or interface. When the IR light
comes into resonance with a surface vibrational mode, the intensity of SFG beam would
change dramatically. By tuning the IR beam frequency, a plot of IR wavelength vs SFG
intensity can be yielded and interpreted as the vibrational spectrum to probe the vibrational

spectra of the molecular surface and to provide chemically specific information.?®

To obtain an accurate interpretation of SFG spectrum and capture its intrinsic
information about molecular addresses the importance of a comprehensive understanding
of the mechanism about SFG. SFG was a second-order nonlinear response to the
simultaneous interacting visible and IR electric field. When an external electric field was
applied, the electron distribution in the medium oscillated harmonically in response to the
applied electric field with an induced dipole generated. Most of such optical response could
be perfectly explained by linear optics, that was, the induced dipole responded linear to the
applied electric field. However, when the intensity of the applied electric field is extremely

high and comparable to the intramolecular field felt by an electron, the linear polarization
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of matter is no longer a sufficient approximation. In such case, higher order terms has to

be taken into account and included in the expression of total dipole moment £ , which then

is described by a series of expansion

1u=1°"+cE+ B EE+y EEE +--- Equation 2-1

Here, the ,uo is the static dipole of the material resulted from the localized electron

distribution around an atom or a functional group with higher or lower electronegativity
compared with surrounding environment. « is the linear polarizability which describes

the polarization induced by the external applied electric field. g is the first order hyper

polarizability, and y is second order hyper polarizability, respectively. The relationship

—_—

between macroscopic polarizability |3 with external electric field E is described by

P=yY - E+y? . EE+ P :EEE~+--- Equation 2-2

Here, the coefficients ' is the n-th order susceptibilities of the medium. In
general, the presence of such term could be regarded as an n-th order nonlinearity. The
nonlinear optical process originated from »'? is known as second-order optic process
including SFG and SHG. If we assumed that external electric field was made up of two

electric fields at different frequencies, the electric filed could be given as Eou cos(at) and

Eo.2 cos(w,t). Then the second order polarizability, P® in a bulk medium or monolayer

could be represented by:
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—(2) — .
P~ = 7 :Eo1c08(ct)Eo. cOS(cyt)

1 5 = = Equation 2-3
= 2® :EoaEoz {cos[ (e, + @,)t) ]+ cos[ (@, — )]}

The oscillation frequency of second order nonlinear polarizability is made up of the
sum and difference frequencies of the two incident waves. It is the origins of SFG and
difference frequency generation (DFG) process, respectively.1%1! In the case of degeneracy,

i.e., w,=w,, SHG process occurs. Compared with linear optical processes such as Raleigh

scattering, such nonlinear emission is coherent and directional. The direction of SFG output

is determined by momentum conservation parallel to the interface.'> The second-order

nonlinear susceptibility, »® , vyields the induced second order polarization at
Wrs = Wi + Opg . The second-order nonlinear susceptibility, y®, is the macroscopic

orientation average of the molecular hyperpolarizability, 4% . Through the devolution of

the relationship between y® and B, the orientation of a surface molecule could be

determined.
2.1.2. Surface selectivity

Most of the surface analysis methods involve bombarding the surface with a form
of a radiation such as electrons, photons, ions and neutrons, and then, collecting the
resulting emitted radiation. Therefore, the surface sensitivity depends on the evanescent
length of the radiation. Unlike most surface techniques, the unique surface sensitivity of
SFG technique results from that the SFG process is forbidden in a bulk medium with

inversion symmetry under the electric dipole approximation.*3
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In general, the electric quadrupole transition, and magnetic quadrupole transition
could be neglected due to their relatively small cross section, 4> The electric dipole

transition contributed dominantly to the SFG signal.!® The surface selectivity originated

2 which is zero in

from the intrinsic symmetry of second-order susceptibility, z'
centrosymmetric medium.*"18 As a third-rank tensor, the second-order susceptibility,

7, changed sign under inversion operation :

20 ==2? (1) Equation 2-4

For centrosymmetric medium, the tensor had such relationship:

— 22 =—x?(r) Equation 2-5

Combining Equation 2- and Equation 2-, such relationship could be obtained:

72 =—42(r) Equation 2-6

Hence, y®

IS zero in bulk media. The SFG signal could only be generated from
the interface between the two homogenous media where the inversion symmetry was
broken. Therefore, comparing to the general linear spectroscopic techniques which rely on

the penetration depth, SFG technique was powerful to study the molecular at the interface,

especially on the liquid/gas and liquid/liquid interface.
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2.1.3. Molecular level information from SFG vibrational spectroscopy

IRb -w2 .
eam-w aZaxis SFG beam-w
1064nm Bl B
2
beam-w1 B
Medium 1 \ X axis

Figure 2-1. The scheme of the co-propagation SFG at interfaces. The incoming beams
(w;and w,) impinge on the surface and generate SFG beam ().

The Figure 2-1 presented the scheme of SFG set-up in the co-propagation
configuration. Here o, w;and w, represent the frequency of SFG beam, 1064 nm beam,
and tunable IR laser beam, respectively; B, B;and 3, are the incident or the reflection angle
of SFG beam, 1064 nm beam, and tunable IR beam, respectively. Normally, the right-
handed xyz coordinate system is employed to define the configuration of SFG set-up. The
light incident plane is defined as the xz plane in which the z axis coincides with the surface

normal.
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The SFG intensity measured with a spectrally narrow beam pulse is defined as

follows in Equation 2-7:1°

2
lgr (@) o ‘Zéfzf)‘ (@)1 (@,) Equation 2-7

Where »{ is the second order nonlinear surface susceptibility and the 1 is the
light intensity. SFG intensity is proportional to the intensity of the two incident laser beams,
as well as the square of the absolute value of the effective susceptibility of interface, .

The second order susceptibility contained all the molecular information. It needs to be
noted that the emission direction of SFG signal should satisfy the conservation of

momentum. This coherence pertains to the phase-matching conditions and is shown as:
N Kee SIN B =N, K5 SIN B, + N gKs SIN S, Equation 2-8

Here n is the refractive index, and k is the wave vector for each beam; © is the
corresponding angle from the surface normal. The second order susceptibility 7 is a third

rank tensor with 27 tensor elements, which could be represented as z;, . (i, j, k) and denote

one of the three axis of laboratory coordinate system (x, y, z). Based on the tensor
symmetry,1"1820 the independent non-vanishing tensor elements for an achiral rotationally

isotropic surface could be derived by symmetry operation as follows
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(2) (2)

Xxa = Xy

Z>Ez2><) = Zg; Equation 2-9
/2=

b

2.1.4. Fresnel factors of SFG

When a light beam incidents on a monolayer at the interface of two media, the
induced dipole in the monolayer and substrate generates a new electric field. Such electric
filed is locally applied on each individual molecule within the molecular monolayer. Hence
the total local electromagnetic field is different with the applied external electric field.?%
The Fresnel factors are derived for a three layer model and formulated to shown such local

field effect as follows: 171924

L (Q)= 2n (Q)cos y
n, () cos y +n,(Q)cos S
L. (Q)= 20, (Q)cos Equation 2-10
W n (©)cos B +n,(Q)cos y
L (Q)= 2n,(Q)cos g (n}(Q) )2
n,(€2)cosy +n,(Q)cos 5 n ()

Here Q is the frequency of light; n, is the refractive indices of light beam (€) in the i-th

medium (n'is the refractive index of interface); g and y are the incident angle and

emission angle, respectively. The intrinsic anisotropy of the interface layer causes the
anisotropy of the local field factors in the interface layer.?® SFG spectrum is sensitive to

the interfacial optical and electric properties, which make the SFG interpretation more
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difficult but important. Consequently, SFG could be used to study such unique dielectric

properties of the interfacial layer resulted from the surface anisotropy.

2.1.5. Overall expression of SFG

Figure 2-2. S-polarization and P-polarization of incident and reflected lights at the surface
in laboratory coordinate system, respectively.

As shown in Figure 2-2, the laser beam could be expressed as a combination of
two linear polarizations, S and P. The S- and P-polarized lights have the electric field
direction perpendicular and parallel to the plane of incidence, respectively. This assignment
help to determine each macroscopic susceptibility tensor elements separately according to
the polarization combination of three optical fields. S-polarized light contains electric
component in y direction; p-polarized light contains two electric components which are in
x and z directions, respectively. Depending on the experimental polarization and geometry,
there are an infinite number of combinations of experimental configuration which includes
SSP, SPS, PSS, and PPP in the SFG measurement.'®?® Since most SFG experiments are
performed with a co-propagation geometry in the case that the visible and IR beams

impinge in the same quadrant of the xz plane as described in Figure 2-1, the effective
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susceptibilities 2 for such four polarization combination related to each individual

susceptibility element as shown in the following:

Zits = Ly (@)L (@)L, (@,)sin B 1))

Xt s = Ly (@)L, (@)L, (@,)sin B}

Zét oss = L (@)L, (@)L, (,)sin By

28 o =Ly (@)L, (@)L, (,) cOs B cos B sin B,y Equation 2- 11
~L, (o)L, ()L, (@,)cos gsin B,cos B,y
+L, (o)L, (o)L, (@,)sin Bcos B, cos B,y
+L, (o)L, ()L, (w,)cos Scos B,cos B, y 2

The second-order susceptibility tensor &, described as the sum of a non-resonant

part x{% and resonant part »\” , correlated the induced second-order polarization response

to the incident light intensity, as shown in Equation 2-12.

X% =27 + e = ZL + Ae” Equation 2-12
q Oy — o —I;

Here N, Aq, ®, ®oq and I'q were surface molecular density, amplitude, frequency of
the IR beam, resonant frequency, and damping constant of the g-th vibrational mode,
respectively. This equation was also the basis equation for nonlinear model fitting of SFG

spectra used for orientation analysis and mapping results.

2.1.6. The phase of SFG measurements
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Usually the effective susceptibility ' is composed of two parts, which were the
eff

resonant contribution and non-resonant contribution. {2 is contributed from the non-
resonant contribution typically attributed to electronic excitation of substrate and the
adsorbate. »{” denotes the resonant contribution related with a vibrational modes of the
adsorbate molecular layer. In general, for dielectric materials including liquid and polymer,
the non-resonant susceptibility is typically so small to be negligible compared with
resonant susceptibility intensity. However, the metal or semiconductor surface usually
contributes a large non-resonant background in same order as the magnitude from the
resonant contribution due to the nearly free electrons in the surface region.?”?® SFG signal
contains terms which are the product of the non-resonant and resonant susceptibilities. That

term gives rise to interference effects leading to the variety of complex spectral line shapes

observed in SFG spectra.?® When the frequency of an incident infrared beam () is

resonant with a vibrational mode of adsorbed molecule, g, the & is dramatically changed,

as well as the SFG intensity. Therefore the SFG spectrum provides similar information as

could be obtained from conventional IR vibrational spectrum.
2.1.7. Orientation analysis

Besides providing the vibrational fingerprint of a surface species, SFG allows one

to determine the orientation of molecular. That requires to relate the macroscopic

susceptibility < which is experimentally accessible to the molecular hyper-polarizability

,Bl(f)k . That involves an Euler transformation of ﬂ.(,Z)k from the molecular frame coordinate
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system (abc) to the surface coordinate system (ijk). The scheme is based on the ensemble

average over on all possible molecular orientations as shown in Equation 2-13:1°

2% =N, S (R.R R, IBE. Equation 2-13

ijKk

Z-Axis

O e

Figure 2-3. Definition of the tilt angle (0), azimuth angle (¢), and rotation angle (y) of
molecular adsorbed on the surface.

Here N, is the surface density of molecular. The rotation ensemble average
<R“.Rijkk,> in Equation 2-13 is defined with the matrix elements of the Euler
transformation of the three rotational Euler angles to transform ﬂl(f’k in molecular frame

coordinate system to ;(iﬁﬁ) in the laboratory coordinate system.%%3! R, ,; was an element of

the Euler transformation matrix connecting the molecular coordinate system with the
laboratory frame coordinate system. All the mathematical relationships between the 27
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tensor elements of Ziﬁﬁ) with the 27 tensor elements of ﬁl‘fi have been deduced by Hirose

et al.32 All the three angles including tilt angle (0), azimuth angle (¢), and rotation angle
(w) in Euler transformation were defined in Figure 2-3.

2.2. Optical instrumentation for SFG imaging experiment

KEKSPLA

Figure 2-4. Picture of EKSPLA PL2250 picosecond laser.

In this experiment, a picosecond laser is employed for SFG imaging experiment. A
part of its 1064 nm beam output is used as a fundamental beam for SFG signal generation
and another part of 1064 nm is used to pump an optical parametric generator/amplifier
system (OPG/OPA), to generate a tunable mid-IR beam (2000-4000 cm™). The 1064 nm
beam and tunable IR beam overlap on the surface at the same time to generate the SFG
beam. The reason for employing the 1064 nm beam as pump beam instead of 532 nm beam
is that the CCD camera has a much higher sensitivity in 532 nm region compared with
1064 nm region.* Employment of the 1064 nm beam is good to minimize the background
noise of CCD camera from the 532 nm beam which was more common choice in previous

SFG studies.t’*3 The SFG beam profile is magnified, refocused by a microscope system,
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and collected by a CCD camera. Each of these optical components and associated optical

process will be explained in detail in the following sections.

2.2.1. Picosecond PL2250 Laser
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Figure 2-5. Optical layout of laser head of EKSPLA picosecond laser. Note: this figure is
obtained from EKSPLA.

The pulsed laser is the most critical component to SFG experiment for its single
wavelength and high peak power density. An mode-locked Q-switched Nd:YAG
picosecond-pulsed laser (Ekspla, PL 2250) with a fundamental output of 1064nm,
generating pulses of 20-30 picoseconds, is employed for the SFG imaging experiment. The
Nd:YAG is the acronym for neodymium-doped yttrium aluminum garnet (Nd:Y3Als012).
The repetition rate of this laser is 20 Hz and maximum output energy is around 40 mJ. This
laser consists of a laser head, a power supply and a cooling unit. The external picture and
sketch of the laser head are shown in Figure 2-4 and Figure 2-5, respectively. There
includes three main parts in laser head which are master oscillator, regenerative amplifier,

and power amplifier, respectively.
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The master oscillator is a diode pumped passively mode-locked where the
Nd:YVO4 material is employed. The oscillator was pumped by a temperature controlled
2.5 W laser diode coupled to the optical fiber. A saturable absorber was employed to
achieve mode-locking mode. There had two output beams in the master oscillator. One was
used as the seed beam for regenerative amplifier which passes polarizers P1 and P2,
retardation plate HWP2, Faraday rotator FR1 and being directed to a regenerative amplifier
by polarizers P3 and P4. Another one, which was reflected by M22 and M23, arrived the

PHD1 to monitor the output energy of master oscillator.

The regenerative amplifier is based on a Nd:YAG rod R2 pumped by a diode laser
LD2. The combination of M8 and M9 acts as the cavity mirrors of the regenerative
amplifier, while the combination of M10, M11 and M12 serves as the retro reflector to
improve the long-term stability of laser cavity. The polarizer P4 and Pockels cell PC1
introduce the seeding beam from master oscillator into regenerative amplifier cavity and
the amplified laser pulse from the regenerative amplifier cavity into power amplifier,
respectively. The voltage on PC1 is switched on to feed the laser cavity with the seeding
beam. After 25-28 round trips in the laser cavity the laser pulse gets saturated. Then the
voltage on the PC1 is switched off to dump the pulse out from the regenerative amplifier
cavity. The Faraday rotator FR1, half wave plate HWP2 and polarizer P1 are used to
prevent the amplified pulse beam proceeding from the regenerative amplifier to the master

oscillator. Consequently, the amplified pulse is sent into the power amplifier.

After leaving the regenerative amplifier, the amplified pulse passes through M3,

M4 and M15 into another amplifier contained Nd:YAG rod R3 pumped by a flash lamp.

35



The amplified laser pulse is vertical polarized and reflected by the polarizer P5 and P6 to
outside. The amplification level of the laser is controlled by tuning the delay time between
the regenerative amplifier with the amplifier flash lamps. The amplification level could be
adjusted from 1 to 100 on the control pad. The amplification 100 corresponds to the

optimum delay between amplifier lamp flashes and generator lamp flashes.

2.2.2. Optical Parametric Generator/Amplifier (OPG/OPA)

The main function of the OPG/OPA system (LaserVision Inc), is empolyed to
generate a fixed 532 nm pulsed laser pulse and a tunable infrared laser pulse (2000-4000

cm™).%38 The detail sketch of the OPG/OPA is illustrated in Figure 2-6.%

»

PA|@ ﬁﬂ:ﬁ

Mid-IR

532 nm

1064 nm

Figure 2-6. Optical layout of OPG/OPA system. Note: this figure is obtained from Dr.
Katherine Cimatu’s PhD thesis.*

The fundamental 1064 nm pulsed laser beam is directed towards a beam splitter
(BS1) and split into two separate beams. One part of 1064 nm laser beam with 10% energy
is directed to pass the M2 and M3 and dumped out from the OPG/OPA served as the pump

beam for the SFG imaging system. Another part of 1064 nm laser beam with 90% energy
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is reflected by BS1, M1 and split by the BS2. After BS2, one part of 1064 nm beam is sent
to a delay stage (M4) for the Difference Frequency Generation (DFG) process in crystals
3 and 4. The combination of HWP1, polarizer, PL1 is used to adjust the power intensity
and control the polarization of the 1064 nm beam. The M5 and M12 are used to direct the
1064 nm beam into the crystals 3 and 4. A telescope combination of plano-convex lens L1

and plano-concave lens L2 is applied to control the beam size.

Reflected 1064 nm beam from BS2 passes through a Potassium Titanyl Arsenate
(KTA) crystal to generate the 532 nm beam. The polarization of the fundamental beam is
controlled by the HWP2 to match the crystal orientation to optimize the second harmonic
conversion. After going through the crystal 1 and 2, remained 1064 nm beam is cut by the
dichroic mirror, DM1. BS3 is used to separate the 532 nm beam into two parts. The first
part serves as a pump beam for another separate SFG vibrational spectroscopy set-up. The
second part is projected onto BS4 and divided into two parts. The first part of beam is sent
to a pair of Potassium Titanyl Phosphate crystals (KTP), while another part of beam is sent
to M7, M8, and M9. This part is the second pass going through the crystals with more
photons be generated. Such optical process is called optical parametric amplification (OPA)
process. Once the 532 nm beam passes through the KTP crystals, two individual beam with

different frequency known as signal beam and idler beam are generated.

The signal beam and idler beam are reflected by M6, which is placed on a delay
line to adjust the delay time between signal and idler beams. Such fine adjustment makes
sure that the signal and idler beam arrives M9 at the same time as the second pass of 532

nm beam. After arriving, those three beams are projected to the KTP crystals. The delayed
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532 nm beam pumps the crystals, while the reflected signal and idler beams stimulate the
crystals. This optical process that amplifies the signal and idler beams is known as the OPA
process. The idler beam gets greatly enhanced and becomes more stable to serve as a seed

beam for DFG process in the next crystal stage.

The left signal beam and 532 nm beam are filtered by DM2 and silicon polarizer,
PL2. The magnesium fluoride rotator, ROT adjustes the polarization of the idler beam to
parallel polarized. The idler beam and 1064 nm beam arrive the KTA crystal, 3 and 4 at
the same time and perform the DFG process. The 1064 nm beam and idler beam serve as
pump beam and stimulation beam in DFG process to generate another set of signal and
idler beam, respectively. The remaining 1064 beam and idler beam are removed by M13
and PL3, respectively. The signal beam is projected out from the OPG/OPA system as the
IR beam for SFG process. By rotating the first crystal and second crystal horizontally, the
wavenumber of mid-IR is tunable from ~2000 to 4000 cm™. The output intensity and

spectral bandwidth of IR beam are 0.5 mJ and 8 cm™.

2.2.3. Optical path of SFG imaging experiment

For the SFG imaging experiment, two beams including the 1064 beam and IR beam
are employed to generate SFG beam. The layout of optical path of 1064 beam and IR beam
for the SFG imaging measurements is illustrated in the Figure 2-7 and Figure 2-8. Detailed

optical components and alignment procedure are described elsewhere.®’
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Figure 2-7. An outline of the 1064 nm beam before arriving the sample surface.
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Figure 2-8. An outline of the IR beam until it arrives the sample surface.
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The fundamental 1064 nm beam is generated by the picosecond laser, as shown in
Figure 2-7. The beam energy is split into 90% and 10% by the beam splitter BS1. The 10%
part is introduced into the SFG microscope by M1-M12 and impinges onto the sample
surface with incident angle of 60°. A two lenses telescope system is placed between the
pinholes PH1 and PH2 to adjust the 1064 nm beam size. The focal length of the lenses L1

and L2 are +200 mm and -100 mm, respectively.

Another 90% of 1064 nm beam is introduced into OPG/OPA to generated IR beam
by M1 shown in Figure 2-8. After being generated from the OPG/OPA, mid IR beam is
transferred to a germanium Brewster's angle polarizer to purify the polarization, then,
impinges into SFG microscope by a series of silver mirrors, M2-M4. The mid IR beam
arrives the sample surface at the same position with the 1064 nm beam. The incident angle
of mid IR beam is set at 70°. A calcium fluoride plane-convex lens with a 200 mm focal is

employed to shallowly focus the infrared beam onto the surface.

2.2.4. Description of new generation SFG microscope

The detail design and function of each optical components of last version SFG-
imaging microscopy is described in detail elsewhere, and is only briefly outlined here 3"
Through several development of the SFG imaging set up, a new generation SFG
microscope is built with higher spatial resolution and easier alignment strategy as shown

in Figure 2-9.

The first adjustment is adding the 808 nm CW laser shown in Figure 2-10(A). As

shown in Figure 2-11, the 808 nm CW laser beam is reflected by M1, M2, and M3, then,
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arrives to the DM1 and get reflected by M4. The incident angle on the surface is fixed at
62.1° to match the emission angle of the SFG beam. Reflected laser beam is collected by
the imaging-detection system which is composed of relay lens, diffraction grating, 10 X

objective lens, and focus lens.

E Tubelens

1064 nm beam

I
I
I
= 808 nm CW beam - v& Objective lens
10X Objective /

’ °\/ Grating l

N

Grating

- %7 Relay lens

Figure 2-9: (A) The picture of the new generation SFG microscope; (B) The schematic
diagram of the new generation SFG microscope.

Eventually, the magnified optical image is collected by the same CCD camera used
to acquire the SFG image. Since the wavelength of SFG beam for C-H stretching mode
(2700-3050 cm™) is from 803 to 826 nm, the optical image originated from the 808 nm
CW laser has the approximately same focus, position, and view as the SFG image. Thus a
synchronous optical microscope could be built by this 808 nm CW laser and used to align
the SFG imaging system. The SFG signal is relatively weak. So the image acquisition time
for single wavelength image is as long as 1 mins. With the guidance of such synchronous
optical microscope, the alignment of the SFG imaging system is much easier. Additionally,

such optical microscope shares the same sample position as the SFG microscope.
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Consequently, it provides a very useful reference image of the interpretation of SFG image.
Another optical adjustment is a 45mm Focal Length f/4, Relay Lens (Edmund optics)

served as a 1:1 telescope shown in Figure 2-10(B).

A B

Figure 2-10: (A) The picture of 808 nm CW laser; (B) The picture of 45mm Focal Length
f/4 Edmund relay lens (45-760)

Compared with a homemade 1:1 telescope including a pair of ACHR 200 and
ACHR 60 lens used in previous SFG microscope, this relay lens has a higher numerical
aperture (0.26). It helps to maintain a higher spatial resolution. Besides that, the optical

design of this relay lens greatly diminish spherical and chromatic aberration.

The sketch of SFG imaging set up is illustrated in Figure 2-9(B). The incidence
angle of the IR beam and 1064 nm beam are set at 70° and 60°, respectively. The SFG beam
is generated at an angle of 62.1°. Since the SFG beam emission direction is tilted by 22.9°
from the surface normal, a diffraction grating (Newport, 53004BK01-701R) is employed
to project the intermediate focused image perpendicularly onto the focal plane of the
objective lens.*® As shown in Figure 2-12, the grating used for SFG imaging has 1000
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grooves per mm, blaze angle of 26.9° and a blaze wavelength of 776 nm. The diffraction
grating is tilted by 22.9° to align the incident beam at 55.8° from optical axis of the
microscope objective lens. The surface of grating is set to be perpendicular to the optical
axis of microscope system to match the direction of first order diffraction of the SFG beam.
The SFG beam goes through the 45mm Focal Length f/4, Relay Lens (Edmund optics 45-
760), then, impinges onto the diffraction grating at the first order diffraction angle. In this
way, the SFG signal is diffracted perpendicular to the grating plane, which allows the entire
field of view in focus. A short-pass filter with the cut off wavelength of 890 nm (900 AESP
Omega Optical) is placed in the front of the relay lens to prevent the 1064 nm laser beam

entering and damaging the telescope components and CCD camera.

JMS

808 nm cw laser

Top view

Side view

M1 M2

Figure 2-11: An outline of the 808 nm CW laser reference beam until it arrives the sample
surface.
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Sample stage

Figure 2-12: Sketch of sample state-relay lens-diffraction grating.

After the grating, the SFG image is acquired by microscope components and CCD
camera. The microscope component consists of a 10X infinity-corrected long working
distance of 30.5 mm objective lens (Mitutoyo 378-824-1), a pair of gold mirror (Newport,
20SD520-ER.4) and a tube lens (Edmund, NT56-073). The 10X objective lens with an
infinity-corrected long working distance is positioned perpendicular to grating surface to
magnify the beam 10 times its initial size. A pair of gold mirror is set to reflect the SFG
signal in the direction parallel to CCD optical axis. The tube lens (200 mm focal length) is
placed for collimating the intermediate image. A 1064 nm holographic notch filter (Kaiser,

HNPF-1064.0-1.0) is positioned after the microscope to cut any remained 1064 beam.
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Figure 2-13: Optical image of USAF 1951 test pattern obtained through SFG imaging
system with light source of 808 nm optical laser.

The 1024x1024 pixels charged coupled device (CCD) camera is mounted 200 mm
away from the tube lens to collect the SFG image. The CCD is an intensified camera (ICCD)
with a Gen Ill intensifier (Roper Scientific, USA). The ICCD camera has ability of gating
to collect the signals in a specifically desired temporal window (100ns) to avoid integration
over background light and noise. The temperature of ICCD camera is maintained at -20 °C
to reduce the background noise. An area of the order of 1024x1024 pixels could be

illuminated in a single SFG image and 1 pixel is corresponding with about 1 pm distance
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on the surface. Figure 2-13 demonstrates the optical image of USAF 1951 test pattern

which illustrates that the spatial resolution of SFG microscope is around 1 pm.

2.2.5. SFG imaging experimental procedure

Figure 2-14: (A) Optical image (B) SFG image of gold strip pattern sample (showing
features of 100 um in length scale).

Accurate and precise alignment is of prime importance for obtaining a good SFG
image with high signal, low noise, and minimal image distortion. The 1064nm and the
tunable IR beam are aligned towards the sample stage using an iris diaphragm that is
attached on a magnetic base plate screwed onto the laser table, which makes sure that two
beams overlap on sample surface timely and spatially. The SFG beam is aligned using an
808 nm CW laser shown in Figure 2-10 with the same iris diaphragm. Three marks for

three beams are to be found on the table as references for two-point adjustments.
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Figure 2-15: SFG line profile extracted from Figure 2-14(B).

After the alignment of the beams, the sample stage is placed back to replace the iris
diaphragm. A clean stripped patterned (100 um) sample of evaporated gold on silicon
wafer will be used as the reference sample for finding the focus of SFG imaging setup
(shown in Figure 2-14). With the guidance of 808 nm CW laser, the reference sample is
aligned via the sample stage adjustments onto the two iris diaphragms after the diffraction
grating. The diffraction grating is aligned towards a separate iris diaphragm with 808 CW
laser. The CCD camera is turned on after the proper alignment of SFG imaging system. A
Winspec program to controls all the functions of the CCD camera, is launched at same time.
The mode of operation is always set at safe mode, and the controller temperature is set at -

20 °C.

To maximize the SFG signal, the spectroscopy mode of the CCD camera is
employed. The number of gates per exposure is set at 10. With employment of the
spectroscopy mode for CCD camera, a SFG line profile (shown in Figure 2-15) is obtained

to maximize the SFG signal.
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Figure 2-16: The gating setup window for the CCD camera.

From the setup pulser tab, the number of gates per exposure is set at 10, which
means that that accumulation number for one image is 10. And the gate width is set at 100
ns. When running in image mode, the number of gates per exposure is typically set at 1000
or 3000, while the gate width keeps same. When the microscope is employed to acquire
the optical image, the gate width is at 100 ps, and the number of gate per exposure is set at
10 (shown in Figure 2-16). The microscope is run using gate mode for all image acquisition

including the optical image and SFG image.

2.2.6. SFG imaging data processing

A schematic diagram of the spectrum extraction and analysis of SFG image is
illustrated in Figure 2-17. When the SFG imaging experiment is performed, the IR

frequency is continuously tuned in a designed base speed by Laservision program and a
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series of SFG images is collected in a sequence. The SFG images are transferred from
ICCD camera to computer continuously at 5 cm™ interval. Then all the SFG images are
stacked according to increasing IR frequency using the ImageJ program. With a Plugin
called stack reverser, the order of the image stack is reversed. The brightness/contrast tab
is used to control the brightness of the SFG image. The local SFG spectra are extracted
from the SFG image stack by ImageJ software with the Plugln called spectral spectroscopy.
The macros program is employed to extract hundreds of spectra and save each spectral data
into .txt files, which can be processed using a spectral fitting program written in
Mathematica. Normally, an area of the order of 1024x1024 pixels is illuminated in a single
SFG image. For ROIs with a size of 10x10 pixel each, a total of 100x100 SFG spectra are
extracted and fitted using the same initial values and constraints for all spectral parameters.
The fitted spectral parameters such as amplitudes, peak widths and phase are employed for

surface contour mapping and histogram analysis.
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Figure 2-17: The analysis procedure of SFG image.
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2.3. Ultra-high vacuum system (UHV)
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Figure 2-18: Picture of UHV setup used for the in-situ SFG microscopic studies of
gas/metal interface.

For the metal/gas interface research, a fresh and atomic clean metal surfaces is
crucial to acquire an accurate surface measurement. At 10 Torr, a metal surface could be
covered by one monolayer of adsorbed species within 1 second assuming the sticking
coefficient is 1. Besides that, some active metals such as zinc and magnesium are very easy

to be oxidized in ambient environment, which causes surface component transformation.
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Figure 2-19: Schematic diagram of UHV setup used for the in-situ SFG microscopic
studies of gas/metal interface.

To enable atomically clean surfaces to be prepared for study and such surface to be
maintained in a contamination-free state for the duration of the experiment it is necessary
to operate in ultra-high vacuum. Controlled exposure of the surface to adsorbates or other

surface treatment could also be carried and maintained in ultra-high vacuum to obtain a

52



reliable measurement. Hence, in order to perform in-situ SFG microscope study on the
metal surface especially on zinc, a UHV system which combines TPD with ion gun
sputtering technique is built and schematically depicted in Figure 2-19. This UHV
apparatus (shown in Figure 2-18) has three major functions including: (a) clean sample; (b)
characterize sample cleanness; (c) transfer fresh clean metal sample to small SFG imaging

cell to perform in-situ SFG imaging experiment.

The UHV system consisted of a two-stage pumping system with a base pressure of
10° Torr. A mechanical pump (Duoseal Vacuum Pump) pumps the main chamber pressure
down to 1x10° Torr, and a turbo molecular pump (Leybold TMP) pumps the pressure
down to the 4x10° Torr. The pressure is measured by three vacuum gauges including a
thermocouple gauge (10-10* Torr), ionization gauges (10#-10° Torr), and a Quadrupole
mass spectrometer (QMS) (10-1071° Torr). The sample stage is mounted on a sample
holder, which is connected to the magnetic transfer arm. Hence the sample stage is able to
be transferred linearly from the main chamber to the SFG cell for 12 inches distance and
rotated 360° around transfer arm. The magnetic transfer arm is attached to a 5-axis XYZ
manipulator. This manipulator is able to rotate, tilt and translate with more flexibility to

move the sample stage.

2.3.1. Sample clean via annealing and argon ion sputtering

The sample is mounted on the sample stage in the UHV chamber. Homemade
sample stage is shown in Figure 2-20. Metallic sample such as platinum is spot-welded on
a tantalum foil and a UHV ceramic glue fastens the tantalum foil on the sample stage. An

AC power supply provides about 10 A current to heat the tungsten wire to 800 K via
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thermal radiation. In addition, low pressure (1x10” Torr) oxygen gas is dosed into the UHV
chamber through leak valves as shown in Figure 2-18 to remove surface impurity while the
surface temperature is maintained at 800 K. A K type thermocouple is spot-welded at the
edge of sample surface to measure the surface temperature. Besides that, a 3000 ev ion gun
(RBD) is employed to produce high speed argon ion beam. The ion beam bombards the
sample surface to remove the impurity from the metal surface. A clean surface with well-

defined defect concentration is typically achieved in this method.*

A
Sample
Tantalum foil \1/

v

Ceramic glue

4

Tungsten wire

Side view of sample stage Top view of sample stage

Figure 2-20: (A) Schematic diagram of sample stage (side view), (B) Picture of sample
stage (top view)

2.3.2. Surface cleaning characterization

Temperature programmed desorption (TPD) is one of the most commonly used
techniques in the studies of desorption kinetics of chemisorbed gases from solid
surface.***2 In general, the metal surface is rigorously cleaned in UHV, following by a
known gas being dosed into the UHV chamber at a defined input rate. The gas adsorbs on
the sample surface spontaneously at room temperature in vacuum, then, desorbs by heating
the sample in constant rate. As soon as the tungsten wire underneath the sample starts to
heat the sample, the real time temperature data is recorded by the proportional integral

derivative (PID) temperature controller (Barnert company) by employing a K-
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thermocouple spot weld at the edge of sample surface. At the same time, the partial pressure

of adsorbate is recorded by the QMS. The relationship between partial pressures with

temperature named as TPD spectrum is achieved.
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Figure 2-21: (A) QMS covered by glass shield. (B) Sample heating in UHV (QMS end 5
mm above the surface). (C) Linear sample heating plot (temperature vs time).

In this UHV system, the sample temperature is controlled by PID temperature
controller. The PID temperature controller is able to increase the surface temperature in a
linear rate through varing the on/off time ratio of AC-power supply based on the PID
method. The pump speed of turbo pump (500 L/s) is relatively high compared to the volume
of UHV chamber (30 L). Hence, the re-absorption of adsorbed gas could be neglected in
this case.*! The end of QMS probe is covered by a glass shield shown in Figure 2-21(A).
The small hole of glass shield is about 0.5 cm?and placed 5 mm above the sample surface
as shown in Figure 2-21(B) to make sure that the measured QMS signal is barely from
surface. A sample linear temperature vs time relationship from CO adsorption on platinum
surface is shown in Figure 2-21(C). A TPD spectrum (pressure vs. temperature) is obtained

by combining the pressure-time plot with pressure-temperature plot.

2.3.3 Transfer sample to SFG cell and separate SFG cell from UHV system
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Figure 2-22: (A) SFG cell mounted on optical sample stage which is ready for SFG-
imaging experiment. (B) SFG cell with polished platinum sample inside.

The separation of sample stage from UHV system is of critical importance for such three
points: 1) it prevents the laser and associated optical system from pump oil contamination
of UHV system; 2) it helps SFG imaging system to keep it spatial resolution by ruling out
of perturbation from pump system vibration; 3) The optical alignment for SFG cell is much
easier compared with rotating and tilting a 20 inch long transfer arm. The general
separation mechanism is based on a banana plug connection between heating rod with
sample holder and a spring connection between thermos-couple rod with sample holder
shown in Figure 2-21A. As soon as a clean surface is obtained, the sample stage is
transferred from UHV chamber to SFG cell by manipulating the transfer arm. Two knobs
at the two sides of the sample stage catch home-build lock-in SFG cell by rotating the
transfer arm. Then the sample stage is separated from sample holder following pulling the
transfer arm back to the UHV chamber. The sample stage gets locked in the SFG cell, and
the sample holder is pulled back to the UHV chamber. The gate valve between UHV
chamber and SFG cell is closed and ambient pressure gas is dosed into the SFG cell to
adsorb on the metal surface. The SFG cell is directly mounted on a homemade optical

sample stage shown in Figure 2-22(B) for SFG imaging measurement. This SFG cell is
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equipped with 1 inch CaF2 and quartz windows which serve as the entrance and exit port
for the laser beam and SFG signal shown in Figure 2-22(B).

2.4. Annealing oven with hydrogen flow

It has been proved that the copper surface contains many structures, namely,
polycrystalline facets, grain boundaries, and annealing twins after high temperature
processing.*® To investigate the surface chemistry heterogeneities on such copper surface
induced by the grain structure, a tube furnace (Lindberg) with combination flow of

hydrogen with argon is built and presented in Figure 2-23.

Figure 2-23: The picture of tube furnace (Lindberg).
The schematic sketch of tube furnace set-up is demonstrated in Figure 2-24. The
temperature of tube furnace is measured and controlled by the Barnert temperature

controller. The maximum temperature is around 1500 °C. Normally, the micrometer size
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grain structure on copper grows at 1050 °C. The common flow rate is controlled by the
flowmeter (shown in Figure 2-23) at 270 sccm for argon gas and 30 sccm for hydrogen gas,

respectively.

Tube furnace Hood

Figure 2-24: Schematic sketch of tube furnace set-up
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CHAPTER 3. Roles of Oxygen for Methanol Adsorption on
Polycrystalline Copper Surface Revealed by Sum Frequency Generation

Imaging Microscopy*

3.1. Introduction

The adsorption of methanol on metal surfaces has been widely studied as a model
system in both fundamental surface science and industry due to a number of relevant
heterogeneous catalytic reactions such as hydrogenation of CO to methanol and syntheses
of formaldehyde.'® The methoxy fragment is always produced following methanol
adsorption as a stable and abundant species at room temperature and it has been proved to
be an important intermediate during industrial methanol and formaldehyde production with
well-documented use of metal and metal oxide catalysts.>® The generation of methoxy
group requires copper atoms to induce metal activated O-H bond scission on the adsorbed
methanol atom. In many cases, such process can be promoted with the assistance of the
adsorbed oxygen.2®° However, in some conditions the formate group is identified on
copper surface as a less abundant but more stable intermediate following methanol

adsorption.*1°

A variety of surface science techniques have been performed to detect methanol
adsorption on the copper surface, such as Electron Energy Loss Spectroscopy (EELS), Low
Energy Electron Diffraction (LEED), Auger Electron Spectroscopy(AES), X-ray

Photoelectron Spectroscopy (XPS) and Temperature Programmed Desorption (TPD).68:%-

*Reproduced in part with permission from Surf. Sci. 2015, 648, 35, ©2015 Elsevier
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13 While these traditional surface science techniques could only be operated in ultra-high
vacuum (UHV) conditions, with a large enough free mean path for the ion or electron to
reach the sample or be collected by detectors, many interesting surface phenomena
including the adsorption of methanol were uncovered.!*™ However, realistic
heterogeneous catalytic reactions are mostly carried out in a high pressure environment,
which are essential in understanding the mechanism of methanol adsorption under
atmospheric pressure. Vibrational spectroscopy is generally a very powerful tool to deduce
the chemical identity and structure of adsorbates on the surface. Nevertheless spectroscopic
studies are typically based on an assumption that metal surface is homogeneous within the
involved field-of-view on the sample. By analyzing an average response over the probe
area without any spatial resolution, local heterogeneities (i.e., surface defects, molecular
coverage, chemical composition, etc.) would be overlooked. Even though scanning probe
microscope (SPM) studies (i.e., atomic force microscope and scanning tunnel microscope)
have investigated the copper surface with atomic resolution, these techniques could only
provide a limited range of chemical information.!%}” Thus modeling of methanol
adsorption on the heterogeneous metal surface, emphasizes the importance of in-situ
molecular level spectroscopic studies of adsorbed species with spatial resolution under

practical catalytic conditions.

Sum frequency generation (SFG), as a vibrational spectroscopic technique,
provides chemical information through a more specific identification of chemical
functionalities and conformational order of molecular layer within a broad temperature and
pressure range. Comparing with other linear vibrational spectroscopy techniques such as

IRAS, and EELS, SFG is intrinsically surface sensitive based on the fact that this second-
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order nonlinear optical process is forbidden in isotropic medium. Various catalytic
reactions such as CO oxidation®® and hydrocarbon conversion®® on transition metals has
been successfully investigated by SFG, which demonstrates its applicability for studying
gas interaction with metal surface. Lin, et al. employed the SFG to in-situ probe the
polycrystalline copper surface during methanol synthesis and identified the formation of
formate intermediate on copper surface.'® Shultz et al. applied SFG to identify the methanol
and methoxy species on anatase TiO, nanoparticle film.2° A very recent study, using SFG
vibrational spectroscopy to study the dissociation and photo-oxidation reaction of CH3OH
on the TiO2 thin film, demonstrates that O, promotes CH3OH dissociation and produces
more methoxy adsorbed on the TiO thin film.?* Considering the presence of local features
and heterogeneities of metal surfaces, SFG imaging, shows unique advantages for
investigating chemical processes on metal surface with spatial and chemical resolution.?2%3
In this paper, SFG imaging has been employed to study the methanol adsorption on
polycrystalline copper at atmospheric condition. The aim of this paper is to present the
two-dimensional distribution of conformational information of the methoxy monolayer
heterogeneity and clarify the role of oxygen in affecting the heterogeneity of the methoxy
monolayer and copper surface. From the TPD and SFG imaging results, the major surface
product, methoxy, is chemically identified and the conformation order of methoxy
monolayer is characterized. The oxygen exposure promotes the formation of the methoxy
monolayer and, hence, increases the surface density of monolayer with homogeneous

arrangement on the copper surface.

3.2. Experimental section
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3.2.1 Sum frequency generation process

In previous works, SFG theory has been described in detail.?*?" To minimize the
background noise, the 1064 nm beam is selected to as the pump beam for SFG imaging

experiments, instead of 532 nm which is a more common choice in previous SFG studies.?

% Equation 3-1 demonstrates the tensor 2 consists of two terms, which is the non-
resonant term y@ from the substrate contribution and the resonant term < from the
contribution of interfacial monolayer. The y{? is related to molecular hyperpolarizability

B? through ensemble average over all possible molecular orientations including tilt angle

(©), azimuth angle (¢), and rotation angle (y) as sketched in Figure 3-1. Equation 2-12 is

the basis equation for the nonlinear curve fitting of the experimental SFG spectra. N, Aq,
W, @y, and I'q denote the surface molecular density, resonant amplitude, IR beam
frequency, resonant frequency and the damping factor of the g™ mode, respectively. When
the frequency of the infrared beam @, approaches the resonant frequency of g

vibrational mode, the ;(éz) drastically changes in magnitude, as well as the SFG intensity,

which is presented as a peak or dip in SFG spectra.

N(p®)
@ _ ., (@ 2 _
= + =
Xeit = Xr T Xnm qu p—

2)

+ 7R Equation 3-1

Metal or semiconductor surfaces usually contribute to a strong non-resonant

background ;(,E,ZR) due to the nearly free electrons in the surface region. As shown in
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Equation 3-1, SFG spectra are complicated by the convolution of ;(éz) and zgi’ , which

are both complex number quantities and wavelength dependent ( ;(ﬁ,ZR) is relatively constant

within a narrow frequency range).24%! The & and & denote phase of x5> and ¥ & ,

respectively.
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Figure 3-1. Definition of the tilt angle (©), azimuth angle (¢), and rotation angle (y) of the
methoxy adsorbed on the copper surface.

The phase difference between ;(éz) and ;(ﬁ,ZR) is named as relative non-resonant

phase ¢ in Equation 2-12. Normally each vibration mode has the same relative phase ¢.
The SFG spectral line-shape transformation at different relative non-resonant phase (¢) are
simulated in Figure A-1. The non-resonant phase and intensity vary dramatically on
different metal surface, even with their corresponding metal oxides.?**? The sensitivity of
SFG to substrate characteristic is highly advantageous for studying distinct molecular

information as an effect of the metal surface properties.?
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(2)

1@ =@ +x@[ + 2[x @[ |cosle - 5] Equation 3-2

lse o<

3.2.2. Sample preparation in the UHV chamber

Polycrystalline copper (Goodfellow, 99.99%) is used as the substrate material.
These samples are rectangular with an area of 1 cm? and a thickness of 3 mm. The samples
are polished down to 0.1 um using diamond compound. The copper substrates are then
mounted on a sample stage supported an x-y-z rotational manipulator housed in a stainless
steel UHV chamber. The schematic diagram of the UHV system is shown in Figure 2-14.
This UHV chamber is equipped with a turbo-molecular pump with a base pressure 1x10
Torr. A resistive tungsten filament situated at about 2 mm at rear of copper surface enables
the control of surface temperature from 300 K to 800 K. Sample temperature measurement
is carried out by a K-type thermocouple spot welded on the edge of the copper surface. The
surface of the copper substrates are cleaned with several cycles of heating to 800 K and
argon ion sputtering with beam energy of 3000 eV. Cleanliness of the metal surface is
evaluated by a combination of TPD analysis of the methanol (CD3OD) adsorption and the
experimental SFG spectra obtained in CH stretching region (2750-3000 cm™). The
efficiency of the cleaning procedure is assessed by the extinction of the methylene (—CH2—)
vibrational peaks at 2850 cm™ in the SFG spectra (an example shown in Figure A-2) that
arise from hydrocarbon contaminations. The UHV chamber is coupled to a quadruple mass
spectrometer (QMS) (Extorr XT 200) to check the total chamber pressure and partial
pressure of molecular fragments. The TPD experiments are carried out by heating the
sample at a constant ramp rate (1K/s). Dosing is carried out by backfilling the chamber via

a leak valve.
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3.2.3. SFG imaging cell

The SFG imaging cell is connected to the vacuum chamber through a mechanical
gate valve. The cell is equipped with CaF, and quartz windows for the corresponding beam
input and output ports, respectively. The IR beam and 1064 nm pump beam go through the
CaF, window on one side, while the SFG beam emits through the quartz window from
opposite side. The sample stage is transferred from the main vacuum chamber into the SFG
imaging cell using the manipulator. After detaching the sample stage from the manipulator,
the gate valve is closed to keep the SFG cell isolated from the main chamber. The methanol
(CD30D) vapor (1 Torr) is introduced into the SFG cell by opening of the needle valve
between a glass vessel with SFG imaging cell. While being maintained in the glass vessel
connected to the SFG imaging cell, CH3OD (Cambridge Isotopes, 99.8%D) or CD30D
(Cambridge Isotopes, 99%D) are purified through three cycles of: 1) distilling, 2) freezing,

3) thawing and 4) pumping.

3.2.4. SFG imaging setup description

SFG imaging setup was described in detail elsewhere.??® The 1064 nm beam,
serves as the pump beam for the SFG imaging, is generated by a picosecond pulsed
Nd:YAG laser (EKSPLA PL2250) with a 20 Hz repetition rate. This picosecond laser also
pumps the optical parametric generator/amplifier (OPG/OPA) to generate the IR beam,
which is tunable within the 2000-4000 cm* frequency range. The 1064 nm beam and IR

beam overlap temporally and spatially at incidence angles of 60° and 70°, respectively.

Since the yz;; component dominates the SFG process on metal surfaces® the
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polarization combination named as PPP (the polarization of two incident beams is set to be
parallel with the incidence plane, as well as the polarization of SFG beam) is chosen in this
work. A reflection configuration is set up with an emission angle of SFG signal at about
62.1° with respect to the surface normal to collect the intermediated SFG beam profile. A
Roper Scientific CCD camera with 1024x1024 pixel array is used for collecting the
magnified SFG beam profile from the sample surface. Each SFG image is composed of
1024%1024 pixels and each pixel corresponds to about 1 pum distance on surface. The

approximated spatial resolution for the SFG imaging is 2 pum.

3.3. Results and discussions

After dosing with 60 Langmuir of methanol (CH3OD) at 300 K, the TPD results of
the methanol (CHzOD) desorption from the polycrystalline copper surface is evaluated at
temperatures from 320 to 440 K. Figure 3-2 shows a TPD profile of the methanol (CH30D)
desorption subjected to a heating rate of 1K/s. The chemical species observed in this study
are identified by comparing the acquired fragment with those tabulated in the
literature.*®1335 The broad CH3zOH peak (mass 31 and mass 32) occurs at 340 K. The
missing peak of mass 33 indicates the methanol (CHzOD) is desorbed as CH3OH instead
of CH3OD. The formaldehyde peak (mass 29 and mass 30) at 350 K is much higher than
the CH3OH peak. That suggests that most methanol (CHzOD) species dissociate on copper

surface initially and the methoxy fragment is the most abundant and stable intermediate.
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Figure 3-2. TPD profile from polycrystalline copper surface following 60 Langmuir
methanol (CHsOD) gas adsorption at 300 K. The masses correspond to the following
desorption products: H20 (mass 18), H.CO (mass 28 and mass 29), CHzOH (mass 31 and
mass 32), CO2 (mass 44). Heating rate was set at 1 K/s.

Formaldehyde is produced by the decomposition of the methoxy species when increasing
the surface temperature of the copper surface.®® The CO; peak (mass 44) evolves at 395 K.
Wachs and Madix® concluded that the CO2 peak on their TPD spectra is from a very stable
formate intermediate. While Bowker and Madix*® inferred that the earlier report® of the

formate intermediate is due to formaldehyde contamination in the methanol. More recent

works*%® clearly prove that the formate is produced during the methanol adsorption with
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the presence of oxygen on the copper surface. These recent studies indeed suggest that the

CO2 peak originates from the formate intermediates.
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Figure 3-3. (A) The PPP-SFG spectrum of 1 Torr methanol (CHzOD) adsorption on copper
surface from 2750 cm™ to 3000 cm™. (B) The PPP-SFG spectrum of 1 Torr methanol
(CHsOD) and 800 Torr oxygen adsorption on copper from 2750 cm™ to 3000 cm™.
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3.3.1. SFG spectroscopy and peak assignment

In situ SFG spectra (2750-3050 cm™) of methanol (CHsOD) adsorption on copper
surface are displayed in Figure 3-3. Two spectra in different gas exposure conditions are
shown. The SFG spectrum in Figure 3-3A is obtained at room temperature from the copper
substrate exposed to 1 Torr methanol (CHsOD) vapor until equilibrium. The SFG spectrum
in Figure 3-3B is recorded from the copper substrate exposed to 1 Torr methanol (CH3z0OD)
vapor and 800 Torr oxygen gas. There are five peaks (modes 1-5) which are located at

2812 cmt, 2860 cm?, 2890 cm™?, 2925 cm, and 2960 cm, respectively.

Table 3-1: Fitting results of the SFG spectra sketched in Figure 3-3.

copper surface with CHsOD copper oxide surface with CH3zOD
adsorption adsorption

oglem?)  Ag@@au) Tg(em?) | oglem?)  Ag@au) Tq(cm?)
peak mode 1 2812 39 14 2813 73 12
peak mode 2 2853 34 42 2862 54 29
peak mode 3 2887 4 11 2894 12 11
peak mode 4 2926 69 21 2923 103 18
peak mode 5 2963 34 24 2956 17 16

Based on previous studies?® and the TPD results in this work, methoxy is the most
abundant species on the copper surface following methanol (CHsOD) adsorption.
Therefore, combined with previous assignments for SFG, HREELS, and IRAS results of
methoxy on the copper surface,®”°3¢ the strong peak at 2810 cm™ is unambiguously
assigned to the methyl symmetric stretching mode of methoxy group. An early IRAS
study®® of methanol adsorbed on Cu(100) attributed the observation of three modes (2787,

2861, and 2901 cm™) in the IRAS spectra to methyl symmetric stretching mode and two
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degenerate methyl asymmetric stretching modes, respectively. However, Chesters and
McCash proposed that the two vibrational mode, in higher wavenumber range of C-H
stretching region, were due to overtone and/or combination bands of the methyl
deformation modes.®” More recently, the studies performed by IRAS about methanol
adsorption on a wide variety of copper surfaces listed in Table 3-2 make a good agreement
with Chesters and McCash’s work. According to IR selection rules, only the vibrational
modes with component positioned along the surface normal could be observed by the IRAS.
When the C-O axis is aligned along the surface normal, the asymmetric stretching mode is
perpendicular to the surface normal and, therefore, expected not to appear in the IRAS
spectra. Studies performed on Cu(110)® and Cu(111)*® with X-ray absorption and
backscattering photoelectron diffraction measurements demonstrated that the C-O axis is
nearly perpendicular to the copper surface. The peak around 2887 cm™ and 2925 cm™ are
the Fermi resonance of the symmetric stretching mode with the overtone (23s and 25as) of
deformation mode of the methyl group, respectively. In this case, the mode 5 is assigned

as the methyl asymmetric stretching mode (Vas).

In Figure 3-3, there is a small peak located around 2853 cm™. Previous IRAS
studies>* demonstrate the existence of small amounts of formate species bound to the
surface at room temperature with excess surface oxygen. The TPD results in Figure 3-2
support the existence of formate in this system. Thus that the mode 2 is assigned to v(CH)

of formate.1°
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Figure 3-4. The PPP-SFG spectrum of 1 Torr methanol (CD3OD) adsorption on copper
surface from 2000 cm™ to 2250 cm'™.

Figure 3-4 shows the SFG spectrum (2000-2250 cm™) of methanol (CDsOD)
adsorption on copper surface which is obtained at room temperature with 1 Torr methanol
(CDsOD) vapor. The sharp peak located around 2044 cm™ is assigned to the methyl
symmetric stretching mode and the broad peak located at 2130 cm is assigned as the Fermi
resonance mode based on previous assignment listed in Table 3-4.4° The SFG spectrum
(2550-2700 cm™) are featureless and shown in Figure A-3. No OD stretching mode is

observed which is consistent with previous IRAS studies.*
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Table 3-2: Infrared vibrational mode assignments for methoxy on metal surface.

Vibrational peak assignments

Cu(100)®  Cu(100)®  Cu(100)T  Cu(111)® This

work
Fermi- 2911 2917 2918 2926
[2825(CH3)]

Fermi-[26s(CHa)] 2875 2879 2882 2887
vs(CH3) 2787 2798 2805 2818 2812
vas(CH3) 2861&2901
ds(CHz) 1426

Fermi- 2171 2183 2130
[2825(CD3)]

Fermi-[258s(CDs)] 2171 2183 2130
vs(CD3) 2054 2054 2050 2044
Vas(CDS) 2127&2178
3s(CD3) 1130

Table 3-3: Fitting results of the SFG spectrum sketched in Figure 3-4.

Pure copper with CD30D adsorption

mg(cm™) Aq(a.u.) I'q (cm™)
Model 2044 16 19
Mode2 2130 67 52

3.3.2. Orientation calculation

The orientation and conformation of the terminal methyl group on copper surface
is very important to understand the molecular packing properties of the adsorbed
monolayer. Thus an orientation analysis based on SFG spectra is performed in this work
based on the amplitude ratio of CHz.sym/CHz.asym Of SFG spectrum under the PPP
polarization combination.***7 In this study, the methoxy group is approximately treated as
Csy symmetry. A § function distribution is assumed for the tilt angle of methyl group.

Isotropic distribution is assumed for the rotation angle and azimuthal angle of methyl
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group, respectively. The C-H bond polarizability model and formulas from Hirose et al.*®

and Wang et al.* are used and shown in Equation 3-3 and Equation 3-4. Fresnel factors

are calculated based on the model (shown in Equation 2-10) presented by Zhuang et al. to

related the electrical field in local surface.*®>! For methanol molecular, the R and ..,/ B...

are 1.67 and 1.0, respectively.49°%°3
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Figure 3-5. Orientation curve calculated by using the delta-function distribution
approximation.

For Csy Ssymmetric stretching mode,

@ _ @ _
Xoa =X yyz
@ _ .,
Xxax = Xaxx

- Nsﬁccc[(1+ R)(cos)—(1-R){cos’ )]

= e = Aoy == Ns B (1= R)[(c0s ) - (cos® )]

7P =N ﬁCCC[R(c039>+(1 R)(cos® 0]
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For Cavasymmetric stretching mode,

@ = 7% =-N,p,,[(cos8) —(cos’ 0)]

@ _ @ _ 2 _ (2 _ 3
xzx — Amx T Zyzy - Zzyy - Nsﬂaca <COS 0> Equation 3-4

& =2N,B,.[(cos0)— <cos3 9>]

The tilt angle, azimuth angle and rotation angle reference to surface normal and Cs
axis, are demonstrated in Figure 3-1. Based on the assumption that the tilt angle distribution
of methoxy follows a 6 function and the rotation angle together with azimuth angle are
randomly distributed, a theoretical curve simulating the amplitude ratio of CHz3-sym/CHs.
asym @S a function of the tilt angle of methyl groups is presented in the Figure 3-5. In terms
of fitting results and theoretical simulation curves, the tilt angle (©) of methyl group is

around 59x7° for copper without oxygen exposure, and 34+3° for copper with oxygen

exposure.

The tilt angle of methoxy group on copper oxide surface is smaller than on pure
copper surface might suggest that the methoxy group is more densely packed on oxidized
copper. Previous studies demonstrated that oxygen promotes the methanol dissociation and
increases the surface density of the methoxy monolayer on copper surface.?8 Thus, higher
density and smaller tilt angle of methoxy increase the cross section of methyl symmetric

stretching mode on copper oxide surface relative to the pure copper surface.
3.3.3. Spatial mapping and orientation distribution analysis

By fitting the SFG spectra in Figure 3-3 based on the Equation 3-3, the non-resonant

background and non-resonant relative phase results are listed in Table 3-4. The intensity of
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non-resonant background of copper oxide is lower than the pure copper. The relative phase
also changes after the introduction of oxygen. Previous studies indicate that the non-
resonant background has a direct relationship with surface electronic properties of the

metal substrate.19-31:3454
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Figure 3-6. SFG non-resonant background intensity (3000 cm™) changed as oxygen
exposure time (800 Torr oxygen is released at the third minute)
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Table 3-4. Non-resonant background and phase of copper and copper oxide.

Non-resonant intensity(a.u.) Non-resonant phase-¢ (rad)
Pure copper 26.7 -2.75
Copper oxide 19.6 -1.56

The exposure of oxygen gas to pure copper would introduce the formation of copper
oxide on surface,® which changes the surface electronic properties and non-resonant
response.>**® The SFG signal (IR wavenumber: 3000 cm™) correlates with oxygen
introduction time. This effect is demonstrated more clearly in Figure 3-6. Since 3000 cm™
is far from vibrational resonant region of methyl group, the SFG signal can be regarded as
the contribution of non-resonant response from the substrate. Upon exposure with 800 Torr
oxygen gas, the SFG intensity (3000 cm™) quickly drops in the first 5 mins, then gradually
decreases to a signal level which is half of the initial intensity. After half an hour, the SFG
intensity remains stable. This observation is comparable with previous SHG studies of

oxidation of Cu(111).%

From Equation 2-12, the relative phase ¢ results from interaction between the
substrate and top methoxy monolayer, as evidenced by constructive or destructive
interference between adjacent peaks as well as with the non-resonant background, causes
spectral lineshape shifts as the relative phase changes. Recently, Hosseinpour et al.’s work
reported that oxidation of the copper substrate significantly changes the SFG spectral line
shape of alkanethiol SAMs on copper.®? Santos et al. showed two-dimensional line-shape
transformation of alkanethiol SAMs on copper surface using SFG imaging.>’ Comparison
of SFG spectra in Figure 3-3 indicates an alteration of the spectral line-shape with oxygen

exposure. The phase parameters shown in Table 3-5 also denote the non-resonant phase
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shift from -2.75 rad to -1.56 rad. These transformations of spectral features including the
relative phase, non-resonant background, and spectral line-shape reveal the high sensitivity

of SFG signal to chemical changes on the metal surface.
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Figure 3-7. Scatter/marginal histogram plot of non-resonant phase vs CHz.sym resonant
frequency (red data scatter points in red ellipse, as well as the red histogram line are for
copper without oxygen; green data scatter points in green ellipse, as well as green
histogram line are for copper with oxygen).

The stack of SFG images is divided into 40 x 40 regions of interest (ROI) which is

a 15 ym x 15 um square. The SFG spectra are extracted and fitted by Equation 3-2. The

fitting parameters including amplitude, non-resonant phase, resonant frequency and ratios

of methyl symmetric stretching mode and methyl asymmetric stretching mode in each ROI
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are obtained and then used in the following statistics analysis. A & function distribution is

employed to analyze each ROI.

In Figure 3-7, a scatter plot, as well as a marginal histogram, is constructed to
correlate two spectral features: non-resonant phase vs CHs.sym resonant frequency. The x-
axis value and y-axis value of each date point correspond to CHs.sym resonant frequency
and non-resonant phase of a special ROI, respectively. The decrease in the distribution
width of non-resonant phase and CHs.sym resonant frequency after introduction of oxygen
suggests that heterogeneity of copper surface and methoxy monolayer decreases with the
formation of copper oxide. Such a change could be related to the existence of various size
of crystal domain with different surface atom structure on polycrystalline copper surface.®®
% The formation of copper oxide generates a more homogenous surface atom structure

arrangement, which narrows heterogeneity between different ROI.

In addition, there is a blue shift for the resonant wavenumber of CHz.sym concurrent
with an overall increase in the non-resonant phase. The resonant frequency of CHz.sym
stretching mode in the ROI with a higher non-resonant phase is higher than the ROI with
a lower non-resonant phase. Known to be affected by the local surface structure of copper,
the non-resonant phase could be spatially correlated with local bonding strength of
methoxy. Such a relationship can be linked to the effects of various index crystal facets
with the different binding energy of methoxy group. Similar phenomena were reported by
Ertl et al. where different CO oxidation behavior are observed on the individual grains of
the polycrystalline platinum surface.55%¢ More recently, Salmeron et al. reported that the

reaction rate difference of CO with chemisorbed oxygen on three low-index faces of copper
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resulted from different binding energy of oxygen.®” Such mechanism of this phenomenon

in this work need to be further explored to build an intrinsic correlation between copper

surface structures with binding energy of methoxy group. However, this addresses the

unique advantage of SFG imaging in elucidating the relationship between the monolayer

properties with local copper surface structure.

3.3.4. Spatial maps of conformation and orientation of methoxy on copper surface
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Figure 3-8. Contour maps of amplitude ratios of methoxy (CH3.sym/CHz-asym) On copper (A)
without and (B) with oxygen, respectively. Histogram of (C) amplitude ratios (CHa-
sym/CHz-asym) and (D) calculated tilt angle of methoxy on copper with (green) and without

(red) oxygen, respectively.
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To elucidate the role of oxygen in methoxy heterogeneity, the evaluation of SFG
imaging data from methanol (CDsOD) adsorption on copper with and without oxygen
exposure is carried out by employing statistical methods represented in the form of spatial
(contour maps) and histogram distributions. In Figure 3-8A and Figure 3-8B, the fitted
results of the amplitude ratio (CH3-sym/CHs-asym) is mapped onto the surface coordinates to
visualize differences in spatial distribution for the copper surface with and without oxygen
exposure. Inspection of the histogram of amplitude ratio in Figure 3-8C, the initial ratio
(CH3-sym/CHa.asym) is narrowly distributed in the 0-4 range. After the introduction of oxygen,

the ratio distribution range increased up to 20 resulting to a wider bimodal distribution.

It is suggested that the metal surface contains defects such as grain boundaries
and/or phase inclusions which dramatically influence localized metal activity and, also,
molecules adsorption at or near these sites.>” %% In considering defects, the oxidation
process is not simultaneous and homogenous between different ROIs. Table 3-5 shows that
the average ratio (CHz.sym/CHz-asym) IS lower for pure copper surface compared to copper
oxide. The ratio (CH3.sym/CHs.asym) is higher in the ROIs which are heavily oxidized
compared to the lightly oxidized ROIs. Thus, in Figure 3-8C, the extra broad peak of the
histogram at higher ratio values corresponds to the ROIs that copper surface that are
oxidized. While the main histogram peak centered at ~ 3 is attributed from ROIs in which
the copper surface still remains metallic, the middle range of amplitude ratios between two

peaks are linked to ROIs where the copper surface is partially oxidized.

The histogram of tilt angles in Figure 3-8D clearly demonstrates that methoxy

group on copper oxide surface statistically lies more upright. The width of tilt angle
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distribution, a measure of the degree of monolayer order, suggests a more densely packed
methoxy film with less monolayer defect following of oxidation. Since oxygen promotes
the methanol dissociation and increases the surface density of the methoxy monolayer on
copper surface, 2% it could be inferred that higher surface density of molecules induces a

compact monolayer with less monolayer defect, as well as a narrow distribution of tilt angle.

It is interesting to note that the distribution width of the ratio (CH3-sym/CH3-asym)
sketched in Figure 3-8 and Table 3-5 increases after the oxygen exposure. Intuitively,
oxygen exposure narrows the tilt angle distribution of the methoxy group, and then also
narrows the distribution of ratio (CH3.sym/CHz-asym). However, it has to be noted that at
higher values of the methyl (sym/asym) amplitude ratio, the range of possible angles is
narrower based on simulation curve shown in Figure 3-5. Therefore evaluating the
orientation distribution based on the simple comparison of the distribution width of the
ratio (CHs.sym/CHz-asym) iS N0t accurate. These statistical analysis address that SFG imaging
improves the understanding of role of oxygen in methanol adsorption on copper surface by

analyzing each ROI separately.

Table 3-5. Statistical parameters of distributions of the methyl (sym/asym) ratio and

terminal methyl group tilt angle (degree)

Methyl (sym/asym) Ratio Methyl group tilt angle (degree)

Mean  Distribution width(c) Mean  Distribution width(c)
Pure Copper 1.8 3.0 65 21
Copper Oxide 6.6 4.5 34 12

3.4. Conclusions
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This work demonstrates the high sensitivity of SFG imaging in evaluating the
quality and structure of monolayer film, as well as spatially correlating the local substrate
with the top monolayer performance. At first, the spontaneous methanol dissociation and
methoxy monolayer formation at room temperature is observed on copper surface.
Comparison of SFG spectra elucidates oxygen exposure decrease the tilt angle of methoxy
monolayer which is closer to the surface normal. Statistical analysis of SFG images
suggests a well ordered methoxy monolayer with less defects following the oxygen
exposure. Spatial correlation between non-resonant phases with resonant frequency of
methoxy symmetric stretching mode demonstrate the potential of SFG imaging to correlate
the local substrate to molecular behavior of top methoxy monolayer. This study provides a
new clue for the future research of heterogeneous catalysis system as well as understanding

metal surface in the molecular level.
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CHAPTER 4. Grain Structures and Boundaries on Microcrystalline
Copper Covered with an Octadecanethiol Monolayer Revealed by Sum

Frequency Generation Microscopy™*

4.1. Introduction

The mechanism of metallic corrosion and inhibition has been the subject of a vast
amount of research due to its significance to the modern world.! Previous corrosion studies
have often been performed on the macroscopic scale, but corrosion behavior also strongly
depends on microscopic features i.e., crystal grains with different crystallographic
orientations, which exist on most polycrystalline metallic surfaces.>® Recent studies
demonstrated that the pattern differences across microscopic crystal grains and grain
boundaries (GBs) induce the localized corrosion on the copper surface.*® Features, such as
surface current difference across grains,”® extensive mis-orientation between grains®, and
grain sizes'®! contribute to heterogeneous corrosion occurring on the surfaces. Due to the
existence of heterogeneous corrosion at the micrometer scale, understanding the role of
crystallographic orientation to local corrosion process is worthwhile goal. Therefore, high-
resolution imaging techniques are necessary. There have been numerous studies reported
to investigate the role of crystallographic orientation and GBs on metal corrosion occurring
in the initial stages, including studies performed using Electron Backscattering Diffraction
(EBSD)3, Atomic Force Microscopy (AFM)? and Scanning Tunneling Microscopy (STM)®,

which are able to provide highly accurate topographic information of surface and structure

*Reproduced in part with permission from J. Phys. Chem. Lett. 2015, 6, 1454, ©2015
American Chemical Society
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of the corrosion site. Under some circumstance, scanning probe microscopy such as AFM
and STM could deduce the surface molecular functional group and packing geometry with
atomic resolution.>*” However, local chemical information obtained from vibrational
spectroscopy of molecular functionality on the surface, which is important to interpret and

understand local copper corrosion and inhibition behaviors, is still lacking.

Alkanethiol self-assembled monolayers (SAMs) on metal surfaces have been
extensively studied due to their identical surface chemical functionality, excellent stability,
and wide application such as improving corrosion resistance for copper surfaces.'®2? One
popular technigque for studying the alkanethiol monolayer on the surface at a molecular
level is Sum Frequency Generation Vibrational Spectroscopy (SFG-VS), which has
excellent chemical selectivity and interfacial sensitivity. Previous SFG-VS studies have
been applied to characterize the ordered monolayer of alkanethiols formed on copper
surfaces.?® Recently, Hosseinpour et. al. employed SFG-VS to monitor the oxidation of
ODT-covered copper in dry air and observed the formation of a thin layer of copper (I)
oxide beneath the ODT monolayer based on the phase change of SFG spectra.® In addition,
they also applied SFG-VS to study the chain length effect of alkanethiols by analyzing
corrosion behaviors induced by formic acid on copper and found the inhibition ability
increasing continuously with chain length. However, these SFG studies focused on average
spectral analysis without providing any local information about the surface. In recent
studies, the SFG imaging technique which combines SFG-VS with a microscope probe,
demonstrated high spatial resolution combined with SFG local spectra to study monolayers
on a heterogeneous metal surface.?*?® Santos et. al. performed SFG imaging to study

localized corrosion processes occurring on copper surfaces in an oxygenated environment
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by monitoring Cu2O formation.?* However, the important metallic features including the
crystal grains and GBs have not been observed and interpreted by the SFG imaging

technique.

It has been proven that micrometer-sized crystal grains and GB structures form on
copper surfaces when annealed at high temperature in a hydrogen atmosphere.?’ In this
study, SFG imaging was used to investigate ODT monolayers on this type of copper surface.
Micrometer-sized copper grains and GBs were clearly observed in the SFG image.
Compared to traditional diffraction tools used for the crystallographic research, the SFG
technique that offers several unique features, including non-invasivity and versus bulk
surface selectivity, has already been developed for probing various crystal surfaces.?®
Characteristic anisotropy of the SFG signal response in each grain suggests SFG performed
in microscopy mode shows high promise for imaging the local metal surface symmetry
with high spatial resolution. In addition, the corresponding local spectra demonstrate the
advantage of SFG imaging in providing sufficient molecular information on heterogeneous
metal surfaces. As a result, it shows the promising application for the research of corrosion

behavior on microcrystalline metal surfaces.

4.2. Theory background

A relevant equations of SFG spectroscopy is hereby briefly presented here. SFG is
a second-order nonlinear optical process.?® And its intensity is directly proportional to the
square of the two incident light fields (1064 nm and IR) shown in Equation 4-1. Here,

E,oeanm@nd E; are the electric fields of 1064 nm beam and IR incident light, respectively.
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712 is a third-rank tensor, which contains tensorial Fresnel factors at the interface and
macroscopic second-order nonlinear susceptibility, Ziﬁi) . SFG is a highly surface sensitive

technique because the y?is equal to zero in a bulk medium with inversion symmetry

under the electric dipole approximation.®

2) 2 .
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Figure 4-1. Definition of the tilt angle (6), azimuth angle (¢), and rotation angle (y) of
molecular adsorbed on the surface and sample azimuth angle Q.

The ;(iﬁi) is related to molecular hyperpolarizability ,Bl‘f)k through ensemble

average over all possible molecular orientations shown in Equation 2-13. The molecular
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orientation including tilt angle (8), azimuth angle (in surface coordinate system) (o), and

rotation angle () are redefined in Figure 4-1.

The sample azimuth angle Q (in the laboratory coordinate system) which is
important in this study is also demonstrated in Figure 4-1. Equation 2-12 is the basis

equation for the nonlinear model fitting of SFG spectra used for orientation analysis and
mapping results. Both »{? and »2 are complex quantities, so the SFG spectra are

complicated, especially for the metal which contributes strong non-resonant background

due to the nearly free electrons in surface region, resulting in complex line shapes.3!3?

4.3. Experimental section

4.3.1. Sample preparation

The material used in this work is a polycrystalline rectangular copper sheet
(Goodfellow, 99.99%) with an area of 1cm? and the thickness of 3 mm. One side of copper
surface is polished down to 0.1 pum size using diamond paste. The copper is annealed in
furnace with argon (300 sccm) and hydrogen (30 sccm) at temperature of 1050 °C for 3 h.
Then, the copper sample is cooled down to room temperature in argon and hydrogen flow
atmosphere and is immediately immersed into 5 mM ODT/ethanol solution. After 2 h, the
copper sample is taken out from the ODT solution, rinsed with ethanol, and dried under
nitrogen flow in the glove box to prevent the oxidation of copper. The copper is then
mounted in the SFG cell filled with nitrogen gas. The SFG cell is mounted on an x-y-z plus

tip/tilt 5 axis stage for the SFG imaging experiment.
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4.3.2. SFG imaging experiment

SFG imaging microscopy was described in detail elsewhere.?® A picosecond pulsed
Nd:YAG laser(EKSPLA) with a 20 Hz repetition rate provides the 1064 nm beam which
pumps the optical parametric generator/amplifier(OPG/OPA) to yield the IR beam that is
tunable from 2000-4000 cm™. The incidence angles of the IR and 1064 pump beams are
70° and 60° from the surface normal, respectively. The emitted angle of SFG beams is 62.1°
from surface normal. The polarization of the two incident beams are both p-polarized
(parallel to the incidence plane) set by polarizer and the polarization of SFG signal is
considered to be p-polarized (p-polarized SFG signal dominates the SFG signal), which
this polarization combination is designed as PPP. A Roper Scientific CCD camera with
1024x1024 pixel array was used for SFG beam profile collection. Each SFG image is
1024x1024 pixels and 1 pixel is corresponding to 1 pm distance on surface. The spatial
resolution is approximately 2 um. The SFG beam wavelength (IR wavenumber range 2750
cm2-3050cm™) is around 808 nm. An 808 nm unpolarized CW laser with a wavelength
that is close to the SFG wavelength at an incidence angle of 62.1° is used to simulate the
SFG beam path and generate a reference image which shares the same sample position with

the SFG image.

4.4. Results and discussions

4.4.1. SFG image analysis
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Figure 4-2. Left (a) and (b): Optical image (wavelength, 808 nm) and unprocessed SFG
image (IR wavenumber: 3050 cm™) of the copper surface with the ODT monolayer at the
azimuth angle of 0°. Right (c) and (d): Optical image (wavelength, 808 nm) and
unprocessed SFG image (IR wavenumber: 3050 cm™) of the copper surface with the ODT
monolayer at the azimuth angle of 180°. SFG images are taken with the PPP polarization.
The red frame marked the GBs in (c) and was rotated to fit the GBs in (d).

Figure 4-2a and Figure 4-2c present the optical image using 808 nm optical
microscope on the copper sample at two azimuth angles of 0° and 180°, respectively.

Several domains and boundaries are displayed in the optical images. The domain sizes are
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a few hundred micrometers. The whole copper surface is optically flat and different
domains show no brightness contrast with each other. When the sample’s azimuth angle

changes, the contrast in the optical image is essentially unchanged.

Figure 4-2b and Figure 4-2d show the SFG image for the two azimuth angles at
3050 cm™. These images are slices from the 51 image stack acquisition from 2800 to 3050
cm™’. Because the image was acquired in the non-resonant IR region (3050 cm™), the SFG
intensity on Figure 4-2b and Figure 4-2d is associated with the nonlinear susceptibility of
the copper substrate. Based on the observation, several domains with distinctive brightness
contrast were identified in the SFG image with various sizes (10-300um), suggesting
difference of SFG signal response existing in each domain, which was not detected in the
corresponding optical images. EBSD techniques have been applied to characterize copper
surfaces which is obtained using the same sample preparation procedure, and the
crystallographically diversified Cu surface was identified with various crystal facets such
as Cu(111), Cu(310), and Cu(410).22” Compared with the domains shown in the EBSD
image, the domains of the SFG image were similar in size and shape. Thus, the domain
structure in the SFG image could also be explained in terms of micrometer-sized crystal
facets existing on the copper surface. As the SFG intensity is directly associated with the
nonlinear susceptibility of the copper substrate, Thus the SFG intensity difference in
different domains of the image is related to the nonlinear surface susceptibility varying on

different crystal grains of the copper surface.

Next, the spatial correlation of the optical image with the SFG image was

investigated. All the boundaries shown in optical image are observed in the SFG image.
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However, some clearly observable boundaries in the SFG image were not obtained in the
optical image, such as the boundary between domains 1 and 5 in Figure 4-2c. Previous
studies showed that when the collision of the formed domains after the initiation of atom
nucleation occurs on the copper surface, the extent of mis-orientation of the surface atom
structures in two adjacent grain domains determines the formation of boundaries with clear
geometrical boundaries.® The reflectivity difference resulting from the geometry makes the
boundaries appear in the optical image. In other words, the boundaries between crystal
grains without remarkable boundary grooves could not be distinguished in the optical

image. Hence, the SFG microscope is able to reveal crystal grain structure of metal surface.

A comparison between Figure 4-2b with Figure 4-2d, the brightness contrast
between each domain changes while the sample is rotated around the surface normal. For
example, domain 1 is brighter than domain 2 in Figure 4-2b, while the domain 2 is brighter
than domain 1 in Figure 4-2d. In addition, some GBs which are obvious in Figure 4-2b
disappear in Figure 4-2d, such as that between region 11 and 4 in Figure 4-2a. In contrast,
some domains such as 7, 12, and 13 which are obvious in Figure 4-2d are not perceivable
in Figure 4-2c. A series of SFG images with four more azimuth angles presented in Figure
B-2 confirm this phenomenon. These results imply there is azi muthal anisotropy of the
SFG response in copper domains. Based on previous studies performed by nonlinear
optical techniques including Second Harmonic Generation (SHG) and SFG-VS on gold®,
silver** and copper®, these effects are correlated to the azimuthal anisotropy of the
nonlinear susceptibility of metallic crystal facets. A phenomenological macroscopic
explanation on the anisotropy of nonlinear optical signal response of single crystal facets

such as (111), (110), and (100) was reported in Sipe and coworkers results.*® Based on this
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discussion, and the previous studies, the brightness contrast of the different domains results

from various crystal facets that exists on the copper surface.

4.4.2. Local SFG spectrum comparison
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Figure 4-3. SFG spectra (2800 cm™-3050 cm™) of the copper surface with an ODT self-
assembled monolayer. (a) and (d) represent the average SFG spectra of Figure 4-2b and
Figure 4-2d, respectively. (b) and (c) represent the SFG spectra from domain 1 and domain
2 in Figure 4-2b, respectively. (e) and (f) represent the SFG spectra from domain 1 and
domain 2 in Figure 4-2d, respectively. The solid blue lines are the fits using Equation 4-2.
The fitting results are listed in Table B-1.

A series of SFG spectra of the ODT monolayer on the copper surface were extracted

from the set of SFG images for azimuth angles from 0° and 180° and presented in Figure
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4-3. The five peaks of the SFG spectra corresponding to the CH> symmetric stretch 2850
cm, the CHs symmetric stretch 2880 cm™, the CH2 Fermi resonance 2915 cm™, the CHs
Fermi resonance 2940 cm™, and the CHz asymmetric stretch 2970 cm™?, respectively, were
observed.®” Shown in Figure 4-3a and Figure 4-3d are the average SFG spectra of the
sample at two different azimuth angles, revealing minor difference between each other.
However, the line shapes of the local spectra in Figure 4-3b and Figure 4-3c show
remarkable differences from each other, as well as the average spectrum in Figure 4-3a,

respectively. The line shape of the SFG spectrum depends on the relative phase ¢ between
7% and & as shown in Equation 4-2. The electronic structure of the metal substrates

can cause the non-resonant background and relative phase change.®? Thus, the spectral
changes observed in Figure 4-3 could be explained in terms of electronic structure
difference resulting from two aspects: different crystal facets on copper surface and same
crystal facet with different orientations of ODT. This also implies that the SFG relative

phase and non-resonant background are coupled to the underlying copper crystal structure.

Both of the SFG spectra in Figure 4-3b and Figure 4-3e are obtained from the same
sample area which is the domain 1. Nevertheless, comparing the spectra, the spectral line
shapes show remarkable difference. This is also applied to the comparison of spectra in the
Figure 4-3c and Figure 4-3f. These results indicate SFG spectra exhibit an obvious
anisotropy while the sample azimuth angle changes. From Table B-1, the non-resonant part
such as relative phase and resonant part such as the amplitude of CHs.sym change values
with respect to azimuthal rotation. The non-resonant SFG signal is generated from the
copper substrate and its dependence on azimuth angle is interpreted in the following
context. The non-resonant parameters such as the relative phase of SFG spectra result from
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the anisotropy of the nonlinear susceptibility of crystalline substrate. This type of
anisotropy of the nonlinear susceptibility was also observed in previous SFG studies on
Au(111)* and Si(111)%. The resonant part of SFG signal is generated at the air/monolayer
interface, and its dependence on azimuth angle is directly related to the monolayer
orientation. Therefore, a qualitative analysis for our results denotes an orientation
distribution for the ODT chains that exhibit narrow angular ranges in azimuth angles.
Similar ordered monolayer systems on the polyvinyl alcohol surface®® and the LB film

surface of cadmium arachidate®° also show anisotropy of SFG signals.

The remarkable difference between the local spectra with average spectra, as well
as the spectral anisotropy shown in Figure 4-3 is of great importance because many SFG
studies were performed on monolayers absorbed on various metallic surfaces. Without
independent knowledge of various crystal grains existing on the metal surface, the
ensemble average information of such surface is usually obtained by a wholesale
integration of spectrum based on the assumption that surface crystal facet distribution is
spatially homogenous. However, the local features on individual grains, and especially the
GBs might be overlooked, which leads to an inaccurate interpretation of the system. Hence,
analyzing the local spectrum with more details is indispensable. The ability to visualize the
surface by SFG imaging provides new perspective for the understanding of surface

chemistry on metals in the micrometer scale.

4.4.3. Statistical analysis of SFG image
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Figure 4-4. (a) Contour map of amplitude ratio of CHs.sym/CH3.asym; (b) Histogram of
amplitude ratio of CH3z.sym/CHa.asym; Corresponding colors (blue:0-2.5, light blue:2.5-5,
green:5-10, red:10-70) in the contour map (a) represent specific amplitude ratio range
selected in the histogram (b). The red color marks corresponding area in the selected ratio
range.

The whole set of SFG image (azimuth angle 0° shown in Figure 4-2b) was divided
into 10,000 regions of interest (ROI) which is a 10 pm x 10 pum square. The SFG spectra
were extracted and fitted by Equation 4-2. The amplitude ratios of methyl symmetric

stretching mode and methyl asymmetric stretching mode of each ROI were obtained and

then used to reconstruct a chemical image and presented in Figure 4-4.

The methyl group of ODT has two fundamentals in the CH stretch region. Based
on the surface IR selection rule on perfect conductor, only the fundamentals have a nonzero
component of transition moment positioned along the surface normal are observed in the
SFG spectrum. When the Cz axis of the methyl group tilts farther away from the surface
normal, the asymmetric mode become greater and the symmetric mode become

smaller.***2 The SFG technique is able to analyze the orientation conformation of the
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terminal methyl group of ODT (including the tilt angle, azimuth angle and rotation angle
demonstrated in Figure 4-1) on copper surface based on the amplitude ratio of CH3-sym/CHs.
asym Under PPP polarization combination.**4® To perform a comprehensive calculation of
orientation, parameters such as the interfacial refractive indices, as well as the molecular
hyperpolarizability elements and relative phase are required and this analysis is ongoing.
In this study, the contour map of the amplitude ratio of CH3.sym/CH3s.asym Shown in Figure
4-4(a) is spatially correlated to the local orientation angle of ODT molecules on the copper
surface. The monolayer heterogeneity could be deduced from the amplitude ratio analysis.
In Figure 4-4a, several domains and boundaries, of which the size and shape are similar to
the domains in Figure 4-2b, are observed. The red frame of Figure 4-2b is applied on the
Figure 4-4a which makes this effect more obvious. It illustrates that the packing of ODT
molecules on copper surface is heterogeneous and the heterogeneity of molecular packing
is resulting from copper substrates with various grain structures underneath the ODT

monolayer.

Figure 4-4b shows the amplitude ratio distribution from 0 to 70.0. Most ROIs’ ratios
are located between 0 to 10, and this range in the histogram is magnified in Figure 4-4b.
The domains which are marked with four different colors shown in Figure 4-4a correspond
to the four ratio ranges which is selected to magnify the domain effect shown in Figure 4-
4a (0-2.5, 2.5-5, 5-10 and 10-70), respectively. It suggests that each crystal grain contains
its characteristic SAMs monolayer packing behavior which is different from other crystal
grains. And this is well known from previous studies.*“* The reason why the underlying
grain structure affects the top monolayer packing behavior could be that the copper surface

atom density and electron density vary with different copper grains, which makes ODT
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molecules more preferentially be adsorbed on the grain with special facet, thereby forming
domains following the underlying copper grain structure. It further suggests that the surface

becomes more heterogeneous with the existence of the copper grain structure.

Based on the assumption that the tilt angle distribution for the ODT molecules
follows a & function and the rotation angle together with azimuth angle are randomly
distributed, a theoretical curve simulating the amplitude ratio of CH3.sym/CHz-asym as a
function of the tilt angle of methyl groups was plotted and is presented in the Figure B-4
(more detail about this theoretical curve is presented in the Appendix B). However,
crystallographic domains of the copper substrate should give rise to various azimuthal ODT
packing domains. Such domains have already been identified by STM in alkanethiol SAMs
on Au (111).#¢47 1t has to be pointed out that the assumption that the azimuth angles are
random distribution introduces bias to calculation. More systematic research and
discussion for azimuth angle distribution should be performed for accurate determination
of the orientation of the ODT monolayer in such a system. Besides, Fresnel factors that
relate the electric field in bulk media to the electric field at the interface are normally
calculated using the equations given by Zhuang et al*®, based on the assumption that the
substrates are homogenous. However, the atom density and crystal orientation with respect
to incident light vary on crystal grains, which complicate Fresnel factors. Thus, for the SFG
orientation analysis on similar systems, this effect should be discussed in more detail in the

future.

4.5. Conclusion
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In summary, micrometer-scale crystal grains and GBs were identified by the SFG
imaging technique for the first time. It provides new clues for a broad range of interest such
as localized corrosion processes on copper surfaces with crystal grain structures. Besides,
the marked difference of SFG spectra across domains relates the localized molecular
information to the overall performance of the whole surface area, which suggests the
importance of considering the heterogeneity of ODT monolayers on polycrystalline copper
surfaces. Consequently, spectroscopic visualization of the surface leads to an accurate
understanding of surface chemistry. The anisotropy of SFG spectra observed in the present

work will inspire the further SFG research on the metal substrates.
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CHAPTER 5. Orientation and Conformation Analysis of a Molecular
Monolayer on Microcrystalline Copper Surface: Mapping Molecular
Heterogeneity at Grains and Grain Boundaries by Sum Frequency

Generation Imaging Microscopy

5.1. Introduction

The studies of the thin organic film on metal surfaces are of critical importance not
only for fundamental science but also for a wide variety of technological functionalities
such as wettability, corrosion inhibition, biosensors, and nanotechnology.!® Various
techniques including IR spectroscopy,®® X-ray photoelectron spectroscopy,!'? contact
angle, 113 ultrafast spectroscopy,**> and scanning tunneling microscopy®!’ have been
employed to investigate such systems. The most studied system is that of self-assembled
monolayers on metal surfaces due to their simple chemical adsorption, well order structure,
and monolayer thickness.® An important results from previous studies is that alkanethiols
can form well-ordered monolayers on metal surfaces, which modifies the surface
properties.’®?° It may be more important, however, such order molecular structure
including the conformation order, lateral order, and symmetry of monolayer are of critical
importance in determining the physical and chemical properties of SAMs monolayer,
which influence the surface functionalities such as wettability, corrosion, and other

applications.?%2

Various sized crystal domains with different crystallographic orientations naturally

exist on most metallic material surfaces.?*?* A major area of interest is whether such feature
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surface atom arrangements influence the local physical and chemical properties of a
monolayer. A common strategy to investigate such correlation is to compare the properties
of SAMs on different well-defined single-crystal surface.?®2?® Sum frequency generation
vibrational spectroscopy (SFG-VS), as a vibrational spectroscopy technique, which has an
excellent chemical selectivity and interfacial sensitivity, has been extensively applied to
characterize the ordered organic monolayer formed on single crystal surfaces. Yeganeh et
al. reported the three fold symmetry of the SFG signal from the surface of a SAM on an
Au(111) and attributed the azimuthal anisotropy to the bonding sites.?” Benderskii et al.
reported a pronounced azimuthal anisotropy of the 3-fold symmetry with the SFG signal
on methyl terminated Si (111) surfaces.?® Uosaki applied SFG to investigate a C18
monolayer on a hydrogen-terminated Si (111) surface and confirmed that the monolayer
was arranged epitaxial with Cay anisotropy and the alkyl chains tilt towards the <211>

direction.?

However, evaluating different single crystal surfaces requires multiple
measurements with careful preparing, characterizing, and handling of each crystal surface
in exactly the same experimental conditions, which can be both time-consuming and
expensive. In addition to these experimental difficulties, the crystal boundaries between
different crystallographic grains,?® which play an important role in determining surface
reactivity, are difficult to probe based on spectroscopy methods alone. Therefore, to study
the molecular behavior of metal surfaces with various grains structure and to determine
information about the grain boundaries, a simple and more direct measurement method is
imperative. SFG imaging provides a promising and practical solution to these problems.

SFG imaging microscopy as a vibrational spectroscopy technique applied in microscope
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mode could directly probe the local molecular packing information, as well as the
underneath metal structure of a polycrystalline metal.3%-32 Recently, it has been shown that
SFG imaging studies of clear copper grains structures are possible, which allows a direct
correlation between local molecule information and the underlying copper grain
structure.® It was also proposed that the spectral fitting parameter obtained from the local
SFG spectra can be used to reconstruct the corresponding chemical map of the monolayer
and quantitatively determine the conformation order of the monolayer in each crystal
domain with distinct crystallographic orientation; However, such a proposal requires
further substantiation and addressing about whether phase variation in different azimuthal
angles would influence the interpretation of the SFG spectra since the SFG spectra are
strongly dependent of the azimuthal angle. Furthermore, the more important issue about

the existence of the lateral order of the monolayer also needs to be further addressed.

In the present work, comprehensive SFG imaging studies about the ODT
monolayer on a microcrystalline copper surface with a symmetric anisotropy comparison
is presented, with the combination of SHG and EBSD techniques. Based on the quantitative
measurements of SAMs on Cu (111) and theoretical derivations, we shows that all the
spectral fitting parameters of molecular are fully independent from the azimuthal angle.
The conformation order such as orientation angle distribution of metal group of thiol
molecular on each individual crystal grains is quantitatively analyzed. In addition,
correlations between the molecular behavior and the copper surface structure (in particular,

the crystallographic orientation) is identified.

5.2 Theoretical basis
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There are a number of reviews, which introduce the theoretical background of SFG
and its applications.>*3® Only relevant equations of SFG spectroscopy is briefly presented
here. As shown in Equation 5-1, SFG is a second-order nonlinear optical process which

involves two laser beams spatially and temporally overlapped on the surface, to induce a
second order polarization, P{? 3" The second order nonlinear optical process is forbidden
in a medium with inversion symmetry under the electric dipole approximation, but are
active at the interface where the inversion symmetry is necessarily broken.3 The second-

order susceptibility 32 shown in Equation 3-1 contains both a non-resonant contribution

74 and a resonant contribution z{, which relates the induced second-order polarization
response to the intensity of the incident beams. y{ is the non-resonant contribution

typically attributed to electronic excitations of the substrate and the adsorbate. y is

associated with resonant vibrations of the adsorbate molecule layer and is significantly
changed when the frequency of an incident infrared beam (@, ) is coincident with a specific
molecular vibrational mode, g. As shown in Equation 2-13, the %2, which is defined in
the laboratory coordinates system A (X,y,z), could correlate the molecular microscopic
hyperpolarizability A% in the molecular coordinates system A (a,b,c) through the
ensemble average over all possible molecular orientations.®® The molecular-fixed
coordinates for the methyl group are defined as depicted in Figure 5-1A. The c-axis is
taken to coincide with the Csy symmetry axis of the methyl group, and the a-c plane is one
of the C-C-H planes of the methyl group. The molecular orientation in the laboratory fixed
axis system including tilt angle (0), azimuth angle (in surface coordinate system) (o), and
rotation angle (y) are defined in Figure 5-1B. Equation 2-12 serves as the basis equation
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for the nonlinear model fitting of SFG spectra used for orientation analysis and mapping

results.

SFG spectra are complicated by THE convolution between ¢ and »{2 shown in

Equation 5-1. Due to the enormous nearly free electrons in the surface region, the non-

resonant contribution from the metal and semiconductor is typically large, resulting in a

complex SFG lineshape.®**° The ¢ and § denote the phase of »{” and ¥ respectively,

and the phase difference between y? and y2 is the relative non-resonant phase ¢.
Iy o |X(N2F3|2 +[x |2 +2[x@R|[x$ | cosle - 51 Equation 5-1

A B

)

ad =

= X-Axis

Figure 5-1: Schematic drawing of the definitions of the molecular fixed axis systems (A)
and laboratory fixed axis system (B).

5.3. Experimental section

The sample preparation method was described elsewhere.®® A 1 cm? polycrystalline

rectangular copper sheet (Goodfellow, 99.99%) of 3 mm thickness is employed as the
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sample in this work. One side of the copper surface is polished down to 0.1 um by diamond
paste with mirror like. The copper is transferred to a furnace and annealed with argon (300
sccm) and hydrogen (30 sccm) at a temperature of 1050 °C for 3 h. Then, the copper sample
is cooled down to room temperature, under the same argon and hydrogen flow atmosphere,
and is immediately immersed into a 5 mM ODT/ethanol solution. After 2 h, the copper
sample is taken out from the ODT solution, rinsed with ethanol, and dried under nitrogen
flow in the glove box to prevent the oxidation of copper. The copper is then mounted in
the SFG cell filled with nitrogen gas. The SFG cell was mounted on an x-y-z plus tip/tilt 5

axis stage for the SFG imaging experiment.

SFG imaging setup was described in previous chapters.*'#? A picosecond pulsed
Nd:YAG laser(EKSPLA) with a 20 Hz repetition rate provides the 1064 nm beam serves
as the pump beam of SFG, as well as the pump beam of the tunable IR beam from 2000-
4000 cm? that is generated from the optical parametric generator/amplifier (OPG/OPA).
The SFG imaging is set in a reflection configuration with the incidence angles of the IR
and 1064 pump beams at 70° and 60° from the surface normal, respectively. The emission
angle of the SFG beam is set at 62.1° from the surface normal. The polarization of the 1064
nm beam and the tunable IR beam are both p-polarized (parallel to the incidence plane) set
by a polarizer, and the polarization of the SFG signal is considered to be p-polarized (p-
polarized SFG signal dominates the SFG signal). This polarization combination is assigned
as PPP. A Roper Scientific CCD camera with 1024x1024 pixel array is used for collecting
the intermediated SFG image on a grating by using of a 10 X objective lens for
magnification and a tube lens for collimation. Each SFG image is 1024x1024 pixels and 1

pixel is corresponding to 1 pum distance on the surface. The spatial resolution is
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approximately 1 um. The SFG beam wavelength (IR wavenumber range 2750-3050cm™)
is around 808 nm. The sample azimuth angle (¢) is also demonstrated in Figure 5-2. The
absolute number of the azimuth angle is arbitrary. An 808 nm unpolarized CW laser at an
incidence angle of 62.1°, which is close to the incidence angle of the SFG beam is used to
simulate the SFG beam path. The 808 nm optical image that is collected by the CCD

camera shares the same sample position with the SFG image.

Z-Axis
A

=> X-AXxis

Figure 5-2: Schematic drawing of co-propagating SFG system.

5.4. Results and discussions

5.4.1. SFG imaging study on a microcrystalline copper surface
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Figure 5-3. Unprocessed SFG image (IR wavenumber: 3050 cm™) of the copper surface
with the ODT monolayer at the azimuth angle of 0° (), 60° (11), 120° (111), 180° (IV), 240°
(V), and 300° (VI1), respectively. SFG images are taken with the PPP polarization. The red
frame marks the GBs in I.

Figure 5-3(1-VI) show six SFG images at 3050 cm™, with azimuthal angles Q
varying from 0° to 300°. Since 3050 cm is far from the resonant region of ODT molecular,
the SFG intensity mainly comes from the copper substrate instead of the ODT molecule.
Upon closer inspection, 9 domains with various sizes (50-300 um), each with different
SFG intensity, can be identified in the SFG image and are labeled in A-1. Based on previous
studies,® such variation in the SFG intensity between different domains may be attributed
to the variation of crystallographic orientation in each individual crystal domain on the
copper surface. To confirm, EBSD measurement is performed to directly probe the local

structure of such polycrystalline copper sample and is presented in Figure 5-4B. Comparing
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the EBSD sand SFG image, it is evident that the brightness contrast of each domain area

on SFG image correspond to different crystal grain structures as revealed by EBSD.

Figure 5-4: SFG image (left) and EBSD map (right) of copper surface with ODT self-
assembled monolayer.

In addition, the SFG intensity of the crystalline domain areas contains azimuthal
anisotropy with respect to the surface normal. Based on previous SFG studies, it is due to
the anisotropy of SFG response on each individual crystal domain. To further analyze the
intrinsic nature of such azimuthal anisotropy of SFG response in each individual crystal
domain, a full range (0°-360°) of azimuthal angle measurements of SFG intensity of all 9
domains is performed with a step width of 20°. Figure 5-5 shows the azimuthal angle
dependence on SFG intensity from domains 1 to 9. Each crystal domain contains a feature
anisotropy pattern. These anisotropy patterns are observed at 3050 cm™ where no peak

corresponding to the ODT monolayer exists and only the non-resonant signal from the
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copper substrate contributes to the SFG intensity. In principle, the anisotropy pattern is

correlated only to the symmetry of the underneath local copper structure.
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Figure 5-5: Non-resonant background radical map (3050 cm™) in 360 degree of azimuthal
angle (step width: 20 degree) of the domains A-I as shown in Figure 5-3, respectively.

Figure 5-6 shows the local SFG spectra of domain C and domain D at two azimuthal
angles, 80° and 140°, respectively. The three peaks observed around 2875, 2930, and 2960
cm? can be assigned to the symmetric stretching vibration, Fermi resonance, and the
asymmetric stretching vibration of methyl group, respectively. Another two weak peaks

locate around 2850 and 2910 cm™ can be assigned to the symmetric stretching vibration
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Figure 5-6. SFG spectra (2800-3050 cm™) of the copper surface with an ODT self-
assembled monolayer at two azimuthal angles 80° and 140°. (A) and (B) represent the local
SFG spectra of domain C and domain D from Figure 5-3, respectively. Solid lines are
fitting line based on Equation 5-2.
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and anti-symmetric stretching vibration of methylene groups, respectively. The spectral
features, including the non-resonant background, peak intensity, and line-shape are
dramatically different from these two crystal domains. This suggests that the interaction of
the ODT monolayer with two individual crystal domains might be influenced by the Cu
substrate. However, this effect is ambiguous, since the non-resonant contribution variation
is significantly and strong enough to shift the SFG spectrum. Thus, the resonant

contribution will be resolved by fitting the SFG spectrum.

Comparing Figure 5-6A with Figure 5-6B, the SFG spectrum varies from domain
C to domain D, which reveals that the local heterogeneity varies on each crystal domains.
Upon closer inspection, the SFG spectra also shows anisotropy. There are two possible
causes for such SFG spectra anisotropy. The first reason could be attributed to the epitaxial
arrangement of the monolayer induced by the underneath substrate structure. Such epitaxial
arrangement includes bonding sites geometry,?” methyl group symmetry,?® and lateral
structure.?* Another possible cause would be that the anisotropy just exists on the substrate
surface instead of adsorbed molecular. Rotation of the samples change the relative phase

between the substrate and the monolayer contribution, which causes the cross term

2|x2|x¥| cosle— 5] change, while these could make SFG spectra show anisotropy.

Similar results were shown in Wang’s SFG work about the monolayer on a quartz surface.*?
With rotation of the quartz substrate around the surface normal, strong azimuthal angle

phase effects shift the line shape dramatically.

5.4.2. SFG spectra on Cu(111)
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To elucidate the intrinsic mechanism for such anisotropy of SFG spectra, Cu(111)
could serve as a reference sample since the surface atomic arrangement of Cu(111) is well
defined. Figure 5-7 shows a series of SFG spectra for azimuthal angles varying from 0° to
90° on a Cu(111) surface covered with an ODT self-assembled monolayer. In comparison
of these SFG spectra, the peak position and spectral line-shape, as well as non-resonant

background strongly depend on the azimuthal angle. Due to the strong non-resonant signal

)

/
. 1 50 é’
«® _
S 100 _ / 0
<

2> 80- 30 -
* yuu| ] [
g 604 — =
g -
= 404 -yt
= ] L 10 N
-~ 20 \/ W :
Q ] 0
C% 0 T I T I T ] T I T 1

2800 2850 2900 2950 3000 3050

Infrared Wavenumber (cm_l)

Figure 5-7. SFG spectra (2800-3050 cm™) of the Cu(111) surface with an ODT self-
assembled monolayer for azimuthal angle varying from 0° to 90°.
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results from the nearly free electrons in the metal surface, the resonant amplitudes for the
methyl stretching mode could not be determined accurately.**# It is necessary to extract
the resonant contribution from the SFG spectra by fitting and compare it at the different

azimuthal angles to analyze the monolayer epitaxial arrangement.

50
12 4 m Nonresonant background-An~r(Cu)
A Resonant amplitude-ACHi(sym)
- 40
10 4
S - 30 >
~4 O
é 8 4 ges
- 20 3
6 -
- -10
4 4 u
1 N 1 v I ' 1 0

0 | 20 40 60 80 | 1{I)O | 12'0 ' 140
Azimuthal Angle (Degree)

Figure 5-8. Nonlinear background and methyl symmetric stretching amplitude for
azimuthal angles varying from 10° to 130°. The step width is 10°.

The symmetric stretching amplitude of the methyl group and non-resonant
amplitude are obtained from the fitting to the series of SFG spectra in Figure 5-7 employing
Equation 5-2 and plotted against the azimuthal angle as shown in Figure 5-8. The
symmetric stretching amplitude of the methyl group is almost a constant from 10° to 130°,

while the nonlinear background increases from 10° to the maximum at 70° and decreases
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to the minimum at 130°. These observations suggest that symmetric stretching amplitudes
of the methyl group shows no anisotropy response, which indicates that the molecular

packing order is independent of the azimuthal angle.

60

F=9
=]
n 1 n

SFG intensity (a.u.)
(=

270 270

Figure 5-9. Rotational anisotropy of the SFG intensity from the ODT monolayer on
Cu(111) at (A) 2880 cm, (B) 3000 cm™ monolayer. The solid red line shows the fitted
curve to Equation 5-2.

Now let us compare the azimuthal angle dependencies of the SFG intensity, i.e.,
rotational anisotropy, at 2880 cm™* (methyl symmetric stretching mode) and 3000 cm™ (no
peak). Figure 5-9 shows the SFG signal measured in the PPP polarization as a function of
azimuthal angle at the step width of 20° for both 2880 cm™ and 3000 cm™. Both the
azimuthal angle dependencies of SFG intensity at 2880 cm™ and 3000 cm™ show a clear
3-fold symmetry. The 3-fold symmetry at 3000 cm™ is observed where only the non-
resonant component contributes to the SFG spectrum. A similar 3-fold symmetry shown

from the SFG intensity at 2880 cm™ might suggest the existence of lateral symmetry in the

molecular assembly. The polar map is fitted by Equation 5-4 with the solid line.
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I« = Ax[Sin(8p+B)+CY Equation 5-2

In which A and C are the isotropic and anisotropic contributions to the SFG
intensity, respectively, and B is the phase correction. Fitting results are presented in Table
5-1. B values of 2880 cm™ with 3000 cm™ are very similar to each other, which denotes
that the 3-fold symmetry at 2880 cm™ is the same with the pattern at 3000 cm™. Such results
preclude the possibility that the observed SFG anisotropy at 2880 cm™ partially originates
from the anisotropy of the orientation of the tilted alkyl chains. Because such possibility
would give rise to an anisotropy pattern at 2880 cm™ with an angle shift compared with
3000 cm™. Unless the distribution along the azimuthal angle of terminal methyl groups is
taken to be a sum of three delta functions shifted by 120° in registry with underneath copper
structure, and no torsional motion is allowed. Hence, for the present results, it indicates

that the observed SFG anisotropy only results from the anisotropy of non-resonant signal.

Table 5-1. Fitting parameter for data in Figure 5-9

A(a.u.) B(rad) C(a.u.)
2880 cm'™ 3.36 2.46 2.23
3000 cm'? 3.53 2.48 3.13

In the present study, Csy symmetry is assigned for the methyl group. There are 11

non-vanishing components for the second-order microscopic susceptibility, namely, Baac ,

ﬂbbc ’ ﬂccc ’ ﬂaca ’ ﬁbcb ’ ﬂcaa ’ ﬁcbb ’ ﬂaaa ’ leba ’ ﬂabb ’ ﬂbab -46'47 For the I’+ mode,
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there are three second-order microscopic susceptibilities, which is Baac = Bope s Bece - FOr

the r mode, there are eight second-order microscopic susceptibilities.

ﬂaca = ﬁbcb ’ ﬁcaa = ﬁcbb

Equation 5-3
ﬂaaa = _ﬂbba = _ﬂabb = _ﬂbab

It is reasonable to assume some degree of coupling between the monolayer with
underlying copper structure. Therefore the monolayer epitaxial arrangement on

microcrystalline surface is not isotropic. On the basis of this consideration, there are 8 non-

vanishing macroscopic susceptibility components Which iS ¥, » Xz » Xxzx » Xoex s Xaxz s

Koz » Xuax» and ¥y fOr the PPP polarization combination. So the effective amplitude of

resonant mode can be written as:

Heft = Ns[Fzzz <Zzzz>_ Fxxz <Zxxz>_ szx <szx>+ szx <szx>

Equation 5-4
+ szz <szz > - szz <szz>+ I:zzx <Zzzx>_ I:xxx <Zxxx >]

Considering the incident angle and refractive indices on copper of SFG beam and

1064 beam are not much different, the Fresnel factors F,,, and F,,, are approximately the

same, as well as F,,, and F,,, . Therefore, the third, fourth, fifth, and sixth term in

Equation 5-4 cancel each other out. According to IR selection rules, only the vibrational
modes with component positioned along the surface normal could be observed.*84° Besides
that, the x, y component of IR electric field is always screened in the metal medium, so the
Fzzx and Fxxx is approximately close to zero. To simplify the analysis, we consider only the
nonzero elements which is the first and second term as follows:
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Aett = N[Fzzz <;(zzz > - Fxxz <}(xxz >] Equation 5-5

For the symmetric stretching vibrational mode,

Zeff'r* = Ns[Fzzz <lzzz > - Fxxz <Zxxz >]
- % N[B.. (c080)+ B, (c0s0) - B, (c0S® 0) + B,,, (cos’ )] Equation 5-6

+ N [B.o. (c030) + By, (c0s* ) — B,,, (c0s’ )]

For the asymmetric stretching vibrational mode,

Zeff,r’ = Ns[Fzzz <Zzzz>_ I:xxz <Zxxz >]

1

= E Ns[ﬂccc <COS 9> * Paac <COS 9> - ﬂccc <COS3 9> * Paac <C083 9>] Equation 5-7

+ N[, (c0s0)+ B3, (cos’ 0) - B,,. (cos® 0)]

Inspection of above analysis, as expected, no azimuthal anisotropy of the symmetric
stretching vibrational mode and asymmetric stretching vibrational mode is calculated for
the methyl group on metal surface. The reason for the disappearance of the anisotropy is
the enhanced electric field which is normal to the surface, while the parallel component of
electric field is screened due to the boundary conditions of the electric field on metal
surface.*>° That makes the effective IR transition diploe for the symmetric stretching and
anti-symmetric stretching mode orient along the surface normal. Hence, an azimuthal
isotropy of methyl group is observed, regardless of isotropic random azimuthal orientation
or locked orientation corresponding with copper substrate existing in the monolayer.

Previous SFG calculation works on metal surface also proved that the isotropic tensor

component F < ;(m> dominate the SFG signal on metal surface.! Vice versa, SFG

y224

126



measurement is indeterministic whether there has the specific epitaxial arrangement in the
monolayer on metal surface; however, the orientation angle information could be reliably
and unambiguously determined from spectral fitting. Considering metal surface always
contributes a very large screen effect to the electric field parallel to the metal surface, this

conclusion is able to apply on all the monolayer on metal surface.

Previously, Uosaki et al. reported the presence of 3-fold anisotropy of SFG intensity
during the resonant region of adsorbed octadecyl monolayer formed on a hydrogen-
terminated Si (111) surface. They suggested that such 3-fold anisotropy were due to the 3-
fold epitaxial arrangement of the monolayer on silicon substrate.?! Since the silicon is a
semiconductor material with relative low electric conductivity, the screen effect to the
electric field parallel with the surface from silicon substrate is not as strong as copper.
Besides that, the ordered lateral structure is easier to form on silicon surface due to the
existence of more defects and oxidation on copper. In general, the lateral order of

monolayer is easily revealed on silicon surface instead of copper surface.
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Figure 5-10. The comparison of SFG spectra in different azimuthal angle for A (190° and
310°); B (250° and 10°); C (220° and 340°)

Figure 5-10 shows the SFG spectra measurement at 10°, 250° in Figure 5-10A; 220°

and 340° in figure 5-10B, 190° and 310° in Figure 5-10C. There has a 3-fold symmetry in
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the surface structure of Cu (111). Since the SFG signal could be regards as the interference
between monolayer with underneath copper substrate. In general, epitaxial arrangement in
the molecular packing would break such 3-fold symmetry of SFG response. However, there
does not show any difference on the SFG spectra between 10° with 250°, 220° with 340°,
as well as 190° with 310°. That proves previous statement that no SFG anisotropy response

will be evidently shown up even there has a clear epitaxial arrangement in the molecular
packing.
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Figure 5-11. Histogram of amplitude ratios (CHz-sym/CHz-asym) Of methyl group on copper
with azimuthal angle 80° (red) and 240° (red), respectively.

To further elucidate whether the resonant amplitude of the molecular is dependent
of the azimuthal angle, the evaluation of SFG imaging data of methyl group on copper with
azimuthal angle 80° and 240° is carried out by employing statistical methods represented

in the form of histogram distributions. Comparing these two histograms of amplitude ratio
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in Figure 5-11, the ratio distribution keeps consistent when the ratio distribution shifts from
80° to 240°. That can be understood because azimuthal angle transformation could not
influence the local spectrum interpretation about the conformation order of monolayer.
Therefore, the interpretation of SFG spectrum is isolated from the azimuthal angle. As long
as the fitting parameter are reliable, the molecular conformation order of molecular at
different crystal domain could be deduced and compared. That provides tremendous new
information on the structure and interactions of these molecular at a given crystal grain. It
also demonstrates unique power of SFG imaging that need to be further explored in surface

chemistry study on metal surface.

5.4.3. Tilt angle of methyl group and histogram analysis

A representative SFG image (2980 cm™) with azimuthal angle 80° is shown in
Figure 5-12A, with the corresponding EBSD image of the same area in Figure 5-12B. Four
domains, each with different crystal index, can be identified in the SFG image and EBSD
image, and are labeled in Figure 5-12A (1-4). Comparing the EBSD and SECCM maps, it
is more evident that the regions of distinctly different SFG signal correspond to particular
grain structure by EBSD shown in Figure 5-12 B. To elucidate monolayer heterogeneity in
different crystal domain, the evaluation of SFG imaging data from the SAMs monolayer
on such copper surface is carried out by employing statistical methods represented in the
form of spatial (contour maps) and histogram distributions. In Figure 5-12C, the fitted
results of the amplitude ratio (CH3-sym/CHs-asym) is mapped onto the surface coordinates to
visualize differences in spatial distribution for the copper surface. Upon closer inspection

of the histogram of amplitude ratio in Figure 5-12C, each regions owns its feature ratio
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distribution, which suggests that the underneath grain structure on copper surface would

dramatically influence molecules packing behavior which cause the orientation angle

- Domain 1
Domain 2

Domain 3

Domain 4

0 2 4 6 8
Amplitude ratio of sym/asym stretching mode

Figure 5-12. (A) Representative SFG image (2980 cm™) of ODT on microcrystalline
copper surface with azimuthal angle 80°. (B) Corresponding EBSD map with the color
coded orientation map of the scanned area. (C) Corresponding histogram and contour map
of amplitude ratios (CHz-sym/CHz-asym) Of methyl group on copper with azimuthal angle 80°.
varies in different regions. These structure dependent relative conformation order is evident
and highlights that on polycrystalline copper surface, the molecular packing behavior is

strongly structure dependent at the microscopic level. Similar observation has already been

confirmed by other similar studies on copper surface.>>°
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5.4.4. Non-resonant response of the copper

Figure 5-13. Surface structure of Copper (111).

A phenomenological macroscopic theory of the second harmonic generation
electronic response from the cubic centrosymmetric crystal surface have been developed
by Sipe et al.>® The effective second order polarization from copper contains both
contributions from the surface and bulk medium. Both contribution has isotropic and
anisotropic components, based on the crystal symmetry of copper substrate. In the bulk
medium of centrosymmetric materials such as copper, the second order dipole response is
equal to zero. The SFG/SHG signal could arise from higher order nonlinear sources with
electric quadrupole or magnetic dipole symmetry. While the surface contribution to the
SFG signal is primarily dipolar since the inversion symmetry is broken on surface.?® The
contribution arises from a few nanometer within the escape depth of the light radiation.
Consequently, the surface and bulk contributions can be comparable which cause the signal
composition complicated. In general, it is not possible to separate out the surface and bulk
effects for cubic centrosymmetric materials. However, the anisotropy of SFG intensity,

which is the result of interference of bulk with surface, is quite discernible. Figure 5-12
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presents the surface structure on Cu (111). Thus if the first layer of copper atom on Cu
(111) into account, the symmetry is Cev; however, the symmetry lowers to the Cay if

additional one atomic layer from Cu (111) was taken into account.

The second order polarization vector can be split into its components perpendicular
and parallel to the surface. The former is sensitive, to the interfacial electric field and the
latter probes the rotational symmetric of the sample surface.>” Thus different polarization

combination would present different anisotropy pattern.

Besides that, it is need to be mentioned that in optically flat metal surfaces, there
exist many local nanometer size structures, such as terrace, step, and defects, which have
been observed by probe scanning microscopy.'®% In such cases, the microscopic symmetry
of the structures, would allow some specific tensor elements to exist. If the domains
consists of these structure are smaller than the spot size of the laser radiation, there would
be a “superposition” of the symmetries. That is, we may observe a lower symmetry than

expected if the newly introduced tensor is of different symmetry.58

In principle, quantitative assignment of second order susceptibility tensor elements
being responsible for anisotropy pattern in different polarization combination is beyond the
scope of this report. Nevertheless, this works provides a reliable framework to analyze the
local SFG spectra highly affected by the underneath crystal structure. That is the power of

SFG imaging that need to be explored in the future studies.

5.5. Conclusions
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In conclusion, the structure of an ODT monolayer formed on a microcrystalline
copper was studied by the combination of the SFG microscopy, EBSD and SHG. SFG
imaging technique provide detailed information and understanding of the molecular
composition, orientation and conformation order of adsorbed monolayer on the surface
through quantitative measurement and analysis of SFG images. Clear domain structure
with obvious brightness contrast revealed in the SFG images demonstrate grain structure
existed on copper surface, and confirmed by corresponding EBSD image. The azimuthal
angle cause the spectra phase shift which cause the anisotropy of SFG spectra in different
azimuthal angle. Besides that, the anisotropy SFG response on each grain is different
between each copper facet which reveals the heterogeneity of SAMs monolayer on various
crystal grain was revealed in the SFG images suggested that the underneath structure

influence the molecular behavior of adsorbed monolayer.

Resonant contribution was separated from the SFG spectrum and confirmed as a
constant as the rotational angle varies from O degree to 120 degree. The analysis of the
SFG spectral profiles, we have shown for the first time that the contribution from the ZZZ
component of the resonant nonlinear susceptibility is dominant in the observed resonant
signals. The dependence of the phase angle on the azimuthal angle was different between
the resonant and the non-resonant contributions, because the phase angle for the non-
resonant part of the nonlinear polarization is composed of the sum of all <ijk> components
whereas only ZZZ component for the resonant part. These observation is of major
fundamental importance for SFG data analysis on metal surface toward a better

understanding of heterogeneous catalysis and corrosion research in future.
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CHAPTER 6. Chemical Mapping of CO Adsorption on a Polycrystalline
Platinum Surface Investigated by Sum Frequency Generation

Microscopy

6.1. Introduction

The gas/metal interface is ubiquitous in ambient chemical process such as corrosion
and gas catalysis.! The identification of gas adsorption and reaction dynamics on metal
surface under ambient pressure is of critical importance, because most reactions are
performed at ambient pressure. The carbon monoxide(CO) adsorption on platinum has
been extensively studied since the early work of Langmuir,?® served as a model system to
study various aspects of structure and bonding of adsorbed molecules at transition metal
surface.* As an excellent catalyst associated with the oxidation of Hp, and CO at room
temperature,>® a more comprehensive understanding of CO adsorption on platinum is very
important at ambient pressure condition. Meanwhile the different crystal grains of platinum
have been reported to exhibit remarked anisotropies for adsorption of simple molecular.’
It is apparent that the adsorption characteristics and binding state of the reactants vary on
the heterogeneous platinum surface, and this may significantly affects the catalytic
dynamics of the reaction.® However, a fundamental understanding of these heterogeneous
effects is still lacking. Chemical and spatial mapping the CO adsorption on polycrystalline
platinum is essential to elucidate the CO molecular behavior on heterogeneous platinum

surface.®
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Various methods such as Photoelectron Spectroscopy(PES),%® Infrared Reflection-
Adsorption  Spectroscopy(IRAS),’® Low Energy Electron Diffraction(LEED),!
Temperature Programmed Desorption(TPD)'? have been developed to detect the CO
molecular adsorption on platinum surface with varied atom surface information. The PES
used in the imaging mode of Photoemission Electron Microscopy (PEEM)!? technique
combined with Scanning Tunneling Microscopy (STM)®® provide varying degrees of
spatial, temporal, and chemical resolution of surface. However, most of these techniques
could be only performed on well-defined surface in Ultra-High Vacuum (UHV) systems.
Only a few complete surface reaction mechanisms have been derived which are mainly
based on studying system carried out under UHV condition (pressure gap).}* Thus
modeling of technical processes which usually take place under ambient pressure
emphasizes the importance of developing diagnostic techniques for molecular level study

of adsorbed species under practical catalytic condition.

SFG as a laser spectroscopic technique which is able to overcome pressure gap has
been used to investigate the CO adsorption on platinum for more than three decades.'**°
Based on previous SFG and IRAS results, CO molecular linear bonded to one platinum
atom has the vibrational frequency of 2040-2010 cm™. CO coordinated to two or three
platinum atoms has the vibrational frequency of 1840-1800 cm™ and 1750-1700 cm™,
respectively.?’ On the polycrystalline platinum surface, only linear bonded CO could be
observed.*?* The linear bonded CO stretching frequency is dramatically influenced by
several factors include temperature,’® CO pressure,'’ surface coverage, dipole-dipole
coupling,® different sites* (kinks, steps, and terraces) as well as different surface crystal

plane.'® The SFG resonant intensity is proportional to the CO surface coverage.*!® For the
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disorder polycrystalline platinum surface, lineally bonded configuration CO is more likely
to adsorb on the step site (vibrational frequency locates around 2065-2078 cm™) than
terrace site (vibrational frequency around 2086-2097 cm™) when the surface coverage is
low.1% While SFG technique cannot provide the heterogeneous surface information due to
measuring an average response over the probe local area. This work aims at a
characterization of CO stretching vibration on the polycrystalline platinum surface via SFG

imaging to get a better understanding CO adsorption on heterogeneous platinum surface.
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Figure 6-1: Schematic diagram of SFG imaging.

Generally gas adsorption on metal is very fast in the ambient pressure. Take a
nitrogen/solid system in 300 K for example; suppose the nitrogen stick coefficient is 1 and
surface atom density is 10%°/cm?, it takes 10 ns to form monolayer on surface if nitrogen
pressure is 1 atm. Even the nitrogen pressure is lowered down to 10 Torr, monolayer

formation time is about 3 seconds.?? Thus developing a UHV-SFG-Imaging system is
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essential to the research of CO adsorption on platinum which prepare a clean platinum
surface (impurity coverage < 1%) in UHV, free from common atmospheric contaminants

before ambient pressure CO gas is introduced.

6.2. Theory background
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Figure 6-2: Simulation of a SFG spectrum line shape with relative phase shift (¢) shown
in Equation 2-12 is equal to -90°, 0°, 45°, 90°, which a single resonance at 2100 cm™.

SFG is a second-order nonlinear optical process in which a tunable infrared beam
is spatially and temporally overlapped with a visible beam on the surface to generate a sum
frequency output as shown in Figure 6-1.22 SFG is a highly surface specific technique.
Since, the SFG process is forbidden in bulk medium with inversion symmetry under the

dipole approximation.?*
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The second-order susceptibility tensor »2, which can be described as the sum of
a non-resonant part 2 and resonant part y{” , relates the induced second-order
polarization response to the incident light intensity. The #2 is bridged to molecular

hyperpolarizability £ through ensemble average over all possible molecular orientation

shown in Equation 2-13.2° Equation 2-12 is the basis equation for the nonlinear model
fitting of SFG spectrum used for orientation analysis and mapping results. The Figure 6-2

presents the different SFG spectra line shapes of relative non-resonant phase (¢).
6.3. Experiment section
6.3.1. UHV-SFG-imaging setup

The polycrystalline platinum surface is mounted on sample stage in the UHV
chamber. The sample stage is mounted on a sample holder which fastens to the magnetic
transfer arm, so the sample stage can be transferred linearly from the main chamber to the
SFG cell for 12 inches distance and rotated 360° around transfer arm. The magnetic transfer
arm is attached to a XYZ manipulator, which can rotate, tilt and translate to give more

flexibility of sample stage.
6.3.2. SFG imaging setup

SFG imaging was described in detail elsewhere.?® The incidence angle of the IR
and 1064 pump beams is set at 70° and 60°, while the emit angle of SFG beams is set at
62.1°, respectively from surface normal shown in Figure 6-1. The SFG microscope is set

with a reflection configuration collecting the intermediated SFG beam profile. A Roper
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Scientific CCD camera with 1024x1024 pixels array is used for signal collection. By
continuously scanning IR frequency from 2000 to 2150 cm™ in the fixed rate, total 31
images are produced and each image represents every 5 cm™ IR wavenumber range. A
series of images is stacked and extracted SFG spectrum via ImageJ software. Every SFG
image is 1024x1024 pixels and 1 pixel is corresponding with about 1 pm distance on the

surface.

6.3.3. Platinum preparation and TPD characterization
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Figure 6-3: (A) TPD spectrum from this experiment; (B) TPD spectrum in Ertl’s work.?’

The platinum surface is prepared by using a standard method of successive
polishing down to 0.01 um diamond-ethanol slurry to produce a mirror-like surface and
put into pirani solution for 30 min. Then platinum is mounted on sample stage in the UHV
chamber. After pumping UHV down to base pressure, several cycles argon ion sputtering
followed by surface oxidation at 800 K with oxygen pressure 10 Torr are applied. Then
120 Langmuir CO gas is dosed on sample at 330 K and 1 K/s linearly heating rate are

applied to obtain a TPD spectrum. Keep annealing and ion sputtering cycle until obtaining
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a stable TPD spectrum. Sample stage is transferred to the SFG cell and about 1 Torr CO
combined 400 Torr N is introduced into the SFG cell immediately. 2000-2150 cm™ IR

wavenumber range is used in the SFG imaging to obtain 31 SFG images into a stack.

TPD spectra of CO on platinum surface shown in Figure 6-3(A) has two peaks,
which are located around 400 K and 460 K, respectively. This spectra exhibited similar
features with the results reported by Ertl’s work shown on Figure 6-3(B) on a
polycrystalline platinum foil?” and Bradshaw’s work on a stepped platinum surface.*®
Hence, the polycrystalline platinum surface could be considered as a clean surface. Based
on Bradshaw’s assignment, the low temperature peak on TPD spectrum is resulted from
the CO desorbed from terrace area while the high temperature peak is resulted from the CO

desorbed from the step area.

6.4. Results and discussions

Figure 6-4A shows the SFG image of CO on platinum when the IR frequency is
2070 cm™. The whole SFG image is cut into 10x10 pixels squares with 10000 region of
interest (ROI). Consequently, 10000 SFG spectra are extracted. Contour map of resonant
amplitude and histogram of resonant frequency are obtained based on fitting each SFG
spectrum corresponding with the 10000 ROIs via Equation 2-12 as shown in Figure 6-4B
and Figure 6-4C. Meanwhile, a 750x750 pixels black square is employed for cropping the
SFG image and extracting the corresponding SFG spectra, as well as another four 20x20
pixels square of different colors as shown in Figure 6-4A. The five spectra and fitting lines
in five squares (based on equation 2-12) are shown in Figure 6-4D and the fitting

parameters are listed in table 6-1. The different color of fitting line and word shown on
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Figure 6-4A and Table 6-1 is corresponding with the different color squares shown on

Figure 6-4A.
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Figure 6-4: (A) SFG image of CO on platinum in 2070 cm range. (B) Contour map of
the resonant amplitude Ar. (C) Histogram of frequency (®q). (D) SFG spectrum (dot) and
fitting line of corresponding color square area.

Based on Table 6-1 and Figure 6-4C, the resonant frequency of CO is around 2067-
2077 cm*, which is unambiguously assigned to the vibration frequency of CO linearly

bonded to platinum atom on the surface step. Previous studies demonstrated that the long

time ion gun sputtering causes a formation of three dimensional defect structure on
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platinum surface.’® TPD results also proves that most of CO molecular desorbs from the
surface step site. The domain structure shown in the Figure 6-4(A,B) is similar with Ertl’s
PEEM map on polycrystalline platinum domain shown in Figure 6-5.2 The varying
crystallographic orientation on polycrystalline platinum originates from the different

coverage domain appears on surface.

Table 6-1. Fitting parameter of SFG spectrum in different color square, respectively

Square | Ay | @ Ag | @em™y | Tem™
750750 | 3.48 | 1.02 | 52.44 | 207274 | 9.66
20x20 | 4.06 | 096 | 95.90 | 207153 | 10.22

20x20 3.65 | 1.06 | 65.87 | 2073.53 9.12
20%20 451 | 097 | 2275 | 207534 7.48

Figure 6-5: PEEM imaging (600x600 um) of (A) clean platinum surface (B) after
saturation with assorted oxygen at 433 K (C) under stationary reaction conditions at 433 K
with P(02)=4x10*mbar, P(CO)=1.22x10"° mbar.(Reproduced from Ertl’s papers?).
Figure 6-6 demonstrates the statistically analysis of the SFG image about CO
adsorption on the polycrystalline platinum surface. As shown in the histogram and contour

map, it is clear that the resonant frequency of CO stretching vibration varies on different

crystal domain areas.
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Figure 6-6: Statistically analysis about CO resonant frequency distribution on
polycrystalline Pt surface.

6.5. Conclusion

UHV-SFG imaging set up IS successfully developed and applied on the CO
adsorption on polycrystalline platinum under ambient pressure. TPD results demonstrates
that a clean platinum surface is obtained in UHV and CO gas adsorbed on polycrystalline
platinum surface at room temperature. The stretching vibration mode of linearly bonded of
CO on polycrystalline platinum surface is identified by the SFG imaging. The resonant
frequency of CO stretching vibration varies on different crystal domain areas. The domain
structure on SFG image is related with the varying crystallographic orientation on

polycrystalline platinum surface.
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CHAPTER 7. SMMMARY AND OUTLOOK

The work presented in this dissertation has mostly been focused on the surface
chemistry studies on metal surface via SFG imaging. The study demonstrates that the
analytical capabilities of SFG imaging offer valuable molecular level information
regarding the molecular properties on heterogeneous metal surface. The main results are

summarized together with an outlook on possible further development and studies.

The SFG imaging technique was developed to evolve from the SFG spectroscopy
which relies on averaged signal into a surface microscopic technique. It could not only
define the real spatial heterogeneity of the surface adsorbate on metal surface, but also
visualize the relationship of the surface molecular properties with underneath copper
substrate. Such ultimate advantage of SFG imaging brings new insight into studying
dynamic processes including catalysis, corrosion and biology process on metal surface.
Major observations in spatial correlation of surface molecule property such as monolayer
orientation, conformation, and phase information with local metal structure have been
achieved. In addition, the dynamic chemical process on metal surface is monitored as a
transformation of the non-resonant phase and background of SFG spectra. The new
generation SFG imaging setup is developed with higher spatial resolution and easier

alignment strategy.

This first study focuses on the application of the new generation SFG imaging setup
to measure the ambient pressure methanol adsorption on polycrystalline copper surface. It
is shown that the methoxy species is generated by exposing the polycrystalline copper
surface to methanol vapor at room temperature. In addition, the oxygen exposure brings a
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direct effect on the surface coverage and conformation order of methoxy monolayer. By
employing the statically analysis of SFG image, the monolayer order influenced by the
oxygen exposure is demonstrated. The observation that the monolayer orientation
distribution without oxygen is statistically broader than with oxygen proves the oxygen
exposure promotes the surface adsorption of methanol and generates a more compact
methoxy monolayer on copper surface. The second study focuses on the CO adsorption on
a polycrystalline platinum surface via SFG imaging. SFG spectra identify the linearly
bonded of CO adsorbed on the polycrystalline platinum surface. The statistical analysis of
SFG image demonstrates that the resonant frequency of CO stretching vibration varies on
the different crystal domain areas. In brief, these two studies address the unique power of
SFG imaging in studying gas/metal interface and in-situ monitoring catalysis process with

a significantly higher sensitivity to monolayer order.

SFG imaging has also been used to characterize ODT monolayer on
microcrystalline copper surface wherein micrometer size crystal domain existed on copper
surface. The crystal grain and grain boundaries of the copper surface are mapped in the
SFG image based on the strong brightness contrast of the SFG signal across the boundary.
Local SFG spectra reveal significant difference with each other, as well as the average SFG
spectra, indicating the heterogeneity of the copper surface resulting from copper grains
with distinct crystallographic facets and orientations. The SFG spectra demonstrate a
feature anisotropy in different crystal domain. Such anisotropy resulted from the individual
surface atom structure in different crystal grain. With the aid of statistical analysis of SFG
imaging, the microcrystalline copper surface demonstrated a well-separated spatial

distribution for non-resonant phase, orientation and conformation representing distinct
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monolayer property in each crystal domain area. The statistical analysis allow to compare
orientation distributions in different crystal grain and correlate the relationship between

monolayer orientations with underneath copper structure.

A decade of SFG imaging studies has provides enlightening insights into a number
of molecular level surface science studies on metal surface that were previous inaccessible
previously. Currently, SFG imaging is becoming a more widespread technique. The
development could be proved by the significant increase in the number of groups starting
SFG imaging research. It can be expected that its range of applications will be significantly
extended in the future. Besides that, with the progress in laser technology, the development
of more powerful and stable laser removes the major obstacles to performing SFG imaging
experiment. The SFG imaging continues to require less expertise. Plenty of room left for
further development is concerned with improvement of higher spatial resolution and image

acquisition time.

The field in which SFG imaging has already been applied very successfully and in
which it is expected to make further significant contributions in the future is corrosion since
it bridges the pressure gap and identified the surface heterogeneity.!? Besides that, the
unique opportunities for studies of dynamics and kinetics at metal surface have opened up
new dimensions for the application of SFG imaging in heterogeneous catalysis. Biology
will also likely to be a major field in which SFG imaging would make a significant

contribution to understanding of cell, tissue, lipid layer on the molecular scale.
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APPENDIX A. Roles of Oxygen for Methanol Adsorption on
Polycrystalline Copper Surface Revealed by Sum Frequency Generation

Imaging Microscopy
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Figure A-1:Simulation curve of a SFG spectrum line shape with relative phase shift (¢)
shown in equation 3 is equal to -90°,0°,45°,90°, which a single resonance at 2900 cm™,
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Figure A-2. The PPP-SFG spectrum of pure copper.
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Figure A-3. The PPP-SFG spectrum of ambient pressure methanol (CHsOD) with
atmospheirc oxygen pressure in OD vibrational range.
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APPENDIX B. Grain Structures and Boundaries on Microcrystalline
Copper Covered with an Octadecanethiol Monolayer Revealed by Sum

Frequency Generation Microscopy
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Figure B-1. Schematic diagram of SFG microscope and optical microscopes (wavelength,
808 nm).
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Table B-1. Fitting parameters for SFG spectra in Figure 4-2(a)-2(f), respectively.

Azimuth angle 0°

Anr(a.u.)  Phase(¢p) A@r") o@) Al o(@)
Average 22.35 1.35 37.8 2883 52.1 2969
Domain 1 21.85 0.96 39.6 2883 80.1 2972
Domain 2 12.28 2.70 89.7 2878 7.30 2969
Azimuth angle 180°

Anr(a.u.) Phase(¢p) Ar") o@) Al o(@)
Average 14.71 1.33 25.1 2882 374 2970
Domain 1 10.84 2.28 63.1 2880 19.6 2966
Domain 2 15.35 1.12 19.2 2882 494 2971

Figure B-2. Unprocessed SFG image (IR wavenumber: 2980 cm™ of copper sample at the
azimuth angle of 0°(a), 100°(b), 135°(c), 180°(d), 220°(e), and 320°(f), respectively.
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Figure B-3. Unprocessed SFG average image (IR wavenumber: 2700-3050 cm™) at the

azimuth angle of 0° (a) and 180° (b), respectively.
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Figure B-4. Theoretical curve simulating the amplitude ratio of CH3.sym/CH3s.asym as the
function of the tilt angle of methyl group.

Theoretical background of Figure B-4:

In this work, the orientation analysis is based on the amplitude ratio of CH3-sym/CHa-
asym. 12 The methyl group is approximately treated as Csy symmetry. A § function

distribution is assumed for the tilt angle of methyl group, isotropic distribution is assumed

158



for the rotation angle and azimuthal angle. The C-H bond polarizability model and
formulas from Hirose et al.* and Wang et al.® is used. Fresnel factors were calculated based

on the model presented by Zhuang et al.®

Figure B-5: (A-D) RHEED patterns of four different area on the microcrystalline copper
surface.
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Figure B-6: (A-D) SEM image of microcrystalline copper surface in different position
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Optical image SFG image (2880 cm™) SFG image (2890 cm™)

Nonresonant background SFG image (2970 cm™)  SFG image (2975 cm?)

Figure B-7: (A) Optical image, (B, C, E, F) SFG image and (D) chemical image of
microcrystalline copper surface in different position
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Figure B-8: SFG spectra in different area shown in Figure B-7
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Figure B-9: Resonant frequency distribution in different area shown in Figure B-7
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APPENDIX C. Conformation Order of an Octadecanethiol Monolayer
on Microcrystalline Copper Revealed by Sum Frequency Generation

Microscopy

g, .
5, 0i180

270

Figure C-1. Rotation anisotropy of the SFG intensity of pure Cu (111) at 3000 cm™

monolayer. The solid line shows the fitted curve to Equation 5-2.
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Figure C-2. SEM imaging of the copper surface with ODT monolayer

165



Figure C-3. SFG image (2980cm™) of the copper surface with ODT monolayer with

azimuthal angle of 80°(A) and 240°(B), respectively.
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APPENDIX D. Octadecanethiol (ODT) Monolayer on Copper & Silver

Strips Pattern Surface
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Figure D-1: Experimental schematic sketch of sample preparation about Ag/Cu bimetal
sample surface
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Figure D-2: (A) SFG image of octadecanethiol (ODT) on copper & silver strips pattern
surface (2980cm™). (B) PPP SFG spectrum of octadecanethiol (ODT) on copper & silver
strips pattern surface.
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Figure D-3: (A) SFG image (B) Magnified SFG image of octadecanethiol (ODT) on
copper & silver strips pattern surface (2980cm™). (C) Fitting results of non-resonant
background and nonlinear phase. (D) Lineprofile across the SFG image.
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