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Abstract

Abstract

The interaction of aniline with clean, partially oxidised and fully oxidised Cu(110)
surfaces has been studied by XPS and S'TM at room temperature and is compared to
the reactions of 2-tertbutylaniline. Limited dissociation occurs at clean Cu(110), but
at a partially oxidised surface, a chemisorbed phenyl imide ((CgllsN(a)) product is

formed, together with water which desorbs. The phenyl imide forms three different

2 -1 2

‘ . 4 0 4 0 4 0 , ,
domains. described by 5 . and | unit meshes. A coadsorption
of aniline and dioxygen in a 300:1 mixture results two structures, described by

3 0 30
[ | 2] and [1 2] unit meshes. In both cases, the maximum surface

concentration predicted by STM is half that actually determined by quantification of
the XPS peaks. Pi-stacking of the phenyl rings is proposed to account for this
discrepancy. 2-tertbutylaniline adsorbs at partially oxidised Cu(110) surfaces,
forming a moderately ordered p(2x2) structure. The maximum surface coverage
predicted by STM is in agreement with the actual maximum surface concentration of

25x 10" em™

The interaction of dimethylamine with clean, partially oxidised and fully oxidised
Cu(110) surface at room temperature has been studied by STM and XPS. Reaction
with partially oxidised Cu(110) causes reconstruction of the chemisorbed oxygen
islands from the well know p(2x1)-O(a) structure to a (3x1) phase. The expanded
oxygen islands desorb as water and structures orientated in the <110> direction,
assigned to (CH3),;N, form in their place. The structures are stable for several
minutes, after which they desorb, possibly as CH3NCHy,, via a 3-climination
reaction. Reaction with a complete O(a) monolayer results in limited dimethylamine

adsorption. Dimethylamine does not react with clean Cu(110) at room temperature.

The reaction of cthylamine with clean, partially oxidized and fully oxidized Cu(110)

has been studied by STM and XPS at room temperature and is compared with the




Abstract

reactions of diaminocthance and 2.2 .2-trifluorocthylamine. Ethylamine reacts with
partially oxidized Cu(110) causing expansion of the oxygen islands from p(2x1) to
(3x1) structures. After a period of several minutes, the expanded oxygen islands
desorb as water, leaving a clean surface. Isthylamine reacts with a full O(a)
monolayer without any reconstruction, causing desorption of all surface oxygen and
resulting in a clean surface. It is proposed that the ethylamine desorbs as CHsCHNI
via a B-elimination reaction. Diaminocthane reacts with partially oxidized Cu(110)
in the exact same manner as cthylamine. At partially oxidized Cu(110), 2,2.2-
trifluorcthylamine causes desorption of all chemisorbed oxygen without causing any
recconstruction of the oxygen islands. A clean surface is left at the end of the

reaction. A full O(a) monolayer is inert to 2,2,2-trifluorcthylamine.

The interaction of 4,4-diaminobenzophenone, (H,NCgly),CO, with clean Cu(110)
surfaces has been investigated by STM and XPS at room temperature. Sub-

monolayer coverages give rise to three distinct, highly ordered structures. The first

4 0
can be described using by a (2 3) unit mesh. The others are based around a pair of

0

7 0
and lattices. Above a monolayer, order
-4 3 -2 3

molecules, forming (

breaks down.
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Glossary

Glossary

All gas exposures are expressed in Langmuirs, 1., defined as 107 torr s.

A chemisorbed oxygen monolayer at Cu(110) surfaces is defined as 5.5 x10™ atoms

2. . .
cm’™ 1.e. the coverage at which the surface is saturated.

AES ..o o0 Auger Electron Spectroscopy

ARUPS . . ... .. Angle Resolved Ultraviolet Photoelectron Spectroscopy
ARXPS . .. .. .. Angle Resolved X-ray Photoclectron Spectroscopy
EELS ... ... .. Electron Energy LLoss Spectroscopy

HREELS . . . . . .. High Resolution Electron Encrgy Loss Spectroscopy
IR ... Infrared

LEED ... ... .. Low Energy Electron Diffraction

RAIRS . . . . .. .. Reflection Absorption Infrared Spectroscopy

SES . ... ... Secondary Electron Spectroscopy

SEXAFS . . ... .. Surface Extended X-ray Absorption Fine Structure
SPM ... ... ... Scanning Probe Microscopy

STM . .. ... .. Scanning Tunnelling Microscopy

STS . ..... ... Scanning Tunnelling Spectroscopy

™D . ... ... .. Temperature Programmed Desorption

VEELS . ... ... Vibrational Electron Energy Loss Spectroscopy
XPS ... X-ray Photoelectron Spectroscopy

UHV ... ... ... Ultra-High Vacuum*

UpPsS ... ... ... Ultraviolet Photoelectron Spectroscopy

* UHV conditions are in the range 107 to 10" mbar.
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Introduction

Introduction

This thesis presents the results of a series of experiments investigating the reactions
of amines with Cu(110) surfaces using STM and XPS. The combination of STM and
XPS in the same system is a powerful tool in the study of reaction mechanisms at
single crystal surfaces. XPS can give qualitative and quantitative analysis of
adsorbed molecules, while STM can give structural information at a molecularly
resolved level regarding the same species, as well as following surface reactions in

real time.

To date, the majority of surface science investigations into amine chemistry have
utilised TPD and vibrational spectroscopic techniques. It is hoped that the
combination of STM and XPS will lead to a better understanding of the reaction

mechanisms that simple amine species undergo at metal surfacces.

Most previous surface science investigations into amine chemistry have focussed
only on adsorption at clean metal surfaces. Previously, the group has investigated
the reactions of ammonia!'”"! and pyridinelg] with copper surfaces. The results show
how the presence of chemisorbed oxygen can acutely affect the reactions occurring.
A large focus of this thesis, therefore, is concerned with the interaction of amines
with oxidised Cu(110) surfaces. Study of this kind may also help characterise the
reactions that occur at oxidised sites in real catalytic systems. For example, the
enantioselective hydrogenation of a-functionalised ketones and olefins over a

platinum catalyst require a basic N atom in the presence of oxygenlgl.

The study and characterisation of the reactions of amines with model systcms such as
copper and copper oxide single surface crystals can assist a great deal in clarifying

the mechanistic details of a whole host of commercial processes.

X1l



Introduction

Amines play an important role in catalysis and arc commonly used to modify the
selectivity and activity of catalytic reactions. As such, amine modification enhances

10 T .
191 and ruthenium!"" based hydrogenation catalysts.

palladium
Commercially, methylamines are produced by the amination of methanol over a solid
acid catalyst, producing monomethylamine. dimethylamine and trimethylamine in a
ratio of 17:21:61. However the industrial demand for these chemicals is in the ratio
of approximately 30:60:10. It has recently been shown!'*"*! that alkylamines can be
synthesised in a ratio much closer to that required by industry through use of copper
catalysts. This process uses carbon dioxide as the feedstock and therefore also has

enviromental advantages over the current method.

Amines have important applications in the arca of adhesion. as they are commonly
used as curing agents in epoxy resins. Epoxy-copper adhesion is important to
processes such as the manufacture of circuit boards and microelectronic packaging!'®
' A better understanding of the interactions between amines and the copper surface

can therefore help the development of such technologies.

Studies of organic semiconducting film materials that consist of small aromatic
molecules show that the structure of the contact layer between the film and the
substrate is very important in determining the electronic properties of the film!'®l.
Since aniline is the monomer of one of the most commonly used conducting

polymers, investigation into its interaction with metal substrates may prove useful.

Research has also been conducted into the use of aniline and various derivatives to

[19-23] A recent theoretical study“()'

help inhibit copper corrosion in acidic solution
showed that the corrosion inhibition by aniline is associated mainly with the
interaction of the molecule with surface defect sites which, due to their high

reactivity to external agents, are prime sites for corrosion.

The interaction of amine moieties with surfaces is therefore an important subject. It

is also important from a fundamental perspective, as the study of amines can show

Xiii
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the relative importance of CH, NH and CN bond scission mechanisms in determining

the overall chemistry of a reaction.
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Chapter 1 Instrumentation, theory and experimental

Chapter 1

Instrumentation, theory and experimental

1.1 General instrumentation

All experiments documented in this thesis were conducted on a combined XPS/STM
instrument developed by Omicron Vakuumphysik GmbH, a simplified schematic of
which is shown in figure 1.1. The instrument is comprised of two main chambers,
one of which houses the scanning tunnelling microscope, whilst the other contains
the x-ray source for XPS, together with an Ar’ sputtering gun for sample cleaning,
two leak valves for gas and vapour dosing, a Knudsen cell for the dosing of solids

and a mass spectrometer.

The system is pumped with turbo and ion pumps. The combination of both pumps

brings the pressure down to a typical 1 x 10" mbar.







Chapter 1 Instrumentation, theory and experimental

1.2 Scanning tunnelling microscopy

1.2.1 Introduction

The Scanning Tunnelling Microscope (STM) was invented in 1981 by Gerhard
Binnig and Heinrich Rohrer''! whilst working for IBM in Zurich, Switzerland.
winning them a Nobel Prize in Physics in 1986. The STM allows for unprecedented
atomic resolution images of surfaces. While older, diffraction-based techniques like
LEED can help determine the long-range structure of an ordered, adsorbed species,
STM can be used to examine individual atoms, and areas of a few square nanometres

can be studied in detail.

STM images are obtained by moving an atomically sharp metal tip close enough to a
conducting surface for the electron clouds of the surface and the tip to overlap.
When a voltage is applied, electrons can travel from the surface to the tip or vice
versa. This is known as electron tunnelling. The current depends exponentially on
the distance between the tip and the surface, and by scanning the tip across the
surface, a picture of the electron density in that area is formed. If the resolution is

high enough, atomic detail can be obtained.

1.2.2 Electron Tunnelling

Electron tunnelling is the flow of electrons through a classically forbidden barrier
such as the vacuum between tip and sample in an STM instrument. It can only be
explained by quantum mechanics. Classic mechanical theory states that the vacuum
between the surface and the STM tip is a finite barrier, yet when the tip is brought to
within a few nanometers of the surface and voltage is applied between the two, a
current is formed. If the sample is positively biased, electrons will flow from the tip
to the sample, and vice versa. This clearly contradicts the classic mechanics theory
that in order to remove an electron, an amount of energy equal to the sample’s work

function must be supplied. The work function, ¢, is defined as the minimum energy
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Chapter 1 Instrumentation, theory and experimental

the tip mounted in a piezoelectric cylinder. When a voltage is applied between pairs
of opposing electrodes on the outside walls of the cylinder, it will bend. This effect
can be used to scan the tip in the x and y plane of the surface in a controllable
manner. A voltage can also be applied between the inside and outside surface to

expand and contract the cylinder and hence control movement in the z direction.

1.3.5 Scanning parameters

The STM is controlled from a computer workstation, and Omicron-developed
software allows for precise control of the scanning across several parameters.
Typically, the frame size, scanning angle and position is set according to the needs of
the experiment. Once a suitable area of the crystal has been found, the tunnelling
current (/), bias voltage (+ V) and loop gain can be fine-tuned in real-time in order to

improve the quality of the image.

Varying the tunnelling current has the most impact on the /-image, or the constant

height mode of operation. Typically, the greater the current, the brighter the image.

For the scanning of Cu(110), voltages in the range of 0.02V and 3V were typically
used. The polarity of the voltage can be changed during a scan, reversing the flow of
tunnelling electrons. Fine-tuning of the bias voltage is important in better defining

atoms adsorbed onto the substrate.

The loop gain plays an integral part in the quality of the images from both constant
height and constant current modes of operation. When scanning large areas (>400nm
x 400nm), the loop gain is typically set at approximately 60%. It is generally a
requirement that as the area being scanned gets smaller, so must the loop gain. For
areas of 60nm x 60nm and smaller, values of >1% are used. In order to achieve
atomic resolution in the Z-image (constant current mode), the loop gain is typically

required to be approximately 0.1%.
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1.4 X-ray photoelectron spectroscopy

1.4.1 Introduction

Photoelectron spectroscopy (PES) is one of the most widely used techniques for the
study of surfaces. It relies on the photoelectric effect wherein photons of a defined
energy, hv, impinge on a solid and, assuming the photon energy is greater than the
work function of the solid, absorption of the photon causes the ejection of a
photoelectron. The photoelectron possesses a discrete kinetic energy, dependent on
the orbital from which it was ejected. This kinetic energy is given by the Einstein

1 shown in equation (1.2), where Ex = kinetic energy of the emitted

relationship
photoelectrons/eV, hv = energy of the impinging photons,/eV, Eg = binding (or

ionisation) energy of the ejected photoelectrons/eV.
EK=hv—EB (1.2)

PES is generally divided into two techniques, which vary in the ionising source and
hence the energy of the photons impinging on the surface. X-ray photoelectron
spectroscopy (XPS) uses electron bombardment of Al or Mg to create X-rays with
respective energies of 1486.6 and 1253.6 eV. The photons produced by such
methods have energies great enough to probe the core orbitals of atoms. Since these
levels are quantised, the photoelectrons have a kinetic energy distribution, n(E),
made up of a series of discrete bands. Thus, plotting n(E) against Ex gives the

photoelectric spectrum and can give elemental information.

Although the X-rays used for XPS penetrate approximately 10* A, due to inelastic
scattering of the photoemitted electrons, the measured photoelectrons originate from
a depth of under 50A from the surface. It is for this reason that XPS is a surface
sensitive technique. The inelastic scattering of photoelectrons also means that XPS

requires UHV.
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Chapter 1 Instrumentation, theory and experimental

The Auger process involves ionisation of a secondary outer electron, the Auger
electron, resulting in a doubly ionised state. The electron is ejected by the energy
released by filling the core-hole. Auger electron energies depend only on the
difference between the levels concerned and not on the incident photon energy

(equation (1.4)).

Exuger = El - (EZ + EJ) (1'4)

Auger electrons give rise to signals in the photoelectron spectrum as well as forming

the basis of Auger Electron Spectroscopy (AES).

1.4.3 Koopmans’ Theorem

1 or the ‘frozen orbital approximation’ assumes that that the

Koopmans’ theorem
orbital energy in both the initial (neutral) and final (ionised) states are equal.
However, Koopmans’ theorem seldom applies, as the electron cloud will respond to
the formation of a core hole. Equation (1.5), therefore, can be more accurately

expressed as:

(Efinal — Einitat) = hv - Eg (1.5)

1.4.4 Final state effects

The formation of a positive core-hole due to photoemission affects the final state of
the atom. In order to minimise the effect of the new positive charge, it can relax via

the following mechanisms, all of which can affect the photoelectron spectrum.

13
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1.4.4.1 Intra atomic relaxation

Upon photoionisation, the occupied atomic orbitals of the excited atom relax by
contracting towards the positive core-hole and lower the energy of the final state.
The difference in energy is passed on to a photoelectron. In a photoelectron

spectrum, this can result in a feature shifting to a slightly lower binding energy.

1.4.4.2 Electron shake-up and shake-off processes

Shake-up and shake-off are terms given to the processes by which electrons other

than the escaping photoelectron undergo simultaneous excitation.

During a shake-up process, a specific quantum of energy is used to promote a
valence electron into a higher, unoccupied level. This reduces the amount of energy
available to the escaping photoelectron and results in a discrete satellite peak in the
corresponding photoelectron spectrum at a BE energy that is lower than the parent

peak. Such satellites can provide extra information about an atom’s chemical state.

During a shake-off process, energy from the escaping photoelectron is passed on to a
valence electron, ejecting it to an unbound state and leaving vacancies in the core and
valence levels, resulting in a doubly ionised state. Unlike the shake-up process, the
energy involved here is not discrete and so discrete structure is not observed in the

photoelectron spectrum.

1.4.4.3 Spin-orbit coupling

Electrons orbiting a nucleus have an orbital angular momentum, /, and spin angular
momentum, s. In a neutral state, these electrons exist in pairs with opposing spin,
resulting in a net magnetic moment of zero. Upon photoionisation however, the

atom will be left with an unpaired electron, the spin angular momentum of which
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will interact with the orbital angular momentum. Depending on the electron left
unpaired, the spin will either reinforce or oppose the angular momentum. This
causes two non-degenerate states to be formed, and hence two different values for
the total angular momentum, j (where j = /+s). The opposing state has a higher

energy than the parallel state.

These two different final states for the atom can affect the photoelectron spectrum,
resulting in a splitting of the primary photoelectron peak into two of differing
intensity. The ratio of the intensities of these peaks is related to j, and is given by
equation (1.6).

Intensity =2j + 1 (1.6)

Figure 1.9 shows the effects of spin-orbit coupling in the Ni(2p) spectrum. The peak

is split in two, with an intensity ratio of 2:1.

Ni( 2p7)

N1(2p%)

Spin-orbit splitting

AL L B L L L L L BB S R

850 860 870
Binding Energy (eV)

Figure 1.9: Spin-orbit splitting in the Ni(2p) XP spectrum.

1.4.4.4 Multiplet splitting

Multiplet splitting occurs when an unpaired core electron becomes coupled with an

unpaired valence electron. Their spin vectors can align either parallel or antiparallel
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1.4.5 The chemical shift

The initial state of a molecule can also aftfect the photoelectron spectrum. The main
initial state effect to be considered in XPS is the chemical shift. Chemical shifts are
caused by a redistribution of charge occurring in atomic valence orbitals when a
change in their chemical environment occurs, e.g. the formation of a chemical bond.
The difference in charge alters the electrostatic fields around the core orbitals,
resulting in small shifts in energies of the core orbitals, and hence the binding

energy.

Figure 1.11 shows the C(1s) XP spectrum of ethyl-trifluoroacetate!'*!. The different
electronegativity of the substituent groups result in four chemically distinct peaks.
Highly electronegative atoms, such as fluorine, attract electron density away from
carbon atoms to which they are bonded, resulting in a small positive charge in the
carbon atom and thus a higher ionisation energy, which manifests itself as a shift in
binding energy in XP spectra.

C‘-lF C-IO C-0 C-C. C-H

|

F ) H H

L R |
F—(C—C—O—C—C—H

/ I

F H H

1 1 |
205 285
Binding energy‘eV

Figure 1.11: C(1s) XP spectrum of ethyl-trifluoroacetate
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1.4.6 Inelastic scattering and surface sensitivity

Although X-rays used for XPS analysis can penetrate the bulk of a solid up to 10* A,
due to the inelastic scattering of the emitted electrons, the measured photoelectron
signal originated from a surface depth of less than 50 A from the surface. The
inelastic scattering, which is referred to as the inelastic mean free path (IMFP),
escape depth or the attenuation length, may be quantified by the parameter A, and is
defined as the thickness of material that will attenuate an incident flux of electrons
(1) by a factor of 1/e. The resulting photoelectron flux is given by equation 1.7, and

shown schematically in figure 1.12..

=1, exp(:;) (1.7)

Figure 1.12: The detected photoelectron flux passing through a material of thickness
d

The mean free path of electrons for inelastic scattering in solids depends on the
kinetic energy of the emitted electrons and is shown graphically in figure 1.13, which

is commonly known as the universal curve.
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Figure 1.13: The universal curve measured from a range of elements!'?!

Electrons that undergo energy loss due to inelastic scattering do not contribute to the

photoelectron peaks, and instead make up most of the spectral background.

1.4.7 Instrumentation

A schematic diagram of the XPS function of the spectrometer is shown in figure

1.14.

The spectrometer contains a dual anode X-ray source, containing Al and Mg anodes.
The anodes are bombarded with electrons from a hot filament and are ionised,
forming core-holes. The core-holes are filled by electrons from outer levels and the
excess energy is emitted as X-ray photons. Although the Mg anode was used on
occasion (alternating between anodes can distinguish between XP and Auger peaks,
as the kinetic energy of Auger electrons do not depend on the photon energy), the

results presented here were all obtained through use of the Al anode.
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A lower pass energy results in greater resolution of the peaks, however this

enhancement is offset by a decrease in signal intensity.

A channel electron multiplier is required to amplify the signal, as the number of
photoelectrons exiting the analyser is not large enough for spectral analysis. The
multiplier is comprised of a coiled tube and an entrance cone. The surface is coated
with a low work function oxide, and when a single electron collides with the surface,
secondary electrons are generated. This occurs all through the coil and results in

signal amplification to the order of 10°.

1.4.8 Data analysis and spectral interpretation

Analysis of raw XPS data was achieved via in-house software developed by
CarleyREF. The software was used mainly for background removal, spike removal,

spectral subtraction, and peak area calculation.

1.4.8.1 Background removal

Inelastically scattered electrons are responsible for the most of the underlying
background intensity in XP spectra. This is usually observed as a sloping
background rising towards high binding energy. There are two ways of removing

this background, a step that must be taken in order to accurately measure peak areas.

A linear background subtraction can be obtained by the removal of a straight line
drawn from the least squares fit of the first and last ten points either side of the peak.

(31" whereby

The second method is known as the non-linear, or Shirley subtraction
the background is assumed to arise solely by the scattering of higher kinetic energy
electrons, and is therefore proportional to the integrated photoelectron intensity at

higher kinetic energy. The area between two selected points is repeatedly integrated
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1.4.8.3 Quantification

XPS is a quantitative technique with the signal intensity directly related to the
number of atoms sampled. Determination of the surface concentration of an element

is achieved by integration of the area under a background-subtracted XP peak.

Equation (1.8), developed by Carley and Roberts!"*! is used to relate the peak areas
to surface concentrations. It is a modified version of an original equation derived by
Madey!"®!, and now includes the photoionisation cross section to account for the
probability that an electron is photoemitted from a particular orbital of a particular
atom. This value is dependent on the size and shape of the orbital and the ionising
photon energy. Values for the photoionisation cross sections of elements are

obtained from data tabulated by Schofield!"®!.

KE, X]_AX HsNA;pg cOsg

o,= (1.8)
KE S [S qu MS
o4 = surface concentration (atoms cm'z)
A = adsorbate
S = substrate

KE = photoelectron kinetic energy
I = intensity of photoelectron peak
4 = photoionisation cross-section
N = Avogadro’s constant
As = mean free path of photoelectrons within substrate
ps = density of substrate
¢ = angle of collection of photoelectrons with respect to the sample normal

M = relative atomic mass of substrate

23
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1.4.8.4 Curve fitting

Occasionally, two XP peaks arising from different chemical states of a particular
surface species overlap. Curve fitting can resolve each component of the composite

peak.

The software used employs and iterative routine that optimizes the fit between a
synthesized spectrum and the available raw data. Through the predefinition of the
number of species present within the composite spectra, the user may then select
initial values for the intensity energy and FWHM. These parameters form Gaussian
peaks, which are summed to give an approximate fit. The result is passed through an

iterative least-squares minimization to automatically yield a ‘good’ fit.

1.5 Miscellaneous equipment

1.5.1 The gas line

Two leak valves on the main chamber are connected to a stainless steel gas line, and
can be used for the controlled exposure of gases and vapour over a range of
approximately 1 x 10° mbar to 1 x 10 mbar. A schematic of the gas line is shown
in figure 1.17. It is comprised of two sides, one for each leak valve, which can be
isolated from each other, allowing for simultaneous dosing of two different gases. It
is pumped by a diffusion pump to a typical pressure between 1 x 10® and 1 x 107

mbar.
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