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Abstract

ABSTRACT

Thiol and selenol self assembled monolayers (SAMs) on gold electrodes are studied

using cyclic voltammetry with in-situ second harmonic generation. Properties including
reductive desorption potential, desorption charge and peak shape are examined for a

variety of SAM systems, furthermore, the charge of desorption is correlated with

coverage determined by second harmonic generation.

Alkane thiols, the simplest case of thiol SAMs are compared with SAMs containing a

rigid biphenyl unit. For a homologue series of molecules oo-CH3-C6H4-C6H4(CH2)nSH,
BPn n=l-6, a distinct odd-even effect in desorption peak potential, desorption charge
and peak shape is observed. The effect is reversed on silver substrates indicating that the
effect is due to the hybridisation of the sulfur. SAMs containing a hydroxyl or carboxyl
tail group are less stable than the methyl analogue whereas SAMs containing a thiol tail

group are more stable than the methyl analogue. Selenol SAMs are considerably more

stable than their thiol analogues. SAMs of molecules containing multiple anchor points,

dipod and tripod, were investigated. Increased hydrogen evolution currents suggest that
there is considerable surface disruption during film assembly.

The coverage determined by SHG is linearly proportional to the charge for the

desorption of hexadecane thiol despite the presence of a double peak. A desorption
mechanism based on pair interactions is proposed based on the cyclic voltammetry and
in-situ second harmonic generation of alkane thiols and biphenyl thiols.

Selective metal deposition on patterned SAM modified gold electrodes is illustrated.

Using an acidic copper sulfate electrolyte, copper is deposited selectively on biphenyl
thiol modified regions, while hexadecane thiol blocks copper deposition. A detachment

procedure is applied that allows formation of copper deposits with a flatness comparable
to the underlying gold substrate. This technique is a versatile and facile method suited to

producing well defined nano structures.
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Chapter 1: Introduction

Chapter 1
INTRODUCTION

1.1 General Aspects of Self Assembled Monolayers (SAMs)

Self assembled monolayers are molecular films one molecule deep, which form

spontaneously on a solid surface, typically by adsorption from solution, as a result of
molecule-substrate and molecule-molecule interactions. Molecules have a head group

which attaches onto the substrate, a tail group which often consists of a functional group
and a spacer group, between the head and tail groups which influences the
intermolecular interactions, figure 1.1 shows the constituent parts of a generic SAM.

Figure 1.1: A generic SAM. In general, molecules stand upright to achieve close packing of the
molecules. Intermolecular interactions, dotted lines, play a significant role in the structure and

properties of the self assembled molecules allowing SAMs to achieve well ordered packing.

There are two prerequisites for well ordered SAMs, a sufficient affinity between the
head group and the substrate, and intermolecular interactions allowing ordering of the

monolayer. The head group connects the molecule to the substrate usually with a

covalent or ionic bond. The tail group is of particular interest as this allows the
introduction of functionality into the SAM modified surface. The tail group is exposed
to the local environment, and therefore, the nature of the tail group can drastically alter
the surface properties of the resulting monolayer such as wetting1, bio-molecule
adhesion2'3 or friction4"6. For example, a SAM with a methyl tail group will have a

hydrophobic surface, whereas, a SAM with a carboxyl tail group will have a hydrophilic
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Chapter 1: Introduction

surface1. SAMs have demonstrated great potential for tailoring surface properties due to

the great variety of molecules that can be synthesised. Modification of the SAM by

adding functional tail groups are the most attractive part of SAMs, nevertheless, the

spacer is a vital part of the SAM influencing the film stability and structure. The spacer

length and type have a large influence on the properties of the monolayer. Spacer

groups are generally designed to promote intermolecular interactions, typically alkane
chains with van der Waals attractions between neighbouring molecules. The spacer unit
will influence monolayer stability, longer chains have greater stability and order.

Figure 1.2: Monolayer preparation, a substrate is immersed in a solution containing the desired
molecules. Molecules spontaneously adsorb onto the surface (left) and over time, they will re¬

arrange to maximise packing density (right).

SAMs are extremely easy to prepare, a substrate is simply immersed in a solution

containing the desired molecule and molecules spontaneously adsorb onto the surface.
Substrates are usually immersed overnight giving time for molecules to rearrange and
maximise close packing, figure 1.2. Samples are removed from solution and rinsed to

remove non-chemisorbed molecules and blown dry with inert gas prior to use. A

comprehensive procedure for sample preparation in this project is given in subchapter
3.1.

There are a variety of SAM types, based on the head group-substrate combination
described next. The head group-substrate combination defines the type of SAM. Some

monolayer classifications are given in table 1.1.
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Chapter 1: Introduction

SAM type Head group Substrate references

Thiol S Gold 7-9

(or disulfide) Silver 10,11
Copper 12,13
Platinum 14

Palladium 15
Iron 16-19

Gallium Arsenide 20
Indium Phosphide 21

Mercury 22-24

Sulfide S Gold 4,25
Selenol Se Gold 26

(diselenide) Silver 27

Silane SiCI3/Si(CH30)3 Silicon Oxide 28,29
Tin Oxide 30
Indium Tin Oxide 31
Zinc Selenide 32

Isonitriles / NC Platinum 33,34
Isocyanides gold 35

copper 35

Alkanoic acids coo- Silver Oxide 36
Aluminium Oxide 36,37
Silicon 38

Alkynes C^C Silicon 39

Alkenes C=C Silicon 40
Table 1.1: SAM classifications and corresponding head group substrate combinations.

This thesis focuses on thiol SAMs on gold, which of all the SAM types have received
the greatest attention in literature, and to a lesser extent on selenol SAMs on gold and
thiol SAMs on silver. Thiol SAMs on gold are particularly attractive due to the inertness
of gold and the reliability and reproducibility of high quality film formation. Thiol
SAMs were first described by Nuzzo and Allara in 1983 and involved adsorption of
disulfide molecules on gold7, from then the scale of the research into SAMs in general
and thiol SAMs on gold in particular has grown immensely. Thiol SAMs on gold
account for a significant proportion of the recent work on SAMs. Figure 1.3 highlights
the steady growth in the research into SAMs in the past decade. Selenium based SAMs
are becoming attractive candidates for possible molecular electronics applications due to

the greater stability41 and conductivity42 relative to their sulfur analogues.
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Chapter 1: Introduction

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

Figure 1.3: Number of publications on self assembled monolayer(s) in the Science Citation
Index from 1993 to 2003. During 2003 there were 1288 articles of which 297 included the terms

gold and thiol in the title or abstract.

1.2 Electrode Modification

Metal surfaces modified using thiol molecules are examined using electrochemistry
with an in-situ nonlinear optical technique that probes the surface. Second harmonic

generation probes the metal-thiol bond. The adsorption or desorption of molecules,
induced by electrochemistry, is monitored using the optical technique. Using the in-situ

technique opens up the possibility of studying real-time processes such as the SAM

desorption process. There are fundamental and applied aspects to the desorption of
SAMs. The fundamental aspects include exploring relations between peak shape and

desorption mechanism. For example, relating the occurrence of double peaks to the

desorption mechanism. An applied aspect is metal deposition on SAM modified
electrodes. The stability of SAMs must extend to at least the equilibrium potential of the
metal in order for SAM to influence the metal deposition.

Electrochemical metal deposition, Mz+(aq) + ze" ^ M(s) is a versatile and facile technique
that can be employed to fabricate metal structures on electrodes and SAM modified
electrodes. Electrodeposition and dissolution of metal films from solution can be

precisely controlled to give well characterised electrode structures. The final structure of
the metal deposit can be controlled by adjusting the deposition conditions through

10



Chapter 1: Introduction

manipulation of variables such overpotential, deposition time, temperature, metal cation
concentration and additives. In addition to controlling the deposition conditions, the

deposition can be influenced by the presence of SAMs. The blocking property of the
SAM allows another level of control over the electrodeposition process. SAMs are a

physical barrier to electron transfer and metal deposition on the underlying substrate.
The extent of the blocking properties of the SAM are determined its conductivity and
structural perfection. Structurally perfect SAMs with low conductivity will present a

significant barrier to electrodeposition, whereas SAMs with high conductivity or many

defect sites will present a smaller barrier to electrodeposition. The structural perfection
can be significantly influenced by the preparation conditions, with better quality SAMs

being produced with high temperature preparation or annealing steps. The conductivity
is largely dependent on whether the adsorbing molecules contain aliphatic, aromatic or

conjugated units. The properties of SAMs containing a biphenyl group are particularly

interesting as they contribute to the film stability and structure, while allowing a higher

conductivity compared to an alkane thiol SAM of the equivalent thickness43.
Furthermore, biphenyl thiols demonstrate an odd-even effect with the number of

methylene units between the head group and biphenyl unit having a significant
influence on the structure and packing of molecules. Molecules with an odd number of

methylene units are able to pack closer together than molecules containing an even

number of methylene units. Surface patterning of biphenyl thiols using electron beam
irradiation has previously been demonstrated44. Biphenyl units cross-link under
irradiation allowing discrimination between irradiated and non-irradiated regions on the
surface. Control over structural perfection and conductivity of the SAM are two factors
that are required for a reproducible design of electrode structures.

There are three general ways in which the deposition could proceed, illustrated in figure
1.4. Metal deposition could nucleate at defect sites and grow in a mushroom shape.

Alternatively, ions could penetrate through the layer and deposit at the electrode surface

forming a buried layer. Lastly, metal could deposit on top of the SAM with charge
transfer occurring through the layer. However, this is unlikely, as an extreme degree of
SAM perfection would be required. It is highly probable that mushroom type growth

prevails due to the preponderance of defects in a typical SAM structure. The extent to

which the different growth mechanisms are favoured is expected to depend on the SAM

properties. Deposition on disordered SAMs will likely proceed with mushroom type
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Chapter 1: Introduction

growth due to the high density of defect sites. Conducting thiols may be more

predisposed to on top growth, however, mushroom type growth will still occur at defect
sites. Porous SAMs or SAMs containing smaller molecules will be more susceptible to

metal penetration and the formation of buried metal layers.

Mushroom On top

Buried

Figure 1.4: Diagram of three different types of metal deposition on thiol modified surfaces.
Nucleation and growth from defect sites (left), penetration of copper through the thiol layer

(middle) and growth on top the thiol molecules with charge transfer through the SAM (right).

Uniform SAMs or patterned SAMs can be prepared. One particularly attractive feature
is selective metal deposition on patterned45 SAM modified electrodes. There are several

techniques to achieve patterning, however the two principal techniques to create surface

patterns on thiol modified surfaces are lithography and micro contact printing45'4 .

Lithography involves placing a mask over a sample of thiols on gold and irradiating
with photons, ions or electrons. The mask blocks irradiation, which causes some kind of
chemical change to the surface molecules, which can then be developed. The second

technique, micro contact printing, is used in this project. Thiol molecules are initially

stamped onto the metal surface. This is followed by immersion of the substrate in
another thiol solution with adsorption preferentially occurring at the bare metal,

subchapter 3.1. Electrodes patterned with two SAMs can be developed by deposition on

only one of the SAMs, figure 6.4. The contrast is achieved by utilising SAMs with

differing degrees of blocking properties44. An insulating SAM will resist metal

deposition to a high degree while a conducting SAM will impede metal deposition to a

much lesser extent.

Controlled and selective deposition of patterned structures on electrode surfaces is

dependent on one crucial condition. The SAM must maintain its structural integrity in
the potential range where metal deposition occurs. SAMs are stable within a specific

12



Chapter 1: Introduction

potential range between which the reductive desorption and oxidative desorption

processes occur. Each metal has an individual equilibrium potential associated with the

M(S) | Mn+(aq) equilibrium, or standard electromotive force of the metal. More active
metals have a more negative equilibrium potential. Deposition will proceed when the
electrode potential is negative of the equilibrium potential. The deposition of metals on

SAM modified electrodes can only occur if the deposition potential for the metal
coincides with the thiol stability region. Metals such as copper, nickel, gold, silver, tin,

chromium, lead, zinc, iron, palladium and cobalt have all been successfully deposited on

bare electrodes47. However, not all of these metals will be suited to deposition on SAM
modified electrodes due to breakdown of the SAM prior to deposition. In order to

achieve the goal of creating well defined metal structures on patterned electrodes the

properties of the SAMs must first be established. The main task is to determine the

stability of SAMs and understand their structural properties, with a view to establishing
the best conditions for deposition of metals. This can be tackled by performing a series
of experiments involving the reductive desorption of SAMs. The reductive desorption
characteristics of the SAM is informative as several aspects of the SAM properties are

probed. The desorption peak potential is a direct indication of the film stability. In
addition to the film stability, structural information can be inferred. The desorption

charge is related to the packing density of molecules and the desorption peak width can

be related to the film uniformity. Once the SAM stability and structural properties are

established, specific SAM systems can be tailored for electrodeposition of specific
metals. Many challenges exist in this field and the scope is wide and varied.

1.3 Structural Properties

Despite the ease of preparation of SAMs, the number of interactions involved in their
formation complicates understanding their properties. The SAM properties are a

function of the interplay of intramolecular and intermolecular forces dependent on the

substrate, head group, spacer and tail group, and the interaction of the SAM with the
local environment. The properties of SAMs are dependent on a number of parameters
outlined below.

• The strength and type of interaction between the adsorbed molecules and the
substrate including the substrate-molecule interaction corrugation.

13



Chapter 1: Introduction

• The registry between the surface lattice and the adsorbed molecules including any

lattice mismatch.

• The intermolecular interactions between adsorbed molecules.

• Steric constraints imposed by the molecular geometry of the adsorbed molecules.
• The interaction of the SAM with the local environment.

• The substrate quality (smoothness and cleanliness)
• The preparation conditions play a role in determining the final structure of the

monolayer including; temperature, concentration, adsorption time and any annealing

steps.

The first five of these points are intrinsic to SAMs whereas the last two are due to

experimental properties such as preparation conditions. The two most important factors

governing self assembly are the molecule-substrate and molecule-molecule interactions.
These are the factors that drive self assembly of ordered architectures. The final
conformation and orientation of molecules largely depend on the intermolecular

interactions; this may involve tilting of moieties, alterations to the packing density and
steric constraints imposed by the molecular geometry of the adsorbed molecules. The
substrate quality refers to the flatness and cleanliness of the substrate at the atomic
level. The size of the terraces or the frequency of step edges influences the molecule-
substrate and molecule-molecule interactions. SAM properties depend on the tail group,

spacer, head group and substrate combination. These factors are explored throughout
the thesis and discussed in considerable detail.

A practical design of SAMs for applications or research requires considerable care and
attention. Creating a high quality SAM involves using the highest quality substrates and

controlling the surface preparation conditions. High quality SAMs have large domains
of well ordered molecules. Preparation of high quality SAMs is important for

applications such as metal deposition.

1.4 Aims and Objectives

The main objective of this project is to study the electrochemical stability of thiol self
assembled monolayers, with a view to understanding the factors that contribute to SAM

stability. The specific aims and objectives are as follows.
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1. Focus on the structure property relationship for a homologue series of biphenyl
based SAMs; comparing established odd-even properties with electrochemical

properties such as desorption potential, peak shape and charge transfer.
Examine the influence of preparation temperature on the reductive desorption

peak and examine the influence of scan rate on the desorption position.
Determine the correlation of charge determined electrochemically to coverage

determined using nonlinear optical second harmonic generation. Compare the
electrochemical and nonlinear optical behaviour of the biphenyl homologue
series on gold and silver substrates.

2. Focus on the electrochemical and optical properties for the reductive

desorption of a homologue series of alkane thiol SAMs, examining features
such as SAM stability, desorption peak shape, desorption charge transfer and

readsorption features. Correlate the desorption charge from electrochemistry
with coverage from second harmonic generation.

3. Investigate the electrochemical and optical properties of a variety of SAM

types exploring influences of tail group, spacer, head group and the substrate.

Catalogue the reductive desorption behaviour for a variety of SAM systems,

developing an understanding of the relationship between film stability
measured by electrochemical desorption peak position and desorption peak

shape and peak width with preparation conditions. Determine the correlation
between charge measured using electrochemistry and coverage measured using
second harmonic generation.

4. Examine the veracity of desorption models in literature contrasting
electrochemical and optical results obtained in this project with experimental
and theoretical papers. Present a general desorption model that accounts for all
of the established features for thiol desorption and is consistent with other

systems examined in this thesis.

5. Use surface patterning, via micro contact printing with SAMs to direct metal

deposition on electrode surfaces, controlling rate of deposition and achieve a

clear definition between deposited and non-deposited regions. Use detachment
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Chapter 1: Introduction

procedures to remove the metal deposit from the electrode surface creating
novel metal microstructures.

6. The combination of in-situ second harmonic generation with electrochemistry

presented a technical challenge, which involved the design and construction of
a new electrochemical three electrode cell. The design and construction of the
cell was completed and comprehensive documentation for the cell construction

procedure is included. Procedures were developed to reliably produce high

quality thiol SAMs on gold for electrochemical, optical and microscopic

analyses. Procedures for the assembly of the samples into the cell were

developed to ensure reproducible and high quality results.
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Chapter 2: Background

Chapter 2
BACKGROUND

2.1 Thiol Monolayers on Gold

This section expands the background on thiol SAMs on gold detailing a few key areas

including discussion on the formation and structure of the SAMs, types of molecules
used and the interaction between the molecules and substrate. Information on both gold
and silver surfaces is given.

2.1.1 Introduction

There is a huge research focus on thiol monolayers on gold due to the formation of well
o

ordered films with relative ease and versatility of these systems for fundamental and

applied scientific pursuits. Alkane thiol SAMs on gold are the archetypal SAM system9,
which have received the greatest attention in literature and have the most well
understood properties of all thiol SAMs, and therefore, are used as a reference system in
this thesis. Figure 2.1 depicts a hexadecane thiol monolayer on gold.

< >
3.5nm

Figure 2.1: Diagram of a hexadecane thiol monolayer on gold with a methyl tail group, a spacer

consisting of fifteen methylene units and sulfur head group. The molecular axis is tilted 30° off
the surface normal. Approximate dimensions are given.

For gold, the distance between nearest neighbour sulfur atoms is approximately 5 A, the
origin of this distance is explained in subchapter 2.1.4. The gold - sulfur - carbon bond
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Chapter 2: Background

is consistent with sp3 hybridisation48'49, and is about 104°. The combined effect of the

preferred bond angles of carbon atoms in the molecular backbone and head group, the
substrate corrugation potential and optimisation of the inter-chain distance imposes a tilt

angle of about 30° for the molecular axis from the surface normal. For an all-trans
conformation alkane thiol on gold, due to the gold-sulfur-carbon bond angle and bond

angle constraints in the carbon backbone the molecular axis will be tilted from the
surface normal. In addition to this effect there are intermolecular forces driving a tilting
of chains, molecules will tilt from the surface normal. A maximisation of close packing
of neighbouring chains with a degree of interlocking of methylene units is

thermodynamically favoured50. The van der Waals diameter of an alkane chain is 4.2
° 51A , achieving this interchain distance for SAMs imposes a tilt of 33°. However the

interlocking of the chains may still influence this parameter to further optimise the

packing of molecules8 decreasing the tilt to the experimentally observed value of 30°.
The influences of the intermolecular interaction and the strong S-Au bond work in a co¬

operative way, this synergy produces highly stable layers of well ordered thiols. Long
chain alkane thiols such as hexadecane thiol produce SAMs that have a comparatively

high stability due to having the optimal bond angles and a large degree of van der Waals
intermolecular attractions between neighbouring molecules. There is a gradual order /
disorder transition around decane thiol9'48'5052, longer molecules produce ordered,

crystalline SAMs whereas shorter molecules produce SAMs with less crystalline

packing. Hexadecane thiol SAMs have well understood properties and absence of
functional groups11'53"60 and make an ideal reference system with which other SAMs can

be compared.

The widely accepted adsorption model is a two step mechanism1'8'61'62, although a three

step mechanism has also been suggested63. There is a quick adsorption step where the

majority of the thiols chemisorb onto the gold surface, followed by a slow step where
molecules re-arrange to maximise favourable intermolecular interactions, allowing the
remainder of the thiols to chemisorb onto the surface. The first step begins as soon as

the substrate is immersed in the solution. After a few minutes, at a typical concentration
of 1 mM, there is a high surface coverage about 80-90% of thiols in a disordered state.

The second step takes place over a number of hours, thiol molecules re-arrange into the
lowest energy all-trans conformation, allowing molecules to fill in spaces created by
molecules ordering. SAMs with well ordered molecules in large domains are described
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as having a high quality. Longer preparation times and elevated preparation

temperatures improve the quality of a SAM. Preparing samples at elevated

temperatures, such as 60°C or 70°C, increases the domain size of the SAM significantly
and the overall uniformity, and hence the coverage and quality64'65.

2.1.2 Substrate Surface

Gold and silver substrates are used in this thesis. They are in the same group in the d
block in the periodic table and are chemically very similar. Although, gold is an inert

• • • 48 •

material forming no stable oxides whereas silver is more reactive spontaneously

oxidising in air. Gold is therefore ideal for routine experimental use; silver is only used
on a few occasions for a direct comparison with gold. The surface lattice structure of the
two metals is a crucial parameter that influences the bonding of molecules, the surfaces
used in this work are primarily (111). Gold and silver both form a face centred cubic
lattice with a very similar bond distance, 2.88 Angstroms for gold and 2.89 Angstroms
for silver. Topographically the surfaces are very similar, however the substrate potential

corrugation is very different with silver having a smoother substrate potential

corrugation8. The bulk truncated (111) surface consists of atoms with hexagonal

symmetry, each atom is surrounded by 6 other atoms on the surface plane. Figure 2.2
illustrates the (111) cut on the face centred cubic crystal lattice and the 3-fold symmetry

of the (111) surface. Note that due to the abc stacking geometry the sub-surface layer
ensures the symmetry is 3-fold not 6-fold symmetry.

Figure 2.2: gold crystal face centred cubic unit cell showing the (111) plane (left) and the (111)
surface (right). Considering the gold surface has abc stacking geometry, half of the three fold
hollow sites have a gold atom one layer below the hollow site (hep), the other half have a gold
atom two layers below the surface hollow site (fee).

An ideal high quality surface would be totally flat and free from any surface
contamination, however in reality this is not the case. The quality of a gold surface is
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Chapter 2: Background

determined by features such as terrace size, step edges, kinks, pits, adatoms and defect

regions between domains represented in figure 2.3. Three different types of commercial
gold (111) substrates are used in this project66; gold single crystal, evaporated gold on

mica (Au/mica) and evaporated gold on silicon (Au/Si). The surface quality for these
three substrates is not equivalent. Gold single crystals have the highest quality surfaces,
however their expense precludes routine use. Au/mica has a quality comparable to gold

single crystal in terms of terraces size and is regularly used. Au/Si substrates are the
least expensive although the surface is notably rougher then the other two.

Kink

Terrace Step edge

b Pit
c

Adatom
Figure 2.3: Some features of a surface, terraces, step edges, kinks, pits, adatoms. The fee (111)
surface has abc stacking geometry.

The fabrication methods and surface quality for each substrate type are briefly
described. Gold single crystal is prepared by the Czochralski method67, where a small
seed crystal is dipped in molten gold initiating crystallisation. A polishing and x-ray

diffraction procedure is applied to obtain the (111) face of the single crystal. These
surfaces have 3-fold symmetry with all gold atoms in a fixed azimuthal orientation and
are characterised by large flat terraces and have the highest quality surface of all
fabrication methods. Epitaxial gold (111) is prepared by evaporation on mica with a

heating stage. The axes of the underlying mica substrate determine the gold lattice axes,

the azimuthal orientations of all domains are aligned. The surface is polycrystalline in
nature with a macroscopic 6-fold symmetry due to domains having two possible
azimuthal orientations. Au/mica is characterised by large flat terraces about 150 - 200
nm across58 and larger have been reported68. Au/Si is prepared by evaporation of 100
nm of gold onto a silicon (100) substrate coated with a 5 nm thick titanium adhesion

layer. The gold preferentially assumes the lowest energy (111) surface structure. This is
a polycrystalline surface characterised by many domains with small terraces and infinite
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azimuthal crystal axes orientations. Other faces of gold may form such as (110) and

(100) and the surface is typically rougher than the other two substrate types. For
Au/mica and gold single crystals, high temperature annealing is normal practise to

flatten out planes of atoms. The gold surface quality is crucial for high quality SAMs
and the success of any experiment. Since molecules may adsorb with a stronger affinity
to the gold surface at step edges or other gold faces altering the film stability locally and

disrupting the long range ordering of molecules the substrate quality is an important
issue which is examined in subchapter 4.4.

The bulk truncated gold (111) surface naturally reconstructs to a (V3x23) unit cell, due
to an anisotropy at the bulk truncated surface69'70. The reconstruction forms a

herringbone shape and involves a 4.3% uniaxial contraction on the surface relative to

the bulk layers. The herringbone reconstruction involves a periodic switching of the

stacking geometry from abc to aba stacking. STM clearly shows this reconstructed

shape, figure 2.4.

Figure 2.4: Gold (111) Herringbone reconstruction71, the periodicity of the herringbone pattern

is around 250 A.

Surface stresses in an electrochemical environment have been shown to cause a

72
distortion of the surface arrangement of atoms dependent on the potential .

Furthermore, the (lxl) to (V3x23) surface reconstruction is influenced by the surface

potential73'74. Negative potentials suit a (V3x23) reconstructed surface while positive
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potential suits the lxl surface structure. The nature of the gold surface in the presence

of an applied potential is complicated by the presence of adsorbates, this is elaborated in

subchapter 2.1.4.

2.1.3 Molecules

With current synthetic chemistry techniques it is possible to obtain a variety of different
and complex molecules with a high purity. There is therefore the possibility to tailor the
surface properties of SAM modified substrates with correct selection of the initial
molecule. Chemical functionality at a molecular level can drastically alter macroscopic

properties of the resulting SAM. In this thesis different SAMs are examined to

determine the influences of the tail group, spacer, head group and substrate. The
chemical names, abbreviations and structures of molecules used in this thesis are given

in table 2.1, abbreviated names are used primarily in the text. A main focus of this thesis
is to study SAMs containing a rigid biphenyl unit, a homologue series of SAMs of co-

(4'-methyl-biphenyl-4-yl)-alkanethiols (CH3-C6H4-C6H4-(CH2)n-SH, BP1 to BP6 +

BP12) are examined. A distinct odd-even effect is observed for these thiols where an

alteration in the tilting of the biphenyl unit is observed depending on whether there is an

odd or even number of methylene units in the molecule. This has a notable impact on
the packing density of molecules and the resulting film stability. BP(odd) molecules
have a smaller tilt and closer packing relative to BP(even) molecules. Previous
electrochemical studies of thiol SAMs have overwhelmingly focused on aliphatic

thiols55'56'58'75"83, in contrast there are few reports on the electrochemical behaviour of
aromatic thiol SAMs43'84"91. This is surprising as aromatic SAMs offer a number of

advantages over aliphatic SAMs. With respect to SAM design there is an increased

possibility to achieve a greater degree of control over the structure with the introduction
of a rigid biphenyl aromatic unit. Better control over the structure, and ultimately, over
defects in SAM, is an aspect of particular importance for electrochemical applications.

Together with the significantly higher conductivity of aromatic compared to aliphatic

systems92 aromatic thiol SAMs promise to get around the dichotomy of increasing
structural perfection with increasing chain length but at the same time large decrease in

conductivity. This allows aromatic SAMs to 'tune' the conductivity by selecting the

right combination of aromatic (conducting) and aliphatic (insulating) moieties. Varying
the length of the insulating aliphatic moiety will vary the SAMs conductivity.
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Chemical Name Abbreviation Molecular Structure

Butane thiol MC4

Decane thiol MC10

Hexadecane thiol MC16

Docosane thiol MC22

Mercaptohexadecanoic acid MHA

4'-Methyl-biphenyl-4-thiol BPO -O-O"
(4'-Methyl-biphenyl-4-yl)-methanethiol BP1

2-(4'-Methyl-biphenyl-4-yl)-ethanethiol BP2 -O
3-(4'-Methyl-biphenyl-4-yl)-propane-1-thiol BP3 xy
4-(4'-Methyl-biphenyl-4-yl)-butane-1-thiol BP4

5-(4'-Methyl-biphenyl-4-yl)-pentane-1-thiol BP5

6-(4'-Methyl-biphenyl-4-yl)-hexane-1-thiol BP6
SH

12-(4'-Methyl-biphenyl-4-yl)-
dodecane-1-thiol

BP12

2-(4'-Methyl-biphenyl-4-yl)-

propane-1,3-dithiol
Dipod -ooc

[4-(4'-Methyl-biphenyl-4-yl)-[1,2]

dithiolan-4-yl]-methanethiol
Tripod

(4'-Mercaptomethyl-biphenyl-4-yl)-
methanethiol

DT

2-Phenyl-ethanethiol PET 0~vSH
Biphenyl-4-selenol BPSe GXX5*

3,3,4,4,5,5,6,6,7,7,8,8,8-

T ridecafluoro-octane-1 -selenol

CFSe

F F F

3,3,4,4,5,5,6,6,7,7,8,8,8-

T ridecafluoro-octane-1 -thiol

CFS
F f F F F

F F F

Table 2.1: Chemical names, abbreviations and chemical structures of a large sample o:~
molecules described throughout this thesis93. Alkane thiols have a purity between 92-99% (GC),
MC18 (95%), MC16 (92%), MC10 (96%), MC8 and MC7, (97%), MC4 (99%). In general

shorter thiols have higher purity. Typical impurities in longer alkane thiol molecules are shorter
alkane thiols. NMR and melting point determinations indicate a high purity for biphenyl thiol
molecules94.
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Additionally, dithiol, dipod and tripod biphenyl thiols are examined. These allow an

investigation into the SAM-Metal interface, and a more detailed analysis of the bonding
between molecules and the substrate. Alkane thiols have no bulky groups unlike

biphenyl thiols and lack functionality and are used as a reference system to understand
basic film properties. Alkane thiols have received considerable attention in literature
and are well understood and characterised. They are used as a reference system to which
other SAMs are compared. Additionally, there is some uncertainty in literature about the

desorption peaks for long chain alkane thiols which are investigated.

Different molecules are compared with the aim of examining the influence of a specific

group or functionality. For example, MCI6 SAMs are compared with MFIA SAMs, the
molecules are identical except for the tail group. Several examinations of this type

where there is only one specific difference between the SAMs are performed to build up

an understanding of the relative influence of different groups on the overall film

stability and properties. Comparing different molecules allows an assessment of the
*

relative impact of the tail group, spacer, head group and substrate on the overall film
structure and stability. The interaction of the molecules with the substrate is a crucial
factor that influences the structure and stability of SAMs and is discussed in the

following subchapter.

2.1.4 Substrate-Molecule Interactions

The strong interaction energy for a gold-sulfur bond, about 170 kJ mol"1, drives self-
o

assembly and forms stable structures . High coverage alkane thiol monolayers prepared

on gold form the commensurate (V3xa/3)R30° overlayer structure70 as shown in figure

2.5 with a c(4x2) superstructure. The area of the overlayer unit cell is three times

greater than the underlying gold unit cell, the shapes are identical, but rotated by 30°.
The distance between nearest neighbour sulfur atoms is V3x2.88 A, which is

approximately 5 A. The unit cell is universally accepted, however, as discussed below,
there is considerable disagreement in literature over the true adsorption site. In figure
2.5 and for biphenyl systems, illustrated in appendix 1, the position of the sulfur atom
with respect to the gold lattice is chosen arbitrarily.
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Figure 2.5: Gold atoms are yellow, sulfur atoms are red, only the head group of the SAM is
shown. The (1><1) unit cell for the underlying gold substrate (left) and (V3XV3)R30° unit cell for
the alkane thiol monolayer (right) are shown. The sulfur atoms are in the three fold hollow sites,

however, the question of the registry between the overlayer and the underlying lattice is an

unsettled issue in literature, the adsorption site in this diagram is selected arbitrarily.

The registry of the molecular unit cell relative to the underlying surface lattice unit cell,
and hence the adsorption sites of molecules are described. The interaction of adsorbates
with the gold is not uniform across the surface on the nanoscale, due to variations in the
local topography and substrate potential corrugation. There are four well defined

positions on the gold surface: the on top site, the bridged site, and a face centred cubic

(fee) and hexagonal close packed (hep) three-fold hollow site. Considering the gold
surface has abc stacking geometry, half of the three fold hollow sites have a gold atom

one layer below the hollow site (hep), the other half have a gold atom two layers below
the surface hollow site (fee). The energetics of adsorbates - substrate interactions

depends on which of the four positions, on top, bridged, fee and hep is concerned. For
thiol molecules on gold in the commensurate (V3x-y3)R30° unit cell, various groups

have suggested different binding sites, Sellers et al suggest a hollow site95,
Yourdshahyan et al suggest the fee position96, Beardmore et al suggest the hep site97.
Hayashi et al98 and Vargas et al" suggest the bridge site. Kondoh et al100 and Roper et
al101 suggest the on top position. Despite the discrepancies over the adsorption site, the
unit cell, and packing density of molecules is unaffected. To a large extent the true

adsorption site for thiols on gold can be ignored for most intents and purposes.

However, for one case in particular the adsorption site may be relevant. Assuming the
unit cell reflects the positions of the sulfur atoms, then all molecules in the
commensurate (V3xV3)R30° overlayer will have the same adsorption site, whereas,

molecules in the BP(even) (3x5V3)rect unit cell, appendix 1, must have molecules on

different adsorption sites. The electrochemical properties for BP(even) SAMs in
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particular are interpreted with a consideration of the variety of adsorption sites.

Exploring the influence of a thiol monolayer on the properties of a surface is an

objective of this thesis.

As discussed in subchapter 2.1.2, the state of the gold-SAM interface or more

specifically the structure of the surface layer of gold atoms is not permanently fixed.
Two well defined surface states are (lxl) and (V3x23). The state of the surface structure

is dependent on surface adsorbates and applied potentials. Adsorption or desorption of
molecules from a substrate can induce a transition between substrate surface structures.

The adsorption of molecules influences the surface energy, and may largely restore a

(V3x23) reconstructed surface to the (lxl) surface structure. Conversely, the desorption
of molecules allows the reconstruction of the gold surface. To complicate the situation

further, the surface structure of the underlying substrate may exist in a relaxed state

when thiols are adsorbed101'102, i.e. other than a (lxl) or (V3x23) structure. It is clear

that mobility of surface atoms is a crucial issue. Poirier has investigated the migration of
surface gold atoms in relation to the coalescence of gold vacancy island103'1 4. This is

unambiguous proof that surface gold atoms in a SAM modified substrate are mobile.

However, the precise details of the relaxation phenomenon are only beginning to

emerge, and more detailed research is required.

2.1.5 Domain Size

As noted in subchapter 2.1.1, preparation of samples at elevated temperatures has the
effect of increasing the domain sizes. Figure 2.6 illustrates the difference in domain
sizes for BP3 samples prepared at 22°C and 70°C. The average domain size is

significantly larger for samples prepared at elevated temperatures64'65. At room

temperature the majority of domains for BP3 have a size within the range 5-20 nm. At
70°C the average domain size increases substantially and can reach 70-100 nm65. A
model is developed to highlight the possibility that the domain boundary regions can

substantially contribute to the overall packing density of molecules on a substrate. The
model assumes square domains are formed, at 22°C the side of the square domain is 15
nm, whereas at 70°C it is 50 nm, figure 2.7 illustrates the model. The spacing of 1 nm

between domains is an estimation of the average domain boundary size based on 2 nm

long molecules tilting by 30° from the surface normal, with some molecules tilting
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towards each other and others tilting away from each other. It is possible that BP(even)
SAMs may have a greater spacing than BP(odd) SAMs due to the tilt of the molecules.

10nm 10nm

Figure 2.6: STM image of BP3 prepared at 22°C (left) and 70°C (right). Tunnelling conditions:
1.0 V, 500 pA. Domain boundaries and row directions are indicated.

Using the model, at 22°C the coverage is 88% compared to 96% at 70°C. The
difference of 8% in the coverage of molecules between samples prepared at 22°C and
70°C is a substantial amount, which is expected to have a clear difference on the charge
transfer magnitude for the reductive desorption. The overall uniformity of the layer

improves with increased preparation temperatures. Examining the influence of domain
size on reductive desorption for the biphenyl thiol homologue series is an objective of
this thesis and is examined in subchapter 4.1.2.

Figure 2.7: Theoretical domains for thiol molecules on gold at 22°C (left) and 70°C (right) with

square domains of edge 15 nm and 50 nm respectively. There is an estimated lnm space

between domains. Dotted lines indicate the unit cells for domains.
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2.2 Electrochemistry

Electrochemistry encompasses several areas including basic research, energy

applications (battery and fuel cells), devices (electroanalytical sensors and light emitting

devices) and large scale industry (corrosion control and chemical production)105. This
thesis is concerned with using electrochemistry as a tool to control chemical systems
with the aim of understanding fundamental properties such as charge transfer, electrode

capacity and adsorbate stability on modified electrode surfaces and metal deposition.

2.2.1 Electrochemistry Theory

The process of electron transfer at an electrode is the foundation of electrochemistry, an
electron can be transferred from an electrode to a species at the electrode surface

(reduction) or an electron can be transferred from a surface species to the electrode

(oxidation). The Fermi level in an electrode changes with the applied potential, as the
electrode potential is made more negative the Fermi level increases, there is an

increased likelihood that electron transfer from the electrode to a surface species will

occur, figure 2.8.
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Figure 2.8: A diagram of the reduction process for species A, either surface bound or in

solution, as a negative potential is applied to the electrode. When no potential is applied the
reduction process will not occur (left). When a negative potential is applied to the electrode such
that the Fermi level surpasses the LUMO of species A the reduction of species A will occur

(right). If a positive potential was applied such that the Fermi level dropped below the HOMO
of species A then the oxidation of species A would occur.
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A focus of the work is to determine the stability of SAMs, which is measured by

determining the potential at which reductive desorption occurs. Processes involving
transfer of electrons are known as faradaic processes, other non-faradaic processes

involving charge transfer occur at electrode surfaces, in particular, recharging of the
electric double layer are capacitive processes106. When a potential is applied to an

electrode, ions of the opposite charge in the electrolyte migrate towards the electrode,
while ions of the same charge are repelled from the electrode. The electric double layer
is the region in the electrolyte where the composition of cations and anions differs from
the bulk electrolyte due to the forces exerted by a charged electrode, figure 2.9.
Electrode double layer theory has been developed over many years by Helmholtz,

Gouy, Chapman and Stern105. The edge of the double layer is marked by the double

layer boundary, this is the point where the local composition of cations and anions
deviates from the bulk composition. The inner Helmholtz plane is defined as the plane

intersecting the nuclei of specifically adsorbed ions, whereas the outer Helmholtz plane
is the plane intersecting the nuclei of fully solvated ions at their closest point to the
electrode surface.

solid liquid

and electrolyte exists. For a negatively charged electrode ions of the opposite charge will

migrate towards the electrode while ions of the same charge are repelled. IHP, OHP and DLB
indicate the inner Helmholtz plane, outer Helmholtz plane and double layer boundary

respectively, details are given in the text. The diagram is not drawn to scale.
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The double layer can be considered equivalent to a capacitor where two metal plates
store charge. The capacity of the double layer depends on the presence of any

adsorbates. Adsorbates, such as thiol molecules on a gold electrode decrease the

capacity of the electric double layer. For long chain alkane thiols a decrease in the

capacity by a factor of up to 80 is reported105. Upon desorption of molecules a

significant capacitive current will flow to recharge the double layer. The total charge for

desorption is the sum of the faradaic charge and the capacitive charge. For long chain
alkane thiol SAMs the ratio of faradaic charge to capacitive charge is approximately
2: l76.

The potential drop over the electrode | electrolyte interface is defined as (j)s - <j)m where

(|)s is the potential of the solution and (])m is the potential of the metal. On a bare gold
electrode the potential drop occurs over the double layer region. On a SAM modified
electrode the potential drop occurs over the SAM and to a small extent over the double

layer. Figure 2.10 illustrates the potential drop profile for a bare metal and SAM
modified metal electrode at different potential values.

metal solution metal solution

SAM
Figure 2.10: Diagram of the potential drop profile across the solid-liquid interface for a bare
electrode (left) and a SAM modified electrode (right). The potential drop profile for an electrode

negative of the point of zero charge (top) and at the point of zero charge (bottom) is illustrated.
For a bare electrode the potential drop occurs over the double layer. On a long chain alkane thiol
SAM modified electrode the majority of the potential drop occurs over the SAM.

2.2.2 Three Electrode Cell

Electrochemical experiments are performed in an electrochemical cell consisting of
three electrodes in a solution connected to a potentiostat, which interfaces the cell with a
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computer. In potentiostatic mode, used throughout this project, the potential of the

working electrode is controlled and the current is measured. A cell with three electrodes
is depicted schematically in figure 2.11, the three electrode cell consists of a working,
reference and counter electrode. The potential is measured across the working and
reference electrodes while the current flowing between the working and counter

electrodes is measured. The vast majority of the current flows between the working and
counter electrodes while only a very small current flows between the working and
reference electrodes. The reference electrode is at a fixed potential, determined by its

open circuit potential. The cell potential is defined as the potential of the working
electrode with respect to the potential of the reference electrode. The potential of the
counter electrode is undefined, in potentiostatic operation it is continually adjusted

through a feed back loop to maintain the desired potential between the working and
reference electrodes.

Figure 2.11: Three electrode cell, the cell potential is defined as the potential between the

working and reference electrodes. The current is measured between the working and counter

electrodes. Feedback loops allow careful control of the potential of the working electrode. The
three electrode cell is used rather than the two electrode cell which can not attain both well

defined potentials and large currents.

This work involves using working electrodes based on ultra flat polycrystalline gold

(111) and silver (111) substrates in native and modified form. The counter electrode has

a straightforward function, the only restrictions are that it should in no way dissolve or

limit the maximum current density. A platinum wire is used, it is inert and highly
suitable as a counter electrode. The reference electrode is the most complicated

electrode, figure 2.12, the purpose of the reference electrode is to provide a stable and

Power

supply

Reference
Electrode
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well defined potential, to which the working electrode potential can be referenced

against. The reference electrode consists of a metal / salt junction in a reference

electrolyte.

Figure 2.12: Silver / silver chloride reference electrode. Silver wire with a silver chloride

precipitate on the end, internal electrolyte is contained inside the glass casing.

Some general principles of reference electrodes and some more specific details relevant
to the silver / silver chloride reference electrode utilised throughout this thesis are

discussed here. Extremely small currents flow through the reference electrode allowing
the cell potential to be defined by the open circuit potential which is determined by the
constituent materials of the reference electrode. The salt has metal cations of the same

element as the pure metal, and shares a common anion with the electrolyte. The metal,
metal salt junction are immersed in a well defined electrolyte, and contained in a glass

casing and separated from the main electrolyte typically by a porous frit or glass fibre.
The frit allows very small currents to flow without allowing mixing of the internal and
external electrolytes either side of the glass casing. An equilibrium is established at the
metal | salt | electrolyte junction which determines the cell potential. The equilibrium

potential of any reference electrode depends on three factors, the metal | salt junction,
the concentration of the reference electrolyte and the electrode temperature. The
reference potential of any electrode can be measured with respect to the standard

hydrogen electrode for the reaction in a two electrode cell.

2H+ + 2e -> H2 Pt | H2 | H+ E0 = 0.0000

The standard hydrogen electrode (SHE) is a universal system assigned a potential of
zero. A comparison of results obtained using different reference electrodes is possible

by adjusting the potentials according to the relative differences of their reference
electrode potentials with the SHE. Although the SHE forms the basis for determining all
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cell potentials, it is not suitable for routine use. The silver / silver chloride reference
electrode is a compact and inexpensive electrode that is highly practical for routine use

and is well established in the field of electrochemistry.

Ag | AgCl | KC1 (3 M), AgCl (saturated) (0.197 V vs. SHE)105

The overall cell potential is determined by the equilibrium between solid silver and
chloride ions.

Ag(s) + CI ^ AgCl(S) + e

The concentration of chloride ions is determined:

[ci ] = [cr](Agci) + [ci ](kci) - [cr](Kc» (2. D

The chloride ion contribution from AgCl is negligible compared to the contribution
from KC1, this allows the well defined KC1 concentration to be used for calculations.

The Nernst Equation is applied to give a theoretical cell potential:

E]]=E +glln "W (12)asci/ci- nF [Cl-][Agw]

The activity of AgCl(S) and Ag(S) are assigned the value of 1. R (universal gas constant)
= 8.314 J K"1 mol"1, F (Faraday Constant) = 96485 C mol"1, EAgci/ci- (equilibrium

1 07

constant) = 0.222, n (number of electrons transferred) = 1. The above values are

inserted into equation 2.2, which is re-arranged and converted to logio:

EceU = 0.222 - (T/5039)log[Cb] (2.3)

For a silver / silver chloride reference electrode the two variables influencing the cell

potential are temperature and chloride ion concentration, this is seen clearly in equation
2.3. At standard temperature, 25°C, the equation becomes:
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Eceii = 0.222 - 0.0591og[Cl"] (2.4)

In a reference electrolyte, prevented from mixing with the main electrolyte by a frit, the
chloride ion concentration is constant. Equation 2.4 can be used to calculate the
theoretical cell potential (194 mV). The theoretical cell potential is within 5 mV of the

given cell potential (197 mV)105. There is a small discrepancy due to the fact that the
reference electrode has a 3 M KC1 electrolyte concentration and the given value is for a
saturated KC1 solution. Additionally, there is an extremely small current flowing

through the cell that distorts the equilibrium potential from the open circuit value,

leading to interfacial potential losses that slightly distort the electrode potential. These
factors account for the small differences between the theoretical cell potential and the

given cell potential. Despite the uncertainty by a few mV, the reference electrode

provides a stable reference potential allowing a comparison of results taken on different

days or with different experimental conditions.

2,2.3 Cyclic Voltammetry (CV)

Cyclic voltammetry is a technique routinely employed using a three electrode cell.

Cyclic voltammetry involves measuring the current while scanning the potential of the

working electrode, where the processes of scientific interest are occurring, between two

potentials at a constant rate. The experimental conditions are programmed before the

experiment can begin. Variables include the starting potential, vertex potential, scan rate

and number of cycles. A linear sweep voltammogram is a subset of a cyclic

voltammogram (CV), which involves measuring the current while scanning the

potential between two potentials then stopping. There are additional complexities that
can be added to electrochemical experiments involving CVs. These include adding time

periods where a potential is held at a defined value before or between cycles can be

introduced, adding more vertices to the CV or adding potential steps. An example of
how a CV is acquired is given in figure 2.13.
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Figure 2.13: Exemplary cyclic voltammogram (CV) with a single cycle. The potential is
controlled (bottom left) while the current is measured (top left) with respect to time. The two

plots are combined to generate the CV (right).

The electrochemical response can be ascribed to reversible or irreversible electrode

processes depending on whether thermodynamic or kinetic factors dictate the

electrochemistry. For fully reversible processes the reductive and oxidative peaks occur
at the same potential. Reversible processes are characterised by conditions where

thermodynamic rather than kinetic factors dictate the redox processes. For a cyclic

voltammogram of surface confined species, the desorption and readsorption peaks are

offset from each other in terms of position so the system must be considered
irreversible. There is considerable theory for reversible and irreversible reactions of
surface confined redox species108"113. In ideal cases, for a desorption reaction kinetic
information on the process can be inferred from the peak shape and asymmetry,

however, this is more difficult for SAMs. For surface adsorbates the theory is

complicated by the non-ideal influences. These included lateral interactions between

molecules, potential losses across the molecules, differing penetration across the film
and solubility effects. Flowever, due to these reasons there are several deviations from
ideal behaviour. Nevertheless, some basic principles can be examined. The scan rate can

be related to desorption features including peak potential, maximum current and peak

charge. The following conditions are expected for an irreversible redox process105. The
desorption potential should scale with the logarithm of the scan rate. For surface
confined redox species the faradaic contribution to the maximum current should scale
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linearly with the scan rate. The total desorption charge should be independent of the
scan rate.

120-,

O
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Figure 2.14: Exemplary CV, Au/mica immersed in BP3 at 70°C. Scan range is from -300 mV to

-1300 mV with the cycle starting at -300 mV. The desorption peak is observed on the cathodic

(negative going) scan between -1000 and -1200 mV, the readsorption peak is observed on the
anodic (positive going) scan between -1000 and -600 mV. The separation of potential for

desorption and readsorption processes is evidence of an irreversible reaction.

A CV involving the reductive desorption and partial oxidative readsorption of a BP3
SAM prepared at 70°C is shown in figure 2.14. It is noted that the reductive desorption

process is assigned a positive current and the oxidative readsorption is assigned a

negative current. This assignment goes against the convention for reductive and
oxidative currents. However, the assignment makes for a much easier comparison with
SHG data for the reductive desorption of SAMs from gold where an SHG increase
occurs in parallel with the reductive desorption peak. Three main criteria for evaluating
the desorption peak in a cyclic voltammogram are detailed here, they are the desorption

peak position, desorption charge and peak shape.

Position

The peak position or peak potential is simply the potential value where the peak's
maximum current is recorded on either the cathodic or anodic scan. For the CV in figure
2.14 the desorption peak position is -1125 mV and the readsorption peak position is -
915 mV. The desorption potential is a measure of the film stability with more stable
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films capable of sustaining more negative potentials. It is a measure of the strength of
the interaction between the molecules and the substrate and the extent of intermolecular

interactions with a more negative peak position indicating a more durable SAM. The
onset of desorption would be a useful parameter to determine as it indicates the potential
at which the film begins to degrade, however, this is not a well defined position and
would introduce more uncertainty into interpretations.

Charge

The reductive desorption charge is the sum of faradaic and capacitive processes.

Assuming a one electron desorption process, the faradaic charge depends on the number
of molecules bonded to the substrate. The desorption peak charge gives an indication of
the packing density of molecules, a larger desorption charge indicates a greater packing

density. Determining the charge from the reductive desorption peak for thiol SAMs
involves determining the area of the desorption peaks. A baseline is selected to ensure

the correct capacitive charging contributions to the voltammogram are included in the

peak area determination, and to compensate for effects such as hydrogen evolution.

Ideally, voltammetric peaks are resolved from any other electrochemical feature such as

hydrogen evolution or substrate oxidation. The baseline is used as a lower boundary for

integration of the peak. The charge transfer (charge density), Q (C cm"2), is calculated
from the peak area, Apeak (A V) using the following relationship:

Q =
\eak (2-5)

Aample XV

Where Asampie (cm2) is the area of the sample exposed to the electrolyte and v (V s"1) is
the scan rate.

Peak Shape

The peak shape assessment involves three parts, it involves qualitative and quantitative

aspects. Qualitatively, a general description of the peak shape is given, i.e. whether it is
a single peak, a single peak with a shoulder, a double peak or well resolved multiple

peaks. The shape of the peak gives insight into various aspects of the desorption
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process. Quantitatively, the width of the peak and a measure of the symmetry of the

peak are determined. To determine the peak width and symmetry, the baseline created
for the charge determination is required. A vertical line between the desorption
maximum (Edes.) and the baseline is drawn, a horizontal line intersecting this line at half
its height is drawn. The potentials where the horizontal line intersects the peak on the

positive (Epifwhm) and negative (E^fwhm) side are noted. The peak width at half
maximum (FWHM) is the difference between EPiFwhm and Eii Fwhm- The symmetry is
defined by equation 2.6 using an asymmetry factor, AF:

A J-, I Ep.FWHM ~ Edes | (2.6)AF =-—

I En<FWHM ~ Edes I

Therefore, a symmetric peak shape yields AF = 1 and AF > 1 (AF < 1) means a

broadening of the increasing (decreasing) part compared to the decreasing (increasing)

part of the desorption peak.

Figure 2.15: Diagrammatic illustration of an asymmetric peak (left) and a symmetric peak

(right) in a cyclic voltammogram. See text for details.

Figure 2.15 illustrates the peak shapes for an asymmetric and symmetric peak with

asymmetry factors, AF of 2.4 and 1 respectively. The asymmetry factor of 2.4 indicates
that the peak is considerably asymmetric with a sharp fall in the current after the

desorption maximum.
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2.3 Second Harmonic Generation (SHG)

Large electric fields are generated using laser light, the electric fields generated can be

comparable to the electric fields observed by electrons in a chemical bond114'115, this
opens up the new and interesting field of nonlinear optics116"118. The interaction of light
with materials no longer occurs in a purely linear fashion. When high intensity light
interacts with materials a nonlinear optical effect is observed where higher light
harmonics are produced. Light is generated with higher frequencies than that of the of
the original laser beam. This nonlinear effect only becomes important when high

intensity radiation is used, indeed the first reported instance of SHG was reported
Franken et al one year after the first optical laser was built119. This field has developed
from investigating bulk properties in the sixties to studying interfaces and surfaces in
the eighties. In this thesis second harmonic generation is used to monitor desorption and

adsorption of thiol containing organic molecules on electrode surfaces.

Impinging light creates a polarisation at the metal surface, which emits light at higher

frequencies. A simple case of nonlinear optics is second harmonic generation (SHG)
where light at double the frequency of the fundamental beam is emitted. It is a coherent

process with the emitted light having a defined direction, frequency and polarisation.
SHG is suitable for studying solid-liquid interfaces unlike many other spectroscopic

techniques used for surface studies. SHG can only be applied where there is a break in

centro-symmetry, this means either non centra symmetric crystals or at the interface of
two different centrosymmetric materials. The electrons in the gold surface oscillate with
the electric field from the light source creating a polarisation, denoted P or P,. The

polarisation has several harmonics:

Pi=£.(4'T Et+ (2.7)

Where 80 is the free-space permittivity, the terms x are the susceptibility tensors where

Xff is the second order nonlinear susceptibility tensor. i,j,k and 1 denote vector

components, E is the Electric field. The polarisation contains a linear term (x^) and
nonlinear terms. In equation 2.7 the second and third harmonics represent the nonlinear
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terms. The magnitudes of the nonlinear tensors are considerably smaller than linear

tensor %(1). The polarisation for the first nonlinear term in the polarisation is as follows:

P(2)(2m)= £0X^E(co)E(CO) (2-8)

Where E(co) is the electric field of the incoming fundamental wave and x(2) is the second

order susceptibility tensor. The polarisation produces light at the second harmonic (2co).
The intensity of SHG is proportional to the square of the magnitude of the polarisation:

/ oc P(2) 2 (2.9)1 SHG

The SHG intensity is related to the electric field by substituting equation (2.8) into (2.9):

Ishg~\x™EE\2 (2"10)

Equation 2.10 is rearranged and written in terms of the fundamental beam intensity:

I oc|y(2)|2/2 (2>11)1 SHG /V (1064nm)

Equation 2.11 relates the intensity of the second harmonic signal to the intensity of the
fundamental beam. For gold surfaces modified with thiol molecules the polarisability of
the surface electrons is altered, qualitatively, electrons are localised in a bond with a

sulfur atom allowing a discrimination of surfaces based on the extent of coverage. The

susceptibility tensor, %(2) contains a background contribution, Xau, and a contribution

from the interface proportional to the coverage Xint- The surface coverage, 0, can be
related to the SHG intensity assuming that the interface susceptibility tensor parameter

scales linearly with the coverage:

2 (2.12)JSHG
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The coverage of adsorbates can be related to the intensity of the second harmonic signal
when the SHG intensity for a bare surface and a completely covered surface are

known118:

Ishg(E) (2.13)

9(E) = -

ISHG (EQ-Q )

where

^ _ Xint _ I 1 SHG^ *v _ |
X% Vshg(9= 0)

'SHO(9 = 1) , (2.14)

Equation 2.13 is used to determine the coverage of a sample using second harmonic

generation. The SHG probes the surface as molecules adsorb onto the gold and desorb
off the gold. SHG provides a non-destructive, real-time, in-situ optical technique to

investigate buried interfaces. Performing SHG at an electrode surface where there is a

continuously changing electrode field, Edc, introduces an additional third order term,

%(3)eff, to the polarisation. The polarisation P(2cd) giving rise to SHG from an electrode
is phenomenologically described by

P(2co) - x{2)E(oj)E(oj) + x$E(co)E((o)EDC (2.15)

Figure 4.1 reveals that the SHG for a bare gold surface changes as the potential is
scanned between -300 and -1300 mV. There is a clear SHG intensity decrease at more

negative electrode potentials. Capacitive processes are therefore involved in the SHG

intensity changes, however, the effect is small. In the region between -800 and -1300
mV there is 1% decrease in the SHG intensity every 13mV relative to the SHG intensity
at -1300 mV. SHG changes due to capacitive processes are compared with the changes
for faradaic processes. For a typical desorption peak spanning 100 to 150 mV the SHG
decreases due to capacitive processes by about 10% of the intensity relative to the SHG
at -1300 mV. The total SHG change due to faradaic and capacitive processes is

typically an increase of about 60% relative to the intensity at -1300mV. The SHG
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changes during a desorption process are therefore dominated by faradaic processes by a

ratio of 7:1.

Some details of the components of the polarisation terms are now described. The

polarisation is defined in terms of x, y and z Cartesian coordinate system where the
surface is in plane xy. Tensor elements are defined %ijk, where i is a coordinate

describing the coi + co2 term, j is a coordinate describing the a»i term and k is a

coordinate describing the (02 term. For example, the tensor element %xyz describes a

component of the generated photon oscillating along the x-axis, the C0i photon

oscillating along the y-axis and the 0)2 photon oscillating along the z-axis. The

polarisability can be described by 27 individual tensor elements corresponding to all

possible permutations. For second harmonic generation C0i = (02 hence Xijk = Xikj so there
can be up to 18 independent tensor elements, these are plotted in a matrix.

Xxxx Xxyy Xxzz Xxxy Xxyz Xxzx
Xyxx Xyyy Xyzz Xyxy Xyyz Xyzx
Xzxx Xzyy Xzzz Xzxy Xzyz Xzzx

Due to symmetry, if a tensor element has inversion symmetry, %ijk = -X-i-j-k there is no

contribution to second harmonic generation and the tensor vanishes, of eighteen tensor

elements, five are non-vanishing120.

0 0 0 0 0 Xxzx
0 0 0 0 Xyyz 0

Xzxx Xzyy Xzzz 0 0 0

Of the five non-zero tensor elements three are independent, %xzx = %yyz, %zxx = Xzyy and

Xzzz- The contribution of each tensor depends on the polarisation of the fundamental and
second harmonic light. The polarisation is defined for a beam in the xz plane impinging
on a surface xy. Light with an electric field oscillating in the zx plane is p polarised,
whereas light with an electric field oscillating in the y direction is s polarised. Altering
the polarisation of the incoming or detected light can probe the magnitude of different
tensor elements. When both fundamental and second harmonic beams are p polarised
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(pp polarised) all three independent tensors are probed. When the fundamental is s

polarised and the second harmonic in p polarised (sp polarised) only one independent
tensor element, %zxx = %zyy is probed. For ss and ps polarisations no tensors are probed.
In this thesis pp polarised light is always used due to the established relationship

121between SHG intensity and coverage .

2.4 Scanning Tunnelling Microscopy (STM)

STM is a powerful tool that allows nanoscopic imaging of planar conducting surfaces
122 123

allowing molecular or atomic resolution ' . STM can be operated in a wide range of

temperatures, from liquid helium temperatures up to well above room temperature, and

pressures from ultra high vacuum to normal atmospheric pressure. It can operate in air
or in liquid, opening up the possibility of imaging electrochemical surfaces. Since its

192

discovery in the early eighties , the versatility of the technique has led to its rapid

emergence as one of the major techniques employed by surface scientists. The
resolution is about 2 A in the surface plane and 0.1 A in the direction perpendicular to
the surface plane allowing real space atomic resolution. Operation of the STM relies on

the principle that two conductors positioned extremely close together but not touching
will have overlapping wave functions allowing quantum mechanical tunnelling of
electrons across the barrier. A small measurable current will flow when a potential
difference is applied. The wave functions extend into vacuum with an inverse

exponential decay. The current, I, is related to the distance, d, between two
1 93

conductors :

I exp(- 2Kd ) (2.16)

Where K, the inverse decay length is defined:

K=-- yj2m<t>
(2.17)

h
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Where, h = Planck's constant, m = electron mass and <f>= effective local work function.

Taking a typical work function, (j> = 4 eV, K can be calculated to be approximately equal
to 1 A. This means within 1 A, the wave function magnitude becomes 1/e.

STM has a conducting tip which ideally has a single atom at its apex, figure 2.16. A

potential difference is applied between the tip and conducting surface. The tip is brought

extremely close to the conducting surface, to a distance of a few Angstroms. The wave

functions overlap allowing quantum mechanical tunnelling, figure 2.17. A tunnelling
current in the region of pico or nano Amperes can be measured. For a negatively biased

tip, electrons flow from the tip to unoccupied states on the sample. The density of the

unoccupied states on the surface is mapped as the tip scans across the surface. If the tip
in positively biased with respect to the surface it will map the occupied states of the
surface as electrons tunnel from the sample to the tip.

Figure 2.16: Diagram of the STM tip with a single atom at its apex. A potential difference is

applied between the tip and surface, the current flow between them is measured. Typically nano

or pico Ampere currents are measured. Piezociystals control the position of the STM tip with

respect to the surface. In constant current mode feedback loops control the z piezo, to maintain a

constant current flow between the tip and sample.

The tunnelling current is exponentially sensitive to the distance between the tip and the
nearest metal atom on the surface (equation 2.16). As the tip scans across the surface, it
will experience a change in tunnelling current as it moves due to local variations in
electronic states of atoms or molecules and surface topography. The tip probes
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electronic states of atoms or molecules rather than the actual position so images must be

carefully interpreted. The technique is sensitive to topographic features such as those
indicated in figure 2.3. STM images are a convolution of topographic and electronic
surface features.

I
>

Figure 2.17: A potential difference applied between two metals produces Fermi levels at

different magnitudes with respect to each other, this provides a driving force for quantum

mechanical tunnelling. The x-axis represents a distance, electrons on the left in occupied states

tunnel to unoccupied states on the right. Two metals very close to each other have overlapping
wave functions and small currents can flow. I is the current, Ef is the Fermi level, AV is the

potential difference, d is the distance between the two metals and n(z) is the electron density.

Figure adapted from reference 124.
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Chapter 3
EXPERIMENTAL

3.1 SAM Preparation

Two types of SAM preparation procedure are described; uniform SAMs and patterned
SAMs. To prepare a uniform SAM the following procedure was followed. First, 15 ml

glass screw top jars were cleaned using a 'piranha solution' which comprises a mixture
of hydrogen peroxide and sulfuric acid. 100 volumes hydrogen peroxide was added to a

large glass dish. To this, concentrated sulfuric acid was slowly and carefully added.
There is a rapid temperature increase on mixing. The jars were immersed in the 'piranha
solution' for 10 minutes before careful rinsing with distilled water. The jars were

allowed to dry before rinsing with pure ethanol before drying again. Predetermined
amounts of thiol crystals were weighed into the jars. 5 ml of ethanol was added to each

jar to make a thiol concentration of 1 mM. If necessary the jars were warmed slightly to

facilitate dissolution. The gold substrate, stored in a low-pressure chamber, was cut into

pieces 12.5 mm by 15 mm and blown clean with inert gas. Au/mica substrates were

annealed in a butane / oxygen flame. Each substrate was allowed to cool for 15 seconds
before it was immersed in an individual jar, containing the thiol solution. Au/Si
substrates were not flame annealed. The jars were sealed and samples were incubated
for a period of time, usually overnight. Typically samples would be incubated at either

22°C, or 70°C using a thermostatically controlled oven. After the incubation step, the

gold sample was carefully removed from the jar with clean tweezers. Excess solution
was allowed to drain off before the sample was thoroughly rinsed in pure ethanol.

Finally, the samples were blown dry in inert gas. This sample preparation procedure
was strictly followed to reproducibly form high quality SAMs.

Patterned SAMs were also prepared. Patterned samples are of interest for selective

desorption or metal deposition experiments. There are several techniques to achieve

patterning, however the two principal techniques to create surface patterns on thiol
modified surfaces are lithography and micro contact printing45'46. The second technique,
micro contact printing, is used in this project. Micro contact printing is a facile,

inexpensive and versatile technique that involves pressing a polydimethylsiloxane
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(PDMS) stamp onto the surface. The surface patterning procedure for routine

preparation of patterned samples is outlined in figure 3.1. The first step is to immerse a

stamp in a thiol solution then gently blow it dry with inert gas. Molecules remain in the

stamp. The stamp is then pressed onto the surface. Molecules transfer from the stamp

onto the substrate surface only at the point of contact. The sample can subsequently be

developed by immersion in a solution of different thiols, which will preferentially attach
at the bare gold.

1, 2. LJ L— L_ ! L i

3. 4.
Figure 3.1: Patterning of a gold surface using micro contact printing. The PDMS stamp is
immersed in solution containing thiol molecules (1), and then dried. The stamp is gently pressed
onto a gold surface and held with gentle pressure for a short period of time typically 30 seconds

(2). The stamp is removed leaving thiol molecules bound to gold only in regions where there
was contact with the PDMS stamp (3). The sample can be immersed in a solution of a different

thiol, adsorption will preferentially occur on the regions of bare gold (4).

Various factors influence the SAM quality such as substrate cleanliness75, substrate
ro 1 /J 11Q ITC

flatness , thiol type , preparation temperature , immersion time ' , potential
80 126 127 • 76 128control ' ' and annealing ' . Of these factors, substrate flatness, thiol type and

preparation temperature are explored in this thesis.

3.2 Techniques
3.2.1 Introduction

The three scientific techniques performed in this project are electrochemical,

spectroscopic and microscopic in nature, they are cyclic voltammetry (CV), second
harmonic generation (SHG) and scanning tunnelling microscopy (STM). Cyclic

voltammetry is routinely performed using gold surfaces and modified gold surfaces as

the working electrode in a three electrode cell. The technique can probe many properties

47



Chapter 3: Experimental

such as electrode capacity, charge transfer properties and thiol film stability. Cyclic

voltammetry is routinely performed with in-situ and real-time SHG. SHG is a

complementary technique probing the gold-sulfur bond, the combination of

electrochemistry with SHG allows one to follow the faradaic and capacitive processes at

the electrode surface during thiol desorption. Electrochemistry measures the
combination of faradaic and capacitive processes while SHG predominantly measures

faradaic processes, the combination of these techniques brings new insight into

phenomena such as the desorption mechanism. The ability to perform cyclic

voltammetry with in-situ SHG is not a trivial proposition as a number of technical
issues must first be addressed. A suitable spectroelectrochemical cell must be designed
and constructed, the software for data acquisition must be written and verified. The

design and construction of the spectroelectrochemical cell was a significant part of the

project. The design was continually optimised through repeated use and testing, the
latest version is described in appendix 2. In order to collect a sufficient number of SHG
data points there needs to be collection of several data points each second, the data
collection and storage systems needs to be capable of high throughputs.

STM is performed on gold surfaces either prior to or post electrochemical experiments
and is capable of nanoscopic imaging with a molecular or atomic resolution. Unit cells

adopted by adsorbate molecules can be observed allowing a determination of the

packing density of molecules. Theory for the techniques is described in chapter 2 while
the experimental details are described in the following subchapters.

3.2,2 Cyclic Voltammetry (CV)

An EG&G potentiostat model 283 was used to perform electrochemical measurements.

Cyclic voltammetry is performed using a three electrode cell. Typical experimental
conditions for cyclic voltammetry using a three electrode cell used in this project are as

follows.

Working electrode: Gold (111) surface / modified gold (111) surface
Counter electrode: Platinum wire (0.5 mm diameter)

Reference electrode: Ag / AgCl / KC1 (3 M, saturated AgCl)

Electrolyte: deoxygenated 0.5 M KOH(aq) (distilled water)
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Scan rate: 20 mV/second

Scan range: -300 mV to -1300 mV

The scan rate and scan range are often altered to tailor the experimental conditions for a

particular purpose.

3.2.3 Second Harmonic Generation (SHG)

this work. Many components are omitted for clarity. The details of the set-up are described in
the text. The orange line indicates the 1064 nm laser beam, red line indicates the 808 nm diode
laser used to pump the Nd:VAN crystals, there are diode lasers pumping the Nd:VAN crystals
in the seed and regenerative amplifier not displayed.

In-situ laser SHG was performed with a 1064 nm diode pumped Nd:Vanadate laser

(HighQ Laser). The lasing material is a Vanadate crystal doped with Neodymium

(Nd:VAN), the material emits infrared radiation at 1064 nm. A schematic of the laser
used in this project is presented in figure 3.2. The laser pulses are initiated at the seed

laser, there are several amplification and beam shaping steps before the laser beam

passes through the aperture. The seed laser cavity is 1.665 m long producing pulses with
a 90 MHz frequency, the seed laser cavity generates pulses every 11.1 nanoseconds.
One of the emitted pulses is selected and introduced into the regenerative amplifier. The
Pockels Cells use an optical switching mechanism that rotates the polarisation of the

light when it first enters the regenerative amplifier preventing it from escaping. In the
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regenerative amplifier the single pulse from the seed laser is amplified, the light passes

through the lasing material many times building up a high energy. Every millisecond
the Pockels Cells rotates the polarisation for a very short time allowing a short burst of

pulses to leave the cavity through the isolator in a Q-switching process. Concurrently a

new pulse is selected from the seed laser and the process inside the regenerative

amplifier is repeated. The pulse train escaping from the regenerative amplifier is shaped

using lenses and mirrors and the polarisation is aligned using a half wave plate. The
beam is amplified on four more occasions as it passes through both of the diode pumped
laser crystals on two occasions each. The beam reflects off several mirrors before it is
emitted through the aperture. The beam leaves the laser with a Gaussian distribution
beam profile, a well defined pulse train and stable beam power.

The laser system used throughout this work is a special type of pulsed laser, which

produces a characteristic pulse train. Every millisecond a burst of pulses is emitted, each

pulse train consists of about 8 pulses 11.1 nanoseconds apart. Each pulse within a train
has a different intensity. The pulse trains are depicted in figure 3.3.

90MHz

iiiilk
< 1kHz '

Figure 3.3: Diagram of the pulse trains emitted by the laser (not to scale). Pulse trains are

emitted every millisecond, each train consists of around eight pulses 11.1 nanoseconds apart.

Due to the high degree of coherence, and large instantaneous powers, massive electric
fields can be generated with lasers. The scale of the electric field generated by laser

light is comparable to the electric field present on an electron in a bond114,115
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Glass cover Polariser aperture

Gold sample

Figure 3.4: Second Harmonic Generation Schematic. The 1064 nm infrared beam is depicted as

red, the 532 nm beam is green. The electric field of the laser light is parallel to the table, the
beam width is controlled using an aperture and two lenses. P polarised 1064 nm light is selected

using a polariser. The incoming beam is at 45° from the surface normal, due to the refractive
index of the electrolyte the angle changes to about 30° off the surface normal. The fundamental
1064 nm beam is blocked after the sample. P polarised 532 nm light is selected by a second

polariser. The polarisation of the 532 nm light is rotated using two mirrors, one mirror is above
the other and rotated 90° around the plane of the table with respect to the lower mirror. The
detector measures the second harmonic beam generated at the gold surface.

The average beam power was 100 mW impinging on an area of approximately 0.5 mm .

The fundamental impinged on the cell window at an angle of 45° which corresponds to

an angle of incidence onto the SAM coated electrode of ~32°. Figure 3.4 illustrates the

experimental set up. In this thesis all SHG experiments are performed using pp

polarisation.
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3.2.4 Scanning Tunnelling Microscopy (STM)

The tip is controlled using piezo crystals, which can expand and contract when a current

flows through them (subchapter 2.4). The crystals expand by about 1 A per mV

allowing very high precision. Piezo crystals for each of the x, y and z coordinates can be

operated independently. Using the z piezo the tip slowly approaches the surface until a

predetermined current is reached. In constant current mode, a current is selected, the tip
scans across the surface, feedback loops move the tip up and down maintaining the
constant current. The movement of the tip is plotted. The resulting image is a

convolution of topographical features and electronic states of the surface.

Vibrations, temperature fluctuations or electronic interference can disturb the STM.
These factors must be eliminated in order to achieve good resolution, and high quality

images. The instrument used is a Molecular Imaging Pico SPM operated in constant

current mode, at room temperature in air. The tip is a Pt/Ir 80/20 wire 0.25 mm diameter
cut with sharp pliers. The STM, containing the sample and tip are mounted on a foam
covered platform supported by 4 elastic cords. The platform is held inside an insulated
box which is operated in a quiet and air conditioned room. Typical starting tunnelling
conditions are 1.0 V and 500 pA (tip is positive).

3.3 System Characterisation
3.3.1 Data Acquisition

In order for electrochemistry to be correlated with nonlinear optics the data acquisition
has to be such that the data acquisition for each technique is measured against a

common time clock. This was achieved by using a computer with LabVIEW (National

Instruments) software, which controls both the potentiostat and SHG data acquisition.
The computer runs a time clock while communicating with the potentiostat and SHG
detector. Data points for both techniques are collected and referenced against the
common time clock. Current and potential data points were recorded at an average

interval of 60 ms. SHG data points represent an average of 100 shots each and were

recorded at an interval of 220 ms. Where cyclic voltammograms and SHG were

recorded in parallel a typical scan rate of 20 mV/second was used to ensure an adequate

density of data points of the SHG signal during thiol desorption. Experiments were
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performed at a room temperature of 16°C. Relationships such as current over potential,
SHG over potential or charge over coverage are calculated from the raw data using

Origin (OriginLab Corporation) data evaluation software.

3.3.2 Surface Area Determination

The actual surface area of a metal is always greater than the geometric area when
features such as step edges, pits and adatoms are present. This deviation from an ideally
flat surface is accounted for by the unitless roughness factor which is defined:

^ , actual sample area (3.1)
Roughness = £

geometric sample area

The actual surface area of a sample is an important parameter for the assessment of

desorption charges, molecules can adsorb on the surface in 3 dimensions when

permitted by the surface morphology. Figure 6.6 highlights the extent to which surfaces,
which appear smooth macroscopically, are rough nanoscopically.

Various schemes exist to determine the actual surface area and surface roughness

including gold surface oxide reduction81'129"132, lead under potential deposition (upd) on

gold76 133, and on silver10, iodine desorption134'135, use of radio labelled alkane thiols136
and STM cross sectional analysis58'132.

The potentiometric method, described by Rodriguez et al134, involving iodine desorption
was employed to calculate the actual surface area and surface roughness of the gold
surfaces used in this thesis. The methodology and theory from this paper are outlined
here. Samples are immersed in a solution containing iodine, which spontaneously
chemisorbs onto the gold surface, chemisorbed iodine covers the surface with a well
defined packing. The chemisorption of iodine is limited by the space required to pack
the atoms together. It is assumed that the layer contains close-packed but unassociated
atoms in a hexagonal arrangement. The charge transfer for the oxidation of chemisorbed
iodine is used to determine the surface area:
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IM„ + 3H.0 ->I0W +6H^, +5e" (3.2)

The average area occupied by a single iodine atom, Gi,caic, is determined using the iodine
van der Waals radius (rVdw) of 0.215 nm:

®«=2^vd. =0.160nm2 (3.3)

The calculated iodine packing density (Fi,caic) is related to aijCaic by Avogadro's constant

(Na):

1 (3.4)
r -

I.calc
Na xoij(calc

The calculated iodine packing density, Fi>caic = 1-04 nmole cm"2. For a cyclic

voltammogram involving the oxidation of a monolayer of iodine atoms, the peak area,

Apeak, is integrated, then divided by the scan rate, v, giving the charge transfer, Q:

Q (3"5)
V

The actual sample area, Asampie, is obtained from the magnitude of the charge transfer
for desorption of the layer of iodine atoms:

Q (3.6)A
sample

nxFxT,,,calc

The actual surface area is used to calculate current density values in electrochemical

experiments, this assessment is essential to compare electrochemical results for different
substrate types with different roughnesses.

The surface areas for both Au/mica and Au/Si surfaces were determined. Samples were

prepared by immersing a gold sample in a concentrated iodine / ethanol solution

overnight. After removal from solution, samples were rinsed with copious amounts of
ethanol and blown dry with an inert gas. Samples were assembled into the
electrochemical cell using the procedure detailed in appendix 2. The geometric area of
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the electrode exposed to the cell was determined using Vernier Callipers, and is 54 ± 3
2 .

mm standard deviation. The electrolyte for the experiments was a 1 M de-oxygenated
sulfuric acid solution.
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Figure 3.5: Clean Au/mica electrode, 20 mV/second scan rate, 4 cycles from 800 mV to 1600
mV. The gold oxidation peak is on the anodic scan around 1450 mV, the reduction of the gold
oxide to gold is on the cathodic scan at 980 mV. Between cycles l and 2 the electrochemistry of
the gold surface changes irreversibly.

First, a control experiment was performed using a clean Au/mica substrate, the results
are depicted in figure 3.5. For cycle 1 there is a gold oxidation peak at 1450 mV and a

peak corresponding the reduction of the surface oxide at 980 mV. There is a significant
difference in the gold oxidation peaks between cycles 1 and 2 in position and shape.
Hamelin et al. have reported that a roughening of a gold (111) surface occurs during the

gold oxidation step which disturbs the surface137. The proposition is consistent with the
results observed here. It is envisaged that the initial gold oxide formation irreversibly
alters the surface morphology, this highlights a weakness in the method to determine the
surface area using the peak area of the oxide reduction peak.

cycle 1

800 1200 1600

Potential (mV vs Ag/AgCI)
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Figure 3.6: Au/mica electrode with chemisorbed iodine layer, 20 mV/second scan rate, 4 cycles
from 800 mV to 1600 mV. Iodine desorption in cycle l is around 1350 mV, the gold oxidation

peak is on the anodic scan around 1450 mV, the reduction of the gold oxide to gold is on the
cathodic scan at 980 mV.

Figure 3.6 shows the voltammetric response for an iodine layer on Au/mica. There is an

iodine desorption peak on the first cycle around 1350 mV that overlaps with the gold
oxidation peak. Rodriguez et al. calculated the area of the iodine desorption peak by

subtracting the area of the 'gold oxide' reduction peak in cycle two from the total area
of the iodine oxidation and gold oxidation peaks in cycle one. However, due to the
irreversible roughening of the surface during gold oxidation, discussed above, this
method introduces systematic errors so is not used. An alternative evaluation method is

performed. The peak area is first baseline corrected to remove any capacitive charging
influences. A Gaussian curve is then fitted to the plot, the area under the curve, using
the baseline as the lower boundary for integration, is used to determine the desorption

charge. The evaluation method is validated by fitting a Gaussian curve to both the
iodine desorption and gold oxidation peaks and ensuring a good fit is achieved, figure
3.7. There is a very good fit using two Gaussian curves.
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Figure 3.7: Example of an iodine desorption evaluation. The current (black) is baseline
corrected (red). Two gaussian peaks (dotted blue) combine (blue) to give a curve that matches

very well with the experimental data.

Using equation 3.6 and the evaluation method involving fitting a Gauss curve to the

plot, the actual sample areas of four Au/mica samples were determined. They are as

follows, 58 mm2, 57 mm2, 55 mm2 and 61 mm2. The average area is 58 ± 2.5 mm2
standard deviation. Using equation 3.1 the roughness is calculated as 1.07 ± 0.07.

The same experiments were performed using Au/Si substrate with the aim of

determining the actual surface area and the roughness. Figure 3.8 represents two cycles
for a Au/Si sample, the oxidation of gold complicates the evaluation of the iodine

desorption peak. The presence of faces other than (111) means there is a small gold
oxidation peak overlapping with the iodine desorption peak. This can be observed in

cycle two in the potential range where iodine desorption occurs. The interpretation of
the data to determine the surface area is slightly different due to the overlapping peak.
The peak area determined by the Gaussian curve is a combination of two peaks and is
therefore systematically greater than the iodine oxidation peak. The area of the Gaussian
curve represents the upper limit for the iodine oxidation, the lower limit is a completely
flat surface, roughness of unity. The surface area is determined as the mid-point
between the upper and lower limits, the error is the maximum and minimum values.
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Figure 3.8: Au/Si electrode with chemisorbed iodine layer, 2 mV/second scan rate, two cycles
from 800 mV to 1600 mV. Iodine desorption in cycle 1 is around 1350 mV. The gold oxidation

peak on the anodic scan around 1450 mV, the reduction of the gold oxide to gold is on the
cathodic scan at 1000 mV. The gold oxidation process is more complicated due to the presence

of faces other than (111), different faces oxidise at different potentials resulting in overlapping

peaks. The inset shows a part of cycle 1 with the baseline used in figure 3.9.

Figure 3.9 represents the baseline corrected peak with the best fit Gaussian curve

overlaid. The maximum area, i.e. the area of the Gauss curve corresponds to an area of
78 mm2. An additional experiment for Au/Si, produced a Gauss curve peak area

• 2 2
corresponding to an area of 72 mm , the average of the two results is 75 mm , this value
is considered the actual surface area. Due to the overlapping gold oxidation peak the
actual area is expected to be a systematic overestimation. This corresponds to roughness
of 1.4 ± 0.1. The roughness for Au/Si is determined with a lower accuracy and is
therefore described with only two significant figures. The actual surface areas for both
substrates are summarised in table 3.1.
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Figure 3.9: Cycle 1 with iodine desorption peak, the best fit Gaussian curve is overlaid.

Surface area error roughness error

Au/mica 58 mm2 2.5 mm2 1.07 0.07

Au/Si 75 mm2 4 mm2 1.4 0.1

Table 3.1: Summary of peak areas and roughness values for Au/mica and Au/Si.

The Au/mica surface is clearly flatter than the Au/Si surface. The influence of the
surface roughness is again compared in subchapter 4.4.1 using cyclic voltammetry and
second harmonic generation. The roughness values for annealed Au/mica obtained by
other groups using a variety of methods are compared with the values obtained here.

~Jf\ 1
Kakiuchi and co-workers report a roughness of 1.05 ' , Porter and co-workers report a

co |tc on

roughness of 1.1 ± 0.1 ' , Tao et al report a roughness of 1.2 , Schlenoff et al report a
1119

roughness of 1.15 ± 0.05 and Losic et al report a roughness of 1.11 ± 0.05 . The

experimentally determined roughness value of 1.07 ± 0.07 for annealed Au/mica is
below the average roughness value for similar substrates suggesting a very high quality
of substrate. Au/Si surfaces are now examined. Porter and co-workers report a

roughness of 1.5 ± 0.2 using iodine desorption and, for the same substrate, 1.18 ± 0.05
• 198

using STM . The experimentally determined roughness value of 1.4 ± 0.1 for Au/Si

agrees very well with published data. The roughness values for a gold (111) single

crystal reported in literature are summarised. Wan et al report a roughness of 1.04 for
Au (111) single crystal using a surface oxidation method8 , Morin and co-workers

I i | i | i | i |

800 1000 1200 1400 1600

Potential (mV vs Ag/AgCI)
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report a roughness of 1.0 ± 0.1 for Au single crystal using lead upd90, Leopold et al

report a roughness of 1.1 ± 0.05 using lead upd139. The average roughness for Au single

crystal from these three references is 1.05. The roughness value for a gold single crystal
is closer to Au/mica than Au/Si, and hence, based on roughness values the surface

quality of Au/mica is comparable to a gold single crystal. All current density values and

charges reported in this thesis are calculated using the actual surface areas reported here,
not the geometric area.

3.3.3 Influence of Oxygen

The presence of trace amounts of oxygen in the electrolyte has a deleterious effect on
the quality of the resulting cyclic voltammograms due to oxygen reduction producing

large currents. Oxygen reacts according to a 4 electron process140:

02 + 2H20 + 4e" —> 40H"

The limiting step is the diffusion of dissolved oxygen to the working electrode surface.

Oxygen reduction drives large currents in the same potential range as thiol desorption

peaks and can therefore can severely alter thiol reductive desorption peaks.
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Figure 3.10: CVs for Au/mica substrate at 50 mV/second in the clean state with oxygen purging

(orange) and argon purging (red) and a substrate modified with BP4 at 70°C (dotted line). The

charging due to oxygen is 2.9 mC cm"2 for the entire first cathodic scan of the oxygen purged

sample, this compares to a charge of approximately 100 pC cm"2 for the BP4 desorption.

i ■ 1 < r
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Figure 3.10 compares the cyclic voltammogram of a clean gold substrate in an

oxygenated electrolyte with the cyclic voltammogram for a thiol desorption, where the

electrolyte is purged with argon for around twenty minutes, and the cell is purged in an

inert atmosphere glove box for twenty minutes. The reductive current due to the

presence of oxygen on the cathodic scan only is 29 times greater than the desorption

peak for a BP4 SAM in a purged electrolyte. For thiol desorption experiments, the

desorption peak occurs in the same potential range as the oxygen peak, oxygen

influences cannot be distinguished for molecular desorption for this case, clearly oxygen
must be eliminated. Prior to injection of purged electrolyte the cell is purged in an inert

atmosphere glove box for a minimum of 45 minutes.

3.3.4 Data Evaluation

For a thiol reductive desorption peak, the baseline is first fixed at the cathodic side of
the peak at a position that is most clearly the point where the peak ends. The other end
of the baseline is then brought towards the anodic side of the desorption peak until the
baseline becomes a tangent to the cyclic voltammogram, figure 3.11.

Potential (mV vs Ag/AgCI)

Figure 3.11: Exemplary CV showing steps taken to generate the baseline for a desorption peak.
A point is selected on the cyclic voltammogram immediately after the peak (1). The baseline is

generated, and is rotated around the selected point (2) until it touches the cyclic voltammogram
at a position immediately prior to the desorption (3).

The errors involved in the procedure originating from the selection of the original point
at the cathodic side of the peak are examined in figure 3.12. Five points are selected
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approximately 25 mV apart as the starting point to generate the baseline. For each
baseline the above procedure is applied to fix the anodic end of the baseline to the cyclic

voltammogram, the corresponding charges are calculated and reported in table 3.2.

Potential (mV vs Ag/AgCI)

Figure 3.12: CV with five baselines selected for the integration of the peak approximately 25
mV apart.

baseline left intersect (mV) right contact (mV) charge (pC cm"2)
a -1248 -974 114.1

b -1224 -987 112.9

c -1199 -987 111.1

d -1175 -991 108.7

e -1150 -1027 85.5

Table 3.2: Charge transfer for the desorption peak using the five baselines presented in figure
3.12. (The sample is BP3 prepared at 70°C on Au/mica.)

The evaluation relies on a consistent approach for every sample examined and is to

some extent a question of judgement. Position 'c' is judged to be the most accurate, for
a deviation of 25 mV in either direction along the cyclic voltammogram there is only a

2% change in the peak area. This careful and consistent evaluation gives a high

precision allowing comparison of desorption charges for different thiol SAMs. The

charge transfer as the desorption progresses is followed for correlation with SFIG:

q(E)= 1^-dE (3-7)
V

Ei
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Equation 3.7 relates the coverage determined by SHG with the charge transfer. Q is the

charge, i the current, v is the scan rate, E is the potential. This evaluation procedure is

applied to all peak area evaluations throughout this thesis.

3.3.5 Detector Linearity Range

The performance of the detector is a crucial factor in the overall performance of the
SHG system, the detector consists of a monochromator and a photo multiplier tube. The
monochromator selects a specific frequency of photons which then enter into the photo

multiplier tube where they converted into photoelectrons which are amplified in a

cascade. An amplification of about six orders of magnitude occurs before a current is
measured. The detector is extremely sensitive allowing single photon detection. There
is however the possibility that with large currents, the linear relationship between

photons entering the detector and the measured signal intensity is broken. This is an

obviously undesirable outcome and the detector must be tested to establish the operating
conditions where there is no adverse saturation of the photo multiplier tube distorting
the results. The linear relationship between photons entering the detector and the
measured signal intensity is essential for routine use.

A series of experiments were performed to establish the region where the detector

operates in the linear regime. The second harmonic beam intensity is proportional to the

square of the impinging laser power, any deviations from this relationship indicate that
the photo multiplier tube is becoming saturated. The photo multiplier amplification

setting was adjusted to 780 units. The maximum setting of 1000 corresponds to an

amplification of 1250 Volts in the photo multiplier tube. The power of the infrared
beam impinging on the sample surface was varied while the measured SHG intensity
was recorded. The square root of the SHG intensity is plotted against the laser power,

figure 3.13. There is a linear relationship between the square root of the SHG and the

power of the impinging beam.
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Figure 3.13: Square root of the SHG over the laser power. Photo multiplier amplification is set

to 780 units. Line of best fit passing through the origin is displayed. A data point at the origin is
included.

For the experiment performed with the photo multiplier amplification set at 780 units,
all points were within the range of linearity. The greatest magnitude measured had an

intensity of 330 SHG units. The limit of linearity is therefore greater than 330 SHG
units. This provides a generous window in which to operate, it was not necessary to

probe higher amplifications. All measurements using SHG were kept within the range

of linearity, typically the maximum SHG intensity would be around 100 units and the

photo multiplier setting was maintained at 750 units.

3.3.6 SHG Increase Reproducibility

During cyclic voltammetry with in-situ SHG, the gold electrode is scanned to negative

potentials, when the electrode becomes sufficiently negative, adsorbed molecules will

desorb, changing the surface polarisability, resulting in an increase in the SHG intensity
as described in subchapter 2.3. The reproducibility of the SHG increase is examined for
twelve identically prepared hexadecanethiol samples with a view to a rigorous statistical

analysis of the variation in SHG signal increase for the desorption process. The average

plot of the combined results is then compared with the SHG signal for a bare gold
surface to confirm that the SHG response after thiol desorption is identical to the bare

gold response.
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Due to the different scan rates, the position where the SHG increases varies slightly,

however, the starting and final SHG intensities are independent of the scan rate. For all
twelve results the cathodic scan was selected and placed in a single graph. The plots
were normalised to region where thiols had desorbed because every sample should be
identical in this region. There may then be small differences in the initial signal

intensity due to small differences in coverage or very slight variations in beam

alignment. Individual plots were adjusted by scaling all values up or down using a

normalisation function. An average of the twelve plots was generated and overlaid onto

the twelve plots as shown in figure 3.14. The individual plots were finely adjusted so

that each plot was the best fit with the average line plot in the region after desorption,
i.e. from -1220 mV to -1300 mV. The average was then regenerated using the new

positions. This iterative process was repeated three to four times until all plots were

perfectly aligned in the region from -1220 mV to -1300 mV.
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Figure 3.14: The SHG against potential for twelve different MCI6 desorption experiments,

using 0.5 M KOH(aq) electrolyte, with scan rates from 10 mV/second to 50 mV/second all
prepared at 22°C are compared. The bold black line is the average curve. The individual plots
were scaled up or down until the data points in the region from -1220 to -1300 mV best fit the

average line. The inset shows the region from -400 to -900 mV.

In the region where the monolayer is intact (-300 to -1000 mV) the average intensities
are no longer all fitting with the average plot. This may be due to small differences in

coverage or very slight variations in beam alignment. The average SHG intensities for
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the 12 samples in the region where the monolayer is intact were determined, and are as

follows:

XM2= 39.5, 39.6, 39.9, 40.4, 40.4, 41.7, 41.8, 42.1, 42.7, 42.8, 42.9, 43.6.

Using the statistical analyses described in appendix 3 the mean value and standard
deviation for the starting SHG intensity were calculated:

X12 = 41.4 Standard deviation = 1.43

Standard deviation expressed, as a percentage of the average value is 3.4%. The twelve

plots are now represented with a single average plot with error bars ± 3.4% indicating
one standard deviation, figure 3.15. The 'b' value (equation 2.14) for this plot is -0.28.
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Figure 3.15: Standardised plot representing the desorption of hexadecane thiol from Au/mica

prepared at room temperature. The plot is the average of 12 linear sweep voltammograms, error
bars are ± 3.4% and indicate one standard deviation.
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Figure 3.16: Hexadecane thiol is compared with bare gold. The inset shows the region between
-1150 mV and -1320 mV. The SHG for the hexadecane thiol in the most negative region is

exactly the same as the SHG for a bare gold sample.

The standardised plot for hexadecane thiol on Au/mica prepared at room temperature is

compared with bare gold. Figure 3.16 demonstrates that after the thiol molecules

desorb, the SHG response is, within the experimental uncertainty, identical to the

response for a bare gold surface. In summary, the SHG increase is highly reproducible,
with a standard deviation of only 3.4%. The SHG, after molecules have desorbed, is
identical to the SHG for a bare gold surface.
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Chapter 4
RESULTS

4.1 Homologous Series: Spacer Group Influence
4.1.1 Alkane Thiols

The alkane thiol homologous series is assessed using cyclic voltammetry with in-situ
SHG. Alkane thiols as depicted in table 2.1 are examined. Alkane thiols are the simplest
class of molecules that could be investigated, they represent the most fundamental case
of SAMs. In the generic SAM model, figure 1.1, containing a head group, spacer and
tail group, examining the alkane thiol homologue series represents a systematic study of
the spacer group influence on the structure and bonding of alkane thiols.

The CV and SHG for the reductive desorption for selected alkane thiols in the

homologue series is shown in figure 4.1. Thiols examined in the range from MC7 to

MC22 are displayed. Results for MC2 and MC4, exhibited multiple peak features which
are not understood and therefore the results are not displayed. The results display clear
differences in peak shape and position. The SHG response parallels the peaks, the SHG
increase begins at the onset of the desorption peak and ends at the completion of the

peak. A more rigorous assessment of the SHG to electrochemistry correlation is

performed after the quantitative assessments of the electrochemical results. The SHG
overshoot for MC16 and MC22 is noted, this is systematic for long chain alkane thiols.
The peak shape, desorption potential and desorption charge are assessed using the
criteria described in chapter 2.2.3, additionally, the readsorption process is examined by

determining the readsorption charge. The peak shapes for the alkane thiol series are

examined first, considering the simple chemical structure, the peak shape trends are
J

complex, exhibiting three distinct regions. While MC7, MC8 and MC10 all display

reasonably symmetrical single peaks, MC16 has a double peak structure. Surprisingly,
MC22 has, again, a single peak. The transition between MC10 and MC16 from a single

peak to double peaks is established135, although the reasons for this are controversial
and are discussed in more detail in chapter 5.
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Potential [mV vs Ag/AgCI]
Figure 4.1: CVs (left) and SHG (right) for bare gold, MC7, MC8, MC10, MCI6 and MC22 at

20 mV/second. All SHG plots are normalised to the bare gold plot in the region where thiols
have desorbed. The starting SHG intensity for all samples lies between 36% and 39% of the
SHG intensity for bare gold at -300 mV. Samples were prepared at 22°C and experiments were

performed at 16°C.
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The transition from MCI6 to MC22 from double peaks to a single peak is a new and

important observation as previous studies in literature have only extended to MCI8. A
detailed discussion on this phenomenon is given in the following chapter with specific
reference to the desorption process that is consistent with these observations. The

readsorption peak shapes are of interest. MC7 to MC10 display single readsorption

peaks with readsorption position shifting to more negative potentials for longer
molecules. MCI6 and MC22 have double readsorption peaks. For MCI6 the separation
of the peaks is about 80-100 mV, whereas MC22 has a separation of about 100-120 mV.

Interestingly the first readsorption peak for MCI6 and MC22 overlap. The fact that
MC22 has a double readsorption feature and a single desorption peak is interesting, and
raises questions about the desorption mechanism.
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Figure 4.2: Desorption potential for alkane thiols plotted over the number of carbon atoms in the
alkane chain. The potentials for the main desorption peak for MC2 and MC4 are included. Error
bars indicate one standard deviation.

The desorption peak potential with respect to alkane chain length is examined. There is
a general trend for longer molecules to desorb at more negative potentials, figure 4.2.

longer molecules are more stable due to greater intermolecular interactions and
increased ability to impede ion penetration and screen the electric field. There is a

nonlinear relationship between the desorption potential and the number of carbon atoms

in the chain. The desorption potential change is 40 mV per methylene unit in the range

from MC2 to MC10, in contrast to 13 mV per methylene unit in the range from MC10
to MC22. The interaction between alkane chains stabilises the layer, there are several
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factors which enter into the energy balance. There is a greater tendency for shorter
molecules to be in a disordered state. Longer molecules form more crystalline layers
with a greater degree of order. It is likely that in shorter molecules the disorder of the
alkane chain packing is manifested as a less stable desorption. This is an important

study, which has conclusions that may be relevant for other molecule systems, which
straddle order / disorder regimes.

These results were compared with data from other groups. Kakiuchi et al report a

desorption potential change of 40 mV per methylene unit in the range from MC3 to

MC10, and 8 mV per methylene unit in the range from MC10 to MC1676. The same

gold on mica substrate type was used, but preparation conditions were slightly different,

samples were annealed in deoxygenated pure water for 5 hours at 70°C. Salvarezza and

co-workers, using gold evaporated on glass, report that for three SAMs, MC3, MC6 and
MC12 there is a desorption potential change of 35 mV per methylene unit77, a close

inspection of the plot reveals there is a nonlinear relationship consistent with the
observation in figure 4.2. Porter and Zhong report a desorption potential change of 25
mV per methylene unit135. Overall there is some variation with the reported values, but

considering differences in experimental conditions the general trends are in good

agreement. Of these three groups, the data in figure 4.2 best agrees with the recent work

by Kakiuchi76. The data can be interpreted as a manifestation of the extent of ordering
discussed in subchapter 2.1.1. Longer alkane thiols produce SAMs with well ordered,

crystalline structures, whereas shorter alkane thiols produce SAMs with less crystalline

packing. Extrapolating the desorption potential for zero carbon units using the MC10 to

MC22 region, SAMs gives a desorption potential of -920 mV vs. Ag/AgCl.

Interestingly Salvarezza and co-workers note that atomic sulfur desorbs at a potential of
-920 mV vs. SCE, equivalent to -878 mV vs. Ag/AgCl77. The desorption of monatomic
sulfur is consistent with the trends for the desorption of well ordered, crystalline SAMs.

Despite having potentially very different bonding with the substrate the stability is

remarkably close to the extrapolated value for MCn with n = 0.

The charge transfer for the reductive desorption is examined next. The charge transfer

comprises faradaic and capacitive components. For a (v3xv3) monolayer, assuming a

one electron desorption process, the faradaic charge for a complete coverage is 74 pC
cm"2. It must be noted that domain boundary regions have a lower density of molecules
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2
and therefore it is improbable that a faradaic component of 74 pC cm " would be
attained. The capacitive current for each alkane thiol is determined by the difference in

capacity between the bare gold and the thiol covered gold. The measured charge for

desorption is the sum of the faradaic and capacitive contributions. The charge for each
SAM was determined by integrating the desorption peaks using the procedure described
in subchapter 3.3.4, the results are presented in figure 4.3.

Figure 4.3: Relationship between charge and the number of carbon atoms in the alkane chain for

samples prepared at 22°C (left). The data is compared with charges determined by other groups

(right), details are in the text. Error bars are one standard deviation.

Note that MCI6 and MC22 desorb in the potential range where hydrogen evolution is a

significant factor, there is an additional error in determining the peak areas. There is

potential for a systematic error due to the overlapping of two processes as well as the
random error. The recorded values for MCI6 and MC22 are systematically lower than
the values for the shorter SAMs. It is likely that lower charge is due to the baseline
selection rather than a real decrease in coverage. The SHG data for these systems are

cross-referenced with the CV data to test this hypothesis, figure 4.1. The starting

coverage, determined by SHG, for MCI6 and MC22 is equivalent to the coverage for

MC7, MC8 and MC10. This is clear evidence that the co-evolution of hydrogen
introduces errors into the peak area determination, and leads to a systematic
underestimation of charge transfer for longer SAMs. For these reasons the average

charge transfer magnitude is calculated using data from the shorter SAMs. The charge
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transfer magnitude of 108 ± 3 pC cm"2 attained, this is the mean value and standard
deviation of MC7, MC8 and MC10 values combined. The charge of 108 ± 3 pC cm"2 is
taken as the overall charge transfer for desorption of alkane thiols. The average charge
of 108 ± 3 pC cm"2 is compared with results from other groups. Kakiuchi et al report a

charge transfer of 110 ± 15 pC cm"2 for a range of alkane thiol molecules76, noting that
the charge "did not appreciably depend on the chain length". Porter and Wong cite a

charge 104 ± 11 pC cm"2 for MC1658 although the total is not corrected for the

roughness. Correcting for a roughness of 1.1 that they provide gives the value 95 ± 10

pC cm" , which is plotted in figure 4.3. Morin and co-workers report a charge transfer of

100 ± 10 pC cm"2 for the reductive desorption of nonanethiol141 and hexadecane thiol59.
The charge transfer value of 108 ± 3 pC cm"2 is in excellent agreement with values

reported by other groups and the errors are notably smaller.

The total charge is the sum of the faradaic and capacitive contributions. The faradaic

charge for a complete coverage is 74 pC cm"2, however, it is not likely that a complete

coverage will be achieved due to packing faults at domain boundaries. Comparison of

charge transfer values for samples prepared at 22°C and 70°C (subchapter 4.1.2) and

relating these values to the domain size model, figure 2.7, suggests that the coverage for
a sample prepared at 22°C could be about 90%. The faradaic charge for a sample with
90% coverage will be 67 pC cm"2 and the capacitive contribution will be 41 pC cm"2.
The capacitive contribution is approximately 38% of the total desorption charge.
Kakiuchi reports a capacitive charge of 42 pC cm"2 noting that the "double-layer

charging current can amount to one-third of the charge calculated from the area of the

peak of the reductive desorption"76. The results obtained here are in excellent agreement
with the literature values. The overall capacitive charge is dominated by the charge of a
bare gold electrode, which is about an order of magnitude greater than the differences
between different SAMs, so differences in capacity for different length alkane thiols
result in overall charge transfer differences that are smaller than the experimental errors.

The peak widths for the reductive desorption for alkane thiols are assessed, full width at

half maximum (FWHM) values and asymmetry factor are given in figure 4.4.
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Figure 4.4: FWHM values (top) and asymmetry factor (bottom) for alkane thiols, error bars are

one standard deviation.

The FWHM values show a trend of narrowing peaks from MC7 to MC10. MC16 has
double desorption peaks, the recorded width is the width of both peaks. MC22 has a

narrow single peak, the reasons for the narrowing of the peak are related to the

desorption mechanism and are discussed in chapter 5. Within the range of MC7 to

MC10, the peak width is a measure of the uniformity of the SAM, narrow peaks are

indicative of highly ordered, uniform SAMs. The trend from MC7 to MC16 is an

increasing uniformity, due to increasing interactions between alkane chains. MC16 has
double peaks, the desorption process is affected by intermolecular interactions

increasing the time required for desorption. The FWHM values observed by Kakiuchi et
al follow the same trend76, for longer molecules to have narrower peaks, from MC3 to

MC10 the FWHM approaches 20 mV, from then on it remains constant. The sample

preparation involved an annealing step after film preparation, and double peaks were

not presented for MC16 so the SAMs are different from the ones examined here.

Nevertheless, the general trend is comparable, and the narrower peaks can be due to the
different preparation conditions. The peaks examined are reasonably symmetrical, the

asymmetry factor is within 1 ± 0.25 for all of the alkane thiol peaks, MC16 is excluded
from this because it has double peaks.
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The degree of solubility of the series of alkane thiols is partly indicated by the

readsorption charge, figure 4.5. In general, the readsorption charge is greater for less
soluble molecules.
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Figure 4.5: The readsorption charge for various length alkane thiols. Error bars are one standard
deviation. In some cases the data point hides the error bars.

The readsorption charges are compared with the average desorption charge of 108 pC
cm" . There is a large range of results, MC2 has 16% readsorption compared to 78% for
MC16. Between MC2 and MC8 there is an average increase of readsorption ratio of 3%

per methylene unit, from MC8 to MC16 the average increase is 4.5%. MC16 has a

readsorption of 78% on the first cycle but a readsorption of from 97% to 100% on all

subsequent cycles. It is interesting to note that the large readsorption charge is

accompanied with the occurrence of double readsorption peaks. Between MC16 and
MC22 there is a decrease in the extent of readsorption, MC22 has only 57%

readsorption. It could be argued that there was a lower starting coverage for MC22, as

depicted in figure 4.3, however using these values for the calculation, the extent of

readsorption for MCI6 and MC22 is 82% and 65% respectively. Additionally, the SHG

points to an incomplete readsorption for MC22. There is an unambiguous difference in
the extent of readsorption between MC22 and MCI6, with MCI6 readsorbing to a

greater extent. This points to sterical constraints rather than a partial solubility. The

geometry of the cell has some consequences for the experiment, the desorption of a

monolayer of molecules into a small volume of electrolyte (100 pi) means the
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electrolyte has an average concentration of thiols in the solution of the order of 5 pM.

Even a completely soluble molecule will readsorb to some extent in these
circumstances. So two factors, solubility and diffusion must be considered when

interpreting the results. Longer molecules will be less soluble; therefore it is likely that

they will readsorb to a greater extent. Different molecules desorb at different potentials,
and therefore, due to the constant scan range molecules will remain desorbed for
different times. MC4 remains in solution for 54 seconds compared to 33 seconds for
MC10. Molecules will have time to diffuse into solution leaving a smaller proportion of
molecules close to the electrode surface. The extent of readsorption is a measure of both

solubility and diffusion for this fixed scan range, tailoring the scan range for each
molecule to standardise the diffusion effect would provide a set of data that measures

solubility exclusively. Porter and Zhong report about 30% readsorption for MCI2 and
135smaller sharply increasing for longer molecules . Morin and co-workers report that for

repeated cycling (from three to a few hundred cycles) for MC16 on a Gold (111) single

crystal there is still 90 ± 5% of the layer present59.

The in-situ SHG results for MC7, MC10 and MCI6 represent a sample selection and are

compared with the electrochemical results, the charge for desorption is correlated to the

coverage determined by SHG. If the SHG signal change predominantly reflects the

breaking of the thiol-Au bond (equation 2.12) i.e. monitors the electron transfer upon
the reductive desorption of thiols and, thus, the faradaic contribution, the ratio between
the desorption charge measured by CV and the thiol coverage derived from the SHG

signal yields information about the distribution of faradaic and capacitive currents. If
the ratio between capacitive and faradaic currents is constant over the potential range of
the desorption peak a linear relationship between thiol coverage (equation 2.13) and the

integrated charge (equation 3.7) should be observed. Conversely, a change of this ratio
or even a separation of faradaic and capacitive currents should be reflected in a

deviation from the linear correlation. The charge for desorption is plotted against the

coverage determined by SHG using equations 2.13 and 3.7 for MC7, MC10 and MC16,

figure 4.6. The charge vs. potential and coverage vs. potential data sets are collated. The
data sets are of different size so charge and coverage can not be directly compared. Data

points for charge are interpolated with respect to the potential in the coverage data set

allowing a direct comparison of charge with coverage. The coefficient of determinations
for the MC7, MC10 and MC16 are 0.984, 0.992 and 0.993 respectively. For each SAM
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type, there is a linear correlation between the charge of desorption and the coverage

determined by SHG. MC7 and MC10 have a single desorption peak so this result is not

surprising. The result for MC16, which has a double peak is more interesting, despite
the double peak structure the charge is linearly correlated to the coverage determined by
SHG. This is an interesting observation which is in conflict with a desorption model

proposed in literature . The importance of this observation is discussed in the context

of the desorption mechanism in chapter 5.

CO 045 06 (M 04? CO

Coverage

Figure 4.6: Charge to coverage relationship for MC7 (top), MC10 (middle) and MC16 (bottom).
The line of best fit through (1,0) is included for each SAM.

Figure 4.6 highlights the linear dependence of desorption charge against the coverage

determined by SHG. For alkane thiols where changes in current and SHG signal run

always parallel suggest that faradaic and capacitive currents are tightly linked, figure
4.1. This is confirmed by a detailed evaluation shown in figure 4.6 where the integrated

charge q(E) is plotted against the SHG derived coverage 0. No significant deviation
from linear behaviour is observed for any of the systems. Before continuing the

discussion of the q/Q relationship the evaluation of the SHG signal has to be addressed
since it is based on a number of assumptions. The first assumption is that the potential
induced change of the SHG signal does not play a significant role. Looking at the SHG

response to a bare gold electrode in figure 4.1, the variation of the potential induced

change of the SHG signal from the bare gold surface is about 10% or less over the
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potential range of a desorption peak. The second assumption is that aliphatic chains do
not influence the SHG. This is justified since, as discussed in the literature142, the
nonlinear polarisability of the aliphatic chains is negligible compared to the thiol-Au
interface signal.

In summary, the alkane thiol homologue series presents a fundamentally simple class of
molecule that forms high quality SAMs on gold and is well suited to examine basic

properties of films and spacer group influences. The peak shape is determined greatly

by the thiol length, short thiols (MC7 to MC10) have a single peak, MC16 has a double

peak and MC22 has a single peak. In each case the SHG increases upon desorption, the
SHG increase exactly parallels the desorption peak. The desorption position and hence
the film stability depends on the length of the molecule, longer molecules form more

stable SAMs. The desorption potential change per methylene unit is 40 mV in the range

from MC2 to MC10, it is 13 mV in the range from MC10 to MC22. The deviation is

likely due to a transition from less ordered to more ordered SAMs. The transition from
less ordered to more ordered SAMs from short molecules to long molecules reported in
literature9'48'50'52 is in general agreement with these results where a gradual transition in

stability is observed. The charge transfer for the desorption of a layer of alkane thiols is

independent of the molecule length within experimental errors, the desorption charge is

108 ± 3 pC cm"2. The peak width gets narrower from MC2 to MC10, there is an

increase for MCI6 due to its insolubility. The percentage of readsorption charge

gradually increases from MC4 to MC16, linked to the solubility and diffusion of
molecules after desorption. The coverage determined by SHG is linearly correlated to

the charge for desorption for alkane thiols, despite a double peak structure for MC16 the
linear correlation is still observed. The electrochemical and spectroscopic behaviour

must be accounted for by a desorption model that is consistent with all of the data, in

particular the different desorption regimes evidenced by the peak shapes, and the linear
correlation of coverage to charge for the MC16 double peak. Chapter 5 discusses these
results in the context of the desorption mechanism.

4.1.2 Biphenyl Thiols

Thiol SAMs containing a rigid biphenyl unit as described in subchapter 2.1.3 and

depicted in appendix 4 are examined using CV and SHG. The structure of SAMs
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containing a biphenyl unit is markedly different from alkane thiol SAMs due to the

presence of the bulky endgroup. There is a distinct odd-even effect with SAMs

containing an even number of methylene units having a biphenyl unit with a greater tilt

angle than SAMs containing an odd number of methylene units94. This corresponds to a

lower packing density of BP(even) molecules by 25% relative to BP(odd) SAMs. The

BP(even) SAMs are electrochemically less stable than BP(odd) SAMs. Samples are

prepared at two different temperatures, 22°C and 70°C. Preparation of SAMs at 70°C

produces SAMs with substantially larger domains, this allows an investigation of the
domain size on the electrochemistry of the SAMs. The SAM stability, desorption charge
and peak shape are examined, as is the correlation of the voltammetry to the SHG for
the homologous series. For BP3 and BP4 samples prepared at 22°C the influence of the
scan rate on the desorption position is examined.

The evolution of the cyclic voltammograms with increasing n is shown in figure 4.7
which compiles the complete series both for BPn SAMs prepared at 22°C (figure 4.7

left) and at 70°C (figure 4.7 right). The respective CVs for MC16 are included for

comparison. Focussing first on the general trends which are common to both

preparation temperatures it is obvious from figures 4.7 to 4.10 that there is a clear odd-
even effect in position, width, and charge of the desorption peaks. The BP(odd) thiols
desorb at more negative potentials with narrower, larger peaks than BP(even) thiols.

79



Chapter 4: Results

-

50pA cm'2 BP1

A ep2

JI BP3

A ,—7— —

BP4

Av BP5

—A J\ BP6

BP12

*=A A MC16

1 1 1 1 1 1 1 ^ 1 1 1 1 1 1 1—

-1200 -900 -600 -300 -1200 -900 -600 -300

Potential [mV vs Ag/AgCI]
Figure 4.7: Cyclic voltammograms for BPl-6 and 12 and MC16 at 22°C (left) and 70°C (right)
on Au/mica, at 20 mV/second.
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Figure 4.8: Desorption peak potentials for BP 1-6 and 12 and MCI6 SAMs on Au/mica prepared
at 22°C and 70°C. Filled circles and open squares represent SAMs prepared 22°C and 70°C,

respectively.

Position

From the plot of the desorption potentials vs. spacer length, Figure 4.8, it is seen that a
continuous shift towards more negative potentials with increasing n is superimposed
onto the odd-even variation. The potential difference due to the odd-even effect is 82
mV in good agreement with the value reported for Au/Si91. The average increase per

methylene unit, ignoring the odd-even effect is 17 mV/methylene unit in good

agreement with values for alkane thiols143'144. Interestingly, there is no clear difference
in the desorption potentials between the two preparation temperatures. If one assumes

that the structural perfection of the BPn SAMs influences the stability this is somewhat

unexpected since BPn SAMs prepared at elevated temperature exhibit a higher

crystallinity. From STM measurements domain sizes were found to increase from 5-20
nm at room temperature for BPn SAMs with n = 1-6 to a maximum of 70-100 nm for n
= 1-3 and 40-60 nm for n = 4 and 5. For n = 6 the situation is different as at elevated

temperatures elongated rectangular domains form whose symmetry does not fit to the 3-
fold symmetry of the substrate. For BP 12 no information on the molecular length scale
is available. It is noted that the readsorption potential also shows a clear odd-even effect
for n = 1 to 5 but is not observed between n = 5 and 6, possibly due to the insolubility of
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BP6. Compared to desorption the odd-even difference in the readsorption potentials
amounts to ~25 mV and, thus, is significantly smaller.

10 11 12

Figure 4.9: Influence of the spacer length of BP« SAMs on Au/mica on the width and symmetry

of the desorption peak. Full width at half maximum (FWHM) (top) and asymmetry factor

(bottom) as defined in subchapter 2.2.3. For BP6 which exhibits multiple peaks no asymmetry

factor was determined.

Shape

The shape of the desorption peak also reflects odd-even differences as seen qualitatively
from figure 4.7 and more quantitatively from figure 4.9 which compiles the full-width at

half maximum (FWHM) and the symmetry of the desorption peaks. For BP 1-5 all

desorption peaks and readsorption peaks are a single peak. For BP6, at 22°C preparation

temperatures the desorption peak is a double peak separated by 30 mV with a small
shoulder on the anodic side, the readsorption peak is a double peakseparated by 60 mV.
At 70°C the desorption peaks are separated by 20 mV, readsorption peaks separated by
65 mV. The desorption peak for BP 12 is a single peak at both preparation temperatures,

however the readsorption peaks are double peaks with a separation of 140 mV at 22°C
and 130 mV at 70°C. Subsequent cycles for BP 12 display double desorption peaks. For

samples prepared at 22°C there is a clear odd-even effect in the peak width, BP(odd)
SAMs have narrower peaks by an average of 16 mV. The difference in peak width may

be due to differing substrate interactions as BP(even) molecules are likely attached to a

range of different adsorption sites, in contrast to BP(odd) molecules which all attach at

82



Chapter 4: Results

the same site. Increasing the preparation temperature from 22°C to 70°C results in the

narrowing of all peaks except BP1 which broadens by 10 mV. BP2 and BP6 narrow by
about 20 mV, BP3-5 narrow by 10 mV and BP 12 narrows by about 3 mV. The
behaviour of BP1 is not surprising based on the fact that higher preparation

temperatures produce islands on the gold surface, an effect not observed for BP2-6. For
the majority of BPn SAMs (n = 1,3-5) prepared at 22°C an asymmetry of the peak shape
is observed, the increasing part of the peak is substantially broader than the decreasing

part. Only for BP2 and BP12 no asymmetry is seen. For BP6 at room temperature no

asymmetry factor was calculated since multiple peaks are observed.
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Figure 4.10: Charge integrated over the desorption peak for BPn SAMs on Au/mica prepared at
22°C (filled circle) and 70°C (open squares). For comparison the value of hexadecane thiol is

displayed at n = 15. The larger standard deviation for MC16 is due to the fact that the evaluation
is more difficult, selecting the position of the end of the lower boundary for the desorption peak
where it overlaps with the hydrogen evolution is not trivial. Desorption peaks were integrated
with a straight baseline connecting the start and end of the peak as a lower boundary.

Charge

As known from spectroscopic analysis94 and STM65'145 there is a substantial odd-even
difference in the packing density. While all odd-numbered BPn SAMs have essentially
the same packing density as alkane thiols the density for n = even is about 20% lower.
As figure 4.10 shows this is clearly reflected in the smaller charge for n = even. The

desorption charges alternate between, on the average, 102 and 90 pC cm"2 for samples

8 9 10 11 12 13 14 15
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2
prepared at 22°C, and between 115 and 102 pC cm" for samples prepared at 70°C for

BP(odd) and BP(even) respectively. There is a systematic increase in the charge due to

higher preparation temperatures and a clear odd-even difference reflecting the odd-even
variation in coverage. Since it is known that increasing the preparation temperature

improves the quality of the film by increasing domain sizes and increasing the coverage

the values obtained at 70°C closer reflect the ideal fully covered sample. The values for
these samples are examined in more detail. Looking at the desorption charge in more

detail one has to differentiate between the faradaic and capacitive charges. For a one

electron process, RSAu + e" —>■ Au + RS", which was established for the reductive

desorption of thiols70'80, the faradaic charge for a perfect monolayer with a (v/3>W3)
structure such as alkane thiols is calculated to be 74 pC cm"2. For BP(odd) SAMs with a

reported (2V3xv/3) structure and two molecules per unit cell65'145 the same value should
result whereas for BP(even) a value of 59 pC cm" is obtained. Calculating the

capacitive charging for the data of BPn SAMs prepared at 70°C by subtracting the
theoretical faradaic charge from the measured total charge, values of 41 pC cm"2 for

BP(odd) and 43 pC cm"2 for BP(even) are obtained. Despite preparation of samples at

70°C domain sizes are not infinite so there will be a discontinuity of the molecular

packing at domain boundaries with a concommitant reduction in the number of
molecules attached to the surface from the theoretical 100% coverage. Using the model
detailed in subchapter 2.1.5 the coverage will be about 88% for samples prepared at

22°C and 96% for samples prepared at 70°C. The difference in coverage predicted using
the model is substantiated by the average 14% increase observed for the charges for

samples prepared at elevated temperatures. Correcting the theoretical faradaic charge
from the coverage of 96% gives 71 pC cm"2, and a capacitive contribution of 43 pC cm"
2 2for BP(odd) and 45 pC cm" for BP(even). The capacitive contribution is therefore
about 37% of the total charge for BP(odd) and 44% of the total charge for BP(even).

Assuming the capacitive contibutions are independent of the packing density of
molecules in the SAM the faradaic contributions are in very good agreement with the
difference in packing observed by STM. This result indicates that the capacitive charge
is similar for alkane thiols and all biphenyl thiols, the capacitive charge is dominated by
the capacity of a bare gold electrode, small differences in capacity between different
SAMs of a few micro Faradays cannot be distinguished in the CV as the bare gold

capacity is about 40 pF cm"2.
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Figure 4.11: Peak potential of the desorption peak for BP3 and BP4 on Au/mica as a function of
the scan rate. The x-axis is a logio plot.

Scan Rate

The stability of the layer as a function of the scan rate is depicted in figure 4.11 which

compares BP3 and BP4 as examples for odd and even numbered systems. Both SAMs
show a linear dependence of the peak potential Edes. on the logarithm of the scan rate

which is indicative of an irreversible process, subchapter 2.2. No significant odd-even
difference in slope is observed and the shift of Edes. of about 50 mV/decade change in
scan rate is in the same range as the 70 mV/decade reported for mercaptohexanoic
acid143 and the 60 mV/decade for mercaptoundecanoic acid146. For alkane thiols the
values diverge with 60 mV/decade reported for decanethiol76 and almost no dependence

(< 10 mV/decade) for dodecane thiol146. For decane thiol in alkaline ethanol solution a
80value of 44 mV/decade was reported .
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Figure 4.12: CVs (left) and SHG (right) for the series of BP SAMs prepared at 70°C at a scan

rate of 20 mV/second. All experiments were performed in the same day with identical
conditions. SHG is normalised to region of bare gold, the SHG intensity minimum is 55% of the

intensity at -1300 mV.
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The CV with in-situ SHG for the biphenyl series is depicted in figure 4.12, SHG is
normalised to the signal of the bare gold electrode, an alkane thiol is included for
reference. The SHG intensity increases across the desorption peak for every sample, the

readsorption peaks are paralleled by a decrease in the SHG intensity. The extent of

readsorption indicated by the area of the readsorption peak is in agreement with the
SHG intensity change. BP 1-4 have very little readsorption and the SHG change on the
anodic scan due to readsorption supports this. BP5, BP6 and MC22 have considerably

larger readsorption peaks and the extent of the SHG change parallel to the readsorption

peak also indicates a greater readsorption. There is a clear trend of gradually increasing

readsorption going from BP4 to BP6 observed with both CV and SHG. This is
consistent with the trends for alkane thiols between MC2 and MC16, figure 4.5.

Figure 4.13 highlights the linear correlation of charge for desorption with the coverage

determined by SHG. This is identical to the results for alkane thiols depicted in figure
4.6, this result is quite remarkable for several reasons. Firstly, the molecular structure
seems irrelevant. Neither the aliphatic spacer length nor the difference between the
mixed aromatic/aliphatic BPn thiols and the purely aliphatic thiol affects the linear

relationship between 9 and q. Secondly, the preparation temperature has no effect on q

vs. 9. Separate plots for the different temperatures yield the same results as the one

shown in figure 4.13 which is the average of all experiments. Thirdly, in contrast to the

pronounced odd-even effect of the position, charge, and width of the desorption peak,
both types of BPn thiols yield a linear dependence of q(E) vs. 0. Fourthly and most

remarkably, the linearity is observed irrespective whether the desorption signal consists
of a single peak (BPn, n = 1-5, 12) or multiple peaks (BP6, MC16). All this strongly

suggests that the SAM structure, i.e. domain size, density of etch pits, and molecular

packing density does not have a detectable influence on the ratio between the integrated

desorption charge (capacitive plus faradaic) and the faradaic component as measured by
SHG.

This linear correlation of charge to coverage is a clear piece of evidence that contradicts
the desorption mechanism proposing a clear separation of faradaic and capacitive

processes where double peaks are observed, i.e. BP6 and MC16. This is discussed in the

following chapter focussing on the desorption mechanism.
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Coverage
Figure 4.13: Plot of desorption charge density over coverage derived from SHG for BP 1-6, and
12 and MCI6 on Au/mica. Data are from cyclic voltammograms taken at a scan rate of 20
mV/second. Solid lines are linear least square fits. Error bars are derived from averaging
different experiments with samples prepared at 22°C and 70°C.
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4.2 Tail Group Influence

The tail group is the part of the molecule that is exposed to the local environment and

hence, has a central role in determining the surface properties of the SAM modified
surface. Tail groups can be introduced to deliberately increase stability or create

disorder. Bulky tail groups can be used to reduce coverage. Functional groups can add

functionality to surfaces for applications such as tribology or immobilising biological
molecules. The tail group can influence the formation and resulting properties of the

film, several different comparisons are made to illustrate the variety and extent of the
tail group influence. Cyclic voltammetry is performed on a variety of systems with a

view to obtaining information on the desorption potential, the desorption peak shape
and desorption charge transfer.

4.2.1 MC8 / CFS

Octane thiol is compared with a perfluorinated octane thiol molecule, figure 4.14. The

perfluorinated thiol has a modified spacer and tail group. This comparison is an

appropriate link between the previous subchapter on the spacer and the present

subchapter on the tail group. The molecule abbreviated CFS will be revisited in

subchapter 4.3.1 comparing the head group influence with its selenol analogue.

Figure 4.14: MC8 (left) and CFS (right), CFS has 13 fluorine atoms in the molecule. SAMs
based on these two molecules are considered to have different spacer and tail groups.

Perfluorinated SAMs are of interest as surface modifiers, they can render a surface

chemically inert147. Pefluorinated SAMs exhibit superior properties to equivalent alkane
thiols in terms of decreased defectiveness and permeability51. The van der Waals

° ° 51diameter of the perfluorinated region is 5.6 A compared to 4.2 A for the alkane chain .

The juxtaposition of the bulky perfluorinated moiety and the alkane moiety has some
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impact on the film structure. The tilt angles for the respective fluorinated and non-

fluorinated moieties differ with fluorinated parts tilting closer to the surface normal
148

-1200 -900 -600

Potential [mV vs Ag/AgCI]

Figure 4.15: CVs (top) and SHG (bottom) for CFS (purple) and MC8 (red). There was an

exceptionally high degree of reproducibility for the CVs. SHG is the average of two results.
MC8 desorbs at more negative potentials. Samples prepared at 22°C.

Figure 4.15 depicts CVs and SHG for these two SAMs. The desorption potentials are -

986 ± 1 mV for MC8, compared to -940 ± 8 mV for CFS, MC8 is more stable by 46

mV, this is equivalent to the potential shift observed for one or two methylene units.
The fluorine substituted molecule is notably less stable to electrochemical desorption
than the pure alkane thiol molecule. The voltammograms all display a very similar

single peak shape, the peak widths for MC8 and CFS are almost identical. MC8 has a

FWHM of 47 ± 4 mV compared to 44 ± 2 mV for CFS. Notably, the peak heights are
■j

almost identical, all falling within a 3 pA cm" range. CFS has an asymmetry factor of
0.9 compared to 1.0 for MC8, The current onset for CFS is slightly sharper, although
the difference is very small. The charge transfer for MC8 is 109 ± 2 pC cm"2, for CFS it

is 105 ± 1 pC cm"2, the areas of the two peaks differ by only 4%. These values are

consistent with expectation as the bulkier perfluorinated molecule would make close

packing slightly more difficult. It is likely that the unit cell for the two systems are

similar. The SHG for the two systems is compared with the CV, The SHG increase in
both cases exactly parallels the desorption peak. The CVs and SHG both indicate that
there is only a partial readsorption of molecules. Taking the alkane thiol starting SHG
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intensity as the reference point, due to the lack of functionality, it is clear that the CFS

starting SHG intensity is lower than the MC8 starting intensity, this suggests the

presence of the fluorine atoms influences the SHG. This could be due to a polarising
effect. Fluorine could polarise the electrode either directly or through the sulfur. The

electronegativity of the perfluorinated moiety is considerably greater than the equivalent

aliphatic region in MC8. This phenomenon is examined again in subchapter 4.3.1 where
CFS is compared with its selenium analogue.

4.2.2 MC16 / MHA

Hexadecane thiol (MC16) is compared with mercaptohexadecanoic acid (MHA) SAMs,

figure 4.16.

Figure 4.16: MC16 (top) and MHA (bottom), MHA has a carboxyl tail group.

The presence of the carboxyl group complicates the SAM formation and intermolecular
interactions. The carboxyl group has a permanent dipole, which results in unfavourable

dipole-dipole interactions between the tail groups of neighbouring molecules. The

consequence is a lower degree of ordering in the film143. Despite this, hydrogen bonding
between neighbouring carboxyl groups can occur when the group is fully protonated.

Additionally the formation of dimers between carboxyl groups can introduce disorder in
a larger scale149. Immersion of the SAM in an alkaline electrolyte will deprotonate the

carboxyl group removing any favourable intermolecular hydrogen bonding and shift the

energy balance of the SAM. CVs and SHG for MC16 and MHA are compared in figure
4.17. MC16 displays the characteristic double peaks, whereas MHA displays a single

peak. The FWFEM values for the desorption peaks are 37 mV and 88 mV for MHA and
MC16 respectively. The readsorption peaks clearly show that the extent of readsorption
is lower for MHA. MC16 has almost complete readsorption, while MHA has only

partial readsorption. The SHG changes parallel the desorption and readsorption peaks in
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both cases, and for MHA the SHG indicates that there is only a partial readsorption. The

presence of the carboxylate group significantly changes the electrochemistry of the
SAM. The MCI6 first desorption peak occurs at -1145 mV compared to -1090 mV for
MHA, MCI6 desorbs at a potential 55 mV more negative than MHA, for this length of
molecule this is equivalent to the potential shift for three methylene units. The

carboxylate tail group has a destabilising influence on the overall energy balance of the
thiol SAM. The desorption charge transfer values are compared, MHA has a charge
transfer of 102 pC cm"2, compared to 108 pC cm"2 established for alkane thiols in

subchapter 4.1.1. There is a 6% difference in the total charge, suggesting a slight
decrease difference in packing density for MHA. However, due to uncertainty in the

capacitive charging influence of the polar tail group and the experimental errors it can
not be unambiguously ascertained that there is a real difference in packing density.
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Figure 4.17: CV (top) and SHG (bottom) for MHA (red) and MCI6 (purple) at 50 mV/second.

Samples prepared at 22°C.

The SHG results are compared with the CVs. The SHG and CV for MHA both indicate

the readsorption ofMHA is incomplete. The SHG shows a very slightly lower coverage
for MHA. The susceptibility tensors, Xau and Xint are calculated for MC16, assuming a

coverage of 1 with SHG intensity of 44.8 units, and coverage of 0 has 84.1 units: Xau =

9.171 and Xint ~ 2.477. The 'b' value (equation 2.14) is -0.27, this is in excellent

agreement with the value of 'b' value of -0.28 for the MC16 average in figure 3.15.
The relative coverage for MHA with SHG intensity of 47.1 units, using the same
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susceptibility tensors corresponds to a coverage of 0.93 relative to MC16. The MHA

coverage based on SHG intensities is 7% lower than MC16 coverage. The MHA

average SHG intensity is about two standard deviations away from the MC16 SHG

intensity suggesting that there is only a 5% chance that the difference is due to a random
statistical deviation. The two techniques both suggest that the coverage for MHA may

be slightly lower than for MCI6.

In summary, the MHA is less stable than MCI6 by a factor equivalent to three or four

methylene units. Both electrochemistry and SHG suggest there may be a slightly lower

packing density for MHA, by about 5-10%. The presence of the carboxylate group

significantly changes the electrochemistry of the SAM, it is likely that this is a

consequence of repulsive interactions between negatively charged neighbouring

carboxylate groups in an alkaline environment. The results here are in agreement with
Kakiuchi and co-workers who report that there is an average shift of 110 mV between

methyl terminated SAMs and carboxyl terminated SAMs at 20 mV/second143.

4.2.3 BP1 / DT

The chemical structures for BP1 and DT are given in figure 4.18. BP1 is compared with
an analogous dithiol molecule. Dithiol molecules have two possible ways of attaching to

the gold surface. They can attach with one sulfur and stand upright, or attach with two

sulfurs lying flat, or a mixture of these two states.

Figure 4.18: BP1 (left) and DT (right), DT has an additional sulfur atom in the tail group.

Figure 4.19 shows the cyclic voltammograms and SHG for the two molecules, DT and

BP1, they both have single desorption peaks. The dithiol molecule desorbs at a potential
more negative than the BP1 desorption potential, the dithiol molecule is significantly
more stable to electrochemical desorption. The readsorption peaks for the two

molecules show that BP1 readsorbs before DT. Qualitatively the DT CV shows a more

SH

SH SH
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pronounced hydrogen evolution that is indicative of a roughened surface. The SHG
increase parallels the desorption peak for both molecules, the starting intensities are

comparable, but the DT intensity unusually decreases as the potential becomes more

negative. The extra stability of the layer due to the thiol tail group will be discussed
after the peaks are assessed.

The desorption position for DT is -1168 ± 5 mV compared to -1060 ± 5 mV for BP1,
DT is substantially more stable to desorption. The additional sulfur atom in the
molecule has a stabilising influence on the resulting SAM. The charge transfer
associated with the desorption of a layer of these molecules can give an indication of the

nature of the bonding. The desorption charge for DT is 103 ± 1 pC cm" . The error here

is only the random error, however there is an uncertainty due to the hydrogen evolution.

The charge for desorption of 22°C prepared BP1 is 103 ± 3 pC cm"2, the two systems

have comparable desorption charges, and hence a similar coverage. The peak areas for
the dithiol molecules prepared at 22°C matches exactly the peak area for BP1 sample.
This is a very strong indication that the molecules packing densities are very similar and
therefore the DT molecules stand upright in their final state. For a flat lying dithiol

molecule, due to geometric constraints, the two end sulfurs would be about 15

Angstroms apart. Even allowing for a two electron transfer process per molecule the

resulting desorption charge would be of the order of half of the charge for BP1

desorption. The measured charge transfer magnitude clearly rules out this possibility.

However, the dithiols may initially form a kinetically favourable flat lying

configuration, which changes to an upright phase once the coverage is sufficient. The
increase of the hydrogen evolution peak for DT compared to BP1 suggests the

roughening of gold which is likely due to breaking of gold sulfur bonds. This suggests

that dithiol molecules may initially bond with two sulfurs, before one bond is broken to

maximise the close packing of molecules. It is interesting to note that no STM images
have been published demonstrating molecular resolution for dithiols in an upright

configuration. The reasons for this are unclear, the state of Au surface is therefore not

known. This hypothesis is supported by work from another group, Morin and co¬

workers report that a dithiol molecule with one phenyl ring forms upright packing
oo

monolayers . Morin also discussed the possible formation of multilayers of dithiols.
The formation of a multilayer cannot be excluded, however it is unlikely that well
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ordered multilayers would form that would contribute to the increase in stability of the
film.

-1500
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Figure 4.19: Cyclic voltammograms (top) and SHG (bottom) for DT (red) and BP1 (purple) at
20 mV/second. The CV and SHG for BP1 are from different experiments. The hydrogen
evolution currents are very different. The scan range from —300 to -1400 mV was chosen to

illustrate the different hydrogen evolution currents. Samples prepared at 22°C.

The FWHM values for DT and BP1 are compared, DT has a peak width of 50 ± 11 mV,
whereas BP1 has a peak width of 39 ± 9 mV. The DT peak is on average slightly
broader than the BP1 peak, but the error bars for the two desorption experiments

overlap. Considering the coverage of the two systems is comparable, there is a

remarkable difference in the electrochemical stability of 108 mV. The presence of the
additional thiol moiety in the tail group increases the electrochemical stability. It is

possible that adjacent sulfurs can bond to each other forming a disulfide once the
molecules are positioned in the film. Thiol groups are held together in the SAM, two

neighbouring thiols could react to form a disulfide and a hydrogen molecule, and the
reaction is irreversible as molecular hydrogen is evolved. This would be consistent with
all of the observations in the comparison between BP1 and DT. The normalised SHG
for the two samples shows an equivalent SHG intensity in the first 200 mV of the scan,

before the DT intensity decreases before desorption supporting the theory that there is a

similar packing density of molecules. The decrease in SHG intensity for DT as the

potential scans from -300 mV to the desorption potential was unexpected, and its origin
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is unclear at present. It may possibly reflect a change in the polarisability of the SAM
due to the presence of the sulfur tail group.

4.2.4 BP2 / PET

Phenyl ethyl thiol (PET) is compared with BP2. Factors such as coverage, charge
transfer and desorption position are explored. Figure 4.20 shows the chemical
structures.

Figure 4.20: PET (left) and BP2 (right).

The stability of the two SAMs are compared, figure 4.21 depicts the voltammograms for
the two systems. BP2 has a single desorption peak, PET has two desorption peaks.

Qualitatively, the double peak feature for PET is of interest, the reason for the second

peak is not immediately obvious. Similar features are observed for other short

molecules, MC2, MC4, BPSe and to a small extent BPO. This is possibly due to the
formation of a low density phase after some molecules desorb, or desorption from step

edge sites. The BP2 desorption peak occurs at -985 ± 22 mV, the PET main desorption

peak is at -830 ± 40 mV, PET has an additional peak at -955 ± 1 mV. BP2 is

significantly more stable to desorption than PET, there is a difference of 155 mV which
is comparable to a shift expected for about 4 or 5 methylene units, notably this is

comparable with the difference in length of the two molecules.

The charge transfer for the desorption of PET was carefully evaluated. Experiments
were performed at 50 mV/second and 100 mV/second for PET with thorough

deoxygenation, the charge transfer is 109 ± 2 jllC cm"2. This compares to the charge

transfer of 92 ± 6 fiC cm"2 for BP2 under identical conditions. The charge transfer for
PET is between 15% and 20% greater than for BP2.
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Potential [mV vs Ag/AgCI]

Figure 4.21: CV and SHG for BP2 (purple) and PET (red) at 50 mV/second. Baseline for

integration is indicated by dashed line. The cell was degassed for one full hour in inert gas to
eliminate the presence of oxygen. The SHG minimum is 50% of the SHG intensity at -1300
mV. Samples prepared at 22°C.

The charge transfer for BP2 has previously been established during the homologous

biphenyl thiol series investigation, the charge transfer for PET, however brings new

information on the impact of the additional phenyl ring on the assembly of these films.
2 • •The charge transfer of 109 ± 2 pC cm" initially seems a little large considering the

sample was prepared at 22°C. Due to the broad multiple peaks for PET, the baseline
selection for the PET integration could lead to a systematic overestimation of the peak
area. This is a real possibility, the baseline spans 250 mV and the errors are therefore

greater, an error of up to 25% could be accommodated, however this is the upper limit

considering the extent of the inert gas purging. Based on the charge transfer values and

allowing for errors it can be concluded that the packing density of molecules for PET is
similar to, or greater than that of BP2. This is in contrast with Liu and co-workers who
claim to have identified (V3x7) unit cell with two molecules per unit cell for PET. This

corresponds to a coverage two times lower than a SAM with a/|xv3) unit cell. This
would result in a desorption peak with a faradaic contribution of about 36 pC cm"2
excluding any domain boundary effects. Considering the capacitive charge in the region

of 43 pC cm"2, typical for the desorption of densely packed SAMs, the overall
• • 2

maximum desorption charge would be about 79 pC cm" . This is clearly in contrast to
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2the observed results of 109 ± 2 pC cm" and cannot be explained in terms of errors
alone. Disordered regions may have a higher density of packing than the ordered region,

although this could not explain the large inconsistency. The unit cell reported by Liu
and co-workers is incorrect150. The correct unit cell, determined by STM151 is

(v3x4)rect with 2 molecules per unit cell. This gives a packing density of 28.7

A2/molecule and an expected faradaic charge of 55 pC cm"2 and a total desorption

charge consistent with the observed charge.

4.2.5 BP3 / HBP3

BP3 and HBP3 molecules with different terminated tail groups are compared. Figure
4.22 illustrates the different molecules.

Figure 4.22: BP3 (left) and HBP3 (right).
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Figure 4.23: Cyclic voltammogram of HBP3 (top) and BP3 (bottom) at 20mV/second. Samples

prepared at 22°C.

98



Chapter 4: Results

The SHG for HBP3 is similar to BP3 and is not presented. The CVs for HBP3 and BP3

prepared at room temperature are compared in figure 4.23, both have single desorption
and readsorption peaks and the positions are reasonably close which is as expected.
There are however small but systematic differences between BP3 and HBP3. The

average position for BP3 -1106 ± 5 mV compared to desorption position of -1073 ± 15
mV for HBP3. BP3 is more stable by 33 mV, this is comparable with the effect of
between one and two methylene units for this type and length of molecule. The

desorption charges are compared, BP3 has a desorption charge of 101 ± 4 pC cm"

compared to a desorption charge of 105 ± 2 pC cm"2 for HBP3. The charge transfer is

comparable for the two systems. This is an indication that the coverage is the same, and

probably the same unit cell is adopted, the difference in capacitive charging is within
the experimental uncertainty. The peak widths are examined, the FWHM values are

compared, BP3 is 38 ± 2 mV, HBP3 is 62 ± 14 mV. HBP3 is systematically broader, by
an average of 24 mV or 60%.

In summary, BP3 is slightly more stable, by 33 mV on average, this is equivalent to one

or two methylene units for molecules of this type and length. The charge transfer is

approximately equal for the two different systems. HBP3 peaks are systematically
broader, the mean FWHM values are 62 mV and 38 mV for HBP3 and BP3

respectively. This is an interesting result which shows that small differences in the tail

group can alter the overall SAM stability and properties.

4.2.6 BP4 / HBP4 / BP40H

BP4 and BP4 molecules with different terminated tail groups are compared. Figure 4.24
illustrates the different molecules.

Figure 4.24: BP4 (left), HBP4 (middle) and BP40H (right).
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Figure 4.25 illustrates the CVs for BP4, F1BP4 and BP40H, and SHG for HBP4 and
BP40H.
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Figure 4.25: CVs for BP4 (black), HBP4 (purple) and BP40H (red). SHG for HBP4 and
BP40H are compared. The SHG minimum is 33% of the intensity at -1300 mV. Samples

prepared at 22°C.

There is a clear stability trend observed for the three molecules increasing stability

going from BP40H to HBP4 to BP4, the desorption positions are -930 mV, -980 mV
and -1040 mV respectively. HBP4 is less stable than BP4 by 60 mV, BP40H is less
stable than BP4 by 110 mV. The tail group has a significant influence on the film

stability. The desorption potentials for HBP3 and HBP4 are consistent with the odd-
even effect in desorption potentials observed for BPn thiols. The HBP4 desorption peak
is broader than BP4 with an average FWHM of 57 mV compared to 46 mV for BP4.

Interestingly the width of BP40H is 43 mV, making it slightly narrower than the

average BP4 width. BP40H has an additional feature at -990 mV, the origin of this
feature is, at present, not understood. The desorption charge transfer for HBP4 is 92 pC

2 *2
cm" , the average desorption charge for BP4 is 90 pC cm" , the two values are

equivalent within the experimental uncertainty. There were insufficient statistics to

determine the desorption charge for BP40H. The desorption charge transfers for HBP3
and HBP4 are consistent with the odd-even effect in charge observed for BPn thiols. It
should be noted that the biphenyl unit does dramatically contribute to the film stability,
MC4 desorbs at a potential of -770 mV, compared to -1040 mV for BP4 and -975 mV
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for HBP4. Comparing MC4 and HBP4, the biphenyl unit accounts for a shift of 205

mV, and the additional methyl group adds a further 60 mV. Varying the tail group has a

notable effect on the film stability with increasing stability going from BP40H to HBP4
to BP4. The hydroxyl group destabilises the film, this may be due repulsive dipolar
interactions between neighbouring molecules152, or related to the increased solubility of
alcohol molecules. Interestingly, Poirier noted that for MC6 SAMs the introduction of
an hydroxyl tail group changed the packing arrangement of molecules153. The

desorption charges for BP4 and HBP4 indicate that an equivalent packing density is
observed. The peak narrows for BP40H. In general the peak width is a measure of the

uniformity of the SAM, a broad peak, is expected for a more inhomogeneous film.

However, there is an important exception to this general principle. Kakiuchi and co¬

workers presented cyclic voltammograms of SAMs of mercaptopropionic acid and

propanediol56, mercaptopropionic acid has a significantly narrower peak, suggesting
the tail group of the film must also be considered. This is supported by Sur et al. who

report that a hydrophobic gap at SAM / electrolyte interface exists for hydrophobic
SAMs154'155. Furthermore, Morin and co-workers observe that the desorption peak shape
for MCI6 depends on the electrolyte cation, due to each cation having a different

hydration shell59. Clearly, permeability of the SAM to the electrolyte is an important
consideration in peak shape analysis. The results for BP40H are consistent with the
observation that hydrophilic surfaces have a narrower desorption peak56.

4.2.7 Tail Group Summary

In summary, six different comparisons are made cataloguing a total of thirteen different
SAM systems. The perfluorinated octanethiol SAM is less stable than the equivalent
non-substituted alkane thiol. The carboxyl tail group has a destabilising effect on the
film structure, an equivalent effect to removing five methylene units. BP1 and DT are

compared, this is an example of a tail group which increases interactions between
molecules further stabilising the SAM. BP2 and PET are compared, there is a notable
difference in the electrochemistry due to the extra phenyl ring, with a shift of 180 mV.
The removal of the methyl group from BP3 and BP4 has the effect of slightly

decreasing the film stability, but the packing of the films appears to remain unchanged.

Interestingly the magnitude of the change is different for BP3 to HBP3 and BP4 to

HBP4. BP3 to HBP3 has a shift of 35 mV compared to the shift of 60 mV for BP4 to
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HBP4. The peak positions and desorption charges for these SAMs are fully consistent
with the established odd-even effect in the shift of the peaks for methyl terminated

biphenyl thiols. However, without the full homologous range of HBPn molecules the
odd-even effect can not be absolutely confirmed. Examining BP40H demonstrates that
the presence of the hydroxyl group decreases the film stability and that the desorption

peak narrows. In two cases the presence of a functional tail group destabilises the SAM,

carboxyl and hydroxyl groups. There are however two ways in which the group could
cause a decrease in the SAM stability. Repulsive interactions, either through negatively

charged carboxylate electrostatic repulsions or dipole repulsions between neighbouring

hydroxyl groups could render the SAM less stable to desorption. Alternatively, the
destabilisation could be due to some kind of solvation effect. The desorption requires
counter ion penetration through the film in order to maintain charge neutrality. The
counter ions have a solvation shell of water molecules. SAMs containing a carboxylate
or hydroxyl group have a hydrophilic surface therefore, energetically, the counter ions
are more likely to reside in and around the SAM | electrolyte region and penetrate the
film as far as the tail group extends. On average, the counter ions will sit closer to the
electrode surface and complete penetration of the SAM will be easier relative to the

hydrophobic SAMs. In one case the presence of a functional tail group stabilises the

SAM, a thiol. It is envisaged that disulfide formation can occur, this is in essence an

increase in intermolecular interactions through a covalent bond. The overall increase in

stability is equivalent to the stability realised for the addition of six methylene units.

However, the energies can not be directly compared due to the fact that the molecules

may have to slightly adjust their conformation and orientation to accommodate the
disulfide bond. In every case, attractive intermolecular interactions in the tail group
stabilise the SAM whereas repulsive intermolecular interactions in the tail group

destabilise the SAM.

4.3 Head Group Influence

The head group to substrate interaction is the principal driving force for self assembly, it
is a crucial aspect of the stability of SAMs. Two very different head group types are

explored, head groups with a single point connecting the molecule to substrate and
molecules with the potential to connect to the substrate at more than one point. SAMs
with a single atom head group are the commonly known system, SAMs with a sulfur
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head group are compared with their selenium head group analogue. Comparison of
these systems reveals differences in stability41 and conductivity42 caused by the head

group. These are important considerations for future development of molecular

electronics, and rational design of SAM systems. This is followed by a look at

molecules with multiple binding points, which have received less attention in
literature7'156"162. Molecules could potentially bond to the substrate with two or three
sulfur atoms while maintaining their upright close packed conformation.

4.3.1 Sulfur / Selenium Head Group

Both sulfur and selenium containing small molecules spontaneously form monolayers
on gold substrates. Both head groups have similar properties although selenium is larger
and more polarisable than sulfur. The hard / soft bonding concept described by
Pearson41'163 predicts that the interaction strength between gold, a soft acid, will be

greater with a softer base. Selenium is softer than sulfur due to the increased

polarisability. The strength of the bonding between Au-S and Au-Se is assessed using
the peak position in cyclic voltammetry. Two different comparisons are made, a

biphenyl disulfide is compared with a biphenyl diselenide and a perfluorinated thiol is

compared with a perfluorinated diselenide. Figure 4.26 shows the structure for the

biphenyl disulfide and the biphenyl diselenide.

Figure 4.26: BPSe (left) and BPO (right), BPSe is a diselenide, BPO is a disulfide. BPSe and
BPO have different tail groups, BPO has a methyl unit that is not present in the equivalent

position on BPSe.

Comparing BPO with BPSe, there are differences in both the tail group and head group,

the influence of the different tail group is discussed. The tail group difference is exactly
the same as for HBP3 / BP3 and HBP4 / BP4 illustrated in subchapter 4.2. In both cases

the methyl group increased the stability of the SAM. The additional methyl unit in the
tail group of BPO contributes to the film stability, and this influence is considered in the
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assessment. The methyl tail group is expected to increase the stability by approximately
35-60 mV for a molecule of this length.

Potential [mV vs Ag/AgCI]

Figure 4.27: CV and SHG for BPSe (purple) and BPO (red) at 20 mV/second. Both demonstrate
unusual SHG features in the desorption and readsorption scan. The minimum SHG intensity is
30% of the intensity at -1300 mV. Samples prepared at 22°C.

CVs and SHG for the two systems are shown in figure 4.27, the most prominent
difference is the desorption position, BPSe desorbs at a more negative potential than

BPO, BPSe is considerably more stable. The desorption potential for BPSe is -875 ± 28

mV, compared to BPO desorption potential of -700 ±16 mV. Noting that BPO has an

additional methyl unit stabilising the layer, the different tail group influence is
considered. Were the exactly analogous molecules available, assuming the additional

methyl group contributes to the film stability as it does for BP3 and BP4, the difference
would be greater than 175 mY recorded here. The significant difference of 175 mV is
therefore due to the difference in interaction between the head group and substrate. The
selenium head group-substrate bond is considerably stronger than the sulfur head group-

substrate bond. Close examination of the CVs reveals unusual features which are

mirrored by SHG. For both BPSe and BPO, there is a reductive feature continuing past

the main desorption peak. This is paralleled by the SHG which shows a step-wise

intensity increase. On the anodic scan there are two well separated readsorption peaks
which are, again, paralleled by the SHG. Similar results have been observed for other
small molecules such as PET and MC4. The origin of this unexpected result is not clear.
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Since this type of feature has only been observed for small molecules the phenomenon
can be related to the size of the molecule. It could possibly be due to the formation of a
flat lying phase after a partial desorption or it could be due to the relative increased
interaction between the head group and substrate at step sites. These features are not

observed for larger molecules with greater intermolecular interactions. Due to the non-

ideal desorption peak shape, selection of a baseline and peak integration can not be

performed. The desorption charge can not be established from these CVs. Interestingly,
STM investigations have noted that BPSe forms well ordered films whereas BPO does
not151. Altering the head group has a profound effect on the long range ordering of
molecules.

Another comparison of the S-Au bond with the Se-Au bond is made using another

system with a perfluorinated octane chain. Figure 4.28 shows the chemical structures for
the perfluorinated molecules, CFS and CFSe.

Figure 4.28: CFSe (left) and CFS (right), CFSe is a diselenide, CFS is a thiol.

Cyclic voltammograms for the two SAMs are shown in figure 4.29, CFS has a single

peak whereas CFSe has an early reduction onset followed by a main peak with a distinct
shoulder on the cathodic side. The peak positions for CFS is -940 ± 8 mV, CFSe peak

position is -1040 ± 16 mV. CFSe desorbs at a potential 100 mV more negative than
CFS. The selenium head group-substrate bond is considerably stronger than the sulfur
head group-substrate bond. Qualitatively this is in good agreement with the biphenyl
molecules described above, where the selenium to gold bond is stronger than the sulfur
to gold bond. The peak width for CFS and CFSe are compared, the CFS peak width is
44 ± 2 mV compared to the CFSe peak width of 86 ± 14 mV. The peak width for CFS is

approximately half of the CFSe peak width. The desorption charge for CFSe can not be
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accurately determined due to the uncertainty in determining the baseline. The SHG

changes parallel the desorption and readsorption peaks. The incomplete readsorption
observed by voltammetry is supported by the SHG. Comparing the starting SHG
intensities reveals that the starting intensity for CFS is significantly lower than for
CFSe. Referring to the results and discussion in subchapter 4.2.1, where the SHG

response for CFS is compared to MC8, it is noted that the MC8 starting intensity is

comparable to the CFSe intensity. The similarity of starting SHG intensities for MC8
and CFSe indicate that CFS is a unique case. A diminished starting SHG intensity is
observed when the perfluorinated moiety and a thiol head group are combined. This

suggests there is a polarisation effect which can only occur through the thiol head

group.

-1200
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Figure 4.29: CV (top) and SHG (bottom) for CFS (purple) and CFSe (red) at 20 mV/second.

Samples prepared at 22°C.

In summary, the Selenium to gold bond is stronger than the sulfur to gold bond.
Selenols desorb at potentials more negative than thiols. For the biphenyl molecules the
difference is 175 mV, for the perfluorinated system the difference is 100 mV. The
influence of the head group-substrate interaction relative to the intermolecular
interaction is greater for the biphenyl systems explaining the two different shifts. This is

analogous to the difference that one methylene unit makes in an alkane thiol, for short
molecules it shifts the desorption potential by 40 mV, but for long molecules it shifts it

by only 13 mV. Cross referencing the desorption potentials with the alkane thiol of

equivalent stability, figure 4.2, reveals that BP0 and MCI have similar stability, BPSe
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and MC5 have similar stability, CFS and MC6 have similar stability and CFSe and
MC10 have similar stability. The difference in description potential due to the

replacement of sulfur with selenium is equivalent to the potential shift provided by four
extra methylene units. This result is in agreement with results from other groups where

4.3.2 Molecules with Multiple Binding Points

There is a class of molecules which potentially could attach to the gold surface with
two7'156,157 or three158"162 sulfur atoms while maintaining the favoured upright
conformation allowing close packing of molecules. Dipod and tripod molecules shown
in figure 4.30 represent this unique class of molecule for SAM formation. BP2 is the
mono-thiol that is structurally similar to dipod and tripod, and is used as a reference.

Figure 4.30: BP2 (left), dipod (middle), tripod (right). The molecules have one, two and three
sulfur atoms respectively.

The structure of dipod and tripod SAMs are considerably more complicated than that of
BP2 SAMs due to the interplay of many competing factors. The molecule-substrate

interactions, Au-S-C bond angle, geometric constraints, intramolecular interactions and
intermolecular interactions all add to a system that is rather complicated. Additionally,
there is the possibility of intermolecular disulfide formation, either cross-linking of
adsorbed molecules or tethering of molecules to the surface through an adsorbed
molecule. The presence of a disulfide link between neighbouring molecules does not

contribute to the desorption charge. Experiments on dithiol SAMs, subchapter 4.2.3,

suggest that disulfide bonds link tail groups. The desorption charge indicates that the
disulfide bond is not reduced during desorption. Previous work has been performed on

these systems using XPS and IR spectroscopy164. XPS indicates that for both dipod and

tripod SAMs there is a mixture sulfurs, some are bonded to gold, while others are not

bonded to gold. IR spectroscopy indicates the biphenyl units are tilted away from the
surface normal.

the Se-Au interaction is stronger than the S-Au interaction41'163
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According to the generic SAM model, figure 1.1, where molecules contain a head

group, spacer and tail group, dipod and tripod have their sulfur atoms in the head group
• 88

only. This is the key difference to other dithiols reported in literature and in this thesis

(subchapter 4.2.3) where one sulfur atom is located in the tail group. It is envisaged that

dipod and tripod molecules can bond to the surface through more than one sulfur atom
while maintaining the upright conformation with close packing of molecules.

Considering the preferred Au-S-C bond angle of 104°, tilting of the biphenyl unit
relative to the surface normal is expected for both dipod and tripod SAMs. A
maximisation of the number of Au-S bonds is favourable whereas other factors such as

sterical hindrance and bond angle constraints can limit the number ofAu-S bonds for an
individual molecule. The structure of the thermodynamically most stable conformation
for dipod and tripod SAMs is difficult to predict due to the complex interplay of

energetics. Indeed, it is unclear if the thermodynamically most stable structure is even

formed. It is likely that the kinetics of film formation plays a particularly crucial role in
structure of dipod and tripod SAMs. Electrochemical experiments are performed with a

view to gaining some understanding of the properties of dipod and tripod SAMs.
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Figure 4.31: CVs for BP2 (black), dipod (purple) and tripod (red) on Au/mica at 20 mV/second.
SHG for dipod (purple) and tripod (red), the minimum SHG is 60% of the dipod intensity at -

1300 mV. Samples prepared at 22°C. The SHG for BP2 is comparable to the SHG for dipod.
The dotted line at -1170 mV is referred to in the text.
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Figure 4.31 shows the cyclic voltammograms for BP2, dipod and tripod. The desorption

position for all three SAMs are within a 20 mV range from -995 mV to -975 mV

indicating that the stability of the three SAMs are similar. There is a systematic

tendency for tripod SAMs to desorb at slightly more negative potentials indicating a

small increase in SAM stability relative to dipod and BP2 SAMs.

The peak shapes for BP2 and tripod show a single peak, for dipod there is a single peak
with a small shoulder on the cathodic side of the peak maximum. BP2 has a peak width

(FWHM) of 59 ± 9 mV, this compares to 109 mV for dipod and 108 mV for tripod.
The peak widths for the desorption of dipod and tripod are remarkably similar. The
broad peaks indicate a gradual breakdown of the film structure suggesting that there

may be a relatively inhomogeneous film. This is not surprising considering the

complicated interplay of energetics involving molecule-substrate interactions, the gold-
sulfur-carbon bond angle, geometric constraints, intramolecular interactions and
intermolecular interactions.

The desorption charges for a SAM consisting of BP2, dipod and tripod are 92 ± 6 pC

cm"2, 106 ± 1 pC cm"2 and 127 ±6 pC cm"2 respectively. The desorption charge is

clearly related to the number of binding points per molecule in the respective SAMs.
The faradaic contribution to the desorption charge is linearly proportional to the overall
number of Au-S bonds present in each SAM. The faradaic contribution is equal to the
difference of the total desorption charge and the capacitive contribution. The total

desorption charge is known and the capacitive contributions can be estimated. For BP2

prepared at 22°C the coverage, accounting for packing faults at domain boundaries is
estimated to be about 88%. Using the methodology used in subchapter 4.1.2, the

2 r

capacitive contribution is calculated. Noting that the faradaic charge is 59 pC cm" for a

BP(even) SAM with 100% coverage and assuming a coverage of 88% for a sample

prepared at 22°C the faradaic charge is 52 pC cm"2. Subtracting the faradaic charge

from the total charge for BP2 gives a capacitive charge of 40 pC cm"2. Dipod and tripod
SAMs have a similar thickness and desorption potential, therefore, the capacitive
contribution should be similar. However, it is possible that dipod and tripod SAMs have
a greater porosity, and are more susceptible to counter ion penetration. The capacity of

dipod and tripod SAMs are likely to be greater than that of BP2 SAM. The assumed

capacitive contribution to the desorption charge of 40 pC cm"2 for dipod and tripod must
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therefore be considered an upper limit. Using the assumed capacitive contribution of 40

(iC cm"2 the faradaic contributions are calculated. The faradaic contributions for BP2,

dipod and tripod are 52 p,C cm"2, 66 pC cm"2 and 87 pC cm"2 respectively. The faradaic
contribution is linearly proportional to the total number of Au-S bonds present in the
SAM. Therefore, the overall density of Au-S bonds for dipod and tripod SAMs are

greater than observed for BP2. This aspect is discussed in more detail below for the
individual SAMs relating the overall Au-S bond density to the number of Au-S bonds in
individual molecules with a view to identifying the possible number of binding points

per molecule.

The SHG results for dipod and tripod are examined. For tripod there is a characteristic
overshoot upon desorption. The SHG maximum occurs at -1055 mV before the end of
the desorption peak at -1125 mV. As discussed in subchapter 2.1.4, it is possible that
some kind of local surface rearrangement or relaxation occurs when molecules adsorb
on gold. The surface could adopt an arrangement different from the established (lxl) or

(V3x23) structures, i.e. a more disordered or locally rearranged state. The overshoot is

attributed to a surface rearrangement after desorption of molecules. After desorption the
surface rearranges from the disordered or locally rearranged state to the (V3x23)
reconstructed state. SHG has previously probed the transition between (lxl) and

(^3x23) surface structures for gold (111). Despite the fact that the experimental
conditions are very different, a change in the SHG intensity by nearly two orders of

magnitude was observed74. This is a clear demonstration that rearrangement of surface
atoms can indeed result in a change in the SHG intensity. The magnitude of the
observed SHG change assigned to a surface rearrangement after desorption of a tripod
SAM is within a reasonable scale relative to the SHG change for a (lxl) to (V3^23)
reconstruction. The SHG overshoot feature observed here is different to the feature

observed for the desorption of long chain alkane thiols, figure 4.1, where the layer

impedes counter ions from accessing the surface. The starting magnitude of the SHG for

dipod and tripod can not be compared with other thiols due to the unknown effects of
the SAM-metal interface.

The hydrogen evolution region for the three cyclic voltammograms shows considerable
variation despite all three samples having identical experimental conditions. The ratio of
the hydrogen evolution current at -1300 mV to the measured current at -1170 mV on
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the cathodic scan is determined. -1170 mV is a potential close to the potential where the
current maximum for oxygen reduction is observed, figure 3.10. This compensates for

any slight differences in trace oxygen. The overall range of current densities at -1170
mV was less than 2 pC cm"2 indicating that any oxygen influence is negligible. The
results are as follows: BP2 has a ratio of 1.09, dipod has a ratio of 2.02, tripod has a

ratio of 4.92. The increased hydrogen evolution is an indication of an increased step

edge density and surface area, i.e. roughening of the electrode surface. It is possible that
the kinetic barrier for hydrogen evolution is decreased as monatomic hydrogen can

collect at step or kink sites. There are considerable differences in the roughness of

samples considering that identical substrates were initially used. There is a substantial

roughening of the surface during film assembly for dipod and to a greater extent tripod
SAMs. The source of the roughening is the complex interaction of the molecules with
the substrate. The maximisation of Au-S bond formation is in opposition to the

optimisation of the Au-S-C bond angle of 104°. The Au-S interface may be
reconstructed as the opposing forces are balanced. Reconstruction of the surface, in
combination with making and breaking of Au-S bonds amounts to a disruption of the
surface. Pits and adatoms are introduced, which on a larger scale leads to formation of
small islands or pits and a greater number of step edges increasing the extent of

hydrogen evolution. There are a few other occasions where such irreversible roughening
like this is observed. Formation of a dithiol SAM increases the hydrogen evolution
relative to the thiol SAM (subchapter 4.2.3) and for repeated electrochemical desorption
and readsorption cycling of MCI6 on Au/mica. Additionally, Au/Si substrates, which
are initially rougher than Au/mica (subchapter 3.3.2) produce larger hydrogen evolution
currents (figure 4.33).

The voltammetric readsorption features of BP2 and dipod are similar, whereas for tripod
it occurs over a large range, from -950 to -600 mV. It should be noted that despite the
similar SHG magnitudes during readsorption, the SHG signal can not be relied on to

measure the extent of readsorption due to the unknown influence of the surface
reconstruction. The readsorption features for tripod are examined with a faster scan rate.

For a scan performed at 50 mV/second the readsorption features become much clearer,

figure 4.32. There are two clear readsorption peak maxima separated by about 200 mV.
This type of double readsorption feature is different to the double peaks observed for
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MC16 where there is a complete readsorption. The double readsorption feature suggests

that there are at least two sulfurs bonded to the gold surface for tripod.
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Figure 4.32: Cyclic Voltammogram for tripod molecule, scan rate 50 mV/second with thorough
degassing. Two readsorption peak maxima are observed, at -850 mV and -685 mV. Sample
prepared at 22°C.

The calculated faradaic contributions for the reductive desorption of dipod (66 p,C cm"2)
and BP2 (52 pC cm"2) are examined with a view to determining the number of sulfur
atoms bonded to the gold per dipod molecule. For dipod, there is an increase in the
number of Au-S bonds by 27% relative to BP2. It is known that BP2 forms a well
ordered film, for dipod the structural information is limited. Three possible cases exist:
all dipod molecules bond with one thiol only, all dipod molecules bond with two thiols
or molecules bond with a mixture of one and two thiols. It is possible to exclude the

possibility that all dipod molecules bond with one thiol only. This would require a space

of about 21 A2 per dipod molecule, i.e. a packing density comparable to a (V3xV3) unit
cell observed for alkane thiols. This is an unfeasible proposition due to sterical
hindrance and bond angle constraints. An ordered film with each dipod molecule

attaching to the surface through two sulfurs is now considered. The packing density of

dipod molecules would be 64% of the BP2 packing density. This corresponds to an area

of about 42 A2 per dipod molecule. The biphenyl unit would have to tilt away from the
surface normal to accommodate the bond angle constraints on the molecule. However, it
is unlikely as a relatively large area of gold would be prone to adsorption of additional

dipod molecules. Additionally, this possibility is in conflict with the XPS data which
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indicates that two different sulfur types are observed164. Therefore, the only possibility
is that there is a mixture of binding points, with some molecules attached through one

sulfur atom and others attached through two sulfur atoms. The film is likely to be

relatively inhomogeneous. This is supported by the peak width, which suggests that
there may be an inhomogeneous film with an average number of sulfurs bonded to the
surface per molecule between one and two. The roughening of the surface evidenced by
increased hydrogen evolution indicates that there is a significant disruption to the
surface during dipod assembly. In order to gain a better insight into the film structure,

further investigation by other techniques such as sum frequency generation and

scanning tunnelling microscopy are required. Dipod SAMs represent a complicated

example; tripod SAMs are similarly complicated by the nature of the head group.

The calculated faradaic contributions for the reductive desorption of tripod (87 pC cm'2)
and BP2 (52 pC cm" ) are examined with a view to determining the number of sulfur

atoms bonded to the gold per tripod molecule. For tripod, there is an increase in the
number of Au-S bonds by 67% relative to BP2. Considering all of the logically possible

cases, tripod could bond uniformly with one, two or three sulfur atoms, or there could a

mixture involving a combination of one, two or three bonded molecules coexisting. The

possibility that tripod molecules could all bond to the surface through one sulfur can be
° 2

unequivocally excluded. The packing density would be about 16 A per tripod molecule,
which is significantly lower than the area required for alkane thiols. Additionally, the
double readsorption feature suggests that there are at least two sulfurs bonded to the

gold surface. The possibility that tripod molecules could form a SAM with all molecules
bonded to the surface with two sulfur atoms is considered. This would correspond to a

packing density of about 32 A2 per tripod molecule. Intuitively, this is a plausible

scheme, however, it raises two questions, why does dipod not adopt the same packing

arrangement? And why is the tripod desorption charge transfer larger? Considering that
the additional moiety in the tripod molecule should inhibit close packing, it is unclear if

tripod adopts an ordered structure with two sulfurs bonded to the surface and dipod does
not. The possibility that tripod molecules could form a SAM with all molecules bonded
to the surface with three sulfur atoms is considered. This would correspond to a packing

density of about 48 A2 per tripod molecule. If three sulfurs could all attach to the
surface, then the head group would have be symmetric, forcing molecules to stand

upright. This case is extremely unlikely for a number of reasons. The preferred Au-S-C
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bond angle of 104° is incompatible with the symmetrical geometry required by this

binding mode. The XPS data indicates that there are two different types of sulfur164. IR
data indicates that the biphenyl moiety is tilted from the surface normal. The possibility
of this binding mode can be excluded. There is the possibility that molecules bind to the
surface with a mixture of one or two sulfurs. This is supported by the peak width which

suggests an inhomogeneous film is formed. The large hydrogen current points to

considerable disruption to the gold surface during film assembly suggesting there is a

competition between various binding modes. The picture is further complicated by the

possibility that tripod molecules can cross-link or tether molecules to the surface

through a disulfide link. Additionally there is a likelihood that some kind of gold
surface rearrangement occurs which is linked to the interaction of the molecules with

the surface.

The results for BP2, dipod and tripod molecules prepared at 22°C have been thoroughly
examined. A few key points are noted in summary, the desorption potential for BP2 and

dipod are very similar, about -985 mV. Tripod is more stable by about 10-20mV for
room temperature prepared samples, possibly due to disulfide cross-linking. The charge
transfer for dipod and tripod are greater than for BP2, indicating that there are more

sulfur to gold bonds. The peak shapes are broad, and in conjunction with the charge
transfer values and the observed hydrogen evolution, the electrochemistry suggests the

possibility of an inhomogeneous film for both structures with molecules bonding with

varying numbers of sulfurs. Furthermore, the hydrogen evolution indicates a roughening
of the gold surface during the film assembly. For tripod there is a large systematic
overshoot in the SHG at the desorption potential. These factors point to a reconstruction
of the gold surface. The reconstruction is facilitated by the interaction of the molecules
with the gold surface. There is a conflict between the preferred Au-S-C bond angle
which tends to tilt the biphenyl unit away from the surface normal and the maximisation
of the number of Au-S bonds which requires the biphenyl unit to stand upright to
maximise the packing. These competing factors result in a SAM structure that subjects
strains on the surface. The apparent surface rearrangement is a result of the overall

system minimising the surface energy. The fine details of the interface region are not

clear, however, the structural properties are expected to be sensitively dependant on the

preparation conditions. The data suggests that the kinetically favoured structures have
been formed with 22°C preparation temperatures. Preparation of samples using lower

114



Chapter 4: Results

thiol concentrations, higher preparation temperatures or annealing steps could

potentially produce a SAM with a more thermodynamically favoured structure. Relating
the odd-even effect to the structure of dipod and tripod SAMs it is envisaged that well
defined structures would be observed if the molecules were based on a BP3 molecule

rather than BP2. Additionally, the structure on a silver substrate is expected to be

remarkably different as the expected Ag-S-C bond angle is 180° allowing close packing
of upright molecules.

Considering both the Selenium based molecules and the multiple binding points it has
been demonstrated that the head group substrate interaction is a crucial aspect of the
overall SAM stability, packing and order. The following subchapter examines the
substrate influence on the SAM stability. The molecule-substrate interactions are the

principal driving force for self assembly and both head group and substrate factors enter

into the energy balance, their influence on the film stability and ordering is central to

achieving high quality films.

4.4 Substrate Influence

The influence of various aspects of the substrate on the overall SAM stability is
examined. There are three different variables that could be altered, the substrate

element, the substrate roughness or the crystallographic orientation. Substrates of the
same element but different roughness' or crystal orientations are to some extent

overlapping cases because one manifestation of a rough sample is the presence of step

edges or regions that are equivalent to the surface of another low index cut. In this

subchapter two gold (111) substrates with different roughness' are compared, Au/Si and
Au/mica. Additionally, surfaces of a different element, silver and gold are compared,
the preparation conditions are very similar and it is expected that the roughness should
be comparable.

4.4.1 Roughness

Two different gold substrates are compared, Au/mica with a roughness of 1.07 and
Au/Si with a roughness of 1.19 as determined in subchapter 3.3.2. Figure 4.33 illustrates
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the cyclic voltammogram and SHG for MCI6 on Au/mica and Au/Si highlighting the
influence of the substrate quality.
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Figure 4.33: Cyclic voltammogram and SHG for MC16 on Au/Si (top) and Au/mica (bottom).

Samples prepared at 22°C.

Hexadecane thiol samples were compared because cyclic voltammetry data for
hexadecane thiol has been studied in detail on Au (111) single crystals. Cyclic

voltammograms and SHG are pronouncedly different for the two substrates. For the

(111) Au/mica the cyclic voltammogram shows double peaks both during reductive

desorption and oxidative readsorption which are characteristic for a high quality Au

(111) surface. In contrast, the Au/Si sample shows a cyclic voltammogram typical for a

rough gold surface. A large desorption peak is followed by a small and broad second
wave and a single readsorption peak. While the first peak for each cyclic voltammogram

appears at the same potential irrespective of the substrate, the second peak is observed
at more negative potentials for Au/Si compared to Au/mica, the peak separation is about
70 mV and 30-40 mV, respectively. This second wave on the Au/Si substrate is

explained by the presence of steps, kinks, and crystal faces other than (111)81'141'165.
Consistent with differences in surface quality of the two types of substrates is the larger

hydrogen evolution from Au/Si. It is noted that multiple cycling of Au/mica substrates
also increases the hydrogen background due to roughening of the gold surface through a

disruption to the gold surface during desorption and readsorption. The difference in the
substrate is also reflected in the readsorption. The Au/Si sample shows only one peak
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while for Au/mica an additional wave precedes the one seen on both substrates.

Comparison of the readsorption charges yields a significantly lower value for Au/Si (43

pC cm"2) than for Au/mica (81 pC cm"2). The result for Au/Si is not a kinetic

phenomenon as the SHG signal does not decrease substantially over longer periods of
time. This irreversibility is characteristic of the first cycle. In subsequent cycles the

magnitude of the change of the SHG signal is equal for desorption and readsorption.
This is in contrast to Au/mica substrates where a substantial readsorption is observed for
several tens of cycles. The surface morphology has a critical role in the readsorption of

long chain alkane thiols. The source of this effect is not clear.

The desorption of the thiols causes the SHG signal to increase. Taking the maximum
SHG signal at -1250 mV and -1210 mV for Au/Si and Au/mica, respectively, as points
of complete desorption, this corresponds to a change by about 65% from the value for
the SAM covered substrate. Comparing this value with other data in literature it is noted
that the increase in SHG intensity is in the same range as observed earlier for thiol film

118formation under non-electrochemical conditions and is significantly different from
other SHG studies of electrochemical desorption of alkane thiols55. In the latter

experiments, however, the axis along the [110] direction of a Au (111) single crystal
was chosen which involves different tensor elements and, thus, could alter the

magnitude of %int.

It is noted that for MC16 on Au/mica the SHG signal at -1210 mV is slightly higher for
the cathodic scan compared to the anodic one. Consequently, the slope of the potential

dependent SHG signal is somewhat steeper. This overshoot is characteristic for MC16
on Au/mica. The hysteresis points to a change in the potential distribution across the

Au-S/SAM/electrolyte interface between the potential immediately after desorption on

the cathodic and anodic scan. This is interpreted as an indication that the layer stays

largely intact, which impedes counter ion penetration to the metal surface for a short
time before micelles are formed.

Comparison of the SHG with the CV data reveals that the currents are paralleled by the

optical signal. Irrespective of the substrate, the SHG signal extends over both desorption

peaks. Furthermore, the minimum between the two desorption peaks corresponds to a

plateau in the SHG signal. Even though the number of data points together with the
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signal to noise ratio might make the clear presence of a plateau questionable, the fact
that it is observed in many separate experiments suggests that this is a real effect. The
match between SHG and CV continues during readsorption. Similar to desorption, the
minimum in the current in case of the Au/mica sample is expressed by a change in slope
of the SHG signal.

Summarising this section, the roughness of Au/Si (1.19) and Au/mica (1.07) is shown to

significantly influence the reductive desorption features of hexadecane thiol. The results
for Au/mica display the characteristic double desorption and readsorption peaks which
are characteristic for a well-defined Au (111) single crystal. This is in good agreement

with the conclusions from the surface roughness experiments, subchapter 3.3.2. The
extent of readsorption of hexadecane thiols onto Au/Si is significantly lower than on

Au/mica substrate. This indicates that the surface morphology has an important
influence on the electrochemical features. The different surfaces both have identical

features on an atomic length scale, i.e. both have (111) terraces of gold atoms. However,

due to the differing densities of step edges, stresses on the surfaces may result in a

different surface response. The extent of rearrangement of surface atoms may differ, and
hence the interaction energies between the surface and adsorbates may differ.

4.4.2 Gold / Silver Substrate

The influence of the substrate material on the SAM properties is examined. Silver and

gold surfaces are compared. Subchapter 2.1.2 highlights some of the similarities and
differences between (111) Au/mica and (111) Ag/mica substrates. Both substrates are

prepared using the same conditions and are expected to have identical topographic
features. However, the substrate-thiol energy corrugation for silver is flatter than for

o

gold which has a profound difference on the properties of the resulting SAM.

Figure 4.34 compares the cyclic voltammograms. MC7 is chosen as a reference system

because a characteristic double peak is reported for a Ag (111) single crystal10, and the

peak is outwith the hydrogen evolution region allowing a desorption charge transfer
determination. The double desorption peak feature is observed for the reductive

desorption from Ag/mica confirming that the substrate is of a quality suitable for
electrochemical investigation. The desorption peak for MC7 on gold and silver is at -
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960 mV and -1180 mV respectively, a difference of 220 mV. Alkane thiol SAMs on

silver are more stable than on gold. The desorption charge transfer for MC7 on silver is
120 pC cm"2 compared to 108 pC cm"2 for MC7 on gold. This is a strong indication that
the packing density of alkane thiols on silver is greater than on gold and that the unit
cells and tilt angles are different. Due to the flatter substrate-molecule interaction

corrugation for silver the energy difference between an on top and hollow site is lower
o

for silver substrates than gold substrates . The interplay of chemisorption and chain-
chain interactions determines packing of molecules, because on top to hollow site

energy differences are lower for silver than gold the chain interactions can dominate the

packing to a greater extent than on gold. The unit cell for alkane thiols on silver is

(V7xa/7)R19.1° and it is accepted that the packing density of molecules is greater on

silver compared to on gold8'10.

Examining biphenyl thiols, a clear difference in voltammetry is observed. The peak

shapes are notably different for the two substrates. The desorption of BP(odd) SAMs
from silver involves multiple peak features which span over 500 mV, whereas BP(even)
SAMs produce narrower desorption peaks similar to those observed on gold surfaces.
This is a striking difference to the desorption peaks on gold which all display peaks with
a narrow desorption range.

The results for the desorption of SAMs from silver are a good illustration that not all

multiple peaks are the same. Different types of multiple peaks are observed in figure
4.34. Firstly, BP6 and BP12 have desorption and readsorption double peak features
similar to MC16 on gold where intermolecular interactions are a significant. Secondly,
as noted earlier, MC7 has an established double desorption peak feature. However, this
is attributed to a mismatch in the unit cell for MC7 and the Au surface resulting in

desorption from two different adsorption sites10. Lastly, BP1, BP3 and BP5 SAMs

display multiple peak features, which have a separation of over 500 mV. The

readsorption for MC7, BP1, BP3 and BP5 SAMs is incomplete. This is a fundamental

distinguishing feature from the double features observed for BP6 and BP 12. However,
the deviation in peak separation between MC7 and BP(odd) SAMs is not clear.

Nevertheless, it is clear that not all multiple peaks can be considered equivalent.
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Figure 4.34: Cyclic voltammograms for MC7, BP1-6 and 12 on (111) Au/mica (left) and (111)
Ag/mica (right). Samples prepared at 22°C.
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One consequence of the desorption features spanning over 500 mV is the unreliability
of the desorption charge determination. Selection of a baseline that spans over 500 mV

introduces incredibly large errors. Moving the baseline by 1 pA cm"2 results in a 25 pC
2 i •cm" change in the calculated charge transfer for samples acquired at 20 mV/second.

This makes determination of the peak area, and hence the desorption charge impossible.

Furthermore, due to the evolution of hydrogen, selection of the baseline is hindered for

BP(even) SAMs as well as BP(odd) SAMs.

n

Figure 4.35: Comparison of the peak position for the BP series on gold and on silver.

Figure 4.35 highlights the reversal of the odd-even effect going between gold and silver
surfaces. The trend for more negative desorption potentials is observed for these

samples as the average desorption position on silver is 150 mV more negative than on

gold. The reversal of the odd-even effect is clearly observed as BP(even) molecules are

more stable than BP(odd) molecules. Additionally, the odd-even separation on silver is
about 4-5 times greater than on gold. The reversal of the odd-even effect is attributed to

a change in the hybridisation of the sulfur94. The hybridisation of sulfur on gold is sp3,
this causes a bond angle, £ (appendix 4) of about 104°, on silver the sulfur is sp

hybridised tending to give a bond angle, ^ of 180°.
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Figure 4.36: Cyclic voltammograms (left) and SHG (right) for BP 1-6 and 12 on Ag/mica, the
SHG scale is normalised, at -1500 mV the SHG intensity is about 15% of the maximum

intensity. Samples prepared at 22°C.
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Comparison of the SHG results for the biphenyl thiol homologue series on the two

different substrates reveals some very interesting points. The CVs and SHG for the

desorption of biphenyl thiols from gold and silver are illustrated in figures 4.12 and 4.36

respectively. The SHG changes parallel the desorption peaks for both substrates.

However, the SHG responses for gold and silver substrates are diametrically different.

Firstly, there is a decrease in SHG intensity for the complete desorption of SAMs from
silver compared to an increase in SHG for desorption from gold. Although, for BP3 and
BP5 the SHG intensity increases over the first desorption peak, followed by a large
decrease over the following peak. Additionally, the SHG intensity behaviour in the

region where the molecules have desorbed is different, on gold the SHG decreases as

the potential becomes more negative, whereas on silver the SHG intensity increases.
The SHG contrast is much larger on silver compared to gold. On silver, the SHG

intensity after desorption is only about 10% of the starting intensity, i.e. the signal

intensity changes by an order of magnitude. With gold the SHG intensity after

desorption is typically 165% of the starting intensity. There is a change in intensity by
less than a factor of two. The SHG is about six times more sensitive to desorption on

silver surfaces. The phase factors and optical constants for the two materials have

profound influence on the SHG intensity. The difference in behaviour of the SHG vs.

potential for the two substrates can be understood with respect to the phase factors.

However, the SHG response for BP3 and BP5, which exhibit and increase in intensity

prior to a decrease cannot be explained. Additionally, due to a lack of calibration for the

%Ag factor, the correlation of charge to coverage can not be examined.

4.5 Summary

The previous four subchapters examined the spacer, tail group, head group and substrate
influences on the overall SAM stability sequentially. Reviewing the results reveals that
all four factors contribute to the energy balance of SAMs and influence the stability and
structure of these systems.

Subchapter 4.1 demonstrates the influence of the spacer group on the overall SAM

stability, molecules with a greater number of methylene groups in the spacer have

greater intermolecular interactions and more stable layers. Alkane thiols represent the

simplest class of thiol SAMs and were examined. The charge for desorption is within
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the experimental error, unaffected by the chain length, for samples prepared at 22°C the

charge of desorption is 108 ± 3 pC cm"2. The peak shape is dependent on the chain

length, short molecules (MC7-MC10) display a single peak, MC16 has a double peak
and MC22 has a single peak, this is explained in the following chapter with reference to

the desorption mechanism. Biphenyl thiols prepared at 22°C and 70°C were examined, a
clear odd-even effect was observed for these SAMs with differences in desorption

potential, peak area, and peak width depending on the number of methylene units in the

spacer group. BP(odd) SAMs have a greater packing density, more stable films, greater

desorption charge and narrower peaks. Superimposed on the odd-even effect is the trend
for longer molecules to have more stable SAMs. Additionally, BP6 is the first biphenyl
thiol to consistently exhibit double desorption peaks and is also the first to exhibit

insolubility mirroring the trend for alkane thiols between MC10 and MC16.

Subchapter 4.2 examines the influence of the tail group on the overall film stability. Six
different comparisons are made. MC8 and CFS are compared, the perfluorinated SAM
has a lower electrochemical stability by 50 mV, peak shape and areas are very similar.
MC16 and MHA are compared, the carboxyl tail group produces instability in the SAM,
a narrower desorption peak is observed. BP1 is compared with DT, the dithiol is shown
to stand upright, the thiol tail group improves the film stability presumably through
disulfide formation. BP2 is compared with PET, the additional phenyl ring and methyl

group have a notable influence on the overall stability. HBP3 and HBP4 are compared
with BP3 and BP4 respectively; there is a difference of around 50 mV in stability due to
the additional methyl group. This is in the same magnitude region as the stability

generated by an additional methylene group in the spacer of an alkane thiol. BP40H is

compared with BP4; the hydroxyl group decreases the electrochemical stability by 110
mV. It has been demonstrated that tail groups can improve (thiol) or worsen (carboxyl
or hydroxyl) the overall stability of the SAM.

Subchapter 4.3 examines the influence of the head group on the overall film stability.

Replacing a sulfur head group with a selenium head group increases the film stability by
an equivalent of four additional methylene units. Head groups with two (dipod) and
three (tripod) sulfur atoms were compared with the equivalent molecule with one sulfur
in the head group (BP2). The stability of the three films were similar, although slightly

larger desorption charges and broader peaks were observed for dipod and tripod
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molecules, suggesting inhomogeneous films were formed. The hydrogen evolution was

considerably greater for these systems indicating that the surface was roughened during
film formation.

Subchapter 4.4 examined the influence of the substrate on the overall film stability and
electrochemical behaviour. It has been demonstrated that the substrate type and quality
have an extremely important influence on the stability and structure of SAMs. Au/mica
was compared with the rougher Au/Si, notable differences in the cyclic voltammetry of
hexadecane thiol SAMs on these substrates are observed. The flatter Au/mica substrate

produced results comparable to gold single crystal results. Au/mica was compared with

Ag/mica, with markedly different results. Despite the very similar nearest neighbour
distance for gold and silver, 2.88 A and 2.89 A respectively8, the electrochemical
behaviour is remarkably different. On average molecules desorbed from silver at more

negative potentials than on gold, in agreement with results from literature166. The odd-
even effect was reversed for the biphenyl series due to the change of hybridisation of
the sulfur from sp for gold to sp for silver.

In summary, for a generic SAM consisting of a tail group, spacer, head group and

substrate, the electrochemical film stability depends and all four constituent parts of the
SAM. A total of twenty six different molecules have been investigated. Tailoring SAM

properties can be achieved by proper selection of the constituent parts of the self-

assembling molecule. Additionally, the preparation conditions play a crucial role on the

properties of the resulting SAM. An example of SAM design would be combining a

selenium head group with a docosane spacer / tail group, this should result in an

extremely stable SAM. Another desirable SAM property is the conductivity; BP2 and
BP3 offer a good structural quality while having a high conductivity. Similarly,

terphenyl based SAMs are expected to have a high conductivity with good structural

perfection. SAM properties can be tailored for a specific function by correct selection of
the substrate, head group, spacer and tail group combination. This rational design

approach is essential for processes such as metal deposition, molecule exchange or

selective desorption. One area of particular relevance to this thesis is that of copper

deposition on patterned SAMs, described in chapter 6. Selective copper deposition only
occurs where there is an adequate difference in the blocking properties between two

SAMs. Extending this work to deposit more active metals may require use of SAMs
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with a higher stability. This work lays a foundation for understanding the properties of a

large variety of SAM systems, and how their properties can relate to SAM design.

126



Chapter 5: Desorption Mechanism

Chapter 5

DESORPTION MECHANISM

5.1 Background

Discussion on the desorption mechanism for alkane thiols has largely centred on the

cyclic voltammogram for the desorption of long chain alkane thiols from gold such as

MC16, where double peaks are observed in contrast to shorter molecules which have a

single desorption peak. Figure 5.1 demonstrates the classic double peak features for

MC16, two reductive desorption peaks A and B on a cathodic scan separated by about
20-70 mV, and two readsorption peaks A' and B' with a larger separation of 40-100 mV
on the anodic scan.
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Figure 5.1: Cyclic voltammogram for the reductive desorption of MCI6 at 20 mV/second.
Peaks are labelled A and B for the first and second desorption peaks and B' and A' for the first
and second readsorption peaks respectively. These labels are maintained and referred to

throughout this chapter. The FWHM for the desorption peak is 70 mV, in contrast to 140 mV
for the readsorption peak.

These double peak features are different from other multiple peak features, such as

those observed for tripod SAMs on gold or MC7 / BP(odd) SAMs on silver. In this case

the molecules are insoluble, double peaks occur on both desorption and readsorption
scans and are observed over many cycles. The desorption mechanism responsible for
the occurrence of double peak features has been of interest to understand basic
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electrochemical processes at the molecular level. Several groups have investigated this

phenomenon and have speculated about the origin of the source of the double peaks. A
review of the literature discussing the double peak is summarised in a chronological

fashion, with a view to highlighting the salient points made by various groups. The
review begins with two theoretical papers describing surface confined redox species. In
1987 Matsuda et al reported that for surface confined redox species, a reversible
reaction involving only one electron could produce a double peak. The condition was

that the interaction between a reduced species-oxidised species pair was greater than the
interaction between an oxidised species-oxidised species pair and a reduced species-
reduced species pair, although SAMs were not explicitly mentioned110,111. In 1991
Porter and co-workers described the voltammetric behaviour for a series of alkane thiol

SAMs: MC3 to MC18, on a variety of gold and silver surfaces, including annealed gold
on mica144. However the plot for the reductive desorption of MC18 from gold on mica
did not show double peaks for the desorption or readsorption process, and they observe
"that the peak shape is not a strong function of [the chain length]". In January 1997
Morin and co-workers published the first paper with double desorption peaks for MCI6
and MC18 on a gold (111) single crystal59, the two peaks were suggested to be due to

the presence of domains of different ionic permeabilities. Only two months later a paper

by Porter and Zhong (claiming the first example of double peaks) was published

containing a more comprehensive study of the desorption and readsorption processes
1 -2 C

observing double peak features for MCI2 to MCI6 on gold on mica . The study was

more systematic examining chain length, scan rate, scan range and pH influences, they
note that the results are at least in part due to a difference in the chemical

thermodynamics of the short and long chain systems. They note that peaks A and A' are

linked, changing scan direction between peaks A and B results in only one readsorption

peak at position A'. Furthermore, the double peak occurs only at high pH values. They

speculate that the double peak could arise due to different hybridisation of sulfur at

different binding sites, sp hybridised sulfur on top of gold or sp3 hybridised sulfur in a

three fold hollow site or differences in packing density, but do not make firm
conclusions. In April 1998 Honeychurch and Rechnitz presented a review of the

voltammetry of adsorbed molecules109, specifically reversible redox systems. In this
review they discuss SAMs and crucially refer to the 1987 Matsuda papers making an

implicit connection between SAMs and the double peak predictions made by Matsuda et

al110,11'. In June 1998 Kakiuchi and co-workers report on the reductive desorption of
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MC16 on gold on mica , they "observed no splitting of the reductive and oxidative

peaks for [MC16]", but did observe using stm the formation of aggregates at the surface
after desorption, which disappeared after readsorption. In 1999, Badia et al present
results for the reductive desorption of MC14 from gold (111) on mica, a cyclic

voltammogram displays a single peak but they note that a double peak is observed for
some samples167. Using a single crystal they present a cyclic voltammogram with
double peaks for MC14, and present in-situ AFM images displaying aggregates at

desorption potentials. Later that year Morin and co-workers proposed a two step model
for the double peak structure observed for the reductive desorption of MC16 from gold

(111) single crystal53. The peak A is a faradaic process involving the transition from
chemisorbed thiols to physisorbed thiolates. Peak B is a capacitive process involving the
transition from physisorbed thiolates in a lamellar structure to a micellar structure. The

readsorption process is the reverse of the desorption process. The charge transfer for
each peak is in general agreement with the expected charge for the process it is assigned
to. They claim to rule out the possibility that two domains of different densities or that
different adsorption sites are responsible for the double peak structure based on in-situ
IR spectroscopy. The next month Azehara et al report that "splitting fine structure" was
observed MC16 on a gold single crystal168. In April 2000, Morin and co-workers

reported that the reductive desorption of alkane thiols from silver (111) single crystals

produced double desorption peaks for short chain alkane thiols MC5 to MC810,
however, this is attributed to desorption from two different adsorption sites. In May
2000 Porter and Wong demonstrated the importance of the substrate surface

morphology on the double peak occurrence, comparing smooth gold on mica with the

rougher template stripped gold58, it was shown that flatter surfaces were essential for
double peak formation. In June 2000 Calvente et al presented a theoretical paper that

strengthens the links between double peak features for reductive desorption of alkane
thiol SAMs and the theoretical calculations predicting double peaks based on pair
interactions112. They cite papers by Morin and co-workers59 and Porter and Zhong135
which explicitly address the double desorption peaks, and Matsuda et al110 which gives
a detailed theoretical description based on pair interactions. They develop the theoretical

description for surface redox processes which result in the formation of double peak
structures. In 2001 Morin and co-workers report the temperature dependence of double

peak structures54, increasing the temperature at which desorption occurs the double

peaks to merge into a single peak, whilst the decrease of temperature causes a
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separation of the two peaks. In 2002 Kakiuchi et al studied the reductive desorption of
MC3 to MC14 from gold on mica, they present cyclic voltammograms with single

peaks only but note that "sometimes, double peaks also appeared." although do not

stipulate which SAMs produced these76.

Summarising the review of literature, it emerges that the occurrence of the double peak
is extremely sensitive to the experimental conditions as Porter and co-workers did not

initially observe them144 and Kakiuchi et al76 and Badia et al167 note that double peaks

only sometimes appear. There is consensus that aggregates in the shape of micelles form
after desorption of insoluble alkane thiols, Kakiuchi and co-workers observe micelles
with STM56, Badia et al observes aggregates using AFM167 and Morin and co-workers

suggest micelle formation based on IR spectroscopy53,54. Despite the considerable
attention in literature, the desorption mechanism is not certain. Reviewing the literature
and considering the data, there are three models that could potentially explain the
double peak formation.

1. The two step model proposed53 and developed54 by Morin and co-workers,
where one peak corresponds to a faradaic process and the other to a capacitive

process. There are questions about the two step model such as what is the

driving force for micelles to unfold? If it is chemisorption then why is there a

clear delay before chemisorption occurs?

2. A variation of the binding site model suggested by Porter and Zhong for gold135
and Morin and co-workers for silver10. Instead of the double peaks

o

corresponding to the selective desorption of coexisting sp and sp hybridised

sulfur, the two peaks account for a step-wise sp3 to sp transition followed by a

desorption of sp hybridised molecules. There is no detailed discussion in
literature on the model involving the sp~ to sp transition prior to desorption,

consequently there is no data that has ruled it out. The model is unlikely though,
due to the difficulty in explaining the magnitude of the first peak in terms of this
model.

3. A model involving the pair interactions described by Matsuda et al110'111,
Honeychurch and Rechnitz109 and Calvente et al112. All three papers predict the
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occurrence of double peaks for a one electron redox process but do not assert

that this is the mechanism for double peak formation for the reductive desorption
of alkane thiols such as MCI6.

Experiments are presented to challenge these models with a view to identifying one

unifying model that is consistent with published data and all the data collected in this

project.

5.2 Results

Various experiments using cyclic voltammetry with in-situ SHG, including complex

cyclic voltammograms involving multiple scans and potential holding were performed.
The two step model was tested first.

r 50

Figure 5.2: Cyclic voltammogram (blue) with in-situ SHG (red) for the reductive desorption of
MCI6 from Au/mica, sample prepared at 22°C. Dotted lines are provided to identify the
boundaries for desorption and readsorption. On the cathodic scan the SHG begins to increase at

the same potential as the onset of the desorption peak, the end of the desorption peak is marked

by the dotted box. The point where the SHG deviates from a straight line going from -1300 mV
towards -1200 mV on the cathodic scan is exactly at the dotted line. An overshoot of the SHG
is systematically observed after desorption on the cathodic scan compared to the SHG intensity
on the anodic scan.
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Figure 5.2 is the cyclic voltammogram with in-situ SHG for MCI6. The SHG changes
occur in parallel with the charge transfer. The SHG changes parallel both desorption

peaks and both readsorption peaks. For the readsorption peaks in particular, where there
is a clear separation of the two peaks, the SHG changes clearly occur over both peaks.
This is in conflict with the two step model where the SHG is only expected to probe
faradaic processes. For the desorption peak, the coverage, determined by the SHG

change, is correlated with the charge transfer, figure 5.3 illustrates the linear correlation.
The line of best fit through the charge over coverage relation has a coefficient of
determination of 0.993 indicating a very good linear correlation. Within experimental
errors there is a linear correlation between charge and coverage, considering the two

step model this is surprising result.

Coverage

Figure 5.3: The charge over coverage ratio for MC16 where double peaks are observed. The line
of best fit intersecting (1,0) is included and the R2 value is 0.993.

The SHG change for a faradaic process is not expected to be exactly the same as for a

capacitive process. The SHG change is the same for both peaks, it is either an incredible
coincidence that the SHG changes are identical for the two different processes or the
model is incorrect. More results are presented that challenge the two step model.
Porter135 and Morin5j have both presented cyclic voltammograms illustrating that peak
A is related to peak A', reversing the scan direction between the desorption peaks A and
B results in an anodic scan with peak B' absent. An equivalent experiment when the
scan direction is reversed between the readsorption peaks is presented here, figure 5.4.
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One cycle covering both desorption and readsorption peaks was first performed.

Subsequently, three cycles were performed with a shorter scan range where the starting

potential was between the readsorption peaks in the first cycle. The first cycle of the
shorter scan range exhibited a double desorption peak. The following cycles include a

single desorption peak, the second and third cycle of the shorter scan range are

presented. The single desorption peak is observed in a position corresponding to peak
A. The SHG fully supports the electrochemical data. This contradicts the two step

model where peak B should not shift to less negative potentials. Another experiment
continues this line of probing by holding the potential at -960 mV for various fixed
times between cycles.

c c

2 o 25
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Figure 5.4: Cyclic voltammograms (top) and SHG (bottom) for MCI6 at 50 mV/second. The
black line is from -300 to -1250 mV, the purple line is from -960 to -1250 mV, experiments
were performed consecutively, and cycles 2 and 3 of the shorter scan range are displayed.

Figure 5.5 illustrates the effect of holding the potential at -960 mV, the current

minimum between the readsorption peaks B' and A', for 5 seconds and 5 minutes. In
both cases the resulting desorption peaks indicate a partial coverage, a complete layer
was recovered in a subsequent experiment. Holding the potential at -960 mV does not

allow a complete readsorption but it does allow some rearrangement of molecules, after
5 minutes the desorption peak is 70 mV more negative indicating a significant increase
in stability, there is an ordering during the holding time. The results of the two
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experiments are difficult to explain in the terms of the two step model where a faradaic

process and capacitive process are separated.

-1200 -1100 -1000
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Figure 5.5: Cyclic voltammograms of MC16 at 50 mV/second from -960 mV to - 1210 mV.
The sample has been cycled several times prior to this experiment. The potential is held at -960
between cycles. The black line is the CV for a complete layer, the green line is for a sample that
has been held for 5 seconds at -960 mV, the peak is at -1120 mV. The red line is for a sample
that has been held for 5 minutes at -960 mV, the peak is at -1190 mV.
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Figure 5.6: Cyclic voltammograms ofMCI 6 at 20 mV/second. Black line has no holding, cycle
is paused at -1110 mV for 12 seconds (top) and paused at -970 mV for 30 seconds (bottom)
two different samples were used to acquire this data, overlaid results are from same sample.
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Further experiments are performed involving holding during a cycle, figure 5.6. Pausing
at -1110 mV for a short time of 12 seconds allows a complete desorption, however

pausing at -970 mV for 30 seconds does not allow a complete readsorption. The charge
• *2of the readsorption peak observed immediately after holding at -970 mV is 35 pC cm"

for 30 seconds of holding and 27 pC cm"2 for 90 seconds of holding. In terms of the two

step model, during desorption the folding of the micelle occurs rapidly after desorption
ofmolecules, whereas during readsorption, after unfolding of the micelle the molecules
do not rapidly chemisorb onto the electrode surface. Holding the potential at -970 mV
for 90 seconds does not fully adsorb molecules, what then is the driving force for the
micelle to unfold? According to the two step model, the folding and unfolding of the
micelle and corresponding capacitive charging has a lower energy barrier than the
faradaic charge transfer. Considering the capacitive part involves movement and

arrangement of molecules this is an unlikely scenario. The driving force for

readsorption should be the formation of the Au-S bond so the result is in conflict with
the two step model where the first readsorption peak is a capacitive process as the
micelle unfolds and the second peak is a faradaic process as physisorbed thiolates
chemisorb to the surface. The final part of testing the two step model involves

comparing MCI6 with MC22, figure 5.7.

Potential [mV vs Ag/AgCI]

Figure 5.7: Cyclic voltammogram for MC22 (black) and MCI6 (red) at 20 mV/second.

The voltammetric response for MC22 is compared with MCI6, MC22 has a single

desorption peak and a double readsorption peak. The peak shape for the MC22

desorption is inconsistent with the two step model, according to the model, alkane thiols
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MC12 and longer produce double peaks, the observed single peak for MC22 is in
conflict with the model. Additionally the readsorption peaks question the two step

model. The readsorption peaks for MC16 occur at -1010 and -915 mV, compared to -

1010 and -890 mV for MC22. Peaks B' have a very similar shape and position but

peaks A' have dramatically different shapes and positions. Considering the two step

model, peak B' is assigned to a capacitive current as micelles unfold to a lamellar
structure expelling counter ions from the surface, peak A' is assigned to a faradaic

process as molecules chemisorb onto the surface. Considering the shapes and positions
for peak A' and B' for MCI6 and for MC22 it is hard to imagine that these systems

would have an identical rate of unfolding of micelles expelling ions from the double

layer inferred from overlapping peak B', yet very different faradaic charge transfer

processes. The readsorption mechanism in the two step model can not explain the

discrepancies between the readsorption characteristics for MC22 and MC16. It is

interesting to note that the shape of the readsorption peak for MC22 and BP12 are very

similar, and that both molecules are of a similar length. Furthermore, the fact that MC22
has a single desorption peak and a double readsorption peak suggests the desorption and

readsorption processes are not a straightforward reversal of each other. The molecules

go from an ordered state to a disordered state during desorption, in contrast to going
from a disordered to an ordered state during readsorption, the dynamics of the two

processes are evidently different.

The two step model is incompatible with several of the results presented here.

1. The linear correlation of charge to coverage across both desorption and

readsorption peaks is not expected for this model.
2. The desorption peak B position moves to less negative potentials when the scan

range is such that a direction change occurs between peaks B' and A'. This is in
conflict with the model.

3. Molecules will not fully readsorb within a few minutes when the potential is
held between the two readsorption peaks. According to the model the second

peak is due to bond formation, this is the driving force for readsorption. The

readsorption should proceed rapidly to completion while the potential is held at

this potential.
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4. The MC22 desorption peak shape is inconsistent with the two step model which
demands a double desorption peak.

5. The model cannot explain the discrepancies between the readsorption of MC22

compared to MC16.

These five factors decisively undermine the validity of the two step model. The model

involving the transition from sp3 to sp hybridisation is now challenged using a BP6 on

silver example. The sulfur head group on silver is sp hybridised, known from biphenyl
thiol investigations94, in contrast to sp3 on gold. Figure 5.8 illustrates the CV and SHG
for a BP6 on silver surface. The SHG parallels both desorption and readsorption peaks.
The SHG intensity decreases for desorption of molecules from silver as described in

subchapter 4.4. There is a clear plateau on the SHG change for desorption

corresponding to the potential between the two peaks. On the readsorption scan the
SHG rate of change is lower between the readsorption peaks. BP6 is the first SAM to

display significant readsorption, this related to the insolubility of the molecules. Due to

the insolubility of molecules, different interactions between molecules are encountered

during the desorption process which results in the occurrence of double peak features.
BP6 on gold is the first SAM to display double peak features, similarly on silver, BP6 is
the SAM to display double peak features of the type observed on gold. For BP6 on

silver, the double desorption peaks are 50 mV apart, readsorption peaks are 65 mV

apart. This is typical of the separation of peaks for BP6 and MC16 molecules on gold.
As discussed in subchapter 4.4.2, the multiple peaks for BP(odd) molecules on silver
have a different origin from the features observed for BP6 on silver. For BP6 on gold
and silver, the similarity of the double peak features and the fact that the same molecule
is used indicates that the double peak features observed are due to the same process.

Therefore, if it can be demonstrated that the double peaks observed for the desorption of
BP6 on silver is not due to a change of hybridisation then the same applies for gold. The

possibility that the desorption peaks from silver are due to a transition from sp to sp are

examined. Due to the preferred Ag-S-C bond angle of 180° it is known that the BP6
molecules stand upright on silver allowing close packing of molecules. Due to the

insolubility of BP6 it is known that during desorption of molecules the structural

integrity of the SAM is largely maintained, i.e. thiolates remain within the SAM. It is
therefore impossible for molecules to tilt to any significant extent as is the case for BP6
on gold due to spatial constraints. Were the sulfur hybridisation to change from sp to sp3
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the SAM would be extremely unstable as the preferred bond angle of 104° could not be
achieved. The presence of a second desorption peak indicates that the SAM is stabilised
rather than destabilised during desorption. The possibility of a transition from sp to sp

hybridisation on silver is therefore precluded; the double peak features on silver are not

due to a change in the sulfur hybridisation. The double peak features for gold are due to

the same process as those observed for silver, so neither are due to a change in

hybridisation. In conclusion, double desorption peak features for insoluble SAMs on

gold are therefore not due to a change in hybridisation from sp3 to sp.
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Figure 5.8: Cyclic voltammogram (blue) and SHG (red) for the reductive desorption and
oxidative readsorption of BP6 on silver (111) substrate on mica at 20 mV/second.

The series of experiments above severely undermines the validity of the two step model
3 •• • • • • •and the sp to sp transition model. The third model, based on pair interactions, is

described in detail and evaluated with reference to several experimental results.

5.3 Pair interaction model

Several groups have proposed models for the behaviour of reversible redox reactions for
surface confined species. Kakiuchi et al describe a theory that explains the shift in

desorption potential for different length alkane thiols, but does not address the double
ns

# #

peak features . Three groups have described work involving pair interactions that

generate double peaks under certain conditions for a one electron redox process109"112.
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The theory described by Matsuda et al110,111 using a statistical mechanical approach is
outlined below. The conditions required for double peak formation due to

intermolecular interactions between 6 coordinated surface confined species with strong

lateral interactions are examined. For the reductive desorption of thiol molecules from a

gold surface the following reaction occurs:

Au-SR + e" —> Au + ~SR

In terms of oxidised and reduced species the thiol bonded to gold is in the oxidised form

[O], the thiolate is in the reduced form [R]:

[0]+e"^[R]

The species briefly pass though a transition state, A A two dimensional lattice is

constructed, figure 5.9, with N vacancies for 6 coordinated species O, R or the transition

species There is an overall number of species N, comprising No thiol molecules, NR
thiolate molecules and transition species:

N = N0 + Nr + N^ (5.1)

N^N is assumed to be an infinitesimal quantity. There are 3N pairs of nearest

neighbours that can be one of five pairs, RR, RO, OO, and R^. Interactions between

R and ^ denote the thiol (oxidised form), thiolate (reduced form) and transition state

respectively. Each surface bound species is surrounded by six other species. Figure is

representative of a sample during the reduction process.
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Denoting the numbers of pairs as Njj where ij represents the pair, there are five pair
types: Noo, Nrr, N0r, No^ and NR^. Each pair has a particular intermolecular energy
associated with it, the interaction energy for a pair ij has the form Wy, the significant
interactions are WRR, W0o and W0r. If the interaction energy W0r is greater than WRR

and W0o, the OR pair is more stable than 00 and RR:

W = (WRR + Woo) - Wqr (5-2)

W is the interaction energy relating to the equilibrium potential, where there are

approximately equal numbers of thiol and thiolate species. An attractive force is

positive. If W0r is more stable than W0o plus WRR, then W will be negative. When
W/RT is sufficiently negative a double peak is predicted for a process involving only
one electron. In cases where the interaction energy between a thiol and thiolate pair
exceeds the interaction energy between a thiol-thiol pair and a thiolate-thiolate pair a

double peak is therefore predicted. Describing the three relative interactions in more

detail, the thiolate-thiolate pair has repulsive interactions from the head group due to

electrostatic repulsions from the charges, but has attractive interactions from the alkane
chains. The thiol-thiolate pair has attractive interactions between the alkane chains and
attractive interactions between the head groups169. The thiol-thiol pair has favourable
interactions between the alkane chains, and negligible interactions between the head

groups, the forces between pairs can be considered as forces between neighbouring head

groups and neighbouring chains:

Wjj = Wjjihead+ Wjj, chain (5.3)

Table 5.1 summarises the forces between neighbouring molecules.

Pair Head group interactions Alkane chain interactions

thiol-thiol negligible Attractive

thiolate-thiolate repulsive Attractive

thiol-thiolate attractive Attractive

Table 5.1: Interactions between head groups and alkane chains for 00, RR and OR pairs.
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Assuming that all chains are in the all-trans conformation, the attractive force between

neighbouring alkane chains is proportional to the chain length. The relative interactions
between the chains are independent of the head group for surface confined species:

OR, chain = 00, chain = rr, chain = chain (5-4)

The overall energy at equilibrium can be determined:

W = WRR,head + Wchain - WOR,head (5 • 5 )

Overall W contains a repulsive thiolate-thiolate force, an attractive force proportional to
chain length and an attractive thiol-thiolate force. An attractive force is positive while a

repulsive force is negative. The thiolate-thiolate interaction is negative which drives the
overall W value to the negative. The positive thiol-thiolate interaction is subtracted so

will drive the overall W value to the negative. The chain-chain interaction is positive in

sign so will counter the influence of the head group interactions. If the W value is

sufficiently negative a double peak is predicted. With increasing chain length, the chain-
chain interactions will outweigh the thiolate-thiolate interactions, the W value will tend
to positive values decreasing the likelihood of double peak features. In contrast, for
shorter chain lengths, the W factor will tend to more negative values increasing the
likelihood of double peak features. However, a condition for the model is that species
are confined to the surface. For soluble molecules the head group interactions cease as

molecules diffuse away from the surface on a time scale much shorter than the whole

desorption process. The head group interactions are eliminated from the equation and
the W factor becomes positive, a single peak is observed. This interpretation is
consistent with the observed results for MC7 to MC22, MC7 to MC10 are soluble after

desorption so repulsive thiolate-thiolate interactions are not a factor. MCI6 is insoluble
so thiolate-thiolate repulsions are a factor. Going to MC22 the longer chain stabilises
the layer, and has a greater influence on the overall stability relative to the thiolate-
thiolate repulsion. The chain interactions outweigh the thiolate-thiolate repulsion

driving the W factor positive.
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The above pair interaction description was based on a literature model. The pair
interaction model describes faradaic charges for desorption only, whereas the

readsorption process, capacitive processes and formation of micelles are not addressed.
In the following paragraph a more general, molecular level mechanistic model

incorporating the pair interaction model for hexadecane thiols SAMs is described. The
model encompasses capacitive charging, readsorption processes and micelle formation,

explaining the desorption and readsorption features of SAMs.

Starting with the pristine hexadecane thiol SAM modified electrode, the potential is
scanned gradually to more negative potentials. At a sufficiently negative potential
molecules begin to desorb as thiolates. Due to pair interactions between thiolate and
thiol molecules the film is stabilised after approximately half of the molecules have
desorbed. This results in a decrease in the rate of desorption and hence a dip in the
faradaic contribution to the desorption current. This process corresponds to peak A,

figure 5.1. The electrode potential is continually becoming more negative. The

overpotential eventually becomes too great for the remaining molecules which then

desorb, peak B. Counter ions are likely to be penetrating the film during the entire

desorption process. There is a capacitive process occurring across both desorption

peaks. Micelle formation begins once the majority of molecules have desorbed, and may
last for a few seconds. The majority of the capacitive charging occurs before the
faradaic process is complete. The molecules in a lamellar structure still impede counter

ions accessing the surface. The remaining capacitive charging occurs after desorption as

the micelles are formed. This hypothesis is supported by the SHG which measures an

overshoot for MC16 indicating counter ions are impeded from accessing the surface.
The potential continues becoming more negative until it reaches the point of inflection
where the scan direction changes. Throughout this time the molecules remain close to

surface in a disordered micellar structure. When the potential for readsorption is reached
molecules begin to chemisorb onto the gold driving an unfolding of the micelle. Due to

strong lateral interaction a degree of the micelle disorder is likely to be retained as the
micelle unfolds and molecules adsorb onto the surface. Peak B' accounts for the thiolate

moieties that were on the outermost sphere of the micelle, peak A' accounts for the
molecules with thiolate moieties that were deeper inside the micelle. The capacity of the
electrode decreases as the micelle unfolds and adsorbs onto the electrode surface.

Counter ions are effectively displaced from the electrode double layer region by the
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molecules. Capacitive discharging occurs in parallel to both peaks as counter ions are

expelled from the interface region. Before the electrode potential reaches its final

potential, but after the adsorption of molecules is complete there will be a period of

rearrangement and ordering of molecules. During this period there will be a small

capacitive discharging as remaining counter ions are expelled from the film. The steps

for the molecular level mechanistic model are illustrated in figure 5.10.

Figure 5.10: Schematic illustration of a molecular level desorption (top) and readsorption

(bottom) model. A bold black line represents the gold-sulfur bond.

The validity of this model is checked by corroborating it with results in this chapter,
other results in this thesis and with results from other groups. The desorption peak

shapes for all alkane thiols are consistent with the pair interaction model. Readsorption

peaks for MCI6 and MC22 both demonstrate a broader readsorption peaks relative to

the desorption peaks, figure 5.7. The time scale for readsorption is longer than for

desorption due to the irregularity of the micelle. MC22 has readsorption peaks with a

greater separation than MCI6 suggesting entanglement of molecules becomes an

increasingly significant factor. Voltammetric experiments involving holding potentials
and altering the scan ranges are consistent with this model. The voltammetric data is
consistent with this model. Similarly, the SHG data is consistent with this model,

specifically the linear correlation of charge to coverage, figure 5.3. The experiment

involving desorption of BP6 from silver is consistent with the desorption model.

Examining results from previous chapters, the stability of DT compared to BP1 is
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consistent with the pair interaction model. BP1 is soluble, however, a molecule that is
attached to a neighbour through a disulfide link will be fixed at the surface, and the pair
interaction energy becomes relevant for DT. Examining the results in literature, the
influence of temperature on the desorption of molecules detailed by Morin is consistent
with the pair interaction model54, when the temperature decreases, the magnitude of a

negative W/RT value increases, making the double peak formation more likely. Morin

reports that using SNIFTIRS spectroscopy the orientation of the molecules changes

during peak B and B', this is in agreement with the model . At lower electrolyte pH
values the double peaks merge into a single peak59, in cases where solvent can penetrate

through the film, protons will attach to the thiolate eliminating repulsive thiolate-
thiolate interactions. The pH influence is consistent with the pair interaction model, and

supports the theory that the capacitive process occurs in parallel to the faradaic process.

5.4 Summary

Three plausible models that could explain the desorption mechanism responsible for the
double desorption and readsorption peaks for MCI6 on gold are described. They are the
two step model, the sp" to sp transition model and the pair interaction model.

Experiments were presented that challenged these models; two of the models were

unable to explain the electrochemical and spectroscopic results. The two step model

proposed by Morin is excluded; five key points that undermined the model were

presented. The sp3 to sp transition model was already unlikely due to the difficulty in

explaining the first desorption current and, based on a further experiment using silver,
has been excluded. The pair interaction model has been described and satisfactorily

explains the double peak behaviour. The model is consistent with SHG data and other
electrochemical experiments. The pair interaction model, which originated from a paper

published before the first double peak was observed, predicts that for a surface confined
redox species, a reversible reaction involving only one electron could produce a double

peak. The condition was that the interaction between a thiolate-thiol pair was greater

than the interaction between a thiol-thiol pair and a thiolate-thiolate pair. A general
model based on the pair interaction is described, accounting for faradaic and capacitive

processes for desorption and readsorption, and is consistent with work presented in this
thesis and elsewhere.
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Chapter 6
METAL DEPOSITION

6.1 Introduction

Electrochemical metal deposition on SAM modified electrodes is a convenient

technique to fabricate metal structures. A variety of metals have been deposited on

electrode surfaces47, however, not all metals will be suited to deposition on SAM
modified electrodes due to the considerable overpotentials required. Copper has

successfully been used to deposit metal layers onto bare gold and thiol coated gold
electrodes by many groups44'85'170"175, and due to the ease of use, is employed here.

Copper is deposited from copper sulfate in sulfuric acid. The equilibrium reaction for

copper deposition is as follows:

Cu (aq) + 2e ^ CU(S)

It is a two electron process, with an equilibrium potential of +0.337 vs. standard

hydrogen electrode. Copper deposition on bare gold or gold modified with very small
thiols176 can begin with under potential deposition of copper where up to a monolayer of

copper is deposited. At small overpotentials a single layer of copper is formed where the

affinity of copper to the gold surface is greater than the affinity of copper to itself, with

larger overpotentials multilayers of copper form. Multilayers are required to develop

macroscopically detectable features on the electrode surface.

The substrate flatness and SAM properties, i.e. structural perfection and conductivity,
are expected to have a profound influence on the structure of the copper deposits at the
electrode interface. Modification of the SAM properties and fine tuning of the

deposition conditions can tailor the structural properties of the copper deposit.

An advantage of having copper deposited on a SAM modified gold rather than on a bare

gold surface is that it allows the detachment of the deposited metal. The adhesion
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between the two metals is sufficiently low to allow separation of the two metals without
notable disruption to the surface structure. An insulating substrate is attached to the
metal deposit using an adhesive material, this is simply lifted off, shearing the metal

deposit from the underlying substrate at the metal | thiol | metal interface. The face of
the deposited metal layer that was buried at the interface of the two metals is now

exposed. A similar process has previously been performed in combination with surface

patterning by Salvarezza and co-workers177'178. Some exploratory experiments are

performed to prove the feasibility of the detachment procedure for copper deposits on

gold electrodes. Two examples are illustrated; surface patterning directed by SAMs

using micro contact printing and metal detachment procedures using adhesives.

6.2 Copper Deposition and Patterning

Before more detailed and complicated electrodeposition experiments are performed the

deposition / dissolution response for copper on a bare gold electrode is illustrated. A

cyclic voltammogram for copper deposition and dissolution is displayed in figure 6.1.
The copper deposition occurs on the cathodic scan, and dissolution on the anodic scan.

For each cycle the deposition onset occurs at -40 mV and the dissolution onset occurs at

—40 mV, the reaction is highly reversible. For the first cycle there is a current maximum
of 2.2 mA cm"2 at -170 mV for the deposition, with a current maximum of -17 mA cm"2
at +110 mV for the copper dissolution. With subsequent cycles the deposition, and
hence dissolution peaks become gradually larger. This is likely due to a build up of

copper ions in the vicinity of the electrode caused by the fact that during the experiment,
for the majority of the time, ions are attracted to the electrode and will deposit onto it.
There is a net migration of copper to the electrode surface. The deposition peak is

typically much broader than the dissolution peak and is limited by diffusion to the

electrode, the dissolution is kinetically limited and is much sharper. During repetitive

deposition and dissolution the colour change of the electrode is clearly observed.
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Potential [mV vs Cu/Cu2+]

Figure 6.1: Cyclic voltammogram for repeated copper deposition / dissolution on bare Au/Si

substrate, in 10 mM CuS04 / 0.5 M H2S04, platinum wire counter electrode, copper wire
reference electrode. Four cycles, starting at +300 mV, scanning to -650 mV at 50 mV/second.

• • *2The charge transfer for dissolution of the layer from the first cycle is 19 mC cm" , The

copper dissolution is a two electron process, dividing by twice the charge of an electron
16 2 •

gives a value of 5.96x10 copper atoms per cm . For a single layer of copper, assuming
close packing with six coordinated atoms of 2.556 A bond length, the area per copper

atom is 5.66xl0"16 cm2, and hence the number of atoms per cm2 is 1.77xl015. There is
therefore an average of about 34 layers of copper deposited on the first cycle. For the

perfect face centred cubic crystal structure this corresponds to a depth of 5 nm. It is
intuitive that a high degree of control over copper deposition could be achieved by

varying electrode potential, deposition time and copper ion concentration. The depth of
the copper deposit is related to the deposition time. The underlying substrate

morphology and overpotential will likely influence the quality of the copper deposit in
terms of flatness of the deposit and degree of crystallinity. Modification of the gold
electrode has a profound effect on the copper deposition process. The influence of a

monolayer of thiols on the gold electrode on the copper deposition is illustrated in figure
6.2.
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Potential [mV vs Cu/Cu2+]

Figure 6.2: Cyclic voltammogram for repeated copper deposition / dissolution on a Au/Si
electrode modified with BP4 at room temperature, in 10 mM CuS04 / 0.5 M H2S04, platinum
wire counter electrode, copper wire reference electrode. Cycles 1 to 4 are displayed as well as

cycle 1 of the bare gold sample, as used in figure 6.1 for reference. Starting at +300 mV, the

potential is scanned between +300 mV and -650 mV at 50 mV/second.

The BP4 SAM has a profound effect on the electrochemistry of the metal deposition.
There is a potential drop across dielectric SAM layer, the onset of the metal deposition
occurs at -250 mV on cycle 1, this is in stark contrast to the onset at -40 mV for the
control experiment with no thiol layer present, the BP4 layer inhibits copper deposition.
The onset of copper dissolution is the same for BP4 covered gold and bare gold, but the
dissolution maxima are slightly offset with the BP4 SAM hindering the dissolution to a

small extent. The SAM layer significantly hinders the deposition, but only slightly alters
the dissolution. With continued cycling the deposition peak shifts to less negative

potentials indicating the blocking effectiveness of the SAM is decreased, the biggest
shift happens between cycles 1 and 2 indicating irreversible structural changes occur

during the first deposition / dissolution cycle. Peak areas gradually increase with
continued cycling in agreement with bare gold. In terms of the deposition regimes

(figure 1.4) it is likely that during the first cycle copper deposition is initiated at pinhole
defect sites or domain boundaries where bare gold is exposed, and growth continues
with mushroom shaped deposits. The build up of copper at the gold surface sites will

irreversibly disrupt the nearest molecules, the subsequent cycles will proceed more

easily as the defect site has now been enlarged by the initial deposition.
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The influence of BP4 on the copper deposition is compared with the influence of the
more insulating MCI6, figure 6.3.

-600 -300 0 300

Potential [mV vs Cu/Cu2+]

Figure 6.3: Cyclic voltammogram for one copper deposition / dissolution cycle on a Au/Si
electrode modified with BP4 and one copper deposition / dissolution cycle on a Au/Si electrode
modified with MCI6, both immersed overnight at room temperature. The inset shows the region
where the copper deposition onset occurs, there is a difference of about 30 mV in the deposition
onset. Conditions were identical, 10 mM CuS04 / 0.5 M H2S04, platinum wire counter

electrode, copper wire reference electrode. Starting at +300 mV, the potential is scanned
between +300 mV and -650 mV at 50 mV/second.

It is clear that both molecules impede copper deposition, however, MCI6 impedes

deposition to a greater extent than BP4. A small overpotential window exists where
metal deposition on a conducting SAM can occur yet insulating SAMs still blocks the
metal deposition. This feature of SAMs is exploited to develop patterns of metal

deposits on SAM modified electrode surfaces with a resolution in the micron scale. BP2
conducts to a greater extent than BP443 so the deposition window for a sample patterned
with BP2 and MCI6 should be greater than a sample patterned with BP4 and MCI6.

Using micro contact printing, subchapter 3.1, a sample is patterned with BP2 and
MCI6. The substrate is stamped with MCI6, then immersed in BP2 solution for 90

minutes, then annealed for 50 minutes at 70°C. The sample was quickly scanned to -

300 mV to initiate the deposition, then cycled between 0 mV and -190 mV to develop
the copper deposit. Figure 6.4 is an image of the sample after copper deposition on a

patterned SAM, the definition achieved between MCI6 and BP2 coated regions is
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excellent. A control experiment using the same stamp, involving stamping the sample

twice, with a 90° rotation between stamps confirmed that deposition occurs on the BP2
coated region and not MCI6.

The perfection of the respective conducting and insulating SAM and the
electrochemical conditions are crucial parameters that must be fully explored to

understand metal deposition processes on surfaces patterned with SAMs. Surface

patterning with different SAM types and development of patterns with copper deposits
has been achieved with a periodicity of 8 pm and a resolution around 1 pm. The

potential to use patterned deposits of copper or other metals in applications is possible
due to a detachment technique where the deposits are attached to an insulating substrate
and lifted off the gold substrate.

6.3 Copper Detachment

The detachment of deposited metals from the underlying substrate can be performed on

patterned or non-patterned samples. Separation of the layers with weak interaction is

easily achieved, this concept has been previously demonstrated by Salvarezza and co-
i nn i no

t

workers ' . Figure 6.5 illustrates the steps for the preparation of a copper deposit then

subsequent detachment from the original substrate. The detachment procedure is not

possible for a copper layer deposited directly on gold, as the adhesion is too great.

Presence of a thiol SAM between the gold electrode and copper layer means that there
are only weak interactions between the two metals. For mushroom type growth the

copper is only directly attached to the gold surface at a few pinhole sites, and for on top

growth there is no direct contact (figure 1.4).

Figure 6.4: Photograph of a gold substrate

stamped with MCI6 then immersed in BP2
solution. Copper was subsequently

deposited onto region coated with BP2. A

periodicity of 8 pm is clearly defined.
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Figure 6.5: Schematic of metal deposition on a SAM patterned surface with subsequent adlayer
detachment. The patterned sample (1) is assembled into an electrochemical cell where copper is

deposited selectively onto one thiols type (2). The sample is removed from the cell, and using an

adhesive material is attached to the sample (3), separating the top material from the gold
substrate results in the copper deposits detaching from the gold surface (4).

A gold substrate is covered with thiols patterned or otherwise, the copper deposit is
formed using the electrochemical method described in the previous subchapter. The
electrode is removed from the cell and rinsed with water to remove sulfuric acid, then

dried. An insulating substrate, such as a piece of glass is attached to the top of the

copper deposit with a strong adhesive such as super glue. Once dried, the insulating
substrate is detached from the gold substrate, the shear occurs at the gold | thiol | copper
interface. Using a Au/Si substrate covered with hexadecane thiol a copper deposit is
formed using the method described above. The deposit is removed from the gold
substrate using the detachment procedure. Using STM, the newly exposed copper

surface and the temporarily coated gold surface are examined, figure 6.6. Images of the
two surfaces and cross sectional profiles are compared. The grain sizes for gold and

copper are very similar, about 75 nm in diameter. An anisotropy of the gold and copper

exists with small fingers extending from some grains, all in the same direction. This

may be due to shear forces exerted during the separation of the two layers, possibly
where copper-copper bonds have broken. At present, it is not clear if the fingers
observed on the gold surface are remains of copper. Additional characterisation with
XPS is required to elucidate this point. The cross sectional line profile shows the
relative flatness of each surface, the cross section profile for the gold surface has a

maximum peak to trough height of 7.5 nm compared to 14 nm for the deposited copper.

The flatness of the deposited copper is comparable with the flatness of the underlying
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gold surface. The copper surface is slightly rougher than the gold surface. The

techniques described show promise to routinely fabricate metal microstructures on

insulating substrates, with good control of thickness and surface flatness using an

inexpensive and relatively straightforward technique. An excellent definition between

species is observed, a resolution below 1 pm is demonstrated. For Au/mica substrates
even flatter copper deposits can be achieved, although adhesion becomes more critical
with separation of the Au and mica layers during detachment. It is evident that design of
suitable SAMs is central to the continued development of metal deposition and
detachment techniques. The foundations have been laid for some more detailed

experiments and some quite exquisite electrodeposition chemistry. The principles for
bottom up production of well defined microstructures have been demonstrated using a

simple and inexpensive technique.

Fine tuning of the metal deposition can be performed by modification of the SAM
surface properties through introduction of functionality. Tail groups can be designed to

modify wetting or complexation properties. From relatively simple tail groups such as

carboxyl, hydroxyl, nitro, amino or nitriles to more complex tail groups such as

terpyridyl or pyrazolyls, the surface properties can be modified to alter the interaction
between the SAM and electrolyte.

152



Chapter 6: Metal Deposition
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Figure 6.6: STM image of the surface of Au/Si after the copper deposit was removed (left) and
the copper surface detached from the gold electrode (right), constant current mode (U = 1.1 V; I
= 200 pA). The scale for both images is identical. The cross sectional profile corresponding to

the white line for each sample is plotted directly below the respective image.
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CONCLUSIONS

A total of twenty six different SAMs on gold have been examined using cyclic

voltammetry with in-situ second harmonic generation, an optical technique that probes
the solid-liquid interface. The in-situ technique allows the discrimination of faradaic

processes and capacitive processes. Electrochemistry measures capacitive and faradaic

processes whereas second harmonic generation measures faradaic processes only. This
is a particularly attractive technique for probing buried surfaces due to the fact that it is
non-destructive and can be applied to atomically flat surfaces, unlike the
electrochemical quartz crystal microbalance. The technique allows investigation of
surfaces with a quality comparable to well defined single crystal surfaces. The

techniques probe the electrochemical stability of SAMs and quantitatively analyse

parameters such as desorption potential, desorption charge, peak shape and readsorption
characteristics as well as allowing a correlation of voltammetry with optical second
harmonic generation. A striking correlation between cyclic voltammetry and second
harmonic generation was observed. Voltammetric features are always paralleled by
SHG intensity changes. Despite the presence of double peaks for long chain alkane thiol

SAMs, a linear correlation between charge and coverage was observed.

Collecting such a broad catalogue of results for a variety of different SAMs has allowed
a significant picture of the forces involved in the overall SAM properties to emerge.

With a view to designing electrochemical applications, their stability, which depends on

the strength of the head group-substrate interaction and intermolecular interactions, was

investigated. The interactions were examined by comparing the influence of the
substrate and constituent parts of the molecule. It was shown that tail groups could
decrease or increase the SAM stability. A carboxyl or hydroxyl tail group decreases the
film stability whereas a thiol tail group increases the film stability. For alkane and

biphenyl thiols, in general, increasing the length of the spacer increases the stability of
the SAM. However, there is an odd-even effect for biphenyl thiols. Due to the tilt angle
of the biphenyl unit, BP(odd) molecules pack closer together than BP(even) molecules

allowing greater intermolecular interactions which produce more stable films. BP(odd)
molecules have a stability comparable to alkane thiols of an equivalent length, whereas
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BP(even) molecules, due to internal geometric constraints are less stable. Replacing the
sulfur head group with a selenium head group resulted in a substantial increase in the
film stability, equivalent to the increase in stability observed for four additional

methylene units. Lastly, SAMs on silver are, on average, more stable than the

equivalent SAM on gold. The SAM stability depend on the combination of
intermolecular and intramolecular forces and it is concluded that the tail group, spacer,

head group and the substrate all influence the film stability, i.e. every part of the SAM

system contributes to the stability. However, the odd-even effect demonstrates that
SAM design must consider the overall structural aspects such as geometric constraints
of the molecules in a SAM. Properties are not obtained by simply comparing
interactions between groups in isolation. Using the knowledge acquired from the broad
cross section of SAMs investigated a rational design of SAMs can be undertaken. A
framework for tailoring surface properties, such as stability, conductivity or

permeability has been developed. For example, the conductivity of the SAM can be
fine-tuned by combining conducting and non-conducting moieties. The stability could
be maximised by combining a selenium head group with a docosane spacer / tail group.
Another desirable property may be a porous SAM, the dipod and tripod SAMs would be
relevant here, while a perfluorinated SAM prepared in solution at high temperature

would intuitively create a SAM with low porosity. One interesting detail that emerged
from the examination of different molecules was the possibility to describe the relative
stabilities of two SAMs in terms of the equivalent number of methylene units. This is a

measure that scales with the size of the molecule.

A significant proportion of the thesis involved analysis of double peak features. It was
demonstrated that not all multiple peak features have the same scientific basis. Insoluble
SAMs produce double desorption and readsorption peaks on gold and silver. Tripod
SAMs have a double readsorption feature. BP(odd) SAMs and MC7 on silver produce
double desorption peaks, although the peak separations are very different. There are

therefore three or four different types of double peak feature. One particularly

interesting double peak feature was that of hexadecane thiol SAM on gold, an example
of an insoluble molecule. The peak features have provoked considerable discussion on

the desorption mechanism (chapter 5). Of particular interest was the correlation of
second harmonic generation with the double desorption and readsorption peaks. The
linear correlation of charge to coverage across the double peaks indicates that a two step
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model proposed in literature is incorrect. A model based on pair interactions is proposed
and developed consistent with published data and data presented in this thesis.

Copper deposition experiments with surface patterning have successfully been

performed. It was demonstrated that copper deposition can be performed selectively on

a biphenyl thiol while a long chain alkane thiol blocks deposition. A novel detachment

procedure has been demonstrated. By combining the understanding of film structural

quality and film conductivity a promising route to depositing other, more active metals
is demonstrated.
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APPENDICES

Appendix 1 Biphenyl Thiols Unit Cells

The unit cells, figure A.l, are defined using a matrix, which relates vectors a\ and a.2 for
the gold lattice with bi and t>2 for the adsorbate unit cell.

1
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Figure A.l: unit cells for alkane thiols, and biphenyl thiols from references 65, 70 and 128. Red
and grey circles identify "blobs" of different brightness in STM images. These indicate some

type of difference in either the binding site or conformation of the adsorbed molecules.

The area per molecule is calculated using the determinant of the matrix.

Det[ ]x2.882sin60Area per molecule =
molecules per unit cell
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Appendix 2 Home-built Spectroelectrochemical Cell

All experiments involving electrochemistry with in-situ SHG were performed in a

home-built spectroelectrochemical cell which consists of a Viton o-ring sandwiched
between the sample and a cover glass. Considerable time has been invested in the

design and development of the spectroelectrochemical cell. The procedures for
construction and routine use have continuously been refined and optimised and the final
versions are detailed below. Diagrams of the assembled cell are also shown. The

following procedures are adhered to strictly to ensure that the quality of results is high
and the greatest reproducibility is achieved.

1. Procedure for construction of the main unit of the cell.

2. Procedure for routine sample assembly.

The cell is composed of a main unit that stays intact once built and a top plate, which is
removed every time a new sample is assembled. Spacers are placed between the plates
which control the distance between the plates, and hence the pressure exerted on the

gold samples. For Au/mica samples the spacers consist of a piece of glass slide, an o-

ring and a piece of the silicon. The o-ring in the centre is compressed by the thickness of
the Au/mica substrate. This provides a high degree of consistency in the pressure

applied to different samples and adds to the high degree of reproducibility of

experiments. For Au/Si samples the spacer consists of two glass slides and an o-ring,
which compensates for the slightly thicker substrate. The components for cell
construction are shown in figure A.2, the main unit of the cell (components 1 to 11)

stays intact during routine use. Components 12 -16 are assembled and disassembled

every time a new sample is tested.
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Figure A.2: Materials for the spectroelectrochemical cell, parts 1 to 11 show the main unit (left)
in the assembled state. 1) adjustable mount base-plate, 2) female Luer Lock connection, 3)
PTFE screw connection, 4) PTFE tubing, 5) small clamp, 6) bent and tapered capillary tube, 7)
Viton o-ring (8 mm internal diameter, 11 mm outer diameter), 8) platinum wire (0.5 mm

diameter), 9) glass microscope slide, 10) spacer unit, 11) tapered Pasteur Pipettes. Parts 12-16
are routinely assembled and disassembled. 12) gold sample, 13) top plate with silicon wafer

spacer, 14) washers and nuts, 15) metal contact for working electrode, 16) syringe with male
Luer Lock connection.
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Procedure for Construction of the Main Unit of the Cell

The adjustable mount base-plate is positioned flat in a clamp and the glass slide is
secured in position with a small amount of tape. The Viton o-ring was prepared by

drilling three holes in it in well defined positions as indicated in figure A.2. Each hole
has a specific diameter and position with respect to each other. The hole for the pipette
is the largest, allowing sufficient conductivity through this region to the reference

electrode, this is 0.7 mm in diameter. The hole for the capillary has a diameter of 0.5
mm. The hole for the counter electrode has a diameter of 0.4 mm, it is positioned

slightly below the centre of the o-ring so the platinum wire will be closer to the glass
slide than the gold sample when the cell is assembled. Initially 0.4 mm holes are drilled
in each position, these are widened as necessary. The o-ring is boiled in water for a few
minutes then dried. The Pasteur Pipette and capillary tube are tapered in a flame, the
flame is also used to bend the capillary tube by 90° and clean the platinum wire. The
Luer lock connection and PTFE components are boiled in water, then dried and
assembled. The dry o-ring is picked up with cleaned tools, the counter electrode and

glass fittings are carefully pushed through the drilled holes, and any glass protruding

through the holes is clipped off. The o-ring with all the fittings are carefully transferred
to the base-plate and secured using the small clamp around the PTFE tube. The o-ring is

positioned so that it is in the centre of the window in the base-plate, and the o-ring is flat
on the glass slide. The pipette is secured over the small spacer on the base-plate with

tape. The clamp stand supports the top end of the pipette. It is ensured that the o-ring
and counter electrode are flush with the glass slide. Four spacers are positioned on each
corner of the base-plate. The main unit is complete and ready for routine use. The

procedure for the assembly of the gold sample into the cell is described below.

Procedure for Routine Sample Assembly

Electrolyte, prepared using distilled water and high purity chemicals, typically 0.5 M

KOH(aq), was degassed for 45 minutes in pure argon, and transferred to an inert
atmosphere glove box. The spectroelectrochemical cell was positioned flat in the clamp
stand. The sample was placed very carefully upside down onto the cell as shown in

figure A.3. The top plate was placed carefully onto the bottom plate ensuring it is flat.
Two washers were put on each screw, nuts were put on and gradually tightened. Due to
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the presence of the four corner spacers the nuts naturally became very tight when the

top plate touched all four corner spacers. The cell is now in a secure state, it was rotated

90° in the clamp to an upright position. The working electrode contact was inserted
between the plates and the sides of the cell were sealed with insulating tape leaving only
a small gap at the top to allow flushing of inert gas between the plates. The cell and

syringe were transferred to the inert atmosphere glove box, which was flooded with

argon. The cell was gently flushed between the plates and inside the o-ring using the
hose inside the glove box, this was repeated after forty five minutes of flooding. The

syringe was filled with electrolyte and injected into the cell. The cell was transferred
from the glove box to the position for laser probing. The reference electrode was

inserted into the pipette, an inert gas line was added to continually flush between the

plates during the experiment. The working electrode and counter electrode connections
were made and a SHG signal was established. Electrochemical with in-situ second
harmonic generation experiments were performed immediately.

Diagrams of the fully assembled spectroelectrochemical cell are presented in figure A.4.
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Figure A.4: Home-built spectroelectrochemical cell fully assembled, front view (left) and side
view (right) drawn to actual size.
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Appendix 3 Statistical Analysis

There are two statistical analyses described here, standard deviation and the coefficient
of determination. The standard deviation is used to assess a set of data with one

variable, the standard deviation is a measure of the extent of variation of data points

around the mean value. The standard deviation represents a range either side of the
mean value that has a 68% likelihood of a containing a result. There is a 95% likelihood
of a value falling within two standard deviations. The coefficient of determination or R
is used to assess a set of data that has two variables. The coefficient of determination is

a measure of the extent of correlation between the two variables, a value of zero

indicates no correlation, and a value of 1 indicates perfect correlation. The standard
deviation is determined for a dataset with one variable, i.e. xi, X2, ... , xn where there are

n members in the set. The standard deviation is calculated using the following equation.

Where xn is the mean value of members in a dataset that has n members. Standard

deviation is normally represented as error bars in plots, ± one standard deviation either
side of the mean value; small standard deviations indicate that there is a small variation

in the data points.

The coefficient of determination is a measure of the extent of the correlation between

independent and dependent variables. For a plot of variables, (xj, yi), (X2, y2), ••• > (xn,

y„) the R2 value indicates how closely a regression line fits to the set of data. It is a

measure of how close values lie to the regression, typically least squares line of best fit.
The coefficient of determination is the ratio of the sum of squares due to the regression
over the total sum of squares.

SS
regression

total
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The sum of squares total comprises the sum of the sum of squares due the regression
line and the sum of squares of the error, the error is the difference between the actual
data point and the line of best fit.

SS total — SS regression + SS

cc E(Xi-Xibf)2
^ 2 |error j i=l

SS.total
i=l

A coefficient of determination value of 1 means that there is perfect correlation, all
values lie exactly on the line of best fit, a value of 0 means there is no correlation
between the two variables.
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Appendix 4 Biphenyl Thiol Angles

The orientation of the biphenyl unit is described in terms of the tilt angle and twist,

figure A.5.

z

Figure A.5: Diagram of BP4 illustrating the conformation of the molecule in terms of tilt and
twist with respect to the surface plane, the biphenyl unit and the molecule alkane backbone.

Diagram adapted from figure 1 in reference 94.

Three planes a, b and c are identified, a is the plane of the biphenyl units, it is assumed
that the two phenyl rings are coplanar. Plane b intersects the biphenyl backbone and is

perpendicular to plane a. Plane c is the plane of the carbon atoms in the alkane chain

assuming an all-trans conformation. A Cartesian co-ordinate system is defined by x, y

and z with plane xy parallel with the surface and z defined as the surface normal. The

angle of the gold-sulfur-carbon bond is denoted by The tilt of the biphenyl unit is
defined by two angles cp and p, cp defines the angle from the surface normal to the

biphenyl unit backbone, p defines the angle between the surface normal and the line in

plane b perpendicular to the biphenyl backbone. The twist of the biphenyl unit is
defined with respect to the Cartesian co-ordinate system (0) and to the plane of carbons
in the alkane chain (%). 9 = 0° if ip + p = 90° and x = 0° if planes a and c are

perpendicular.
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