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ABSTRACT 

Sum frequency (SF) spectroscopy is a non-linear optical technique that provides vibrational 

spectra of molecules adsorbed at an interface. The spectra may be analysed to provide the 

polar orientation, molecular conformation and average tilt angle of the adsorbates to the 

surface normal. In this work a novel technique is developed to obtain resonantly enhanced SF 

spectra of molecules adsorbed on a hydrophilic mica surface backed with gold. The 

enhancement phenomenon is based on coherent interference between the resonant SF signal 

from adsorbates at the mica surface and the non-resonant SF signal generated from the 

displaced gold surface. 

The first stage of this work considers the experimental aspects of the technique. Methods for 

freshly cleaving, gold coating and mounting micron thick mica samples are presented. Whilst, 

the technique is shown to result in substantial resonant signal enhancement and superior 

signal to noise ratios in comparison to spectra from non-gold backed samples, the resonant 

lineshapes are found to be dependent on the thickness of the mica sheet. To investigate this 

thickness dependent phenomenon a model monolayer at the mica/air interface was required 

and a protocol for reproducibly forming well-ordered octadecylsiloxane monolayers is 

therefore presented. The essential pre-requisites for reproducibility were found to be the 

accurate control of the reaction temperature and surface hydration level, a clean reaction 

environment, fresh octadecyltrichlorosilane and strict control of the degree of bulk hydration. 

A detailed experimental and theoretical investigation of the effect of mica thickness on the 

form of the SF spectra is presented. A periodic variation in the resonant lineshapes as a 

function of mica thickness was determined empirically and concurred with the modelling 

predictions. These combined studies provide a calibration curve that for a given mica 

thickness predicts spectral lineshapes for given molecular orientations. This thesis presents a 

complete and characterised technique which may be used to obtain orientational and 

conformation information of species adsorbed at hydrophilic surfaces using nanosecond SF 

spectroscopy. 
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Chapter 1 

Introduction 

The aim of this thesis is to present the development of a technique allowing the resonantly 

enhanced sum frequency spectroscopic study of adsorbates at a hydrophilic surface. The 

present chapter introduces sum frequency spectroscopy, describes the hydrophilic surface 

used in this work and summarises the results of the initial proof-of-principle study that 

instigated this research project. 

1.1 Sum Frequency Spectroscopy 

Sum frequency spectroscopy (SFS) is a surface specific technique that provides vibrational 

spectra of molecules adsorbed at an interface 1
,2. SFS relies on the complex non-linear optical 

phenomenon of sum frequency generation (SFG) but is conceptually very simple, as shown 

diagrammatically in Figure 1.1. 

Variable frequency 
infrared laser ...... ...... ...... 

Sum frequency 
output 

...... ~ 
...... ...... ...... ... 

Fixed frequency 
green laser 

Interface 

Figure 1.1 Schematic diagram of a sum frequency experiment at the solid/air interface. 

Visible and infrared laser pulses are overlapped at an interface and light is emitted with a 

frequency equal to the sum of the two incident beam frequencies. 

1 E 
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SFG occurs when two pulsed laser beams, one of fixed visible frequency and the other of 

tuneable infrared frequency achieve spatial and temporal overlap at an interface. Light is 

emitted at the sum of the two input frequencies. The intensity of the light is resonantly 

enhanced when the frequency of the tuneable infrared beam coincides with a vibrational mode 

of the molecules adsorbed at the interface. By detecting the sum frequency (SF) light as a 

function of infrared frequency a vibrational spectrum is obtained, up-shifted into the visible 

region of the electromagnetic spectrum. Although the incident laser beams provide pulses of 

high power, the low efficiency of surface non-linear optics results in extremely low SF signal 

intensities. In this instance, emission of visible light is vital as it facilitates accurate 

measurement of the SF signal with a photo-multiplier tube or charge coupled device (CCD 

camera). 

Interfacial processes of industrial or biological relevance such as surfactancy, catalysis or 

membrane transport normally occur in dense gases or liquids. Spectroscopic techniques may 

potentially play a valuable role in studying these systems but until relatively recently, surface 

spectroscopies were only applicable in ultra high vacuum (UHV) environments3. The problem 

with these traditional linear spectroscopic techniques is that when applied to surfaces in-situ, 

the signal from the surface is swamped by the signal from the bulk medium. SFG does not 

occur in centra-symmetric media such as bulk gases or liquids, but does arise from an 

interface where the symmetry is broken. SFS is therefore inherently surface specific; the two 

incident laser beams can pass through a concentrated solution of molecules and yet only 

detect the small number of molecules adsorbed to a surface. It is the inherent interfacial 

specificity of SF that sets it apart from the wide array of spectroscopic surface techniques 

currently available to the surface scientist'. 

SFS is a comparatively new addition to the surface scientists armoury. Although the 

theoretical basis for non-linear spectroscopy was set out by Bloembergen and Pershan4 in 

1962, the experimental observation of such phenomena had to wait for the advent of reliable 

high power pulsed lasers5
. The first SF spectrum from an interface was obtained in 1986 by 

Shen
6
'
7 

and eo-workers at Berkeley. The spectrum was obtained from a monolayer of 

coumarin dye adsorbed on fused silica and relied on electronic, rather than vibrational, 

excitation. A year later the first examples of SFS in the infrared vibrational form, common 
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today, were published by both Shen8 and Harris9
. This pioneering research demonstrated the 

exciting possibilities of the technique and stimulated interest among numerous research 

groups worldwide. 

A SF spectrometer contains a considerable amount of sensitive but high powered laser 

hardware and although commercial pre-built systems10 are now becoming available, existing 

spectrometers have normally been designed and built by the laboratories concerned. 

Approximately twenty groups worldwide currently use SFS and as the majority of these are 

custom built systems no two spectrometers are identical. The fundamental differences 

between the spectrometers lie in the manner by which the tuneable infrared pulse is generated 

and in the pulse duration of the beams that hit the surface. 

The first SF spectrometers used nanosecond laser systems which although now relatively 

outdated are still found in regular use. Picosecond systems are nowadays more common than 

nanosecond as the shorter pulses induce a larger polarisation at the interface, which in turn 

generates a larger sum frequency signal. With higher signal levels, picosecond spectrometers 

can be used to study systems typically inaccessible to their nanosecond counterparts. 

Picosecond systems can also be used in pump/probe experiments to study molecular lifetimes 

and short lived intermediates 11
'
12

• Although higher sensitivity is an obvious advantage, these 

systems tend to be less reliable the nanosecond equivalents and have a lower spectral 

resolution (~ 8 cm-' compared to < 1 cm-1 for nanosecond'). Recently published work 

suggests that femtosecond spectrometers 13
, using Fourier transform data analysis to overcome 

the broad bandwidth problem, will be available in the near future. 

To generate the tuneable infrared light required for SF early spectrometers used stimulated 

Raman scattering (SRS) in either high pressure hydrogen 14 or caesium vapour 15
. The SRS 

method is only used with nanosecond lasers and produces infrared light in a wavelength range 

3- 5 f.!m (3300- 2000 cm-1
). The substantial growth of SFS in recent years can be attributed 

to the rapid improvements in the OPO/OP A (optical parameter oscillator/amplifier) solid-state 

laser systems used to generate tuneable infrared light. Although the wavelength range 

accessible is dependent on the exact non-linear crystal employed, a majority of OPO systems 

provide a continuously tuneable infrared wavelength range from 2.5 - 10 f.!m ( 4000 - 1000 

3 
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-1)16, 17 T h. I h . cm . o ac teve a greater wave engt range reqmres a free-electron laser (FEL) created 

with a full linear accelerator such as that found at the Institute of Plasma Physics, 

Nieuwegein, Netherlands (FELIX) 18 or at the LURE, Orsay, France (CLI0) 19
. Both lasers 

produce powerful picosecond pulses tuneable from 3 to 40 11m and have recently be used to 

study a range of molecular resonances inaccessible to standard table-top laser systems20
,
21

. 

Information may be obtained from SF spectra by both immediate inspection and detailed 

quantitative modelling. At the simplest level, the presence of vibrational resonances in a 

spectrum provides a molecular fingerprint of adsorbates. However, SFS is particularly 

sensitive to the conformational order of adsorbates which is reflected in the position and 

strengths of the molecular resonances. Spectral analysis may also be taken a stage further. 

SFG is a coherent process and the light generated at the interface has a magnitude, direction 

and phase which are specifically related to those of the incident beams. By analysing a series 

of spectra recorded with different incident beam polarisations and modelling the magnitudes 

of the resonances it is possible to calculate the average orientation of the adsorbed 

molecules1
'
2

• 

SFS is applicable to a diverse range of surfaces, as often demonstrated by the numerous 

publications from the laboratories of Shen and Somorjai. One of their main research interests 

is polymers, or more specifically hydrophilic biocompatible polymers. A recent SFS study22 

was able to accurately analyse the chemical composition of the surface of biopolymer blends 

and demonstrated that a higher proportion of hydrophobic polymer components existed at the 

surface than in the bulk. In a futiher polymer study23
, the ability of SFS to determine 

molecular orientation was used to prove that the orientational direction of the hydrocarbon 

chains in a rubbed polymer surface induced an identical orientation in an adsorbed liquid 

crystal monolayer. These studies were all completed at a solid/air interface, but in principle 

SFS can be used to provide vibrational spectra of molecules adsorbed at any interface. 

The solid/vacuum interface is investigated by a wide number of SF groups with studies 

concentrating on the bonding mechanisms, vibrational states and orientations of C024 
... 

26
, 

"' . "d27 d I h 28 I . 11 . . 10rmtc act an eye o exene , on cata yttca y tmportant surfaces such as platmum, 

rhodium and nickel. The Davies group has completed numerous surfactant adsorption 
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studies29
'
30 at the solid/liquid interface and recent work by the groups of Klenerman31

, Bain32 

and Shen33 investigated the behaviour of hydrocarbon chains under high applied pressures at 

the solid/solid interface. The Richmond SF group have published a considerable number of 

surfactant adsorption studies at the water/model oil interface34
'
35 and are cunently 

concentrating on the area of model lipid membranes36
'
37

. This work is similar to that performed 

by the Wolfram SF group38 who have used SFS in conjunction with Fourier Transform 

Infrared Spectroscopy (FTIR) to confirm that the fluidity of phospholipids in a membrane is 

directly related to the order/disorder state of their hydrocarbon chains. To date, a majority of 

the SFS investigations at the liquid/air interface have been completed by the Bain group and 

have concentrated on surfactant adsorption39 and phase transitions40 at the water/air interface. 

Recent atmospherically related interest has resulted in a number of studies41 which 

concentrate on the structure of surface water, particularly in acidic42 or strongly ionic43 

aqueous solutions. In this latest work SFS is used to detect acid-water complexes at the 

surface and to determine the level of hydrogen bonding by studying the free OH stretching 

mode of water. Similar work has also recently been completed at the ice/air interface44
. 

SFS is clearly being used to study a considerable range of interfaces. This indicates that not 

only has it become a well accepted surface specific technique, but that in its cunent form it 

has emerged from its technical infancy and is now being used as a relatively common tool by 

surface scientists. Further evidence of this is the latest applications of SF to more applied 

investigations involving chromatographic materials 45
, combustion environments 46 and 

tribology31 
... 

33
. However, although a majority of SF experiments now centre on the application 

of the technique to interfacial systems, considerable development by both physicists and 

chemists has continued to extend the future applications of the technique. Work by both the 

groups of Shen47 and Davies48 has investigated the application of SF to nanopatiicle systems, 

whilst Florsheimer et al. 49 and Cho50 are studying SF microscopy and the theory of two 

dimensional spectral generation respectively. 

SF is undoubtedly a valuable tool in surface analysis but experimental expenence and 

published research highlights a number of drawbacks with the technique. At a practical level,

a SF spectrometer is larger, more complex, less experimentally reliable and a more expensive 

system than a standard linear infrared spectrometer. Operation requires regular optical 

5 
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spectrum provides a molecular fingerprint of adsorbates. However, SFS is particularly 

sensitive to the conformational order of adsorbates which is reflected in the position and 

strengths of the molecular resonances. Spectral analysis may also be taken a stage further. 

SFG is a coherent process and the light generated at the interface has a magnitude, direction 

and phase which are specifically related to those of the incident beams. By analysing a series 

of spectra recorded with different incident beam polarisations and modelling the magnitudes 

of the resonances it is possible to calculate the average orientation of the adsorbed 

molecules 1
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SFS is applicable to a diverse range of surfaces, as often demonstrated by the numerous 

publications from the laboratories of Shen and Somorjai. One of their main research interests 

is polymers, or more specifically hydrophilic biocompatible polymers. A recent SFS study22 

was able to accurately analyse the chemical composition of the surface of biopolymer blends 

and demonstrated that a higher proportion of hydrophobic polymer components existed at the 

surface than in the bulk. In a further polymer study23
, the ability of SFS to determine 

molecular orientation was used to prove that the orientational direction of the hydrocarbon 

chains in a rubbed polymer surface induced an identical orientation in an adsorbed liquid 

crystal monolayer. These studies were all completed at a solid/air interface, but in principle 

SFS can be used to provide vibrational spectra of molecules adsorbed at any interface. 

The solid/vacuum interface is investigated by a wide number of SF groups with studies 

concentrating on the bonding mechanisms, vibrational states and orientations of C024
__.

26
, 
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, on catalytically important surfaces such as platinum, 

rhodium and nickel. The Davies group has completed numerous surfactant adsorption 

4 

Introduction 

studies29
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30 at the solid/liquid interface and recent work by the groups of Klenerman31
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surfactant adsorption studies at the water/model oil interface34
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35 and are currently 
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by the Wolfram SF group38 who have used SFS in conjunction with Fourier Transform 
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directly related to the order/disorder state of their hydrocarbon chains. To date, a majority of 

the SFS investigations at the liquid/air interface have been completed by the Bain group and 

have concentrated on surfactant adsorption39 and phase transitions40 at the water/air interface. 

Recent atmospherically related interest has resulted in a number of studies41 which 

concentrate on the structure of surface water, particularly in acidic42 or strongly ionic43 

aqueous solutions. In this latest work SFS is used to detect acid-water complexes at the 

surface and to determine the level of hydrogen bonding by studying the free OH stretching 

mode of water. Similar work has also recently been completed at the ice/air interface44
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SFS is clearly being used to study a considerable range of interfaces. This indicates that not 

only has it become a well accepted surface specific technique, but that in its cmTent f01m it 
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investigations involving chromatographic materials45
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chemists has continued to extend the future applications of the technique. Work by both the 
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SF is undoubtedly a valuable tool in surface analysis but experimental expenence and 
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system than a standard linear infrared spectrometer. Operation requires regular optical 
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optimisation and in particular, the generation of tuneable light in the infrared region often 

presents experimental complications. With two laser beams incident at the interface the pulse 

energy hitting the sample is considerable and care must therefore be taken to avoid excessive 

heating and damage. More fundamentally, even when placed in a non-centro-symmetric 

environment, not all molecular resonances are SF active as both the Raman and infrared 

transmission moments must overlap in wavenumber and be strongly active. A considerable 

amount of work has been completed in Cambridge51 to study the S - H resonance and by 

Bain20 with FELIX to study the Pt - CO resonance, but in neither case with success. As 

research continues, the list of molecular vibrations known to be SF active is continually 

expanding but a majority of studies still concentrate on a relatively limited number of well 

characterised molecular resonances (C-H, C-D, C- 0, C- N, N- 0, 0- H, Si- H). The 

quantitative interpretation of SF spectra is also difficult. For example, as previously 

described, a series of SF spectra recorded with different laser polarisations can be used to 

determine the orientation of molecules at an interface. In practice, however, this procedure is 

complicated and relies on a knowledge of the molecular hyperpolarisabilities of the vibrations 

involved and experimental data with a high signal to noise ratio. Thus, inevitably SF data are 

often interpreted qualitatively. However, it should be noted that the quantitative interpretati9n 

of data produced by other surface vibrational spectroscopy techniques typically suffer from 

similar problems and are also often tentative (e.g. molecular orientation determination using 

Attenuated Total Reflection (ATR) infrared spectroscopy52
). 

1.2 Cambridge Nanosecond Sum Frequency Spectroscopy 

The spectra presented in this thesis have been recorded using the Cambridge nanosecond sum 

frequency spectrometer. The spectrometer was built in 1988 and since its inception it has 

largely been used to study surfactant adsorption onto hydrophobic model oil surfaces in 

aqueous environments. These fundamental studies investigated the adsorption of cationic, 

anionic and non-ionic surfactants53 with temperature54 or the addition of polyelectrolytes, 

polymers55 and salts56
. Throughout this work only the C - H (2800- 3000 cm- 1

) or C - D 

(21 00- 2300 cm-1
) stretching regions were typically studied as the C- HID vibrations of the 

surfactant hydrocarbon chains are well understood and sensitive to molecular conformation. 

The hydrophobic surface used in these studies is shown schematically in Figure 1.2 and 
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consists of a well-packed octadecanethiol (ODT) monolayer chemisorbed to a polycrystalline 

gold surface. 

ODT 

sssssssssssssss 
1 1 1 1 1 I I I I I I I I I I 

Gold 

Figure 1.2 A hydrophobic model oil surface created with a chemisorbed monolayer of 

octadecanethiol (ODT) on a polycrystalline gold surface. 

The gold layer is typically 150 nm thick (Section 4.2.3) and is created by sputter coating a 

silicon substrate. ODT layers are created follow the technique ofDuffy
57

• 

Gold is an ideal substrate for such studies, not only because the thiol/gold bond is particularly 

strong58 and generates a reproducible hydrophobic surface, but also because a large SF signal 

is generated from surface plasmon resonance of gold itself1
. SFG is a coherent phenomenon 

and the large SF signal from the gold substrate interferes with and effectively amplifies the 

smaller signal from the ODT adsorbate. A pictorial representation of this principle is shown in 

Figure 1.3 and a full mathematical description is provided in Section 2.4.2. 

Although the early Cambridge SF experiments studied the hydrocarbon chains of the ODT 

monolayer itself, subsequent surfactant adsorption studies exploring the hydrophobic surface 

as a substrate used fully deuterated octadecanethiol. C - D stretching modes occur 

approximately 700 cm-1 lower than the corresponding C - H resonances and are therefore 

undetected during a normal scan in the C - H spectral region. This allows the SF 

spectroscopic study of purely the adsorbed surfactant without contributions from the 

hydrophobic substrate itself. The amplification effect of the gold substrate applies to the 

adsorbed surfactant (C-H region) as well as the hydrophobic monolayer (C-D region). 
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Figure 1.3 A schematic representation of the resonant enhancement effect of a gold substrate. 

A rigorous mathematical explanation of this phenomenon is presented in Section 2.4.2. 

1.2.1 Sum Frequency Spectroscopy from Hydrophilic Surfaces 

The surfactant adsorption studies completed at Cambridge on the hydrophobic/aqueous 

interface over the last ten years have provided a wealth of valuable results. However, it was 

recognised that there was a growing need for an alternative, more industrially applicable 

system to widen the scope of the research program. The SF research program was therefore 

extended to include the study of adsorption on hydrophilic surfaces. 

A hydrophilic surface may be defmed simply as a water-wetting surface and typically 

contains polar or charged groups at the interface .. Hydrophilic surfaces abound in nature, not 

just in flora and fauna but also geologically, as a majority of minerals are hydrophilic. 

Consequently, industrial interest in hydrophilic surfaces is considerable as products must be 

tailored to adsorb or react at these surfaces. For example, inks must wet hydrophilic paper 

fully and contact lenses must remain wet while floating above the hydrophilic surface of a 
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human eye. Textiles such as cotton are hydrophilic, as is human skin, enamel and hair and 

therefore detergents, fabric softeners etc. are often designed to interact with hydrophilic 

surfaces. Although industrial interest in natural hydrophilic surfaces is considerable, scientific 

research is commonly hampered by the complexity, irreproducibility and cleanliness of such 

surfaces. For example, a single cotton fibre is porous, contains a vast surface area and its 

chemical nature varies from sample to sample. With a majority of natural organic surfaces, 

only the simplest surface characterisation techniques such as friction measurements and 

contact angle determination are typically employed. Effective, detailed surface adsorption 

studies generally require simpler, reproducible hydrophilic substrates such as silica, alumina, 

mica and titania. 

The SF spectroscopic study of adsorption at hydrophilic surfaces is currently limited to a 

small number of rather diverse experiments. One of the first SF studies published by the Shen 

group was the formation of an octadecylsiloxane (ODS) monolayer at the silica/solution 

interface59
. Further ODS studies were performed by the group33 but a recent paper also 

describes the . hydrocarbon chain behaviour of surfactants ads or bed at a hydrophilic quartz 

surface60
. Mugele et al. 61 have compared SFS and surface forces apparatus results for simple 

chain alcohol adsorption at the mica/liquid interface. Bain 1 however, whilst presenting results 

on the irreversible adsorption of sodium stearate at calcite surfaces, described hydrophilic 

surfaces as "less well suited" to SFS than hydrophobic surfaces. Bain was referring to the 

study of surfactant adsorption from aqueous solution to generic hydrophilic surfaces and 

commenting on the high probability that surfactants would form bilayers at the interface. 

Since bilayers have an approximate plane of symmetry between the two surfactant layers they 

are considered to be sum frequency inactive. However, in principle, SF could be used to 

differentiate between the possible bilayer formation modes as both partial monolayers and 

patchy bilayers may be probed. Experiments at a hydrophilic interface are also not restricted 

to aqueous environments and by switching to non-polar solvents it should be possible to study 

systems in which electrostatic headgroup-substrate interactions drive the formation of ordered 

surfactant monolayers. 

Preliminary work to investigate suitable substrates for hydrophilic SF studies was completed 

in Cambridge by Briggs and Usadi62
. Two initial approaches were adopted, to use a 
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hydrophilically modified metallic substrate and to use a naturally occurring hydrophilic 

substrate. Considering the first approach, a clear advantage exists in using a metallic substrate 

such as gold, since surface plasmon resonance generates the amplification effect used 

extensively in the work at the hydrophobic interface (Figure 1.3). Although platinum and 

silver have also been observed to generate substantial SF signals 1, only the phase of the SF 

signal from gold is well characterised. Briggs63 experimented with freshly evaporated gold, 

oxidised gold surfaces and gold coated with a chemisorbed monolayer of hydrophilic 

molecules. Freshly evaporated gold has a high energy surface but was found to have only a 

limited hydrophilicity which decreased almost instantly upon introduction into an ambient 

laboratory environment. The results of aqueous adsorption experiments completed with a di

chain cationic surfactant ( dioctadecyldimethylammonium bromide, DO DAB) concmTed with 

a similar dodecanol experiment performed by Evans et al. 64 and showed that surfactant 

molecules adsorbed with their chains towards the gold substrate and that the freshly 

evaporated gold was therefore acting essentially as a hydrophobic and non-polar adsorbate. 

Gold surfaces oxidised by oxygen plasma or piranha solution65 (2: 1 Sulphuric Acid/30 % 

Hydrogen Peroxide) were found to be more hydrophilic than freshly evaporated gold but the 

chemical attack initiated by the two methods was so harsh that the quality of the resulting 

substrates was questionable. In addition, the gold oxide layer created was found to be only 

meta-stable and to decay rapidly at elevated temperatures. 

Acid or alcohol tetminated alkanethiols chemisorbed on gold substrates were initially thought 

to be a promising substrate. Preliminary work, however, demonstrated that commercially 

available acid and alcohol terminated alkanethiols were found to contain surface active 

impurities detectable by SFS. High purity compounds were obtained and aqueous static 

contact angles of 1 oo were achieved but the mono layers were still observed in the C - H 

stretching region by SF. The vibrational resonances observed originated from the methylene 

groups comprising the hydrocarbon chain and indicated that the chains contained some 

minimal degree of disorder. To eliminate all contributions an extremely pure per-deuterated 

alkoxy or acid terminated alkanethiol was required. Such a compound was unavailable from 

standard suppliers and would have required custom synthesis, which was considered 

prohibitively expensive. Additional problems with high free energy organic monolayers of 
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this form were highlighted by the work of Evans et al. 64 and include the possibilities of 

surface re-organisation in non-polar solvents and the adsorption of contaminants. 

The second experimental approach adopted by Briggs and Usadi was to employ a naturally 

highly hydrophilic substrate such as silica or mica63
. The inherent problem with a dielectric 

material is the absence of surface plasmon resonance and the subsequent lack of a substrate 

non-resonant SF signal by which resonant amplification of the adsorbed species may be 

produced. Consequently, SF signals from species adsorbed to a dielectric surface are always 

substantially smaller than those from a gold based substrate and this has a clear effect on the 

quality of the spectra obtained. Briggs and Usadi experimented with ODS monolayers on both 

silica and mica but in all cases resonant features could not be discerned above the noise in the 

spectrum. This is a well recognised problem with nanosecond systems and the majority of the 

studies completed on dielectric surfaces consequently use picosecond laser systems. Shmi 

pulse nanosecond systems (1 - 3 ns instead of 8 ns) with extremely sensitive CCD detectors 

may also be used 1 but it is noted that even in these instances, adsorbate systems are chosen 

that provide particularly high SF signal levels. The aim of the hydrophilic adsorption project 

was not only to study well ordered monolayers resulting in comparatively high resonant SF 

signals, but also to study low signal situations such as the bilayer formation process. Even 

significant and costly spectrometer improvements would not have provided the sensitivity 

enhancement required to study these low signal level systems. 

To generate more intense SF emission from a dielectric hydrophilic substrate a further option 

was considered; to obtain signal enhancement using a dielectric transparent material backed 

with evaporated gold. The principle is illustrated in Figure 1.4 and combines the advantages 

of both substrates, a large SF signal from a gold surface which enhances the smaller signal 

from adsorbates at the highly hydrophilic dielectric surface. Initial work by both Briggs and 

Usadi63 demonstrated that the enhancement principle was sound and that mica was ideal for 

the hydrophilic surface and could be backed with gold with ease. The principle of SF 

enhancement through a Displaced Metal Surface became known as the DIMS technique. 
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Figure 1.4 A schematic illustration of the DIMS phenomenon. 

A DIMS sample consists of a mica sheet backed with gold. The incident visible and 

infrared beams generate a SF signal from both the mica/air and gold/mica interfaces. In a 

similar principle to that illustrated in Figure 1.3, the signal from the mica/gold interface 

enhances the signal from the mica/air interface. Only the visible laser beam is actually 

observable to the naked eye. An additional SF beam generated at the mica/air interface b~t 
propagating into the mica has been omitted for clarity. Mica thicknesses of I to 15 J..Lm and 

gold thicknesses of 150 to 200 nm are typically employed. 

Before describing the initial experiments completed with DIMS samples a clear understanding 

of the properties, structure and chemistry of the mica surface is important. 

1.3 Mica 

The term Mica is used to describe a group of 37 hydrous potassium aluminium silicate 

minerals66
. All members of the mica group are phyllosilicates (leaf forming), exhibiting a 

two-dimensional sheet or layer structure that can be cleaved with ease to provide thin, 

atomically flat sheets. These sheets are flexible, elastic, transparent, dielectric, insulating, 

lightweight and in particular, hydrophilic. Mica is also resilient to high voltage electricity, 
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light, moisture and extreme temperatures. Further, with the exception of hot hydrofluoric acid 

it is stable in all solvents, acids and bases67
• 

Muscovite is the most abundant form of the mica group and is typically found in metamorphic 

aluminous rocks where it forms large crystals, plates and books. Sheet muscovite is rare and 

is typically obtained from the Bihar region, India68
. High quality sheets are classified by 

international standards69 as either Grade 1, 4 or 5 according to size, thickness, degree of 

transparency and minor imperfections such as air bubbles, stains and spots. The general 

crystal structure of the mica group has been well established through the works of Mauguin 70
, 

Pauling71
, and Jackson and West72 while the specific structures of the different mica varieties 

have been thoroughly reviewed by Deer, Howie and Zussman73 and more recently by 

Baile/4'75
. The structure of all micas is based on tetrahedral--Qctahedral-tetrahedral layers (t

o-t, also called 2:1 layers) that carry a net negative charge, which is compensated for by an 

interlayer of cations. The 3 7 species of the mica group result from differing metallic cations 

situated in the tetrahedral, octahedral and interlayer sites. 

Although slight composition variations can occur from source to source, the ideal chemical 

formula of muscovite mica is KAh(AlSh010)(0H)2. Tetrahedral layers are formed by an 

aluminosilicate (Si,Al)04 tetrahedron sharing each of the three basal oxygens with a different 

adjacent (Si,Al)04 tetrahedron, as shown below. 

Oxygen 

o Silicon/ Aluminium 

The overall stoichiometry of these sheets is A1Si30 10. The fourth corner of the tetrahedron 

contains the apical oxygen which is normal to the tetrahedral layer and forms part of the 

octahedral sheet. The octahedral sheet contains Al3
+ ions co-ordinated to the shared apical 

oxygens and unshared hydroxyl groups. The OH groups lie in the same plane as the shared 

apical oxygens, as shown overleaf. 
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Oxygen 

o Silicon/ Aluminium 

0 OHGroup 

e Aluminium 

The full t-o-t layer structure is completed with another tetrahedral sheet joined to the 

octahedral sheet from the other side with the apical oxygens again pointing towards the 

octahedral sheet, as illustrated below. 

Oxygen 

o Silicon/ Aluminium 

0 OHGroup 

e Aluminium 

The smallest repeatable unit of the t-o-t layer structure consists of three octahedra. Although 

crystal structural diagrams typically indicate that all octahedral sites are filled, muscovite is 

actually classified as a dioctahedral mica as on average only two of the three octahedra 

actually contain aluminium ions66
. 

The t-o-t layers are not electricaHy neutral since the trivalent Ae+ atoms acquire an effective 

negative charge when present in the quadravalent silicon positions. In muscovite mica the net 

charge of -1.00 is neutralised by potassium ions situated in 12-fold co-ordination cavities 

between the layers, as shown in Figure 1.5. The periodicity normal to the stacked sheets is 

approximately 10 A, but the stacking of layers can occur in a number of ways. This results in 

a number of polymorphic forms76
, although for muscovite only the 2M1 form is common66

. 
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Oxygen 

Silicon/ Aluminium 

OH Group 

e Aluminium 

0 Potassium 

Figure 1.5 Edge view of the muscovite structure. Adapted from Dana's New Mineralogy
66

• 

The t-o-t layers are offset slightly for the 2M1 polytype. A generic atom is used for the 
centre of the tetrahedral and represents silicon and aluminium at a ratio of 3 to 1. Cleavage 
occurs between two t-o-t layers in the plane of the potassium atoms. 
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Despite the apparent symmetry of the t-o-t layers the slightly offset stacking of the 2M 1 

polytype depicted in Figure 1.5 reduces any overall symmetry and leads to monoclinic crystal 

formation. The {001} crystal plane lies parallel to the layers shown in Figure 1.5. The strong 

intralayer bonding of the t-o-t layer system and the weak interlayer bonding of the cations 

accounts for the perfect cleavage along the { 001} plane. 

The monoclinic nature of muscovite crystals results in three independent optical directions 

and thus three refractive indices75
. The optical orientations are shown in Figure 1.6 and their 

associated refractive indices have been published by Bailey75
. In the cleavage plane the two 

indices are almost identical at P = 1.582 and y = 1.587 but the third index, which is essentially 

perpendicular to the cleavage plane, shows some variation with a = 1.552. For convenience a 

majority of spectroscopic mica experiments consider the two refractive indices parallel to the 

cleavage plane as one. This approximation greatly simplifies sample preparation and spectral 

analysis but the experiments are subsequently incapable of detecting any in-plane anisotropy 

in the mica. In the initial DIMS investigation completed by Briggs and Usadi62 it was noted 

that the three refractive indices of mica could complicate detailed spectral modelling. This 

issue has therefore been addressed during the course of this project (Section 6.1.2). 

The chemical composition of the muscovite miCa surface is particularly relevant to the 

investigations presented in this work. On cleavage along the { 001} plane the potassium ions 

are believed to distribute evenly in a charge mosaic between the two freshly cleaved 

surfaces 
77

• A freshly cleaved mica surface with ideal chemical composition is depicted in 

Figure 1.7 and it should be noted that although the surface contains oxygen and potassium 

ions, the hydroxyl groups are buried within the intact t-o-t layers. The surface is therefore 

highly hydrophilic but in contrast to, for example silica, lacks any reactive functional groups. 

In an ambient laboratory atmosphere the charged mica surface is quickly neutralised by gas 

adsorption
78 

but a high degree of hydrophilicity is retained. In an aqueous environment the 

interfacial potassium ions exchange with ions in solution. For example, in water with a pH of 

5.8 an H+ exchange process occurs79 but with 24 hours immersion time in a suitable 

I I I . L·+ N + M 2+ N' 2+ C 2+ C 2+ b . . 1 b h' d80 81 e ectro yte so utwn 1 , a , g , 1 , o , s su stitutwns can a so e ac 1eve · . 

Cation substitutions are regularly used to promote binding to the mica surface, particularly 

with DNA 81
, cationic surfactants82 and polyelectrolytes83 . 
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c 

Figure 1.6 The relationship between the optical elements (a,j3,y) and the crystallographic axes 

(a,b,c) of muscovite mica. 

Muscovite cleaves along the {00 I} plane, perpendicular to the thin section in this diagram. 

This figure is adapted from that presented by Bailey75
• 

0 0 

0 

0 
0 0 0 0 

0 

• 
0 

Oxygen 

Silicon 

Aluminium 

Potassium 

Vacant 

Potassium Site 

Figure 1. 7 A representation of the molecular surface composition of freshly cleaved mica. 

Half the potassium ions are missing following cleavage. Octahedral sites are we11 below 
surface level and are not shown in the diagram. Aluminium and silicon atoms in tetrahedral 

sites are now shown separately. 
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The mica surface shown schematically in Figure 1. 7 is clearly idealised since the actual 

composition and possible contaminants of a natural material such as mica must be considered. 

Muscovites approaching the ideal composition are not uncommon66, but the exact chemical 

composition of a piece of muscovite mica depends on the source of natural occmTence. For 

example, m 1960, a sample analysed by Radoslovich84 yielded the formula 

(Ko.94N<io.o6)(Alt.83Fe
3
+o.l2Mgo.o6)(Si3.IIAlo.89)0IO(OH)2. As well as sodium, iron and 

magnesium, extensive substitution can also occur with lithium vanadium chromium cobalt 
' ' ' ' 

rubidium, caesium, calcium and barium85. In some samples the hydroxyl groups are also 

partially substituted with fluorine66. 

The high quality sheet mica typically used in research is Grade 4 ruby muscovite. It is classed 

as 'ruby' muscovite as the mica contains trace amounts of chromium in the octahedral sites 

and this produces a very slight rose/brown tint in thicker sheets. Ruby muscovite is harder 

than pure muscovite, which allows it to be cleaved particularly thinly. Grade 4 ruby 

muscovite is free from all visible defects and contaminants and apart from the trace amounts 

of chromium is typically close to the ideal muscovite composition. Upon cleavage ruby 

muscovite therefore produces a surface of chemical composition effectively identical to .that 

shown in Figure 1. 7 as any chromium ions are buried in the middle of the t-o-t layer. The 

chemical reproducibility of a ruby muscovite surface is consequently adequate for the 

requirements of the DIMS project and although a natural material, the only contaminants are 

likely to be minute amounts of metallic cations that would be removed in any rinsing 

procedure prior to an adsorption experiment. In addition to the chemical reproducibility, the 

optical reproducibility of mica must also be considered in this work. Trace amounts of 

chromium may increase the refractive indices of mica slightly from its ideal value66. 

However, variations in the amount of chromium will alter the indices to only a very minor 

degree and will have a negligible. effect as only micrometre thick sheets are employed in this 

work. 

To summarise, muscovite mica can be cleaved to micrometre thick sheets that posses physical 

and chemical properties that are ideal for subsequent adsorption experiments. The transparent 

nature of the mica surface is suitable for SF but its birefringent nature could possibly 

introduce complications on spectral modelling. The physical, chemical and optical 
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I. of Grade 4 ruby muscovite is well suited to accurate, reproducible reproducibi 1ty 

experiments. 

1.3.1 Adsorption Studies at the Hydrophilic Mica Interface 

The general suitability of mica to adsorption studies can be observed by the exponential 

increase in its use in published work over the last few years. This increase can largely be 

linked to the advent of the atomic force microscope (AFM) and experiments using the surface 

forces apparatus (SF A). 

Atomic force microscopy scans a cantilever probe across an interface and measures deflection 

in the probe due to frictional, capillary, electrostatic and van der Waals forces. A 

topographical image of a surface and its adsorbates is generated with a typical height 

. . 87 88 d b. 1 . 1 resolution of only Angstroms86. Although AFM on s1hca , polymers an 1o og1ca 

substrates is now common place89,90, a majority of experiments still rely on the atomic 

smoothness and lack of impurities of a freshly cleaved mica sheet. The initial AFM studies in 

the early nineties were largely physics based and centred on investigating fundamental surface 

95 I d . forces at a rriica interface91
--7

94. The first AFM surfactant study on mica was compete m 
. . 96,97 

1992 and numerous experiments have subsequently been completed studymg aggregatiOn , 
100 AFM. frictional forces98, electrolyte effects99 and mixed polymer and surfactant systems . IS 

d b. 1 · 1 1 s101 ,102
,1°

3 self assembly 104 and Langmuir-also commonly used to stu y 10 og1ca samp e , 

Blodgett films 105 on a mica surface. 

SFA was developed by Tabor106 and Israelachvili107 and has been used to study hydrophobic, 

electrostatic, frictional and van der Waals forces between two surfaces in pure water, 

109 . 1 . d surfactant108, polymeric and electrolyte solutions . The apparatus uses a p1ezoe ectnc an 

motor driven arm to bring two surfaces together so that they are only nanometres apart. 

Distances are measured using optical interferometry and forces are calculated by determining 

the point at which attractive force between the two surfaces overcomes the stiffness of the 

arm. Varying the stiffness of the piezoelectric arm allows a force distance curve to be 

obtained. Early surface forces attempts had relied on very highly polished borosilicate 

glass 11 o, but on an atomic scale the surface roughness was still in the order of a few hundred 

Angstroms and the separation of the two surfaces could therefore never be less then 1 00 nm. 

19 



Chapter 1 

Using freshly cleaved mica instead of glass Tabor106 demonstrated that surface separations of 

only 5 nm could be achieved, greatly increasing the scope of the experiment. 

SF A and AFM experiments account for the majority of the recently performed experiments on 

mica but several other techniques have also used mica as a substrate. X-ray photoelectron 

spectroscopy has been used to study the adsorption of both cationic polyelectrolytes Ill and 

heavy metals
112 

at the mica surface. In fact, the study of mica/metal ion substitution is 

becoming increasingly popular with a view to developing a means of removing toxic or 

radioactive ions from aqueous solutions. The wealth of x-ray diffraction information on 

mica
74 

has made it an ideal substrate for studying the growth of salt crystals 113 and the plasma 
d . . f . 114 

eposttion o semiconductor films . To a lesser extent, the high thermal stability of mica has 

allowed differential scanning calorimetry (DSC) to be used to investigate the phase changes 

of both polymer blends
115 

and alkane monolayers 116
. On a more applied note, researchers 

studying crude oil/brine/model rock interactions have employed the relatively simple 

procedure of contact angle determination 117
. Transmission infrared studies with mica 

substrates are limited but both Tripp and Hair118 and Kessel and Granickii9 have completed 

important work elucidating the formation mechanism, structure and packing densities_ of 

octadecylsiloxane monolayers. To achieve an adequate signal to noise ratio for quantitative 

analysis, experiments typically involve transmission through multiple pieces ofmica120. 

The vast amount of research and wealth of experimental techniques used to study adsorbates 

on mica surfaces clearly demonstrates the importance and applicability/versatility of the 

substrate. However, in a majority of cases the chemical nature of the mica surface is simply 

referred to as hydrophilic, a property shared with numerous other model surfaces such as 

silica and titania. Although mica is recognised as a valuable model surface for natural rocks 

and is regularly compared to cellulose materials, in a majority of instances it is its physical 

properties, rather than the chemical properties, that dictates its use. An atomically flat surface 

is absolutely crucial to the SFA and advantageous to AFM and contact angle studies. Mica's 

high thermal stability is important to DSC experiments and its optical transparency central to 

UV-VIS, transmission infrared experiments and SF A studies. In all experiments, the ease of 

cleaving is important and the fresh, uncontaminated nature of the surface is vital to accurate 

and reproducible results. 
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1.4 The DIMS Experiments 

The earliest DIMS experiments performed by Briggs and Usadi62
'
63 used ruby muscovite mica 

pre-cleaved by Dean & Tranter121 to two thicknesses, 2 mm and~ 4 Jlm. One side of the mica 

sheets were coated with gold and the samples were mounted on the spectrometer to determine 

the background non-resonant signal. The SF signal from the ~ 4 )liD sample was considerably 

greater than that from the 2 mm sample and all further experiments were subsequently 

completed with mica only micrometres thick. 

Having established that a non-resonant SF signal was generated from the gold/mica interface 

it was important to determine whether coherent interference and the vital non-resonant 

amplification would occur with a resonant SF signal from adsorbates at the mica/air interface. 

A suitable adlayer at the mica/air interface was therefore required and an investigation into 

the self assembly of octadecylsiloxane (ODS) monolayers onto mica surfaces was completed. 

Unfortunately, although the properties of a complete ODS monolayer were ideal for the SF 

enhancement tests, Briggs63 found that the self assembly process was particularly umeliable 

and after numerous experiments only a limited number of good monolayers had been 

obtained. However, although the quality of these monolayers was not high, they were placed 

on the spectrometer and the intensity of the vibrational modes observed indicated that non

resonant amplification was occurring and that the principle on which the DIMS work was 

based was sound. 

The work presented in this thesis starts from the conclusions of Briggs and Usadi63 and it is 

therefore important that a clear distinction is made between the knowledge obtained from 

their initial investigation and that presented as part of this work. As described above, Briggs 

and Usadi63 hypothesised the DIMS enhancement effect and subsequently proved that the 

principle was sound from the spectra obtained in the ODS adsorption study. Although 

thorough experiments had only been completed with mica ~ 4 )liD thick they also 

hypothesised that variations in the mica thickness would affect the non-resonant DIMS 

amplification, essentially through an optical constructive/destructive interference effect. Some 

attempts (described in Section 6.1) were made to investigate this thickness effect but the study 

was not completed and no firm conclusions were reached. In addition, the experimental 

aspects of the DIMS technique were far from optimised. Samples were particularly fragile, 
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difficult to mount and often badly crinkled, resulting in large amounts of laser scatter and 

little SF signal. The pre-cleaved mica surfaces were also not particularly hydrophilic as 

cleavage was carried out in India up to two months before the resulting samples arrived in 

Cambridge and the possible sources of surface contamination were therefore numerous. 

At the commencement of this study the DIMS enhancement effect had therefore been proven, 

but as a technique DIMS was far from viable or convenient. The numerous experimental 

problems had to be solved, the technique had to be tested at the mica/solution interface and a 

mica thickness effect that had been hypothesised required investigation. However, the initial 

results had been encouraging and the technique still represented a substantial improvement 

over spectra obtained from the pure dielectric or hydrophilic gold substrates as described in 

Section 1.3 .1. 

1.5 Overview of the Thesis 

This thesis presents the development of the DIMS technique from the state outlined above 

into a viable and convenient hydrophilic surface for adsorption studies by SFS. This process 

has involved extending the initial proof of principle experiments, solving the many 

experimental problems, developing a consistent adsorption protocol for the adsorption of 

ODS and investigating and modelling the mica thickness effects. 

A multidisciplinary approach has been required to tackle the DIMS development and hence 

this thesis consists of a synergistic mix of physical chemistry, optical physics, mathematics, 

software engineering and electronics. Since this thesis is written purely from a chemists 

perspective, little knowledge of Maxwell's equations or matrix mathematics is assumed. The 

theory of surface optics and SF is therefore described in some detail in Chapter 2 and 

extended to include a considerable number of examples and explanations. Chapter 3 describes 

the SF spectrometer that was used in this work and the improvements that were made to it 

during this investigation. Atomic force microscopy, scanning electron microscopy, 

profileometry and contact angle measurements have also complemented the SF results and 

brief descriptions of each technique are also presented in Chapter 3. 
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Chapter 4 describes the initial experiments extending the proof-of-principle study completed 

by Briggs and Usadi63
. The pre-cleaved mica surface is characterised and the importance of 

using freshly cleaved mica discussed. Methods for cleaving mica to micrometre thicknesses 

are presented alongside a study of the thickness of the gold layer evaporated onto the back of 

a DIMS sample. The initial experimental mounting problems are solved and spectra are 

included to demonstrate the amplification achieved and reproducibility of a DIMS sample. 

Problems arising from the method of ODS adsorption employed in the initial proof-of

principle experiments are encountered and clear non-resonant phase changes are observed for 

samples of varying mica thickness. 

The ability to reproducibly form a well packed monolayer of ODS on mica was found to be 

crucial to the successful investigation of the mica thickness effect. Current published 

procedures for the adsorption reaction were found to be inadequate and a suitable protocol 

was therefore developed and validated. With the DIMS technique still in its infancy the DIMS 

SF data was complemented by AFM, contact angle and standard linear FTIR results. This 

work is presented in Chapter 5 and also resulted in the first publication of SF spectra acquired 

with the DIMS technique. 

With a reproducible silanisation protocol it was possible to record DIMS spectra from a range 

of mica thicknesses. The results from these experiments and also those from an in-depth 

theoretical study are presented in Chapter 6 and together provide a comprehensive 

investigation into the mica thickness effect. Chapter 7 summarises the development of the 

DIMS project, discusses the viability and convenience of the technique as a whole and 

considers possible future applications. 
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Theory 

A majority of the experiments presented in this work have employed the non-linear optical 

technique of sum frequency spectroscopy (SFS). A comprehensive theoretical understanding 

of SFS is essential to the focussed application of the technique and the accurate analysis of 

results. This chapter will introduce non-linear optics, present and develop the general SF 

equations and then demonstrate how the fundamental theory elucidates the impm1ant 

experimental properties of SF; its surface specificity, spectroscopic capabilities, coherent 

nature and polarisation dependence. 

2.1 Definitions 

2.1.1 The Surface 

Throughout this work SFS has been used to study molecules adsorbed on a substrate. In this 

chapter the term surface is used to describe the combined interface presented by both 

adsorbed molecules and the substrate. All figures on a macroscopic scale represent the 

combined interface by a single line (2D, Figure 2.1 ), or a plane (3D, Figure 2.2). 

2.1.2 The Cartesian Axis System 

An axis or field direction pointing out of a page is denoted by 0 and into a page by ®. All 

equations presented throughout this chapter are associated with the surface fixed co-ordinate 

axis illustrated in Figure 2.2. The surface fixed co-ordinates shown in Figure 2.2 concur with 

those used in the work of Ward 1 and Briggs2 and follow the right-handed system (rotation of a 

right-handed screw from the x to y direction causes the screw to move along z). Equations 

presented in published work or textbooks regularly use different axis systems and beam 

geometries. When referring to these additional texts extreme care should be taken to relate the 

equations to the specific field directions and axis system from which they were derived. 
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Gas or Liquid 

Adsorbed Molecules 

Substrate 

. .,IR 
............... _\ 

~ ........ ...... ......... ...... 

SF 

... ...... ...... ......... 
Gonili~rlJOCedaQ_ ~--------'~-.~~----------------~uu~~ 

Figure 2.1 Adsorbed molecules are studied by SF on a macroscopic surface scale. 

The inset shows that the swface is actually a combination of interfaces created by both the 

adsorbed molecules and the substrate. The SF beams are shown for reference. -

z 

X 

Figure 2.2 The surface fixed Cartesian co-ordinate system. 

The incident and emitted beams are shown for reference and propagate in the xz plane. 
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2.1.3 Scalars, Vectors and Tensors 

A scalar has magnitude but not direction and is represented, hereafter, by plain typeface, i.e. 

Temperature, T. A vector has both magnitude and direction and is represented by a bold 

typeface. Many physical properties may be described by vectors and examples important to 

SF include Electric fields (E), Magnetic fields (B) and Polarisation (P). The magnitude of a 

vector is a scalar quantity and for an electric field would be denoted by IEI , or simply E. If k 

is a simple numerical coefficient then kE denotes a vector of magnitude kE, whose direction 

is the same as E (or opposite, dependent on the sign of k). Any vector in Cmtesian space can 

be described in terms of components on the three Cartesian axes, for instance, E can be 

resolved into Ex, Ey and Ez . 

Frequently one encounters two vector properties which are related by a real physical 

phenomenon, such as the force applied to an object and its resulting movement. In some cases 

their relationship may be simply proportional, but when the related vectors are not parallel, a 

given component of one vector may involve all three components of the second vector. In 

such situations the derived vector (e.g. Q) may be written in terms of the applied vector (e.g. 

P) as follows: 

Qx = Gxxpx + Gxypy + Gxzpz 

Qy = Gyxpx +GYYPY +Gyzpz 

Qz =GzxPx +Gzy py +GzzPz 

2.1 

2.2 

2.3 

In this instance, the property G, which relates Q and P is specified by nine numbers which 

may be written as a 3x3 matrix, as shown in Equation 2.4. 

2.4 

The relationship between Q and P can then be expressed as: 

Q=GP 2.5 
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where G is a tensor. Cartesian tensors have 3n components where n is the rank of the tensor. 

In Equation 2.5, G is a second-rank tensor with 32
, or 9 components. Tensors may be 

considered to be a generalisation of the scalar/vector concept. Scalars are tensors of rank 0 

and describe a physical magnitude. Vectors are tensors of rank 1, have 3 components in 

Cartesian axes and describe the physical properties of magnitude and direction. The physical 

interpretation of second-rank and higher order tensors is somewhat harder, but a simple 

physical model would be to imagine a force applied to a boat on a lake. Due to the shape of 

the boat it moves forward and backward easier than it does side to side. It is therefore 

insufficient to simply relate the applied force (a vector) to the movement of the boat (also a 

vector) by a scalar coefficient, as forces applied in different directions will create movements 

of differing size and direction. A second-rank tensor is therefore required to take into account 

the shape of the boat and relate the applied and resulting vectors. 

A classical mathematical description of sum frequency generation (SFG) is provided in 

Section 2.2.2 and includes a third-rank tensor (also called the 2nd -order tensor, as it is 

responsible for 2nd-order non-linear effects). The third-rank tensor is required to describe the 

physical phenomenon of an entity responding to two applied vectors (e.g. R and S) and 

producing one resultant vector (Q, as before). A third-rank tensor has a total of 27 

components (33), so using a similar nomenclature as before: 

Qx = G xxxRxSx + G xxyRxSy + G xxzRxSz + G xyxRySx + G xyyRySy + .. . 

Qy = G yxxRxSx + G yxyRxSy + G yxzRxSz + G yyxRySx + G YYYRYSY + .. . 

Qz = G zxxRxSx + G zxyRxSy + GzxzRxSz + G zyxRySx + G zyyRySy + .. . 

and G can again be expressed in matrix notation as: 
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2.7 

2.8 
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Theory 

It should be noted that when considering tensors, the matrix represents more than just a 

formula, it is a description of a real physical phenomenon. In Equation 2.9 the 3x3x3 matrix 

is hard to envisage, but it operates in an identical manner to the 3x3 matrix in Equation 2.4. 

The relationship between Q, R and S is then simply: 

Q=GRS 2.10 

If only certain components of the applied vectors require consideration (e.g. Rx and Sz), then 

Equation 2.10 may be rewritten as: 

2.11 

If only one component of Q (e.g. Qx from Equation 2.11) is considered, it must be signified 

by the appropriate subscript: 

2.12 

A generic description of Equation 2.12 would then be: 

2.13 

with i = x, y or z; j = x, y or z and k = x, y or z. Throughout this chapter this nomenclature, 

known as the Einstein summation convention, is used when deriving equations to relate 

generic combinations of applied and resultant vectors. 

2.1.4 Light Incident on a Surface 

When describing an electromagnetic wave incident on a planar surface it is possible to resolve 

its associated E field into components which are polarised parallel (denoted p) and 

perpendicular (denoted s) to the plane of incidence, as shown in Figure 2.3. Electromagnetic 

equations generally consider these two components separately as they behave differently at 

the interface. 
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a) b) 

s polarisation p polarisation 

Figure 2.3 s and p polarised incident E fields. 

The I superscript indicates that the E fields shown originate from beams incident to the 

surface. The reflected and transmitted beams have been omitted for clarity. 

(a) s polarised light may be resolved into a single component perpendicular to the plane of 

incidence. 

(b) p polarised light may be resolved into two components parallel to the plane of 

incidence. 

With the surface co-ordinate system presented in Section 2.1.2 and the beam geome~ries 

shown in Figure 2.3, it may be seen that the E field produced at the surface by s polarised 

light can be mathematically described by a surface bound electric field purely in the y axis, 

while the field established by incident p polarised light may be resolved into surface electric 

fields in both the x and z axes. This is illustrated in Figure 2.4. 

z 

x-lv 

s polarisation p polarisation 

Figure 2.4 Resolving s and p polarised light at an interface. 

The I superscript indicates that an E field originates from a beam incident on the surface. 81 

is the angle of the incident beam to the surface normal. For clarity the reflected and 

transmitted beams are not shown. 
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The surface based x, y and z components of the incident light are given by Equations 2.14 to 

2.16. 

E 1 =E 1 x X X • 
2.14 

E 1 =E 1 
A 

Y y·Y 2.15 

E 1 =E1 
A z z'z 2.16 

where E: is the magnitude of the resolved component along the i axis (i = x ,y or z) and i is a 

unit vector along that axis. It may be seen from Figure 2.4 that the relative magnitudes of the 

resolved components can be calculated from simple trigonometry: 

E~ = ±E~ cose, 

E' =E 1 
y s 

2.17 

2.18 

2.19 

where Equation 2.17 is positive ifthe incident beam propagates in the positive x direction and 

negative if it propagates in the negative x direction. 

The electric field at an interface is equal to the sum of the electric field components of the 

incident and reflected beams. The extent to which a beam is reflected or transmitted at an 

interface can be determined using Fresnel coefficients. For a diamagnetic material the Fresnel 

equations involve the angle of incidence and transmission of a beam relative to the surface 

normal and the refractive indices of the two media, as shown in Figure 2.5. 
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z 

x--lv 

S polarisation P polarisation 

Figure 2.5 Incident, reflected and transmitted beams for s and p polarised light. 

E\ ER and ET are the incident, reflected and transmitted E field vectors respectively. 

r and t are the Fresnel amplitude coefficients for reflection and transmission. n1 and nT are 

the refractive indices of the incident and transmitting media. 

The Fresnel amplitude coefficients3 for reflection and transmission are then given by: 

2.20 

2.21 

2.22 

2.23 

The interpretation of the Fresnel amplitude coefficients is intuitive; if the reflected beam has 

half the amplitude of the incident beam then r = 0.5. 
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Since the total electric field present in the interfacial region is equal to the sum of the fields 

from the incident and reflected beams3
, the magnitudes of the interfacial electric field 

components are therefore: 

Introduce Fresnel Coefficients 

Substitute in Equation 2.17 

Substitute in Equation 2.18 

Substitute in Equation 2.19 

Ex =E~ +E~ 

= E~ +rPE~ 

= +(E~ cose, - rPE~ cose,) 

= +E~ cose, (1- rP) 

EY =E~ +E~ 

= E~ +r5E~ 
= E! +r5E! 
= E!(l + r5 ) 

Ez =E~ +E: 

=E~ +rPE~ 

= E~ sine, + rPE~ sin 91 

= E~ sine, (1 + rP) 

2.24 

2.25 

2.26 

In deriving the surface fields for the x component of E fields it is important to remember that 

the incident beam and reflected beam are propagating in opposite directions on the x axis. The 

directions presented in Figure 2.5 (corresponding to the IR beam in the SF experiment, Figure 

2.2 and Figure 2.7) result in field directions that are negative for E~, positive forE~ and 

Equation 2.24 is therefore negative. For an incident beam propagating in the opposite 

direction (the visible beam in the SF experiment) E~ is positive, E~ is negative and Equation 

2.24 is positive. 

These equations will be referred to throughout this chapter and during the more advanced SF 

modelling presented in Chapter 6. 
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2.1.5 Laser Light 

The pulsed lasers used in non-linear spectroscopy generate coherent, monochromatic light of 

very high intensity per pulse. The light is also plane polarised, having an electric field vector 

of constant orientation as it propagates through time and space, as shown in Figure 2.6. 

Figure 2.6 Linearly or plane polarised light. 

The electric field vector maintains a constant orientation, although its magnitude and sign 

vary in time. E is the electric field vector, B the magnetic field vector and c the speed that 

light propagates through a vacuum. 

With sufficient optics it is possible to polarise an incident laser beam into purely s or p 

polarised light. A series of SFS experiments will therefore normally be completed with both s 

and then p polarised beams, with the specific intention of probing monolayer characteristics in 

either they direction (s polarised) or xz plane (p polarised). 

The high intensity electric fields generated at the interface due to the incident laser beams 

induce both linear and non-linear polarisation of the interfacial molecules. 

2.2 An Introduction to Linear and Non-Linear Optics 

2.2.1 Linear Optics 

The electric field of a light wave propagating through a medium exerts a force on the valence 

electrons of the molecules comprising that medium4
. With ambient, non-coherent light these 
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forces are small and in an isotropic medium the time-dependent induced electric dipole, !l, is 

given by: 

f.l= f.lo +aE 2.27 

where J.!o is the static dipole of the material and a is the polarisability of the molecular 

electrons. Clearly, the greater the polarisability of a molecule, the larger the induced dipole 

moment for a given applied field. In a condensed phase the sum of the molecular electric 

dipoles gives rise to a dipole moment per unit volume, or polarisation, P. Few materials have 

a static polarisation so considering only the polarisation induced by an oscillating electric 

field : 

2.28 

where x<Il is the macroscopic average of a and is known as the first order (or linear) 

susceptibility. f;o is the vacuum permittivity and gives P in SI5 units. 

In Equation 2.28 the induced dipole oscillates at the same frequency as the driving electric 

field. The dipoles therefore re-emit light at the frequency of the incident field and produce 

linear optical properties, such as reflection and refraction. 

2.2.2 Non-Linear Optics 

When the force applied to a mechanical spring is considerable it is possible to drive the spring 

into a non-linear response. The same principle applies to an induced dipole. As the E field is 

increased the ever-present, but normally insignificant, non-linearity increases. In this instance, 

an accurate description of the induced dipole must include additional non-linear terms: 

f.l = f.lo + aE + ~E2 + yE3 
..... 

2.29 

where~ and y are known as the first and second-order hyperpolarisabilities respectively. For a 

bulk material (again assuming zero static polarisation) the polarisation is now expressed as: 
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p = ao(X<I>E+x(2)E2 +x(3)E3 ..... ) 

= p(l) + p(2) + p(3) ..... 

2.30 

h (2) d (J) th 2"d d 3rd d 1· ·b·1· · · 1 d 
w ere X an X are e an or er non- mear susceptl 11t1es respective y an are 

considerably smaller than X< 1>. Non-linear effects therefore only become significant when the 

applied electromagnetic field is comparable to the field felt by an electron in a molecule. 

Fields of this size are only normally achievable with pulsed lasers. 

It should be noted that the theory presented in this chapter employs the electric dipole 

approximation when describing the interaction of light with matter. Within this approximation 

the effects of optical magnetic fields and multipoles are neglected. In addition, it is assumed 

that the dipole induced within a molecule is related solely to the applied macroscopic field 

(Equations 2.27, 2.28) and that contributions from the dipolar fields of neighbouring induced 

dipoles may therefore be ignored. The principle of correcting for this effect (local field 

correction) was first described by Lorentz6 and its application to SF has been presented in 

detail by Boyd7 and more concisely by Casson8 and Braun9
. A rigorous definition of th~ 

induced non-linear polarisabilities should ideally include local field effects. However, these 

effects are neglected in a majority of published theoretical SF studies 10 without discussion or 

apparent detriment to the theoretical predictions. In this work local field effects are ignored in 

favour of a succinct and comparatively simple explanation of the origins of a SF signal. The 

validity of this assumption is discussed as part of the theoretical modelling work presented in 

Chapter 6. 

2.2.3 Demonstrating the Origins of SHG and SFG 

The first successful non-linear optical experiment was completed by Franken11 and colleagues 

in 1961 when they observed second harmonic generation (SHG) from a ruby laser focused 

onto a quartz crystal. By emphasising the oscillatory nature of an electric field it is possible to 

demonstrate the origin of SHG using Equation 2.30. Starting with: 

E = E 1 cos rot 2.31 

where m is the frequency of the incident light. The induced polarisation from Equation 2.30 
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may be written as: 

2.32 

which may be rewritten as: 

( 

(2) (3) J 
P = a0 x<1>E1 cos rot+ X 

2 
E~ (1 t cos 2rot) + \ E~ (3 cos rottcos 3rot) + ..... 

2.33 

From this equation it is possible to see that the induced polarisation, and hence the emitted 

light, contains terms that oscillate at two or more times the frequency of the original E field. 

The origin of SFG may be demonstrated through an analogous argument where the surface E 

field is written as a summation of the two oscillating incident laser beams, as shown in 

Equation 2.34. 

2.34 

Considering only the second-order (or quadratic term) of the polarisation, P(2), and 

substituting in for the combined E field gives: 

p(2) = a x<2
> (E cos m t + E cos m t)2 

0 I I 2 2 2.35 

/ \ 
rearranging as before 

/ 
E~ cos 2ro1 t + E; cos 2m2 t 

Two incident beams therefore g1ve rise to a DC field (i.e. no frequency dependence or 

constant bias polarisation) known as optical rectification, second harmonic generation for 

both ffit and ffi2, difference frequency generation (ro 1- ro2) and SFG where light is emitted at a 

frequency of ro, + m2. Although the simple electromagnetic approach adopted here is 
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sufficient to demonstrate the origins of SFG, an exhaustive definition is obtainable only 

through rigorous quantum mechanical calculations, such as those presented by Shen12 or 

Boyd7
• 

If the convention of not explicitly including the time dependent or oscillatory nature of an 

electric field is followed, the simplest description of the SF component of the 211
d order non

linear polarisation is: 

2.36 

where x<2
> is a 3rd rank tensor describing the relationship between the two applied electric field 

vectors E1 and E2 and the resultant vector P(2
) (Section 2.1.3). 

2.3 The Sum Frequency Equation 

Sum frequency spectroscopy is generally used to probe vibrational resonances of molecules 

adsorbed at interfaces and consequently one of the incident beams is typically selected to be 

tuneable in the mid-infrared frequency range. The accurate detection of low intensity light is 

experimentally easiest in the visible region of the electromagnetic spectrum and therefore the 

second incident beam is chosen to be at a fixed visible frequency. From Equation 2.35, the 

frequency of the emitted SF signal is simply the sum of the tuneable infrared and fixed visible 

beam frequencies: 

rosF = ro1R + rov1s 2.37 

where ro1R = 86.9 THz (3.45 ~-tm, 2900 cm-1 tuneable average), rov1s = 563.5 THz (532 nm) 

and rosF= 650.5 THz (461 nm). 

Equation 2.36 can subsequently be labelled: 

P<2>- <2>E E SF - EoX VIS IR 2.38 
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In order to achieve SF generation spatial and temporal overlap of the infrared and visible 

beams is required. A coherent SF signal is subsequently generated at an angle 8sF, which can 

be calculated using the conservation of momentum of the beams parallel to the interface 

(known as 'phase matching'), as shown below: 

nSF(J.)SF sin eSF = nVIS(J.)VIS Sin eVIS ± niR (J.)IR sineiR 2.39 

where n is the refractive index of the medium through which each beam propagates. Equation 

2.39 is normally simplified by dividing through by c (the speed of light), thus replacing ro by 

k (wavenumber). The positive sign refers to eo-propagating beams (visible and infrared beams 

arriving from the same x direction), and the negative sign to counter-propagating beams 

(visible and infrared beams arrive from opposite x directions, as in Figure 2.7). SF light is 

both reflected from and transmitted through the surface. The most accessible of these beams is 

usually detected. 

SF Visible 
Infrared 

Figure 2.7 The counter-propagating SF beam geometry. 

In a SF experiment both the infrared and SF beams are actually invisible to the naked eye 
(the SF beam is invisible due to its low intensity). The reflected infrared and visible beams 
have been omitted from the diagram for clarity. Further, although omitted in this diagram, 
SF is also generated into the substrate at an angle from the surface normal calculated using 

n2 instead ofn 1 for nsF in Equation 2.39. 

43 



Chapter 2 

To gain an insight into the information that can be gained from SF and the experimental 

practicalities involved, Equation 2.38 must be developed. 

2.3.1 Introducing Co-ordinates 

Equation 2.38 fully describes SF generation from a surface, but it does so in a manner which 

is independent of co-ordinate systems. To develop and interpret this equation it is important to 

define its relationship with the surface E fields and the incident and generated beams. It is 

therefore necessary to introduce the surface based Cartesian co-ordinate system (Section 

2.1.2). In Section 2.1.3 it was shown that an expression containing a 3 rd -rank tensor has a total 

of 27 different components in Cartesian space, each component corresponding to a different 

combination of applied vectors. Using the generic nomenclature introduced in Section 2.1.3 it 

is possible to write Equation 2.38 in terms of a single generic combination of applied vectors 

by considering purely the polarisation induced in the i direction by E fields in the j and k 

axes: 

P <2l - <2lE E 
i, SF - EoXijk j ,VIS k, IR 2.40 

However, Equation 2.40 is only 11271
h of the complete description of the SF signal from a 

surface (i.e. P x,SF created by Ey,VIS, Ez,IR and x~;z, or alternatively P z,SF created by Ez,VIS, Ez,IR 

and x~ ). A complete description of SFG from the surface must therefore consider all 27 

possible vector components. 

x,y,z x,y,z x,y,z x,y,z 

p(2) " p(2) " " " <
2
lE E SF = L..,. i,SF =Eo L..,. L..,. L..,.Xijk j ,VIS k,IR 2.41 

k 

Although Equation 2.41 appears considerably more complicated than Equation 2.38, they 

differ purely in the explicit Cartesian description of all 27 components of the tensor. For 

simplicity, further development of the SF equation will consider just the single combination 

of generic components presented in Equation 2.40. However, it is important to remember that 

the total SF signal can only be calculated from a summation over all components. This 

process is described in detail in Appendix B. 

Theory 

2.3.2 Surface E Fields from Incident E Fields - K Factors 

Equation 2.40 relates specifically to the electric field vectors at the surface, not those 

propagating though space. Using the Fresnel equations presented in Section 2.1.4, the surface 

E fields generated by the incident E fields may be calculated in terms of s and p polarisation, 

as shown below: 

Substitute in Equation 2.24 

Substitute in Equation 2.25 

Substitute in Equation 2.26 

where 

Substitute in Equation 2.21 

Ex =ExX 

= + E~ cos81 (1-rP)i 

=KxE~ :X 

EY =Ey y 
=(l+r5 )E!y 

= KYE! y 

Ez =Ez Z 

= E~ sin 81 (1 + rP)z 

= KZE~z 

Kx =+cos81 (1-rP) 

_ e (
1 

nT COS81 - n1 COS8T) = + COS I - ---'-----''---------'-------'-

n1 COS8T +nT COS81 
2n1 cos81cos8T = + ----=------=---=----

nl COS8T + nT COS81 

2.42 

2.43 

2.44 

2.45 

With the eo-propagating beam geometries indicated in Figure 2.7, Kx is positive for the 

visible beam and negative for the infrared beam. Similarly, the equations for Ky and Kz may 

be given by: 

Substitute in Equation 2.20 KY = (1 + rs) 

2nl cosel = ------=--=-----
2.46 
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Substitute in Equation 2.21 Kz =sine,(l+rP) 

= 
2n, sine, cose, 

n 1 Cos eT+ nT Cose, 2.47 

Using Equations 2.42 - 2.44 the generic SF polarisation equation (2.40) can now be expressed 

in terms of the magnitude of the incident beams: 

p(2) - <2l ~ K E' k E' 
i,SF - 8 oXijk J j pis, VIS Kk pis, IR 

2.48 

By convention the unit vectors are normally assumed and are therefore omitted from Equation 

2.48, as shown below: 

p(2) - <2lK E' K E' 
i,SF - EoXijk j pis, VIS k pis, LR 2.49 

2.3.3 Generating the SF Signal- L Factors 

The non-linear induced polarisation at the interface, Pi~~F, generates a surface bound electric 

field. The resulting SF light must be emitted from the interface at a specific angle due to 

phase matching (Equation 2.39). To relate the induced polarisation to the emitted SF E field 

and to take into account phase matching, non-linear SF Fresnel factors, or L factors are 

employed. 

E. SF = L. p.<2S)F 
I , I I , 2.50 

where the generic i = x, y or z . . Six L-factors exist, three for SF emission in the 'rare' 

(reflection) medium ( L~) and three for SF emission into the 'dense' (transmission) medium 

(LT). L-factors were originally derived by Heintz13 and have subsequently been published by 

Hirose
14

• The derivation combines the continuity ofE fields across an interface with the phase 

matching restrictions on the angle of SF emission. Both authors use a different axis system 

from that employed in this work and consequently sign changes have been included in the 

equations presented here where necessary. 
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. eT R lCDsF COS SF 
L =--- I T 

X CEo nT coseSF +n, coseSF 2.51 

LR =e = imsF --------=-
y- y e' eT 

C£0 n 1 COS SF+ nT COS SF 2.52 

2.53 

LT = imsF cose~F 
X CEo nT cose~F + n, cose~F 2.54 

2.55 

msF, c and Eo are present to provide the SF equation with the correct units and i introduces a 

constant phase term. The trigonometric factors are amplitude coefficients in an identical 

manner to those found in standard Fresnel factors and n1ayer is the refractive index of the 

adsorbed molecules (not identical to the refractive index of the bulk adsorbate material). e~F 

and eT are the angles of SF emission into the incident and transmitting medium respectively. SF 

The intensity of the s or p SF light emitted from a surface can subsequently be expressed as 

the sum of the squares of the magnitudes of the component SF E fields. A complete 

description of the intensity of the SF light generated at an interface is therefore 
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Is,SF oc ~E~,sFI2 
oc IL p(2) 12 y y,SF 

2.3.4 The 2"d Order Non-linear Susceptibility 

2.59 

2.60 

2.61 

Although Equations 2.58 and 2.61 contain numerous terms, only the 2"d order non-linear 

susceptibility, x<2>, changes significantly with infrared wavenumber and it is therefore solely 

responsible for the vibrational information obtained from a sum frequency spectrum. 

x<2> is the macroscopic average of the individual hyperpolarisabilities (p) of the molecules 

adsorbed at the interface. As the frequency of the infrared laser beam is tuned through a 

resonance it is the values of the p components, and hence x<2>, that increase and produce a 

change in the SF signal intensity which is observed at the detector. A complete explanation of 

the relationship between p and x<2> is presented in Appendix Band was found to be necessary 

for the modelling completed in this project (Chapter 6). For a general understanding of SFG 

however, this level of complexity is not required. The overview presented here describes the 

mathematical progression from p to x<2
> and includes the fundamental expressions that 

generate resonant SF enhancement. 

1) The Molecular Axis Co-ordinate System 

In contrast to the surface fixed Cartesian axes (x,y,z) used to date, it is more 

convenient when dealing at a molecular level to employ a molecular fixed co

ordinate system (a,b,c). Generic indices (a,p,y) are also regularly used and 

each can take a value of a, b or c in the same mariner that i, j, k are used in the 

surface axis system for x, y, z. In an analogous argument to that used for x<2>, 

Pa13y has a total of 27 possible components that describe the non-linear 

response of the molecule to all incident and emitted E field polarisation combinations. 
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2) Active Pa13y Components 

Although there are 27 possible Pa13y components, symmetry 

considerations may reduce the number of non-zero Pa13y components 

considerably (Appendix B). Each non-zero Pa13y is associated with a 

particular molecular vibration. The sum of all the non-zero Pa13y 

components describes the complete response of the molecule to the 

visible and infrared E fields. 

3) Conversion from molecular co-ordinates to surface co-ordinates 

Theory 

The symmetry axis of a molecule adsorbed at an interface often lies at an angle with the 

surface normal, so molecular and surface based co-ordinate systems rarely coincide. 

Experimentally, theE fields applied to the surface are always evaluated relative to the surface 

based rather than molecular based co-ordinate system. Consequently, while an E field in the 

surface co-ordinate system may be in a specific polarised direction (x, y or z), relative to the 

molecular based system it could be resolved into components in all three molecular directions 

(a, b and c). To describe the relationship between the two co-ordinate systems three Euler 

angles (8,~,'1') are required (Appendix B). Three rotation matrices (one for each ofthe Euler 

angles) are used to convert between the two systems. Although the full process is described in 

Appendix B, it is beneficial to consider a simplified example considering only one Euler angle 

and one matrix. 

Molecule adsorbed perpendicular to the surface 

Co-ordinate systems aligned. Molecule experiences 

Ex and Ez in purely the a and c axes respectively. 
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Molecule adsorbed at an angle 8 to the surface normal 

The co-ordinate systems are no longer aligned but are 

related by a simple rotation matrix with a single Euler 

angle of8. 

or 

Ex= Ea cose- Ec sine 

EY =Eb 

E z =Ea sine+ Ec cose 

When considering all three Euler angles the principle is identical, but the mathematics is more 

complex. 

4) Macroscopic Averaging 

x~~ is a macroscopic average of ~a~y and is therefore a sum over all the adsorbed molecules in 

a given volume. The equation can also be simplified at this stage by assuming that the 

molecule can rotate around both its molecular axis and the surface normal. 

A mathematical description of the four points outlined above is therefore: 

2.62 

where R(\jf)R(8)R( <p) is the product of three rotation matrices using all three Euler angles to 

convert from the molecular to surface co-ordinate systems. The ( ) brackets indicate the 

orientational averages and N is the number of molecules in a unit volume. 

A quantum mechanical expression for ~a~y can be derived using perturbation theory15
• A 

simplified equation is presented here that is applicable when coiR is near a vibrational 
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resonance and cov1s is far away from electronic transitions: 

2.63 

where co1R is the frequency of the tuneable infrared beam, COu is the frequency of the 

vibrational resonance and r- 1 is the relaxation time of the vibrationally excited state. Ma~ and 

Ay are the Raman and Infrared transition moments respectively: 

2.64 

2.65 

!-! is the electric dipole operator and Dirac bracket notation is used for I g) as the ground state, 

jv) the excited vibrational state and js) any other state. The states are shown in Figure 2.8 

with a pictorial representation of the resonance enhancement process. 

ffi 
VIS 

ffi 
IR 

ffi 
SF 

-.1.--~- lg) 

OFF RESONANCE 

The incident beam energies do not 
correspond to any molecular energy levels. SFG is 

minimal. 

---- - -- - --- - -- Is) 

ffi 
VIS 

ffi 
IR 

ffi 
SF 

lv) 

19) 

ON RESONANCE 

The energy of the infrared radiation now matches a 
molecular vibration and the SF process is resonantly 

enhanced. 

Figure 2.8 Energy level schemes for one of the eight Liouville paths responsible for SFG 12
• The 

SF process is shown on and off resonance. 
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To emphasise the change that occurs in X~2~ due to resonant enhancement it is possible to 

bring the frequency dependent terms of ~af3y in Equation 2.63 into the macroscopic XD~ 

equation (2.62). A common expression for x~~ is therefore: 

NI (R('I' )R(e )R(<p ~aPr) 
x<~ = _a-'-.;py'--~------,---

IJ e0(o\ -roiR -if) 
2.66 

When the infrared frequency (roiR) coincides with the frequency of a vibrational mode (rov) of 

the adsorbed molecules then rov -ffiiR goes to zero and the magnitude of XD~ increases. If the 

SF signal from the adsorbed molecules dominates the spectrum then a maximum in SFG will 

occur at the resonant frequency. Detecting the SF light as a function of IR · frequency 

subsequently yields a vibrational spectrum of the adsorbed molecules. 

2.4 Experimental Implications of the SF Equation 

2.4.1 Surface Specificity 

Although the non-linear susceptibility term x~~ has a maximum of 27 components the 

number of unique contributing, or non-zero, components is less due to symmetry constraints, 

as described below. 

In a centrosymmetric environment all directions are equivalent and the value of x~~ for two 

opposing directions must therefore .be identical 

(2)- (2) 
Xiik - X-i-i-k 2.67 

However, as x~i~ is a third rank tensor, a change in the sign of the three subscripts is simply 

equivalent to reversing the axis system and the physical phenomenon x~~ describes must 

therefore reverse sign, as shown in Equation 2.68. 
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(2) - (2) 
Xiik - -X-i-i-k 2.68 

To satisfy both these equations the only solution is for x~~ to equal zero. In a 

centrosymmetric medium SFG is consequently forbidden. Although a majority of bulk phases 

are centrosymmetric the boundary between two materials is inherently non-centrosymmetric 

and therefore SF active. The planar surfaces considered in this work are isotropic, symmetric 

about the surface normal and thus contain a Coo rotation axis as shown in Figure 2.9. 

: Coo Rotation Axis 
~ I 

Figure 2.9 A planar surface symmetric about the surface normal. 

With a Coo surface, z of. -z but x = -x and y = -y. A similar argument to that outlined above 

can now be applied. As x = -x and y = -y, a non-zero contributing x~~ on a Coo surface 

would not change sign if the x or y axes are reversed, as essentially no change has actually 

taken place. However, the fundamental tensor rule shown in Equation 2.68 still applies, if the 

direction of any individual axis is reversed, the directionally dependent value of the x~~ must 

change sign. Only a limited number of vector combinations can satisfy both these rules and 

the methodology used to identify the contributing combinations is shown in Table 2.1. 
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X~~ Reason Result 

zxx Reversing the x axis produces z-x-x. x(2) = -x(2) =x(2) Contributes 
Z·X·X ZX-X ZXX 

There is no overall change in the sign of x~ with reversal of axis, both 

rules are satisfied. Substituting x for y and reversing the y axis has the 

same effect. 

zzz Reversing either the x or y axis has no effect. Contributes 

zzx Reversing the x axis produces zz-x, X~x = -x~ Zero 

x~ changes sign with reversal of axis, both rules are not satisfied 

unless equal to zero. 
yyy . . d (2) - (2) - (2) - (2) 

Reversmg the y ax1s pro uces -y-y-y. X-y-y-y = -xy-y-y = Xyy-y = -xYYY Zero 

Sign change occurs, both rules are not satisfied. 

Table 2.1 Deducing the contributing X~~ 's for an isotropic surface. 

The multiple examples presented in Table 2.1 can essentially be summarised by stating that 

apart from zzz only quadratic terms in either x or y contribute. The complete series of 

eliminations is therefore: 

*** *Y* xzx Y** YY* ~ zxx ey'* ~ 

**Y *YY ~ Y*Y yyy- yzy ~ zyy r;ey 

xxz ~ ~ ~ yyz ~ i96'i ey>'i zzz 

Since the x and y axes are equivalent for an isotropic surface, the overall result is that a 

surface with CXJ symmetry has only four independent non-zero x~i~ components that can 

potentially generate a SF signal 

All the surfaces considered in this work are isotropic. Consequently, from the original 27 

possible components, only the four shown above are considered in all further SF analysis. A 

more detailed description of symmetry considerations is provided in Appendix B. 
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2.4.2 Resonant and Non-resonant Susceptibilities 

The equations presented to date in this chapter have assumed that the substrate can be ignored 

when considering SF generation from a combined interface presented by a monolayer 

adsorbed to a substrate (Section 2.1.1 ). Although this approach is valid when demonstrating 

the mathematical origins of SF, it is an oversimplification of the systems used in this work. 

Since the non-linear susceptibility used to date (X(2>) 1s related solely to the resonant 

behaviour of the adsorbed molecules it is renamed: 

2.69 

An additional susceptibility is required to describe the behaviour of the substrate to the 

applied E field vectors. This new x(2
> is labelled x~~, where NR subscript refers to the non-

resonant nature of the susceptibility. The slightly more complex model of the surface now 

adopted is illustrated in Figure 2.10. 

Figure 2.10 Two non-linear susceptibilities should actually be used to describe the surface. 

X~> for the adsorbed molecules and X~ for the underlying substrate. Although only a 

generic x~> is considered here, its value is dependent on the vibrational mode and 

molecular moiety under consideration, as described in Appendix B. 

An improved description of the response of the interface to applied E field vectors is therefore 

given by: 

2.70 
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For dielectric substances x~~ is very small unless WrR matches a molecular transition of the 

substrate, which is rare. For metal surfaces x~ is of a significant size due to surface plasmon 

resonance and a considerable signal is generated that changes little with frequency. 

Since SFG at an interface is a combination of both the resonant and non-resonant signals, an 

understanding of the complex nature of both x~) and x~~ must be obtained. 

Resonant Susceptibility -x~)ijk 

From Equation 2.66, the frequency dependent part of a single non-zero component of x~) IS 

given by: 

1 2.71 

The real and imaginary components of the frequency dependent part of X~ijk can be separated 

by multiplying Equation 2.71 by its complex conjugate, as shown below: 

2.72 

Real Imaginary 

Both the real and imaginary components of X~ijk are plotted in Figure 2.11. 
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1.0 
--Real Part 
-- Imaginary Part 

0.8 

0.6 

0.4 

-0.6 L____..____J _ ___._---~. _ __.__---L.. _ __.__--1... _ __._ _ _.__......._____, 

2825 2850 2875 2900 2925 2950 2975 

Infrared Wavenumber 

Figure 2.11 The real and imaginary components of x~!ijk for an arbitrary resonance at 2900 cm-•. 

The real part is shown in blue, the imaginary in red. The damping constant, r, is arbitrarily 

set to l. 

x~!ijk can also be expressed using polar co-ordinates: 

(2) -1 (2) I ;o XR,ijk - XR,ijk e 2.73 

where lx~!ijkl and o(corR) are the magnitude (or absolute value) and phase of the resonant 

susceptibility respectively. Polar co-ordinates are commonly used to describe the 

susceptibility as magnitude and phase can be directly related to experimental observables. 

Figure 2.12 is a plot of the real (Figure 2.11) versus imaginary (Figure 2.11) components of 

the susceptibility (as a function of the infrared wavenumber) and can be used to demonstrate 

the origin of lx~:ijk I and o( COJR). 
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Figure 2.12 An Argand diagram demonstrating the origin of lx~!iik I and D(rom)· 

The real component of x~:ijk (blue, Figure 2.11) is plotted on the X axis. The in~aginary 
component (red, Figure 2.11) is plotted on the y axis. A majority of the points he on (0,0) 

but as the wavenumber increases a circle is traced out across the axes. 

From Figure 2.12 the change m magnitude and phase of x~!iik with wavenumber may 

therefore be represented as: 

1.00 

0.75 

J 0.50 
~ 

0.25 

0.00 

h . d f (2) T e magmtu eo XR,iik 

2850 2900 
Infrared Wavenumber 

2950 

180 

'-
ill 90 
~ 
Cl. 

The phase, 8(CDIR), of x~:ijk 

oL-------

2850 2900 
Infrared Wavenumber 

Figure 2.13 The magnitude lx~:ijk I and phase ()(mm) of x~:ijk. 
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The Non-Resonant Susceptibility- x~~.iik 

The non-resonant susceptibility has a magnitude and phase relationship with the incident 

beams that does not change significantly with infrared wavenumber and is normally 

determined purely from experiment. The phase largely depends on the propel1ies of the metal 

and the nature of the surface plasmon resonance. For gold the non-resonant phase is typically 

published at n/2 or 90°. Silver can be modelled with phase values of::::: -n/4 or -45°. 

With a fixed magnitude and phase relationship the Argand diagram for a non-resonant 

susceptibility is very simple, as shown in Figure 2.14. 

-3 -2 -1 
Real 

3 

2 Gold 

~ -1 m 
c 
·a, 
m 
E 
- -2 

1 2 3 

e Silver 

Figure 2.14 Non-resonant phase and magnitude for gold and silver substrates. 

Both metal films are evaporated polycrystalline layers "" 200 nm thick. An arbitrary non
resonant magnitude of2 has been used to illustrate the two phase angles. 

In polar co-ordinates: 

(2) -1 (2) I ie XNR,iik - XNR,iik e 

where E is the fixed, non-resonant phase of the substrate. 
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The overall susceptibility of the surface is the summation of the resonant and non-resonant 

terms. In polar co-ordinates this may be expressed as: 

9) I 9) I m I 9) I ~ Xijk = XR, ijk e + XNR, ijk e 2.75 

To visualise the interaction between the resonant and non-resonant terms it is useful to 

assume that only one generic non-zero component of the susceptibility exists. The intensity of 

the SF light emitted from the surface may then be expressed as: 

2.76 

Consider an adsorbed monolayer on a dielectric substance such as silicon. In this instance 

lx ~k. ijk I ~ 0, so the spectrum obtained is purely that of the resonant susceptibility (Figure 2.15 

a). For the same monolayer adsorbed on gold, the large non-resonant signal and the squared 

term in the intensity equation (2.76) results in significant amplification of the resonant signal 

(Figure 2.15 b). Although non-resonant amplification also occurs on silver, the non-resonant 

phase of ~ -n/ 4 results in a more differential peak shape (Figure 2.15 c). 

The Argand diagrams in Figure 2.15 enable visualisation of the resonant and non-resonant 

susceptibility effects but a mathematical description is also necessary. Using the principle that 

a complex number multiplied by its complex conjugate produces a value that is equal to its 

magnitude squared, i.e. z.z• = (x +iy)(x -iy) = x2 + y2 = JzJ 2, Equation 2.76 may be re-written 

as: 

I 11 
(2) I ili I (2) I it l2 

sF cc XR, ijk e + XNR, ijk e 

11 
(2) I ili I (2) I i£ I 11 (2) I -ili I (2) I -iE I cc XR, ijk e + X NR, ijk e · XR, ijk e + XNR,ijk e 

I (2) 12 I (2) 12 21 (2) 11 (2) I [ s;:] cc XR, ijk + XNR, ijk + XR, ijk X NR,ijk cos E-u 2.77 

The cross term of Equation 2. 77 produces the resonant amplification and phase effects 

observed in Figure 2.15 and this equation is therefore used to model the SF spectra recorded 

throughout this work (Section 2.6). 
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Figure 2.15 Argand diagrams and SF spectra from monolayers on a) silicon, b) gold and c) silver. 

The spectra represent those obtained with ppp laser polarisation combinations and were 
generated using the equations presented throughout Chapter 2, specifically Equations 2.71 
& 2.77, where rov= 2900 cm-', r = 1, e =b) 90° c)- 45°. The magnitude of the non

resonant susceptibility was arbitrarily set to be 2 for b) and c). 
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By studying both the components and the complex nature of X~~ it has been possible to 

demonstrate the phase effects that can occur and the importance of non-resonant 

amplification. It is noted that dependent upon the substrate, resonant line shapes may occur in 

many forms and it is therefore always important to model them mathematically to determine 

intensities, phases and vibrational band centres. 

2.4.3 Probing Specific Susceptibilities 

The symmetry considerations presented in Section 2.4.1 demonstrated that a surface with C.o 

symmetry has only seven x~~ components which are non-zero. 

The discussion of p and s polarised light in Section 2.1.4 demonstrated that p polarised light 

may be resolved into x and z components at the surface, while s polarised light has a 

component solely in the y direction. With specific incident polarisation combinations it is 

therefore possible to selectively probe particular susceptibilities. The polarisation of_ the 

emitted SF beam is determined purely from the non-zero x~~ components that generate the 

SF signal. 

Polarisation Combination Elements of x~~ 

PSS X~ 
SPS x<z) 

yzy 

SSP x<2) 
yyz 

ppp x<2) x<2> x<z> x<2) 
zzz ' zxx ' xzx ' xxz 

Table 2.2 Polarisation combinations and the elements of xW that contribute to the spectrum. 

The polarisations are listed in the order SF, visible and infrared. 

With dielectric surfaces such as silicon, both s and p incident laser polarisations result in 

substantial surface E fields and all the combinations shown in Table 2.2 are therefore 
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achievable. However, for metallic substrates, the reflectivity in the infrared wavelength region 

is often particularly high and the equations derived in Section 2.3.2 may be used to show that 

the incident beam results in a large surface E field in the z direction, but negligible fields in 

the x and y direction. Thus, for a gold substrate where over 97 % of an incident infrared beam 

is reflected from the surface 16 only susceptibilities with a z infrared component generate a 

substantial SF signal, as listed in Table 2.3. 

Polarisation Combination Elements of x~~ 

SSP x<2> 
yyz 

ppp x~, x~~ 

Table 2.3 The limited polarisation combinations available for SFS on gold substrates. 

Although the large z component of the surface infrared E field is desirable for producing large 

SF signals, it limits the number of x~~ that can be probed and consequently reduces the 

amount of information that can be gained from the surface. 

2.5 Interpreting Sum Frequency Spectra 

The information obtained from SFS on interfacial species is determined by analysing the 

position, intensity and phases of vibrational resonances in a SF spectrum. 

2.5.1 Vibrational Resonances 

For a majority of the work completed in this thesis the SF spectrometer was programmed to 

scan an infrared region from 2800 to 3000 cm-1
• The adsorbed molecules studied all contained 

long hydrocarbon chains with differing polar headgroups. C-H stretching modes are 

uncommon in having large infrared and Raman transition moments, making them ideal for SF 

as large SF signals are produced. The assignment of C-H vibrational modes observed by SF 

is achieved by comparison with infrared and Raman spectra of alkanes 17
• A summary of the 

SF assignments for observed C-H stretching modes is given in Table 2.4. 
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Mode Description Wavenumber /cm-1 

In Air1
'
1

1S In Water 1 1S , •~ 

+ Symmetric CH3 stretch 2878 2874 r 
+ 

rFR Symmetric CH3 stretch (Fermi Resonance) 2942 2933 
r Anti-symmetric CH3 Stretch 2966 2962 
d+ Symmetric CH2 stretch 2854 2846 

d;R Symmetric CH2 stretch (Fermi Resonance) 2890-2930 2890-2930 
-

d Anti-symmetric CH2 stretch 2915 2916 

Table 2.4 Resonant assignments and wavenumbers for C-H stretching modes observed by SF. 

Slight frequency shifts are observed between adsorbed molecules studied in air and those 

studied under water. This shift is largely attributed to the changing polarity of the 

hydrocarbon environment• . 

The terminal methyl group of a hydrocarbon chain is responsible for three vibrational modes. 

The symmetric stretch, shown in Figure 2.16, is split by Fermi resonance with an overtone of 

a methyl symmetric bending mode, thereby producing two frequencies: a low frequency 

component labelled r+ (2878 cm-1
) and a high frequency component, r;R (2942 cm-1

) . The 

anti-symmetric stretch, r-, consists of in-plane and out-of-plane components (shown in Figure 

2.16, the plane is defined by the C-C bonds). These two components are unresolved in the 

spectra presented in this thesis and appear as a single peak at 2966 cm-1
• In standard linear IR 

spectroscopy these components are only separated for long chain alkanes at low 

temperature 18
• However, in the work of both Ward1 and Duffy19 the possibility of in-plane and 

out-of-plane components giving rise to two resonances of opposite phase (a small dip at 2952 

cm-1 and a large peak at 2966 cm-1
) is discussed. The spectra presented throughout this work 

have been modelled with one r- peak, but the possibility of fitting in-plane and out-of-plane 

components has been considered ~~r each spectrum. 

Three vibrational modes are also produced by the methylene groups on the hydrocarbon 

chain. The symmetric methylene stretching mode (Figure 2.16) is split by Fermi resonance 

with an overtone of a deformation mode, thereby giving rise to two resonances (d+ and d;R ). 

The d+ mode appears as a sharp band at 2852 cm-1
• The d;R mode appears as a broad band 

stretching from approximately 2890 to 2930 cm-1
• In principle, an anti-symmetric methylene 

stretch, d- (Figure 2.16), can contribute to SF spectra at ~ 2915 cm· 1
• However, this mode is 
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only likely to be very weakly SF active as the d- mode is observed at different wavelengths in 

linear IR and Raman spectra 17
. As d- is unlikely to provide any contribution to the SF spectra 

recorded in this work it is ignored throughout the rest of this analysis section. 

.•' . 

. .. ·. 

Figure 2.16 Methyl and methylene stretching modes. 

d 
•' •• 

The internal displacement vectors of each vibrational mode20 are indicated by arrows. 

Appendix B contains an in-depth symmetry analysis of the terminal methyl group of a long 

chain hydrocarbon. lP = in plane, OP = out of plane, where the plane is defined by the 

carbon - carbon bonds. Only the displacement of the hydrogen atoms is shown. 
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2.5.2 Surface Packing and Order 

The spectra presented in this thesis originate from long chain (C 18) hydrocarbons. The most 

energetically favourable conformation of an adsorbed hydrocarbon chain is for all the carbons 

to lie in the same plane. In this instance the chain is constructed from purely trans C-C bonds. 

If one of the C-C bonds were to be rotated by 120° a gauche defect is formed and the carbons 

no longer lie in the same plane. The effective volume the hydrocarbon chain occupies IS 

increased considerably by such a defect. 

In an all-trans conformation the methylene groups lie in a locally centrosymmetric 

environment. SFS is forbidden in this environment and d+ and d;R modes are both therefore 

SF inactive. The SF spectrum originating from a well packed monolayer of all-trans 

hydrocarbon chains contains purely r+, r;R and r- resonances, as shown in Figure 2.17a. The 

energy difference between gauche and trans conformations ( ~3.3 kJ mor1) is _.,.,kT at room 

temperature. Thus in a loosely packed monolayer the hydrocarbon chains can twist and flex 

with bonds adopting both trans and gauche conformations. Some gauche defects are more 

likely than others. Molecular Dynamics simulations21 and infrared spectroscopy22,23 

measurements indicate that a gauche defect in the middle of chain is more likely to occur 

when another gauche defect exists in the same chain. This gauche-trans-gauche conformation 

is known as a kink and can occur at relatively high surface packing levels, as the overall 

increase in volume of the hydrocarbon chain is limited. Note that a kink is a symmetrical 

defect and is therefore SF inactive. 

Isolated gauche defects generally occur towards the end of a hydrocarbon chain where they 

do not drastically increase the surface area occupied by the adsorbed molecule. An isolated 

gauche defect breaks the symmetry ofthe hydrocarbon chain and results in SF active d+ and 

d;R resonances. A gauche defect ·at the end of a chain also lowers the r+ signal by tilting the 

methyl group towards the surface. The SF spectrum from a monolayer containing isolated 

gauche defects is shown in Figure 2. 17b. 
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Figure 2.17 A representation of the effect of increased surface disorder on a SF spectrum. 

Smface disorder increases from a) to d), see text for details. The surface diagrams and 
simulated spectra are only intended to illustrate the qualitative trends that occur in a ppp SF 
spectrum with increasing ad layer disorder and should not be analysed in detail. 
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With lower monolayer packing densities the proportion of isolated defects increases and 

initially the d + and d;R resonance strengths increase, while the corresponding / signal 

decreases (Figure 2.17c). As the disorder in the surface continues to increase, the molecules 

begin to assume an essentially random orientation on the surface and the strengths of all 

resonances decrease in intensity due to the orientational averaging component of the SF 

equation (Figure 2.17d). At the limit of total disorder the surface is essentially random and all 

resonances are SF inactive. 

With the relatively simple symmetry selection rules inherent to SFS, Figure 2.17 demonstrates 

that it is possible to study a SF spectrum and almost immediately be able to infer the general 

order of the adsorbed molecules. 

2.5.3 General Polar Orientation 

In Figure 2.17 the hydrocarbon chains of the adsorbed molecules stretch away from the polar 

head group in a generally positive z direction. With an isotropic, Coo, surface z =1= -z. If the 

molecules in Figure 2.17 were rotated by 180° to point in the negative z direction all the 

resonant susceptibilities will change sign: 

(2) 
XR,zxx 

(2) 
XR,xzx 

(2) 
XR,xxz 

(2) 
XR,zzz 

(2) -- (2) 
XR, -zxx = --XR, zxx 

(2) -- (2) 
XR, x-zx = --xR, xzx 

(2) -- (2) 
XR, xx-z = --xR, xxz 

(2) ..._;. (2) -- (2) 
XR,-z-z-z = XR,-zzz = --XR,zzz 

Table 2.5 The change in sign of a resonant susceptibility with reversal of molecular direction. 
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If x~.~jk changes sign then both its real and imaginary components reverse sign. The phase 

circle plotted on an Argand diagram (Figure 2.18a) is now traced in the opposite direction to 

before (Figure 2.12, page 58) and will also be situated in the negative half of the imaginary 

axis. It is also apparent from Figure 2.18a that although a switch in molecular polar 

orientation does not change the magnitude of the resonant susceptibility, the phase is offset by 

180° so that instead of varying from 0 to 180° through a resonance (for a positive X~.~jk , 

Figure 2.13) it varies from 180 to 360°. 

If molecules are adsorbed onto a dielectric substrate ( x~~ = 0) then the SF signal depends 

purely on x~) . A reversal in polar orientation therefore only produces a net phase offset for 

the overall SF signal generated from the surface. This phase offset does not affect the 

intensity of the SF light and is therefore undetectable. To determine polar orientation from a 

dielectric substrate the resonant SF signal from the surface must be combined and interfered 

· with an external SF signal of known phase24
. This procedure is complex and is not perfom1ed 

routinely in SFS. If molecules are adsorbed to a surface with a significant non-resonant 

susceptibility ( x~~ =1= 0) then a change in overall polar orientation is relatively easy to 

determine. If the orientation of the molecule is reversed, then the phase offset of 180° to 8 in 

Equation 2.77 reverses the sign of the cross-term, resulting in an overall change in the 

intensity of the SF signal, as illustrated in Figure 2.18b. 

The non-resonant phase of gold is well established and it is therefore known that molecules 

adsorbed with hydrocarbon chains pointing away from the surface produce peaks (Figure 

2.15b) and chains pointing towards the surface produce dips (Figure 2.18b ). With a new 

substrate, the non-resonant phase would be unknown. A SF spectrum of molecules adsorbed 

at a known polar orientation would then have to be obtained and the non-resonant phase 

determined by spectral modelling (Section 2.6). The polar orientations of molecules adsorbed 

in all subsequent experiments could then be determined with ease. 
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a) An adsorbed monolayer on a dielectric- hydrocarbon chains pointing towards the surface. 
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Figure 2.18 Argand diagrams and simulated ppp SF spectra for molecules adsorbed with the 

hydrocarbon chain pointing towards the surface. 

a) Dielectric surface, X~~= 0, the intensity of the SF light is simply related to the square of 

the resonant susceptibility. The change in phase of the susceptibility with orientation 

reversal has no observable effect. 

b) Gold surface, X~~* 0, the intensity of the SF light depends on the relationship between 

the resonant and non-resonant susceptibilities (Equation 2.77). The phase offset of the 

resonant susceptibility produces a spectral dip instead of a spectral peak (Figure 2.15b ). 

70 

2.5.4 Molecular Tilt Angle to the Surface Normal 

SFS may be used to determine the average orientation of molecules adsorbed at an interface. 

The principle has been well documented over the past ten years 1
•
25

-
30 and as this methodology 

has not been employed in this work, only a brief explanation of the theory is presented here. 

The procedure for orientational determination is first to identify the independent contributing 

components of Pal3y from consideration of the molecular symmetry and then to transform the 

hyperpolarisability from molecular to laboratory co-ordinates. This allows the Pal3y 

components of a particular vibrational mode and functional group to be calculated for an 

individual x~,>ijk component. For instance, using the methods and nomenclature presented in 

detail in Appendix B (and briefly described in Section 2.3.4) the contributing Pal3y 

components of X~xxz for r+ are: 

(Pxxz) = Pccc [(cos9)(1 + 7r )+ (cos39)(r -1)] 
8 

2.78 

where 9 is the angle of the molecular c axis to the surface normal (Appendix B) and r is the 

ratio PacaiPccc· For molecules adsorbed to a gold surface, the high reflectivity in the infrared 

region allows only a limited number of viable laser polarisation combinations, as described in 

Section 2.4.3 and presented in Table 2.3. For ssp and ppp laser polarisations the significant 

contributing susceptibility components are X~z and x~, x~ respectively (Table 2.3). 

To calculate the orientation of the methyl group it is necessary to record SF spectra under 

both ssp and ppp polarisations, ensuring that the experimental variables of beam power, focus 

and optical alignment remain as constant as possible. Modelling the un-normalised SF spectra 

and taking into account the variations in the Fresnel factors between the two laser 

polarisations provides a value for the strength of the vibrational mode, labelled Sppp(r+) for a 

r+ resonance probed with ppp laser polarisations. The ratio between the strengths of the 

vibrational resonance can then be related using Equation 2. 79. 
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sssp~+) (Pyyz) 
S ppp (r+) = (Pxxz) + (Pzzz) 

Pgcc [(cos8)(1+7r)+(cos38)(r-1)] 
=n-----------~--------~-------------------

Pgcc [( cos8)(1 + 7r )+ (cos 38)(r -1 )]+ P;c [( cos8)(3 + r )- (cos 38)(r -1)] 

2.79 

Simplification allows the ratio of intensities to be related to purely rand 8. The ratio r may in 

principle be obtained from the Raman depolarisation ratio, p and usually ranges from 1.66 to 

3.531 '32. The molecular orientation can subsequently be calculated by relating 8 to K, the 

orientation of the molecule to the surface normal, using Equations B.19 and B.20 (Appendix 

B). 

Equations to determine molecular tilts have not been performed in this present work due to 

the infancy of the DIMS technique. Further, the limited number of laser polarisation 

combinations possible on a gold substrate increases the errors in comparison to calculations 

completed at dielectric surfaces where all four laser polarisation combinations can be used 

(Table 2.2) . Even when working with a dielectric substrate instead of gold, the inherent 

inaccuracies in determining molecular tilt angle are considerable. Errors regularly accrue in

calculating resonant strengths and SF Fresnel factors (L). However, the largest error normally 

occurs in predicting the value of r, the ratio between Pccc and Paac· This value has a 

considerable effect on the results and can only be determined from Raman depolarisation data 

or rarely by ab-initio calculations. Raman depolarisation data is not always available for the 

chosen molecular entity and the variation in assumed values of r often leads to large 

uncertainties in the calculated tilt angles. For example, work completed using the Cambridge 

SF Spectrometer in the past has resulted in analysis that predicts that counter-ions bound to a 

monolayer could lie at an angle of 0 to 55° to the surface normal 19! 
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2.6 Modelling Sum Frequency Spectra 

The mathematical modelling of SF spectral data is an important part of any SF experiment as 

it allows the frequency, strength and width of the observed vibrational resonances to be 

determined, along with the strength and phase of the non-resonant signal. This information is 

essential to accurate spectral interpretation and fundamental to both conformational (Section 

2.5.2) and orientational (Section 2.5.4) data analysis. A quantitative determination of the non

resonant phase was also required to elucidate the mica thickness/phase relationship 

investigated in Chapter 6. 

2.6.1 The Principles of Sum Frequency Spectral Modelling 

The mathematical models employed to analyse SF spectra are typically non-linear curve

fitting techniques that simply calculate the spectral characteristics of band centre, strength and 

width for any number of resonances. This methodology was found to be sufficient for the 

present work and indeed, is suitable for a majority of SF experiments. However, for in-depth 

orientational analysis, additional calculations are required which are beyond the scope of a 

typical spectral model and are therefore completed separately. 

The intensity of SF light emitted from an interface can be described in terms of the resonant 

and non-resonant components of a single non-zero generic susceptibility (Section 2.4.2, 

Equation 2.76), as shown below. 

I oc ix<2> + x<2> 12 
SF R NR 

2.80 

This equation can then be expanded into polar co-ordinates (Section 2.4.2) 

lsF oc llx~>ie;o + lx~~ ie;e 12 

oc lx~>i
2 

+lx~~r +21x~>llx~~icos[E-8] 2.81 

where 8 and E are the phases of the resonant and non-resonant terms respectively. Equation 

2.81 forms the basis of all spectral modelling calculations and is applicable to a single isolated 

resonance. Where two or more resonances are present in the spectrum x~> must be replaced by 
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LX~~, so for two resonances Equation 2.81 becomes: 
V 

IsF oc lx~~ 1
2 

+ lx~; 1
2 

+ lx~~ 1
2 

+ 2lx~~ llx~~ I cos[ E- 8,] 

+ 21x~; llx~~ I cos[ E- 82 ] 

+21x~~llx~;lcos[8 1 -8zl 2.82 

The magnitude and phase of the non-resonant susceptibility was described in Section 2.4.2 

and for a majority of spectral models is simply fitted to a single value and phase. The 

variation in published models typically occurs in the description of the resonant susceptibility. 

The simplest modelling technique is to describe the magnitude of the resonant susceptibility 

( lx~> I) in terms of a Lorentzian functional form (Section 2.6.2). However, the actual peak 

shape recorded by the spectrometer is dependant on lx~>l and experimental factors such as the 

line width of the laser beams (particularly for picosecond or femtosecond lasers). The SF 

spectral model initially developed by Bain et al. 33 and now widely employed, incorporates a 

Lorentzian description of lx~>l convoluted with a Gaussian distribution of vibrational 

frequencies, essentially creating a Gaussian distribution of Lorentzian lineshapes. The 

resulting combined function is similar to the Voigt profile used to model the lineshapes of 

high-resolution infrared spectra of small molecules34
• 

2.6.2 A Lorentzian Spectral Model 

At the outset of the DIMS project spectral analysis was completed with a custom built Unix 

based modelling program based on the model of Bain et al. 33 However, modelling SF results 

with this program was found to be a particularly laborious and complex task and the analysis 

of a single spectrum could take over half an hour. In addition, a number of errors were 

observed in the output routine of the program and the widths of modelled resonances were 

found to be reported incorrectly. It was therefore decided to construct a new modelling 

program to provide accurate spectral analysis with a fast, easy to use interface. 

The line width of the infrared laser employed in this work33 is less than 1 cm-1 and 

consequently modelling calculations completed with the original Unix program typically used 

Gaussian FWHM of 1 to 2 cm -I. In the original work of Bain et al. 33 both the Voigt and 
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Lorentzian models were tested on spectra produced from a nanosecond laser system with 

infrared line width < 1 cm-1 and it was found that for in a majority of cases the more complex 

model did not produce a significant improvement to the spectral fit. Although for picosecond 

and femtosecond laser systems with infrared line widths from 5 to 15 cm-1 the Voigt based SF 

model may be a necessity, for the nanosecond system employed in this work the additional 

complexity of the Voigt function was considered unnecessary and a Lorentzian based spectral 

modelling program was therefore developed. Without the complexity of the Voigt profile it is 

possible to generate a suitable SF model with relative ease and the technique presented here is 

based on the original work by Berg35
. 

A single generic resonant susceptibility may be represented by: 

(2)- B 
XR - ( ) 

(l)v - (l)IR -if 2.83 

where ro1R is the frequency of the tuneable infrared beam, rou the frequency of the vibrational 

resonance andr-1 the relaxation time of the vibrationally excited state (Section 2.3.4). B is the 

strength of the vibrational mode and encompasses all contributing susceptibility and 

hyperpolarisability components as appropriate. It is noted that B is not the same as S (Section 

2.5.4) asS, used in the previous section for the strength of a resonance, also takes into account 

Fresnel factor variations between different beam polarisations. The full modelling equation 

(2.81) depends on the magnitude of the resonant susceptibility which can be calculated using 

the relationship Jz/ = J;i, as shown below: 

lx~>l= 
B B 

( (l)v - (l)lR -if) (rov - ro 1R +if) 

B2 2.84 
= 

( (l)v - (l)IR y + f2 
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The height form of a Lorentzian line function is: 

2.85 

where H is the height of the curve at rorR = rov, and W is half the width of the curve at half 

maximum (HWHM). A simple comparison of Equations 2.84 and 2.85 allows the deduction 

that the magnitude of the resonant susceptibility is related to the square root of the Lorentzian 

function, as shown below: 

2.86 

with r = W and B = JH.w. Equation 2.83 for the generic susceptibility can now be re-

written in terms of Lorentzian parameters: 

(2)- JHw 
XR - ( ) eo -eo -iW v !R 2.87 

By separating Equation 2.87 into its real and imaginary components (Section 2.4.2) the phase 

of the generic susceptibility (8) may then be calculated: 

( 
Im X <

2

l J { -W J 8 = arctan ~2 l = arcta ( _ ) 
Re XR 00 v 00 rR 

2.88 

For a single resonance the Levenberg-Marquardt least-squares fitting routine would therefore 

use the following equation: 

2.89 
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where both lx~~ I and the phase of the non-resonant signal (E) are fitted to single values that 

are invariant with frequency. The proportionality constant in Equation 2.89 is difficult to 

determine accurately as it depends on the overlap integral between the electric fields of the 

two lasers, the linear and non-linear Fresnel factors and the efficiency of the detector. The 

magnitude of the non-resonant signal does, however, provide an internal reference as for a 

given sample, the ratio B/lxNR I is independent of all these instrumental factors33 and only the 

polarisation and angles of incidence need to be fixed. SF spectral modelling is therefore 

completed with spectra normalised by the non-resonant background signal and consequently 

the proportionality in Equation 2.84 is made an equality. 

In principle, the least squares fitting routine could simply be programmed in terms of B and r 
and with functional forms based on Equation 2.84. However, incorporating a Lorentzian form 

allows the spectral width and height of a resonance to be considered independently, 

substantially increasing the efficiency of the least squares fitting routines. The full SF spectral 

fitting algorithm employed in the DIMS project therefore fits the experimental data using 

height and halfwidth variables and subsequently calculates the value ofB and r . 

2.6.3 Spectral Modelling Software 

An efficient spectral modelling environment requires more than a complex mathematical 

equation and a least squares fitting routine. The software developed for the DIMS project and 

shown in Figure 2.19 also includes baseline fitting algorithms (to normalise the raw 

experimental data by the non-resonant signal), methods to save and print the spectral data and 

also import baselines and fits from previous analysis sessions. In addition, the advances in 

high speed computing and the simpler modelling equations allow normalisation and spectral 

modelling to be completed almost instantly using a standard desktop computer. The 

modelling software was written using the graphical programming language Labview36 and 

shortly after development the program was modified to allow a separate non-resonant phase 

for one vibrational resonance. This was required to model the r- resonance observed in the 

DIMS spectral results. The previous Unix based system was incapable of modelling the 

additional r- non-resonant phase effectively and the new software therefore proved essential. 
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Experimental 

This chapter describes the sum frequency spectrometer employed in this work and the 

important modifications made to it over the last three years. A number of additional 

experimental techniques have provided important complementary information to the sum 

frequency results presented in the DIMS project. A brief introduction and a summary of the 

experimental parameters employed for each of these supplementary techniques is therefore 

also presented in this chapter. 

3.1 Sum Frequency Spectroscopy 

3.1.1 The Sum Frequency Spectrometer 

Sum frequency spectroscopy studies vibrational resonances by detecting the photons emitted 

when two pulsed laser beams, one of fixed visible frequency and the other of tuneable 

infrared frequency overlap at the surface of a sample. A simplified representation of the 

spectrometer used in the present study is presented in Figure 3.1. 

Nd:YAG 
Laser 

Figure 3.1 

Herriot Cell 

Sample 

H, 

Raman Cell 

Fixed Frequency 
Green 

Detector ... I 
\.::~.::<:)__ to Digital 

......... :~ Oscilloscope 
Tuneable & Computer 
IR 

A simplified representation of the nanosecond SF spectrometer employed in this work. 
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Although SFS may now be considered to be a relatively simple technique in comparison to 

state-of-the-art laser experiments, complexity does arise in generating the tuneable infrared 

beam and in ensuring that both beams achieve spatial and temporal overlap at the sample. 

Before describing the spectrometer in detail a brief experimental overview is valuable. The 

backbone of the spectrometer is a Nd: Y AG laser which pumps a dye laser and also provides 

the fixed frequency visible beam at the sample (Figure 3.1). The dye laser generates a 

tuneable red beam which is directed into a multi-pass cell containing high pressure hydrogen. 

Stimulated Raman scattering (SRS) occurs as the red beam propagates back and forth through 

the hydrogen and a tuneable infrared beam is generated which is focused onto the sample. To 

achieve temporal overlap with the infrared light the visible beam from the Nd: Y AG laser 

must also travel through a multi-pass cell before it is focused onto the sample. The resulting 

SF light emitted from the sample is detected using a photomultiplier tube (PMT). The signal 

from the PMT is integrated using a digital oscilloscope (DSO) and fed into a computer. A SF 

spectrum is obtained by scanning the tuneable infrared laser through a vibrational resonance 

and recording the SF signal at each wavelength. 

The full experimental details of the SF spectrometer (including the experimental 

improvements described in Section 3.1.2) are shown in Figure 3.2 and the typical beam 

energies are detailed in Table 3 .1. A detailed description of the SF spectrometer follows but 

the standard maintenance and operating procedures are detailed in Appendix A. 

The Spectra Physics Quanta-Ray DCR-3 Nd:YAG laser generates Q-switched 8 ns pulses of 

vertically polarised infrared light at 1064 nm. The optimal power output was found to occur at 

a pulse repetition rate of 11.5 Hz (Appendix A, Figure A.2). The infrared output of the 

Nd:YAG laser is frequency doubled in a KD*P (Potassium Dideuterium Phosphate) crystal to 

generate vertically polarised green light at 532 nm c~ 40% efficiency with optimal phase 

matching). The KDP crystal is housed in a temperature controlled cell and both the cell and 

Nd: Y AG laser cavity are continually flushed with AR grade N2• 
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Experimental 

The 532 nm green output from the doubling unit is separated from the residual infrared 

fundamental using a dichroic mirror and a beam splitter then passes 10% of the green beam 

onto the optical bench to provide the fixed frequency visible beam. The remaining 90% of the 

532 nm beam is used to pump a Spectra Physics Quanta-Ray PDL-2 dye laser. 

The dye laser is composed of a side-pumped oscillator and pre-amplifier with an end-pumped 

amplifier cell. At one end of the laser cavity a diffraction grating provides frequency selection 

(using the 4th order diffraction) of the vertically polarised dye output. The dye laser is tuned 

by rotating the grating manually or by use of a stepper motor. Using a range of dyes (Table 

3.2) the laser can generate light in the region 540-900 nm. In normal operation only a single 

dye is required to scan the spectral range of interest, as shown in Table 3.2 . 

Dye Total Spectral Range /nm Max Output SF Resonances 
In m in Wavelength 

Re ion 
DCM 635 C-H 

607-676 

Oxazine 720 668 2450 - 2700 cm- S-H 
649-700 (660 - 670 run) 

LDS 698 

Table 3.2 

693 2000- 2300 cm- C- D 
661-740 (677- 691 run) 

The dyes used in the PDL-2 dye laser to scan specific spectral regions. 

All dyes are purchased from Photonic Solutions PLC. The information on spectral range 

and wavelength ofmax output was obtained from the Exciton website (www.exciton.com). 

Dye solution concentrations and replenishment schedules are discussed in Appendix A. 

The tuneable red light from the dye laser is shifted into the infrared region by stimulated 

Raman scattering (SRS) in a multi-pass cell (the Raman Cell) filled with high pressure 

hydrogen (99.9999% purity, 34 atmospheres). The Cambridge Raman cell is based on the 

original concept of Rabinowitz1 et al. and has been discussed in detail in previous work2
'
3

. 

Briefly, the cell is a stainless steel cylinder 2.4 m in length with an external diameter of 16 

cm. The optical multi-pass configuration, known as a Herriot cell, is formed by two concave 

circular mirrors (radius of curvature = 1 m), one at each end of the cylinder. The theory for 
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the design of a Herriot cell was published by Herriot and eo-workers in 1964
4 

and although 

the theory is involved, the cell is simply a mechanism for allowing a laser beam to travel a 

considerable distance in a confined space. The optical arrangement and beam paths of the 

Raman cell are shown in Figure 3.3. 

Tuneable 
Red Input 
Beam 

Motorised 
Micrometers Herriot Mirrors 

Hydrogen - 34 atm 

Manual 
Micrometers 

Tuneable IR 
Output 

Figure 3.3 A plan view of the Raman Cell. 

For clarity a majority of the red multi-pass beams have been omitted. The beam alignment 

procedure and hydrogen replacement protocol are described in Appendix A. 

The dye beam enters the cell through a fused silica input window and strikes the concave 

mirror at the far end slightly below centre. The beam undergoes 20 passes between the two 

mirrors, tracing a semi-circular pattern on each mirror, before being directed out of the cell by 

a pick-off mirror (21 passes in total). The gold coated pick-off mirror (radius of curvature= 2 

m) also re-collimates the beam. Both motorised and manual micrometers are used to optimise 

the beam path in the cell. 

As the tuneable red pump beam traverses through the Raman cell it loses energy by 

vibrational excitation of the hydrogen. The most intense vibrational transition in hydrogen is 

the Stokes Q(1) mode5'6 at 4155.25 cm-1
, as shown in Figure 3.4. Thus, the most intense SRS 

process involves a hydrogen molecule adsorbing a red photon, the vibrational transition 

-1 1 . f 6 ( v = 1 ~ v = 0 occurring and a photon being emitted 4155.25 cm ower m requency a 

Stokes shift). Three successive Stokes shifts generate an infrared beam of the required 
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frequency. 34 atmospheres of hydrogen and 21 passes m the Raman cell produces a 

conversion efficiency of approximately 4 %. 

Q(l) 

Q(O) Q(2) Q(3) 

~-----------~·~---~'------------------~ 
4150 4100 4050 

Figure 3.4 Raman vibrational spectrum of ground state molecular hydrogen recorded using a 

Fourier transform Raman spectrometer. Reproduced from reference 7. 

This spectrum demonstrates that the most intense Raman process is that of the Q( I) mode, 

corresponding to the transition v = 0, J = 1 +--- v = 1, J = 1. The value in parenthesis is the 

initial rotational quantum number of the ground vibrational state. 

The third-order Stokes shifted light is separated from all other light that exits the Raman cell 

(the residual red beam, first, second, fourth and higher order Stokes shifts and light generated 

by anti-Stokes shifts) using a Germanium plate set at the Brewster angle for the third order 

Stokes radiation. The infrared light is then directed across the optical table and is passed 

through a lens (focal length = 15 cm) so that the beam focuses approximately 4 cm after the 

sample. 

To ensure that the green and infrared beams arrive at the sample at the same time the green 

beam must also travel the extra distance that the infrared beam travelled within the Raman 

cell. Consequently the green beam is also passed through a Herriot cell. This Herriot cell is 

identical in design to that contained within the Raman cell, but in this instance is open on the 

optical bench. The beam is picked off after 21 passes and collimated with a 1 m focal length 

lens. The beam then passes through a short delay line before being focused onto the sample. 
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The temporal overlap of the green and infrared beams is optimised by adjusting the length of 

the final green delay line. 

All the results presented in this thesis have been obtained with counter-propagating visible 

and infrared beams incident at an angle of 60 and 65° to the surface normal. For experiments 

at the solid/air interface this generates a collimated SF signal at 39° to the surface normal 

(Equation 2.39, at 2900 cm-1
) which is detected by a photomultiplier tube (PMT; Thorn EMI, 

9814B, 2056 V, Section 3.1.2). The weak SF beam is focused onto the PMT using a 5 cm 

focal length convex lens. To reduce the detection of scattered visible light an edge filter 

(Omega Optical, 452DF108) and band pass filter (Glen Spectra, for C-H region 461DF20, for 

C-D region 478DF33) are placed before the entrance to the PMT. The spectral response 

curves from both the edge and band pass filters are shown in Figure 3.5. 

100 

80 

c 
60 0 

'(ii 
(/) .E 
(/) 
c 40 
~ 
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cF. 

20 

0 

350 400 

C - H 

SFRegion C·D 
SF Region 

450 500 

Wavelength /nm 

- Edge Filter 
- Band Pass Filter C - H Region 
- Band Pass Filter C - 0 Region 

550 600 

Figure 3.5 UV NIS spectra from the band pass and edge filters placed before the entrance of the 

PMT to reduce the detection of scattered visible light. 

The spectra were recorded using an ATI Unicam 5625 UVNIS spectrometer. 

With both edge and band pass filters placed before the entrance to the PMT, the major source 

of noise in a SF spectmm is caused by shot-to-shot fluctuations in the infrared beam power. 

Unfortunately, although the shot-to-shot variation in power of the Nd:YAG laser is only 

± 1 %8 the power output of the dye laser is inherently unstable and was measured to vary by 

as much as ± 10 %. The resulting variations in the infrared power are also substantial and lead 
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to considerable fluctuations in the intensity ofthe SF signal. In addition, the average power of 

the dye laser varies across its spectral range due to the tuning curve of dye and this can 

introduce a gradual curve in the SF baseline. Previous attempts to reduce both these problems 

have centred on a shot-to-shot normalisation ofthe PMT signal by the intensity of the infrared 

beam. The infrared intensity was measured using a pyroelectric detector ('pyro', Gentec) 

placed after the sample (Figure 3 .2). 

In this work the PMT signal was not nmmalised on a single shot-to-shot basis by the pyro 

signal. This decision was made following a number of experiments that demonstrated that the 

shot-to-shot variation in the SF signal did not correspond to the shot-to-shot variation in the 

infrared intensity. Whilst spectra with an improved signal to noise ratio were therefore 

recorded without normalisation by the pyro signal, the effect of the dye tuning curve must still 

be considered. For substrates exhibiting a large non-resonant signal, dye tuning effects are 

removed by simply normalising the SF intensity by the curve fitted non-resonant signal 

(Section 2.6). For dielectric substrates with little non-resonant signal, a pyro scan of the 

average infrared power at each wavelength is recorded before and after a SF spectrum. The 

SF data is then normalised by the average curve fitted pyro data. 

The electrical pulses from both the PMT and pyro are averaged and integrated on a Digital 

Oscilloscope (DSO; LeCroy 9361) which is triggered from the Q-switch pulse of the 

Nd:Y AG laser. The experimental set-up of the DSO is completely controlled through a 

general purpose interface bus (GPIB) from the PC based spectral acquisition program 

described in Section 3.1.2.2. Although this program simplifies the DSO set-up considerably, it 

is important to verify the DSO pulse parameters shown in Table 3.3 have been automatically 

loaded from the user configuration files. 

Once a pulse signal has been obtained for either the PMT signal or pyro, the parameters 

highlighted in red in Table 3.3, (i.e. the post-trigger delay, volts per division and cursors) 

must be optimised using the spectral acquisition program (not using the DSO controls 

directly) and the following procedure: 
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1) Centre the pulse in the x axis using the trigger delay settings. To centre the PMT pulse 

requires a delay of approximately 230 ns after the Nd:YAG Q-switch trigger (a post

trigger delay). To centre the long pyro pulse actually requires the DSO to start 

digitising 20 ms before the pyro pulse arrives (a pre-trigger delay). 

2) Adjust the volts per division (volts/div) to ensure that the pulse fills as much of the 

DSO screen as possible, but that at no point during the scan does the pulse exceed the 

screen boundary. This normally equates to the point of highest SF/pyro signal filling 

60170 % of the screen. 

3) The cursors set the integration limits for the DSO integration (AREA) function and 

their position must therefore be adjusted to encompass the pulse, as shown in Figure 

3.6. 

Typical PMT and pyro signals for the DSO configuration presented in Table 3.3 are shown in 

Figure 3.6. Before a scan is initiated the optical configuration of the spectrometer is 

optimised. While observing the averaged area of the SF signal, the powers and overlap of t_he 

incident beams at the sample surface are adjusted until the highest SF signal is obtained. A 

final DSO optimisation is then completed to ensure the SF signal does not exceed the screen 

boundaries. 

Once spectral acquisition is initiated the level of scattered visible light from the sample is first 

detected with the infrared beam blocked. With the infrared beam unblocked, the spectrometer 

then scans across the spectrum, typically averaging 60 PMT pulses (the blue parameter, Table 

3.3) before moving onto the next wavenumber. The digital output from a PC data acquisition 

card (National Instruments, LabPC+) is used to control the position of the dye laser and hence 

the spectral wavenumber. A scan normally encompasses a spectral range of 200 cm-1 (e.g. 

2800 to 3000 cm-1
) in steps of 2 cm- 1

• A total of 15 to 20 scans are recorded to complete a 

spectrum. During a scan the control program will automatically switch between the SF and 

pyro DSO signals as required. 
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Trigger SF Pyro Acquisition SF Pyro 

Source External Channel 1 2 

Level 500mV Coupling DC50Q DC 1MQ 

Slope Positive Attenuation NO 

Mode Hold-off 82.6 ms Bandwidth Filter OFF 

Delay Type Post Pre Time base 10 ns 5 ms 

Post-Trig Delay -230 ns NIA Record up to 500 points 

Pre-Trig Delay NIA 20ms Volts/division 0.325 0.004 

Trig Frequency 11.50 Hz Offset 3.5 div 3.0 div 

Maths SF Pyro Display SF & Pyro 

Cursor One Parameter Difference Mode Single Grid 

Position /div 2.20 1.50 Grid Intensity 40% 

Cursor Two Parameter Reference Waveform Intensity 90% 

Position /div 7.70 8.50 Dot Join ON 

Maths Source Chan. 1 Chan. 2 Persistence ON 

Destination Trace A Trace B Persistence Mode All 

Function Average Persistence Duration 2s 

Maths Points 1000 Maximum 
Shots/wavenumber 60 60 
Display Parameters OFF 
Parameter One AREA 

Table 3.3 Experimental Parameters for the LeCroy 9361 Digital Oscilloscope 

The spectral acquisition program automatically con figures the DSO with the parameters 

shown above. 

Black Parameters- During normal spectrometer operation these parameters should 

not be changed. 

Green Parameters - Are purely for aesthetics and may be altered as desired. 

Blue Parameter - The laser shots per wavenumber, also known as 'number of 

sweeps'. At 60 sweeps and a 11.5 Hz laser repetition rate the laser 

spends approximately 5 s at each wavenurnber. Normally set to 60 

but may in principle be set to any value. 

Red Parameters - It is important that these parameters are optirnised for each scan to 

ensure that the pulse is digitised with optimum accuracy 

and efficiency. The cursor values shown in this table are 

illustrated in red in Figure 3.6. 
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Figure 3.6 Screen shots from the LeCroy 9361 Digital Oscilloscope 

The red lines have been superimposed on the screen shots to indicate the position of the 

integration limit cursors shown in Table 3.3 . During normal spectral acquisition the cursors 

are not displayed. 
(a) The PMT pulse generated by the SF signal emitted from the sample. 

(b) The pyro pulse to detect the intensity of the infrared laser at the sample. 
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3.1.2 Spectrometer Improvements 

Since the SF spectrometer was built in 1988 there has been a continual program of upgrades 

and improvements as new technology has become available and new ideas have been 

implemented. The aim of these upgrades is to produce a spectrometer with a greater 

sensitivity, reliability and usability. I have made three significant changes to the spectrometer 

during the DIMS research project and the important details of these changes are presented 

here. 

3.1.2.1 LeCroy Digital Oscilloscope 

The fundamental alteration to the spectrometer has been the recent incorporation of a LeCroy 

Digital Oscilloscope in replacement of the original Stanford Research Systems integrating 

Boxcars. This upgrade converted the spectrometer from an analogue detection and processing 

system to a digital one. The original set-up of the system used the Box cars to integrate the SF 

signals and output a DC voltage that was proportional to the area of the SF pulse. The voltage 

was then detected by an analogue to digital converter card on the PC. Although this method 

was well tried and tested there were a number of problems; the boxcars were getting old and 

were missing triggers and required continual optimisation, they were not simple to use and the 

analogue nature of the detection and its subsequent measurement by the computer were 

susceptible to the considerable amount of electronic interference present in the laboratory. 

The boxcars could have been eliminated by replacing the PMT detection system with a charge 

coupled detector (a CCD camera). Although a CCD camera was desirable, the digital 

oscilloscope solved the existing detection problems at a fraction of the price. To be able to 

accurately integrate the ultra-fast (20 ns, Figure 3.6a) PMT pulse a digital oscilloscope was 

required that could digitise at a rate of 2.5 Gs-1
• Multi-shot averaging for each wavenumber 

was then performed on the oscilloscope and the average pulse area sent to the computer using 

GPIB communication. The inherent analogue inaccuracies of the original system are thus 

eliminated. This upgrade has resulted in faster spectral acquisition and although it is difficult 

to quantify, there has been a general improvement in the signal to noise ratio of the SF 

spectra. However, the main advantages have been in the ease of use, reliability, stability and 

in the ability to visualise the SF and pyro pulses (Figure 3.6). Purely from the shape of the SF 

pulse it is now possible to determine whether green scatter is present. Alternatively, by 
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scattering the green and then the infrared pulses into the PMT it is possible to directly view 

the temporal overlap of the incident beams at the sample, as shown in Figure 3. 7, and 

determine whether the temporal overlap has been optimised. With this system and the 

upgrades to the software environment (Section 3 .1.2.2) it is now possible to train a new user 

to a competent experimental level on the spectrometer in a matter of days instead of months. 
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Figure 3. 7 The infrared and visible pulses recorded on the DSO to optimise the temporal overlap 

of the incident beams. 

The pulses shown here were recorded by scattering the beam directly into the PMT. The 

band pass and edge filters (Section 3.1.1) were left in place at the entrance ofthe PMT (this 

experiment should not be completed at high beam powers). The temporal overlap was 

adjusted by translating a mirror on the visible beam path (Figure 3.2). 

3.1.2.2 Software Environment 

The introduction of the DSO GPIB communication protocols necessitated considerable 

upgrades to the PC based SF spectral acquisition program. This was also an ideal opportunity 

to improve the scope of the program, converting it from just a simple voltage measurement 

utility to a complete data optimisation, acquisition and analysis suite. Programming was 

completed in the graphical language Labview9
. The programme can be considered in four 

distinct modules; the main screen, spectral optirnisation, data acquisition and data analysis. 

1) 

Experimental 

The dye laser is now controlled by the computer at all times and during any 

optimisation or alignment process the laser can be sent to a specific wavelength almost 

instantly. 

2) The DSO is completely controlled by the software and repetitive user set-up ts 

eliminated with preset user configurations and auto-optimisation algorithms. 

3) The DSO configuration and sample information is now saved alongside the scan data. 

4) 

Not only is the information far more detailed, but it can also be easily accessed at a later 

date with the spectral analysis software (Figure 2.19). 

The spectral acquisition program itself is now considerably faster than its predecessor as 

the majority of the signal processing is completed by the DSO. With computer 

processing power now freed, auto-save functions are used to ensure no data is lost if the 

spectrometer or computer malfunction during a lengthy scan. 

5) The interface now guides the operator through all stages of spectral optimisation and 

acquisition and has been readily used by a novice operator. With the older boxcar 

system spectrometer time could be easily wasted with scans completed at incorrect 

voltage settings, integrating gates or trigger delays. These possibilities are now 

eliminated as errors are either immediately obvious or are detected by the system which 

subsequently alerts the operator. 

6) Previous spectral analysis was a laborious task utilising a number of different plotting, 

fitting and modelling programs on both Windows and Unix operating systems, as 

described in Section 2.6. The new analysis program uses the same fitting algorithms, 

but is considerably faster and offers a combined plotting, fitting, modelling and printing 

environment. 

7) Spectral acquisition can now be observed from any computer in the department. This 

The improvements over the old system are briefly described below: allows the user to work in an office but constantly monitor the data being recorded and 

the state of the spectrometer. 
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Although in depth programming details would serve no purpose in this thesis, Figures 3.8 to 

3.12 show screen shots from the system. The spectral analysis components are described in 

more detail in Section 2.6. 
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A screen shot from the Spectrometer Optimisation panel incorporated into the new 

SFS software environment. 

This panel clearly displays both the waveform and area of the PMT (or pyro) signal and is 
invaluable when optimising the intensity of the signal generated at the interface. The more 
commonly adjusted DSO parameters may also be optimised on this screen. The complete 
range ofDSO settings shown in Table 3.3 may be accessed using the 'Modify Defaults' 
button which opens the panel shown in Figure 3.9. During both optical and DSO 
optimisation procedures it is often useful to scan to different wavelengths in the spectrum 
and for this reason precise dye laser controls have been included on this panel. Activating 
the 'Record Spectrum' button opens the panel shown in Figure 3.10. 
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Setup PMT Scope Parameters 

Figure 3.9 A screen shot of the panel used to access the complete range of PMT DSO parameters. 

This panel is accessed from that shown in Figure 3.8. The values shown here are 
automatically loaded from user configuration files. Once the return button is clicked any 
modifications are sent to the DSO and also saved to file. An identical screen exists for the 
pyro DSO parameters. 
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Figure 3.10 Screen shots from the Scan Set-up dialog box where the operator enters the filename, 

comments and scan parameters. 

The comments information provided here is saved alongside the SF data and is invaluable 
when correlating spectra from multiple experiments. Once 'Run Spectrum' is pressed the 
dialog box shown in Figure 3.11 is opened and the computer performs pre-scan checks. 
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Figure 3.11 The Initialising dialog box that keeps the operator informed during the pre-scan 

checks performed by the computer. 

Figure 3.12 

The auto save directory created during the initialisation procedure contains the SF and/or 

pyro backup data files created during the scan in case of computer or spectrometer failure. 

At this point the operator confirms that the dye laser reading presented in this panel 
matches the reading on the dye laser itself. · 
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The final 'Spectrum Scan' panel controls the DSO and dye laser during spectral 

acquisition and displays the raw data received from the DSO. 

The panel estimates the time to spectral completion and also allows the user to pause the 
acquisition if required. 
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3.1.2.3 Photomultiplier Tube 

A range of photomultiplier tubes have been used since the spectrometer was built and each 

new PMT offered a higher sensitivity than its predecessor. One advantage of the DSO is that 

the form of the electronic pulse from the PMT is immediately obvious. As soon as the DSO 

was installed on the spectrometer it became clear the PMT was generating irregularly shaped, 

slightly square pulses. This indicated that the tube was becoming saturated at high light levels 

and an investigation confirmed that in instances of high SF output the linearity of the PMT 

was affected. In effect, the continual improvements made to the SF spectrometer were now 

resulting in SF signals that were more intense than the detector was designed to measure. 

Detector linearity is crucial to accurate spectral acquisition; if the SF signal from the sample 

doubles, then the area of the pulse generated from the PMT must double as well. Fortunately, 

for the early DIMS experiments outlined in Chapter 4, the low SF signals meant the non

linearity effect was negligible. However, continued DIMS development resulted in higher SF 

signals and it was important to assure linear detection. 

To reduce the saturation problem the original PMT (9813, Electron Tubes Ltd) was replaced 

by a tube with slightly less gain (9814). The 9814 has 12 Beryllium copper (BeCu) dynodes 

in a linear focussing configuration and is designed to offer excellent linearity. The new PMT 

is isolated from electrostatic and magnetic interference by a shielded (mu-metal) housing. To 

further improve linearity the voltage divider was modified to a 'tapered' configuration which 

results in increasingly higher inter-dynode voltages for the last four dynodes in the electron 

accelerating sequence. 

The new PMT is normally operated at a negative voltage of 2056 V, but for low SF signals 

the gain can be increased with an applied voltage of 2200 V. An additional requirement for 

linearity is that the peak current of the PMT electrical pulse is less than 110 mA (the point of 

5% decrease in linearity). The PMT signal is terminated through a 50 Q resistor and 110 mA 

is therefore equivalent to a peak pulse voltage of 5.5 V. With the current spectrometer 

configuration the peak pulse voltage rarely exceeds 3 V. 

99 



Chapter 3 

3.1.2.4 The Liquid Cell 

The SF spectra presented in this thesis originate from ODS monolayers formed on the mica 

surface of DIMS samples probed in an ambient laboratory environment. Consequently the 

spectra originate from the mica/air interface. Whilst developing the experimental aspects of 

the DIMS project and investigating the mica thickness/phase effect, this simple solid/air 

interface was preferable given the complications that arise when probing other interfacial 

combinations. However, the fundamental advantage of SF is its surface specificity and the 

future application of the DIMS technique will therefore primarily involve studying the 

adsorption of molecules in-situ, at the mica/liquid interface. 

SF investigations at the solid/liquid interface employ a cell that enables placement of the 

sample within a liquid environment. As the liquid typically absorbs in the visible and/or 

infrared spectral region the beam path lengths within the cell are minimised. Consequently, 

liquid cells are designed to enable the incident laser beams to probe the surface through a thin 

liquid film, typically of the order of only micrometres in thickness. Other considerations 

include the incorporation of a liquid flow system and construction from chemically resistant 

materials that may be easily cleaned. 

With the future application of the DIMS technique directed towards experiments at the 

mica/liquid interface, a liquid cell was required and was therefore designed during the DIMS 

research project. The original design overview is presented in Figure 3.13. The cell was 

constructed by the in-house mechanical workshop and is shown in Figure 3.14. The cell has 

been successfully employed for preliminary DIMS experiments at the mica/liquid interface 

but time constraints have limited its extensive use. 
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Figure 3.13 The original plans of the SF liquid flow cell. 

b) 

Figure 3.14 The completed SF liquid flow cell. 

(a) The cell body, as presented in Figure 3.13. 
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(b) The complete flow cell including micrometer, tilt and translator stages and flow tubing. 
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3.2 Scanning Electron Microscopy 

A scanning electron microscope (SEM) was used in this work to measure the thickness of 

mica in the DIMS samples. Optical microscopes have a resolution that is limited by the 

diffraction of light and at most provide a x 1000 magnification. To observe mica cross

sections in the region of 1 to 20 micrometres thick an optical microscope was insufficient and 

an electron microscope was therefore employed. Electron microscopy takes advantage of the 

wave nature of rapidly moving electrons. The formula describing the wavelength of an 

electron was derived by Louis de Broglie 10 in 1924 and can be used to show that for an 

electron accelerated by a 10 kV electric field the effective wavelength is 0.017 nm. This 

wavelength is approximately 2000 times shorter than that of optical light and magnifications 

of up to x 1,000,000 are therefore theoretically possible. In practice scanning electron 

microscope resolutions are currently limited to around 0.25 nm for a variety of reasons, but 

this resolution far exceeds the requirements of this work. 

The first DIMS micrographs were recorded at the University of Toronto, Canada, but a 

majority of the work was completed on an open access SEM at the Metallurgy Department of 

Cambridge University. The microscope, the sample preparation, image analysis and mica 

thickness measurements are described below. 

3.2.1 The Scanning Electron Microscope 

A pictorial representation of the active components of an electron microscope is shown in 

Figure 3.15. The mica samples were prepared as described in Section 3.2.2 and held under 

vacuum in the centre of the microscope. A tungsten filament generates a beam of electrons 

which are accelerated through high voltage in an electron gun, collimated through an 

electromagnetic condenser lens, focussed by an objective lens and scanned across the surface 

of the sample by electromagnetic deflection coils. The action of the electron beam stimulates 

the emission of both high energy backscattered electrons and low-energy secondary electrons 

from the surface of the sample. 
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Figure 3.15 A pictorial representation of the Jeol 820 SEM used in this work. 

This figure illustrates the fundamental experimental components of a SEM and was adapted 

from images found on the Jeol website. 

The principal imaging method is to collect the secondary electrons and direct them onto a 

scintillating material such as a phosphor screen. The flashes of light generated when the 

electrons hit the scintillator are detected by a PMT. As the electron beam is scanned across the 

sample the amount of light generated at each point is used to construct an image of the surface 

which may be captured by a CCD camera and passed to a computer for analysis. 

3.2.2 Recording a Micrograph 

The micrographs presented in this work were recorded on a Jeol 820 SEM using accelerating 

voltages from 5 to 10 kV and magnifications of x 3000 to x 15,000. Samples were held at a 

working distance of~ 8 mm from the objective lens, allowing high resolution but a reduced 

depth of field. 
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To prepare a DIMS sample for SEM imaging, the DIMS backing tape was removed with 

dichloromethane and the gold layer by immersion in Aqua Regia (1 :3 Cone. Nitric acid/Cone. 

Hydrochloric acid). The mica pieces were then snapped with the sharp edge of a glass slide 

and mounted on conducting graphite tape. The sections of mica/tape were then enclosed 

between two aluminium flats. This clear~ prevents any further SF experiments and SEM 

measurements could therefore only be completed after all relevant SF spectra had been 

recorded. 

When imaging non-conducting materials such as mica the incident electron beam often 

produces surface charging effects. Surface charging alters the path of both the incident and 

emitted electrons and generates spurious effects such as the brilliant white distortions on the 

micrograph shown in Figure 3 .18b. Surface charging effects may typically be reduced by 

lowering the accelerating voltage and reducing the incident electron current, but for a 

dielectric material the most effective method is to increase the grounding and conductivity of 

the surface by the addition of a very thin layer of gold (~ 40 nm) 11
• In this work the 

mica/aluminium flats were therefore attached to the SEM stub with graphite paint and the 

whole sample and stub was gold coated using an Emitech K550 sputter evaporator12
• During 

the coating process the sample was rotated to ensure an even distribution of gold. 

3.2.3 Mica Thickness Measurements 

The scanning electron micrographs obtained throughout the DIMS project were recorded with 

a CCD camera at a resolution of 2048 x 1694 pixels. The low magnification micrograph 

shown in Figure 3 .16a illustrates the mica cross-section mounting technique while the high 

magnification micrographs shown in Figures 3 .16b and 3.17 are from cleanly cut mica 

samples typical of those used for thickness determination. Thickness measurements were 

made by calculating the pixel length of the calibration bar at the base of the micrograph and 

then applying this value to the pixel length of the mica sample cross section, as illustrated in 

Figure 3.16b. Multiple measurements were taken from each micrograph and several 

micrographs were obtained for each cross-section. The accumulated thickness measurements 

were then averaged to provide an estimate of the true mica thickness. 
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Figure 3.16 Scanning electron micrographs obtained using the Jeol 820. 

(a) A low magnification (x 20) image illustrating the mica mounting technique. 

(b) A high magnification (x 7500) image typical of that used for thickness determination. 

The information within the black bar at the base of the image is (from left to right) the 

picture ID, accelerating voltage, magnification and scale bar. 

SEM is in principle capable of measuring mica thicknesses to ± 0.01 llm but in practice a 

number of problems were found to lower this accuracy considerably. The simplest 

complication was determining the location of the actual edge of the mica cross-section, 

particularly if the cut had not been clean or slight charging was blurring the features. For the 

cleanly cut cross-sections shown in Figures 3 .16b and 3.17, edge uncertainties introduced an 

error of approximately ± 0.2 llm. However, in a number of instances the mica did not cut 

cleanly, particularly for thicker samples (> 8 llm) and the images obtained (Figure 3 .18) 

exhibited splayed cross-sections with increased edge uncertainties of approximately± 0.4 llm. 

In addition to the mica edge uncertainties, the inaccuracy of the SEM measurement technique 

was further increased by calibration errors. Figure 3 .19a is a micrograph of a 10 llm etched 

calibration grid, Figure 3 .19b from a 1 llm grid and the superimposed bars are the 

microscopes calibration predictions calculated from the scale bar at the base of the image. 

Although surface charging is leading to a slight blurring effect on the grid edges, a significant 

calibration error is visible with the microscope providing readings 5 to 9 % lower than the 

actual width of the calibration etchings. This calibration error has been taken into account for 
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the SEM measurements presented in Chapter 6 and results in a substantial increase in the 

uncertainty of the measured cross-sections. 

b) c) 

Figure 3.17 Scanning electron micrographs of cleanly cut mica cross-sections. 

Samples were prepared as described in Section 3.2.2. 

b) c) 

· Figure 3.18 Scanning electron micrographs of splayed mica cross-sections. 

Samples were prepared as described in Section 3.2.2 

(a) Sample drift causes a slanted image, increasing the uncertainty of the edge 
determination. 

(b) A frayed mica edge and charging makes this cross-section particularly difficult to 
measure. 

(c) This micrograph is typical of mica cross-sections thicker than 10 J.tm. 
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Figure 3.19 Micrographs from etched calibration samples. 

The superimposed bars are generated from the scale bar at the base of the image. 

(a) 10 J.llll sample- The SEM 10 J.llll measurement extends well past the true distance. The 

microscope actually measures the 10 }-tin wide feature as 9.1 ± 0.1 J.tm. 

(b) 1 J.tm sample- The four 1 J.tm wide features are measured as 3.8 ± 0.1 J.tm. 

3.3 Profileometry 

Profileometry was used in this work to accurately measure the height variations across sharp 

mica steps (Section 6.2.3) and the thickness of thin film gold layers (Section 4.2.3). The 

profiles were recorded with a Sloan Dektak II stylus profileometer housed in a clean room at 

the Department ofEngineering, University of Cambridge. 

Mounted DIMS samples were placed in the profileometer without modification, although it 

was important to adjust the tilt of the sample so that the region under study was level. The 

profileometer was programmed with the parameters shown in Table 3.4. 
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Parameter Settine: 
Scan Speed Low 
Scan Length 300 J.,tm 
Scan Height Range Auto 
Auto Levelling Off 
Profile Anticipated ---J'-

Table 3.4 Experimental parameters for the Sloan Dektak 11 stylus profileometer. 

True mica step profiles were recorded from accurately levelled samples with clean, un-frayed 

steps, such as those shown in Figure 3.20. The profileometer presents height data in 

Angstroms but repetitive runs on exactly the same position on a step demonstrated that the 

repeatability of a single measurement was± 0.06 11m. Step height calculations therefore used 

the average height value from five profiles taken at various points along a step. The 

profileometer was calibrated yearly by the manufacturer to National Institute .of Science and 

Technology (NIST) standards. 
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Figure 3.20 Mica step profiles obtained using the Sloan Dektak 11 profileometer and the 

experimental parameters detailed in Table 3.4. 

The step profiles shown in this figure were recorded from the ODS reacted faces of DIMS 

samples during the second phase of the experimental thickness/phase investigation 
presented in Section 6.2.3 . Multiple measurements from a single step demonstrated that the 

repeatability of the profileometry measures was typically± 0.06 Jlm. 

(a) Mica step = 2.19 ± 0.06 Jlm. 

(b) Mica step= 1.69 ± 0.06 Jlm. 
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3.4 Atomic Force Microscopy 

Topographical surface images obtainable from Atomic Force Microscopy (AFM) ideally 

complement the surface specific spectroscopic information provided by SFS. Specifically, 

AFM has been used to study octadecyltrichlorosilane adsorption on the mica surface of a 

DIMS sample (Section 5.2.2). 

3.4.1 The Atomic Force Microscope 

The atomic force microscope is one of about twenty types of scanned-proximity probe 

microscopes 13
• All such microscopes work by measuring a local property, such as height, 

optical absorption, or magnetism, with a probe placed very close to the sample. Unlike optical 

microscopes, scanning probe systems do not use lenses, so the size of the probe rather than 

diffraction effects generally limit their resolution. AFM can achieve topographical height 

resolutions of tens of picometres and unlike electron microscopes, can image samples in air 

and under liquids 14
• 

AFM operates by measuring attractive or repulsive forces between a probe and a sample 15
• 

The probe is a microscopic force sensor, or cantilever, and is formed from one or more beams 

of silicon or silicon nitride from 100 to 500 micrometres in length. Mounted on the end of the 

cantilever is a sharp tip c~ 30 nm end radius) which is typically placed in continuous or 

intermittent contact with the sample. In "Contact Mode", as used in this work, the vertical 

deflection of the tip as it lightly touches the surface is detected by reflecting a laser off the 

back of the cantilever onto a position sensitive photodiode. To acquire an image piezoelectric 

scanners are used to translate the sample back and forth under the tip. By recording the 

deflection of the cantilever the local surface height at each point is measured. Three 

dimensional topographical maps of the surface are created by plotting the local sample height 

(z) verses horizontal position (x and y). 

3.4.2 Recording an Image 

The AFM images presented in this work were recorded in the laboratory of M.C. Goh, 

University of Toronto, Canada, using an Extended Multimode Nanoscope Ill microscope 

(Digital Instruments) equipped with commercial Nanoprobe™ silicon nitride cantilevers 
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(spring constant of 0.12 N/m). Images were obtained in contact mode under ambient 

laboratory conditions. The raw image data was corrected for slight aberrations in the 

piezoelectric scanners and then viewed in either three dimensional, topographical or section 

analysis mode. Mounted DIMS samples up to 1 cm2 could be placed in the AFM sample 

holder without modification. Monolayer formation reactions were completed in Cambridge 

and the DIMS sample shipped either in person or by overnight courier to the University of 

Toronto for analysis. In transit, samples were mounted in a dust free, nitrogen environment. 

Two extended visits to Canada were made to conclude the AFM investigations. 

3.5 Linear Infrared Spectroscopy 

Linear infrared spectroscopy was used to calculate the surface excess of octadecylsiloxane 

(ODS) adsorbed on mica during the development of the silanisation protocol (Section 5.2.2, 

Table 5.3). All linear infrared results presented in this thesis were obtained using a Perkin 

Elmer Paragon 1000 Fourier transform spectrometer. Each spectrum is an average of 256 

scans and was recorded at a resolution of 1 cm-1
• 

The method employed to calculate the ODS surface excess closely follows that of Guzonas et 

al. 16
•
17 Briefly, the Beer-Lambert law is used to relate the absorbance (also known as the 

optical density) of a sample to the concentration of the absorbing species, as shown in 

Equation 3 .1. 

3.1 

where A is the absorbance and is dimensionless, [J] is the molar concentration of the 

absorbing species (mol L"1
), E is the molar absorption coefficient (L mor1cm"1

, also known as 

the extinction coefficient) and l is the pathlength of the sample in cm. Once the molar 

absorption coefficient for a particular molecular species has been determined it is possible to 

calculate the solution or surface concentration of the species in any subsequent experiment. 

The surface excess of an ODS adlayer is calculated from the infrared absorbance due to the 

C - H stretching modes 16 of the hydrocarbon chain. To determine the molar absorption 

110 

a) 

Experimental 

coefficient of the relevant modes, infrared spectra were recorded of eight known 

concentrations of octadecyltrichlorosilane (the ODS precursor, Figure 5.1) in carbon 

tetrachloride (99+ %, Aldrich). The baseline corrected spectra are shown in Figure 3.21a and 

were recorded using a liquid flow cell with a 0.05 mm PTFE spacer (l = 0.005 cm) and CaF2 

windows. Baseline correction and peak de-convolution procedures were completed using 

Grams/386
18 

infrared spectral analysis software. The most intense absorption at 2927 cm"1 

(the methylene anti-symmetric stretching mode) is commonly used for surface excess 

determination
17

. From Equation 3.1, a plot of absorbance (A) verses molar concentration ([J]) 

at a constant pathlength has a gradient of d. The gradient for the 2927 cm"1 methylene stretch 

was calculated from the plot shown in Figure 3.21b to be 6.29 ± 0.2 L mor1 which 

corresponds to a molar absorption coefficient of 1258 ± 40 L mor1 cm-1. 
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Figure 3.21 Determining the molar adsorption coefficient for the methylene anti-symmetric 

stretching mode of an OTS hydrocarbon chain. 

(a) Baseline corrected linear infrared spectra from eight known concentrations ofOTS in 

carbon tetrachloride. The path length of the liquid flow cell was 0.005 cm. For each 

spectrum, 256 scans at a resolution of I cm·' were obtained. Baseline correction was 
performed using Grams/386 18

• 

{b) A plot of the absorbance at 2927 cm-1 verses OTS concentration. The absorbance 

values were obtained from the baseline corrected spectra shown in (a). Linear regression 
was employed to determine a gradient of6.29 ± 0.2 L mor'. 
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Once the value of the molar absorption coefficient for the 2927 cm-
1 

methylene stretch had 

been obtained, it was applied to the surface excess determination of an ODS monolayer 

(Section 5.2.2). The infrared absorbance of a single surfactant monolayer is typically minute 

(~ 2 X 10-3) and COnsequently transmission through multiple pieceS of reacted micron thick 

mica was required. Specifically, three pieces of non-gold backed mica were mounted together 

in the spectrometer resulting in spectra from 6 ODS mono layers. A wavenumber red shift of 9 

cm- 1 was observed for the immobilised ODS monolayer in air compared with OTS molecules 

in solution. The ODS monolayer spectra and subsequent calculations to determine the ODS 

surface excess are presented in detail in Table 5.3, page 155. 

3.6 Contact Angle Measurements 

The static contact angle measurements presented in Section 5.2.2 were performed using a 

custom built apparatus consisting of a goniometer, a f.!L syringe and a CCD camera. 

Measurements were made at ambient temperature and humidity. A water drop size of 2 f.!L 

was employed and multiple measurements were made across a sample. Images were recorded . 

with the CCD camera and processed using a graphical edge enhancing algorithm
19

• A typical 

contact angle image before and after image processing is shown in Figure 3 .22a. 

a) b) 

Figure 3.22 Contact angle images from a 2 fll water drop on an ODS monolayer created using the 

protocol presented in Chapter 5. 

(a) The original image file recorded with a CCD camera. 

(b) The image after processing with the CorelDraw 8 edge enhancing solarize function 19
• 
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The contact angle to the enhanced edge shown in Figure 3 .22b was measured using both 

computer graphics tools and manually with a protractor. With this technique a typical error of 

± 2° was readily achievable. 

3. 7 Cleaning Protocols 

Contaminant free surfaces are vital to accurate surface science experiments. The protocols 

presented below have been used through the DIMS project but particularly for the ODS 

monolayer formation experiments (Section 5.2.1) and for cleaning the new liquid SF cell 

(Section 3.1.2.4) 

Glassware 

Glassware was subject to a detergent/acid washing procedure. The glassware was first 

scrubbed and left to soak overnight in an aqueous solution ofDecon 90® (~ 5% by volume) to 

remove organic material. Copious rinsing with 18.2 MO cm water (Milli-Q) followed before 

the glassware was immersed in concentrated (70%) nitric acid for at least 24 hours. A final 

copious rinse in Milli-Q water completed the procedure. This protocol is suitable for 

volumetric glassware as unlike basic methods, concentrated nitric acid does not etch the 

surface of the glass while still removing trace levels of organics. During the ODS monolayer 

formation reactions high levels of hydrocarbon contaminants were regularly encountered. In 

this instance a hexane scrub and then a 30 minute soak in a hot concentrated Decon solution 

was employed prior to the application of the standard protocol outlined above. 

Stainless Steel Cells and Fittings 

All stainless steel cells and fittings were treated in an identical manner to glassware. When 

stainless steel is placed in concentrated nitric acid an inert oxide surface layer is generated 

which passivates the surface and prevents contamination originating from the steel. 

Teflon Components and Tubing 

All Teflon components were soaked for at least 24 hours in an aqueous detergent solution of 

Decon 90. After copious rinsing the components were treated for a further 24 hours in a 

concentrated NaOH solution, before copious rinsing with Milli-Q water. 
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Nickel and Copper Containing Components 

For glass syringes and stainless steel syringes containing nickel plated copper components 

chemically aggressive washing procedures cannot be employed. The components were 

therefore soaked in an aqueous solution of Decon for at least 24 hours before thorough rinsing 

with Milli-Q water. 
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Development and Characterisation of 

the DIMS Technique 

The DIMS technique is a novel method of obtaining significant increases in the intensity of 

the SF signal of molecules adsorbed at a hydrophilic dielectric surface. In principle, the 

technique may be used to allow nanosecond SF spectrometers to study adsorption systems 

previously inaccessible due to low signal levels. 

The work by Briggs and Usadi 1 generated the first successful DIMS spectrum and proved that 

the DIMS technique resulted in resonant SF enhancement. Although the first successful 

proof-of-principle experiments were an important achievement, they demonstrated that 

considerable development was required to turn a novel idea into a viable experimental 

technique. The effort required to achieve the first DIMS spectrum had been considerable and 

amounted to a total of nine months work. The mica surfaces used in the initial experiments 

had been cleaved over two months before subsequent adsorption reactions were attempted and 

there was a valid concern over their hydrophilicity and level of surface contamination. 

Further, there were problems with the DIMS sample mounting methods and a number of 

successfully reacted samples were damaged beyond use before SF spectra could be recorded. 

Additionally, once mounted on the spectrometer the samples were found to have a low laser 

damage threshold and extremely low beam powers were necessary to successfully record a 

spectrum. 

In this chapter the optical basis of the DIMS phenomenon is illustrated in a series of ray 

diagrams and the theoretical origin of the enhancement is described using the fundamental SF 

equations derived in Chapter 2. The experimental improvements required to solve the initial 

sample problems are then presented. Finally, the fundamental characteristics of a DIMS 

spectrum are emphasised using a wide range of examples obtained during the last three years. 
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4.1 The DIMS Enhancement Effect 

A DIMS sample is created by coating the back face 

of a micron thick piece of mica with a reflective layer 

of polycrystalline gold. When a DIMS sample is 

placed on the spectrometer a resonant SF signal is 

generated from adsorbates at the mica surface. The 

infrared, visible and SF beams also propagate through 

the mica, but are omitted from the diagram for clarity. 

In addition to the resonant SF signal from the mica 

surface, the refracted incident laser beams generate a 

large non-resonant SF signal at the gold/mica 

interface. The SF beam propagates through the mica 

and refracts through the mica/air interface. 

The resonant and non-resonant SF beams propagate 

away from the mica surface parallel to each other. 

The SF signal detected by the PMT therefore 

originates from both the gold layer and the monolayer 

at the mica/air interface. 

If the gold and monolayer SF signals were detected 

independently at the PMT there--would be little 

overall advantage to the DIMS technique as the 

resonant adsorbate signal would simply be offset 

vertically by the non-resonant SF signal. Instead, the 

net SF signal detected by the PMT is the result of 

coherent interference between the monolayer and 

gold SF signals, as described overleaf. 
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The coherence length of the two incident laser beams has been estimated by Briggs 1 to be 

approximately 4 cm in air. Within this distance all points in the beam may be considered to be 

coherent with each other and to have a distinct phase relationship. For beams propagating 

through the optically denser mica, the coherence length is reduced to approximately 2.4 cm. 

Since a DIMS sample is of the order of micrometres in thickness, the resonant and non

resonant SF signals are generated well within the coherence length of the incident lasers and 

therefore have a distinct phase relationship to each other and to the incident beams from 

which they were generated. With a distinct phase relationship, the SF signals interfere 

coherently in a manner comparable to that achieved for a monolayer adsorbed directly on a 

gold surface. The full mathematical derivation for coherent SF interference was presented in 

Section 2.4.2 and the final SF intensity equation (Equation 2. 77) may be equally well applied 

to a DIMS environment to describe the substantial amplification of the small resonant signal 

from molecules adsorbed to the mica surface, as shown in Figure 4.1. 
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Figure 4.1 Coherent resonant enhancement demonstrated with a simulated SF spectrum. 

The spectrum illustrates the origins of resonant enhancement for an arbitrary resonance at 

2900 cm·1 probed with ppp laser polarisations. The equation is taken from 2.77 and the 

resonant/non-resonant cross-term and non-resonant contributions are highlighted in yellow. 

The resonant contribution is minimal and is omitted from the simulated spectrum for 

clarity. Mica thickness/phase effects have not been considered. 

The simulated SF spectrum in Figure 4.1 has been generated assuming that the non-resonant 

phase (E) of the gold is n/2 and that the hydrocarbon chains of the molecules adsorbed to the 
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mica surface are pointing away from the mica. Throughout this description of the DIMS effect 

a strict analogy has been drawn between the amplification from a simple gold surface and 

from a DIMS sample. Although the coherent interference effect occurring at each surface is 

identical, with the DIMS sample the non-resonant SF signal propagates through the mica 

before interfering with the resonant signal. The distance that the beam propagates through the 

mica directly effects the phase of the non-resonant signal (E) at the mica/air interface and 

naturally the overall non-resonant phase is therefore a function of the mica thickness (this 

relationship is described in more detail in Section 6.1.1 ). The first mica thickness used by 

Briggs was ~ 4 ~-tm and this fortuitously resulted in a non-resonant phase similar to that 

obtained from gold (E = n/2). At alternative mica thicknesses the non-resonant phase could 

feasibly be any value and during the early stages of the DIMS project this mica 

thickness/phase effect had yet to be investigated. 

4.2 Experimental Development 

4.2.1 The Mica Surface 

The detailed chemical composition of a mica surface was described in Section 1.3 where it 

was noted that with fresh cleaving a particularly reproducible and uncontaminated hydrophilic 

surface is produced. The majority of scientific investigations however are not completed with 

this surface but with one that has been exposed to an ambient laboratory environment for 

various lengths of time. 

The initial DIMS work by Briggs and Usadi 1 showed that mica samples of the order of 

micrometres in thickness provided the largest SF enhancement effect. Cleaving mica to 

micrometre thicknesses is not a simple task and the early DIMS work therefore relied on pre

cleaved ruby muscovite mica sourced from the Bihar region of India. The pre-cleaved mica 

samples arrived in Cambridge in batches of identical thickness wrapped in tissue paper. The 

static contact angles obtained from the pre-cleaved surfaces were approximately 1 oo, 
indicating that some degree of hydrophilicity still existed. Although it was accepted that the 

use of pre-cleaved mica samples was not ideal, they were nonetheless used by Briggs and 

Usadi 1 and thus, during the very first familiarisation experiments completed in this project. 
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One of the first aims of the DIMS research project was therefore to study the pre-cleaved 

mica surfaces to determine whether or not they were suitable for surface adsorption studies 

reliant on a hydrophilic surface. Atomic force microscopy (AFM) images typical of the pre

cleaved samples are shown in Figure 4.2a and b. Substantial contamination is clearly observed 

on both samples, either as particulates (a) or as macroscopic island deposits (b). In both 

images the underlying substrate resisted indentation attempts at high probe forces and is 

therefore believed to be the mica surface rather than additional layers of contamination. The 

island deposits shown in Figure 4.2b could be easily disrupted by the AFM tip indicating that 

the islands were only loosely bound to the mica surface. DIMS SF spectra in the C-H region 

of un-reacted, but contaminated, pre-cleaved mica surfaces were featureless and the 

contaminant was therefore either totally disordered or lacking in hydrocarbons. Although 

communications with the supplier2 had emphasised the need for cleanliness, it is quite 

possible that the layer observed by AFM was oil contamination from a mechanical sample 

stamp, micrometer or careless handling. 

In an attempt to remove the observed contaminants the pre-cleaved samples were immersed in 

Piranha solution (2: 1 cone. sulphuric acid/30% hydrogen peroxide) for 2 hours, rinsed in 18.2 

MQ cm water, sonicated for 30 sin carbon tetrachloride (CC14, 99.9%) and allowed to dry in 

a dessicator. AFM images from samples treated in this manner are shown in Figure 4.3. The 

surface was observed to contain considerable macroscopic deposits and a range of patterned 

islands, which may be remnants of the initial contaminants, or solvent residue from the CCk 

Clearly, comparatively harsh cleaning procedures had resulted in no overall improvement in 

the contaminant level of the mica surface. 

It is noted that the high degree of surface contamination may well have been responsible for 

the failure rate of the initial DIMS adsorption studies completed by Briggs 1• A freshly cleaved 

mica surface may therefore be a pre-requisite for successful adsorption experiments. Further, 

knowledge of the speed with which a mica surface becomes contaminated and to what extent 

would clearly be an advantage. Consequently, a brief mica surface contamination study was 

completed using both static contact angle determination and AFM. 
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Figure 4.2 AFM images of pre-cleaved mica samples. 

(a) Considerable particulate contamination on an otherwise clear basal plane. 

(b) 25 x 25 !J.m image of the island contamination found on some samples 
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Figure 4.3 AFM images of pre-cleaved mica samples after attempts to clean the surface. 

(a) Showing either residual islands or solvent residue. 

(b) 2 x 2 !J.m image of the numerous particulate deposits now on the surface. 
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Mica cleaves along weak interlayer bonds exposing the highly charged { 001} basal plane 

shown in Figure 1.7. A freshly cleaved mica surface exposed to air for 30 s exhibits total 

wetting and re-adheres perfectly onto the mica from which it was cleaved, excluding air from 

the cleavage plane. The AFM image shown in Figure 4.4a is totally featureless and is typical 

of that obtained from a freshly cleaved mica surface. With 5 - 15 minutes exposure to air the 

surface is still totally wetting, the AFM image is featureless but if two mica surfaces are 

placed together the contact is no longer perfect and numerous minute air bubbles are 

observed. After 30 minutes the contact angle has increased slightly to 5 - 10°, steaming the 

surface now produces a mass of minute water droplets and the two surfaces will no longer 

adhere, although the AFM image is still featureless. After 24 hours the contact angle remains 

difficult to measure at 5 - 10° but the AFM image in Figure 4.4b now shows clear pmiiculate 

contamination. 

Although AFM was found to be a useful surface probe for analysing the pre-cleaved mica 

samples, it is not capable of resolving the changes that appear to occur at the surface during 

the first few hours of exposure to air. Purely from the contact angles and qualitative mica re

adherence measurements it appears that for 30 s to one minute after cleaving the mica surface 

remains essentially uncontaminated. After 5 - 15 minutes exposure to air two mica surfaces 

fail to re-stick at certain points indicating that some degree of surface contamination has taken 

place. The results from this brief study concur with those of Israelachvili3 in the original 

experimental protocol for the surface forces apparatus. This protocol advocates cleaving a 

piece of mica and then immediately placing it onto a freshly cleaved backing plate to retain 

the purity of the surface until the sample is required. 

To conclude, the reproducible and effective study of adsorption at the hydrophilic m1ca 

surface requires the use of freshly cleaved mica. The mica should be cleaved in a laminar flow 

hood to avoid particulate contamination and be adhered to a backing sheet as soon after 

cleaving as possible to avoid unnecessary exposure. The sample should only be lifted 

immediately before it is required and the overall exposure time of the surface during the 

whole process should not exceed two minutes. 
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Figure 4.4 AFM images of freshly cleaved mica and mica exposed to air for 24 hours. 

(a) A freshly cleaved mica surface exposed to air for less than 30 seconds before the sample 

was placed in the microscope. The actual completed image was obtained within 5 minutes 

of cleaving. An atomically flat, perfectly pure, basal plane is observed. 

(b) After 24 hours exposure in a standard laboratory environment microscopic particulates 

are observed on the surface. 

4.2.2 Cleaving Mica Only Micrometres Thick 

The widespread use of the surface force apparatus indicates that cleaving mica to thicknesses 

of the order of micrometres or less may be achieved in a laboratory environment by scientific 

personal. As soon as the initial contamination studies demonstrated that pre-cleaved mica was 

unsuitable, mica cleaving was attempted in Cambridge using Grade 4 ruby muscovite mica 

obtained from S&J Trading Inc. (New York). Although a slow and laborious process, practice 

and perseverance produced suitably thin samples and resulted in the development of improved 

cleaving procedures. In all instances the mica was only handled with acid clean tweezers and 

cleaved in a laminar flow hood lined with fresh aluminium foil. 

Two slightly different procedures have been developed to cleave micrometre thick mica. The 

first method follows that used for the surface forces apparatus and requires particularly good 

pieces of mica which must be totally free of any defects. The piece of mica selected was 

typically quite thick(""' 0.5 mm) and was gradually cleaved into thinner and thinner sheets. 
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This method was used to create comparatively large (regularly up to 4 x 4 cm) step free sheets 

of mica but was extremely slow and laborious. The second method may be used with slightly 

lower quality sheets and involves rapidly cleaving a thick (0.2 - 0.5 mm) piece of mica to 

generate multiple steps only micrometres thick. The steps generated in this manner were not 

large (0.5 x 1 cm) and were left attached to the underlying mica sheet during the gold coating 

procedure. Once gold coated, the steps were lifted when required using a needle, tweezers or 

tape. 

In the early m1ca cleaving experiments the first cleaving method was employed. With 

experience the second method was found to be faster and all latter work used the fast cleave 

and step lifting technique. Although freshly cleaved mica was initially a lengthy addition to 

the DIMS procedure it rapidly became a matter of routine and with practice suitable samples 

could be created in less than half an hour. 

4.2.3 Gold Coating 

A reflective gold layer on the back face of the mica sheet is a fundamental component of a 

DIMS sample. During the early DIMS development experiments two problems with the gold 

layer were encountered. The first was that incident laser powers suitable for traditional 

hydrophobic gold experiments were found to damage the gold coating on the back of the 

mica. The main cause of the problem was traced to the visible beam and the power of the 

visible laser had to be halved to 5 m W (at position 0, Figure 3 .2) before a spectrum could be 

obtained. The second problem was that in aqueous environments the gold lifted off the mica, 

rendering the sample unusable. 

The damage to the gold layer was caused by a transient temperature rise as the energy of the 

two incident laser beams was absorbed by the interface. The maximum temperature rise, 1l T m, 

in the gold layer can in principle be calculated using the surface heating equation of Bechtel4 

and Ward5
: 

4.1 
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where Io is the maximum intensity of the incident beam, r is the reflectivity of the beam at the 

surface, 't is laser pulse duration half width, c is the specific heat capacity, K the conductivity 

and p the density of the medium conducting the heat away. Although thermodynamic data for 

mica is lacking, Equation 4.1 may be used qualitatively to highlight the reasons for the 

observed gold damage on the DIMS samples. 

A traditional hydrophobic sample is created through self assembly of per-deuterated 

octadecanethiol (d-ODT) on an evaporated polycrystalline gold layer on silicon. A thin(:::::: 5 

nm) chromium priming layer is employed between the silicon and the gold. At the start of the 

DIMS project the gold layer was prepared in an identical manner to that of a hydrophobic 

sample, though notably the chromium priming layer was omitted. The standard laser powers 

detailed in Table 3.1 were suitable for experiments with hydrophobic samples but not for 

DIMS samples. Both samples have a gold layer of the same thickness but it is the propetties 

of the heat conducting medium that must be considered. Silicon is a good thermal conductor 

and the transient temperature rise of the gold layer for a hydrophobic sample with standard 

incident laser powers has been calculated6 to be only 15 K. Conversely, mica is an excellent 

insulator and as the DIMS samples are mounted with either glues, wax or electrical tape

(Section 4.2.4), all good insulators, it is apparent that the damage is caused by an excessive 

temperature rise at the interface. The damage to the gold layer is caused primarily by the 

visible beam as it is reflected less efficiently than the infrared beam at the mica/gold interface 

and has a pulse half-width ('t) twice as long as that of the infrared beam. It may be seen from 

Equation 4.1 that the maximum temperature rise of the surface is a function of the reflectivity 

at the mica/gold interface. Measurements of the reflectivity of gold performed by Goos7
, and 

reproduced as a plot in Figure 4.5, clearly demonstrates that the reflectivity of gold decreases 

with decreasing layer thickness. Although this work was completed with the incident non

laser light normal to the interface, it does indicate that for low intensity light a layer of gold 

over 130 nm thick is required before the bulk reflectivity properties of gold are obtained. 

Figure 4.5 also emphasises the differences between the reflectivity of longer wavelengths 

(1.05 ).!m) over visible wavelengths (578, 546 nm). 
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Figure 4.5 The change in reflectance of a thin gold layer with increasing layer thickness. 

Reproduced from F. Goos, Z. Phys. 1937,91, 606 (German text). The incident beams were 

normal to the surface and collimated non-laser light at the given frequencies was employed. 

The gold layer was supported on a quartz window. 

During the initial DIMS experiments the gold layer on the back of the DIMS samples was 

deposited using an Edwards E306A Sputter Evaporator following the method of Ward6. To 

determine the thickness of this gold layer, templates were placed across a DIMS sample and 

the height of the resultant step was measured with profileometry, as described in Section 3.3. 

Three of the eleven profiles are shown in Figure 4.6 and the complete dataset is presented in 

Table 4.1. 

Centre of the Evaporator Edge of the Evaporator 

Gold Step Height 219 108 

/nm 
164 96 
144 114 
175 106 
180 
163 
151 

Average/nm 171 +50 106 + 15 

Table 4.1 Profileometry results for gold steps created by templating a sample during 

evaporation. 

Samples were placed in the centre and at the edge of the sputter evaporator. For reference 

three of the profiles are shown in Figure 4.6. Errors are expressed as twice the standard 

deviation of the data (95% confidence limit). 
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Figure 4.6 Profileometry results for gold steps created by tern plating a sample during 

evaporation. 

The profileometer is described in Section 3.3. Gold step heights were measured to be 

(a) 108 nm (b) 96 nm (c) 144 nm and numerical results for the full dataset are given in 

Table 4.1 . 

Comparison of the profileometry results and the data of Goos7 (Figure 4.5) indicates that the 

DIMS gold layers were on the borderline of thin film/macroscopic gold, particularly if the 

sample was placed at the edge of the evaporator. By ensuring that the samples were placed in 

the centre of the evaporator and doubling the thickness of the gold layer (now estimated to be · 

::::: 350 nm) it was found that the DIMS samples could be analysed with the visible laser power 

of the SF spectrometer at its normal intensity (Table 3.1). This resulted in a significant 

increase in the SF signal from the surface and a noticeable improvement in the signal to noise 

ratio. To ensure all future DIMS samples exhibited the improved optical properties the 

evaporating method was formalised and is detailed in Table 4.2. 

The second problem encountered with the gold coating on the back of the DIMS samples was 

that when the samples were immersed in an aqueous environment the gold layer lifted from 

the back of the mica in a time frame of seconds to minutes. This phenomenon was observed 

for both thin and thick gold layers and nitrogen plasma cleaning the mica prior to the gold 

coating failed to increase the mica/gold affinity. The problem was subsequently traced to the 

adsorption of contaminants on the back face of the mica before gold coating. The arguments 

presented in Section 4.2.1 for the necessity of mica cleanliness apply equally well to an 

evaporated gold layer as to self assembly processes. By minimising cleaving time, gold 

coating immediately and using nitrogen plasma cleaning, the gold backing was found to be 
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stable an aqueous environment and even under concentrated acidic and basic conditions. 

Additionally, the developed protocol minimises the level of contaminants at the mica/gold 

interface, eliminating any potential related complications in the DIMS phenomenon. 

Gold Coating Protocol for DIMS samples using the Edwards E306A Sputter Evaporator 

1) Always wear gloves when handling mica samples and evaporator components. 

2) Fill two tungsten evaporating baskets (Edwards HO 1401 024) with gold (::::: 1 g). Evacuate 

the evaporating chamber to ::::: 3 x 1 o-5 fl\b:tr- and gradually apply current to melt the gold 

into the baskets. Leave for 5 minutes and then release the vacuum. Repeat as necessary to 

fill both baskets to the brim with gold. 
3) Clean the evaporating chamber with acetone and compressed air. 

4) Place the mica samples in the centre of the chamber beneath the baskets. 

5) Pump the chamber down to ::::: 3 x 1 o-5 ('llbo.r: Plasma clean the mica samples usmg a 

nitrogen pressure of0.5 atm and high tension set to::::: 16 (a stable discharge). 

6) Evacuate to 1.75 x 10-5 m~ 
7) Apply voltage to the first basket and gradually increase the current until the meter reads 

34 to 36 A (low tension dial set to ::::: 3). Evaporate the gold for 4.5 minutes after which 

time the glowing filament should no longer be visible through the evaporated gold layer 

on the side of the evaporator. 
8) Repeat with the second gold basket. 
9) Allow the basket and chamber to cool for 5 minutes and release the vacuum. 

Table 4.2 Gold coating protocol for DIMS samples using the Edwards sputter evaporator. 

This protocol produces a thicker gold layer than that of Ward 10 and allows DIMS samples 

to be probed with the normal incident beam powers presented in Table 3.1. Profileometry 

experiments were not completed on the thicker gold layer but it is believed to be 

approximately twice as thick as the originally layers studied in this work (Table 4.1 ). 

4.2.4 Sample Mounting 

The manner in which a DIMS sample is mounted for the acquisition of SF spectra has a 

significant effect on the quality of the spectra obtained from the sample. A sample mounted 

bowed, unevenly or with crinkled or tom mica generates a diffuse, un-collimated SF emission 

and high levels of scatter from the visible laser. 
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The method and adhesive employed to mount the gold backed mica is dependent on the 

interface to be examined. For the mica/air interface the adsorption of the surface active 

species was completed in solution on un-mounted gold backed mica. Once a suitable adlayer 

had been achieved the sample was removed from solution and mounted to a solid support. 

Although a wide variety of adhesives may be used, the important requirement was that a flat, 

crinkle free DIMS surface was obtained. The initial DIMS experiments completed by Briggs 

and Usadi 1 used sucrose (99+%, Aldrich) or Loctite 747 as the adhesive. The fundamental 

problem of this early work was achieving a flat surface as the adhesive was simply spread 

onto a silicon backing plate and the mica/gold sample laid directly on top. Since the DIMS 

sample is only of the order of micrometres in thickness any irregularities in the adhesive 

surface were therefore transferred directly through to the mica surface. 

In this project a number of different adhesives were investigated. The method fmally selected 

was simply laying the gold backed mica onto the adhesive side of black electrical insulating 

tape, as shown in Figure 4.7, which resulted in a smooth, flat surface being obtained. The 

insulating tape could then be mounted onto any solid surface using double sided tape. 

Samples mounted in the manner shown in Figure 4.7 could also be placed directly onto the 

profileometer. If the mica thickness was to be examined by SEM the insulating tape was 

dissolved in dichloromethane and the gold removed with Aqua Regia (1 :3 cone. nitric 

acid/cone. hydrochloric acid), as described in Section 3.2.2. 

Gold 
Backed Mica 

Black --· -----
Insulating 

lmm Aluminium 

Tape 

Figure 4.7 A method for mounting DIMS samples to obtain a flat and wrinkle free surface. 

This method is only suitable for samples that have already been reacted and will 
subsequently be studied ex-situ, in an ambient laboratory environment. It is irnpmtant that 
the gold backed mica it is laid out onto the tape particularly slowly so that air bubbles are 

not trapped between the gold and tape. 

The DIMS Technique 

For SF experiments completed in-situ, at the mica/liquid interface, the sample must be 

mounted before the adsorption reaction occurs. In this instance the solubility of the adhesive 

in the liquid solvent must be considered. Although the timescale of this project did not allow 

comprehensive experiments at the air/liquid interface to be performed, a number of initial 

adhesive tests were completed and a successful protocol developed. The mica is cleaved using 

the step method described in Section 4.2.1. The steps are left un-cleaved and are gold coated. 

An adhesive is then applied to the gold and a silicon flat pressed onto the mica while it is still 

supported by the mica backing sheet. The slight pressure placed on the gold excludes air and 

glues the sample without wrinkles or creases. The mica is then lifted from the backing sheet, 

trimmed around the silicon flat and immediately placed into the liquid cell. Loctite 747 and 

Primer 770 were used in the initial mica/aqueous experiments as Johal et a/.8 showed this 

adhesive to be insoluble in water. Alternative adhesives for aqueous environments are gallium 

metal, as used by Duffy9 and Ward10 in the early Cambridge SF experiments or Shell-Epikote 

Resin 1002 used by Israelachvili3
•
11 in the surface forces apparatus. With each of these 

alternative adhesives the material must be heated and then applied to the surface. For 

experiments at the mica/non-aqueous interface Loctite 747 is an unsuitable adhesive as it 

soluble and an alternative such as sucrose must therefore be employed12
• 

4.3 DIMS Spectral Characteristics 

To demonstrate the important spectral characteristics of a typical DIMS sample a range of 

results are presented in this section from the substantial aiTay of data that has been 

accumulated. Specifically, these spectra were obtained during the experimental development 

work described in Section 4.2, the octadecylsiloxane monolayer formation investigation 

(Chapter 5) and the thickness/phase investigation (Chapter 6). In all cases the spectra 

originate from ODS monolayers adsorbed on DIMS samples, though as described in Chapter 

5, the actual monolayer formation protocol employed has varied substantially throughout this 

work. The spectra presented in the current section exhibit a range of non-resonant phases, 

however it is purely the spectral characteristic under consideration that is scrutinised and a 

detailed thickness/phase study of the spectra is left to Chapter 6. In a similar manner, the 

actual spectroscopic and structural information obtainable from each spectrum (i.e. surface 

order and conformation) is not analysed in this section. 
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4.3.1 The DIMS Resonant Enhancement Effect 

Recording a DIMS SF spectrum immediately highlights one of the mam experimental 

advantages of the technique. As described in Section 3 .1.1, the spectral acquisition procedure 

involves aligning the two incident laser beams to achieve spatial overlap at the sample. The 

beams must also be at the correct incident angles and suitably focused. Although a series of 

templates and targets allows the accurate completion of the alignment procedure the final 

optimisation is always completed by maximising the SF signal from the sample itself. With a 

DIMS sample, the large non-resonant signal is ideal for this final optimisation step, the 

correct alignment of the incident lasers is assured and any resultant lack of resonant features 

may be directly attributed to the quality of the adsorbed monolayer on the mica surface. With 

a dielectric sample, such as silicon or uncoated mica, the non-resonant gold signal is not 

present and the final optimisation step cannot be completed unless the monolayer is known to 

produce a particularly strong resonance at a particular wavenumber. A lack of signal may 

therefore be attributed to either a monolayer with low coverage or conformational order, or to 

an incorrect beam alignment. With a dielectric sample, minor inaccuracies in the alignment 

procedure typically only become apparent after a considerable number of scans on the 

spectrometer. With a DIMS sample this uncertainty is removed and spectrometer time is 

rarely wasted. 

Two spectra from the original DIMS proof-of-principle study performed by Briggs and Usadi 1 

are reproduced in Figure 4.8. The spectra originate from similar ODS monolayers, but one 

spectrum was recorded from a 1 mm thick piece of mica (spectrum a) without gold backing 

and the other from a pre-cleaved 3.5 )..lm DIMS sample (spectrum b). To record the spectra 

shown in Figure 4.8 the dielectric alignment problem was reduced by placing the DIMS and 

mica sample on the same mount. The laser alignment was optimised with the DIMS sample, 

the DIMS spectrum was recorded and.the mount was translated to place the un-backed mica 

sample in the beam. The two spectra are shown without any signal normalisation and the 

featureless spectrum (a) from the un-backed mica sample confirms that the SF resonances 

were too weak to be discerned in the absence of a non-resonant signal. The three clearly 

discernable SF resonances in the DIMS spectrum (b) indicate that in this instance the ODS 

monolayer formation reaction has been successful. From Figure 4.8, the DIMS enhancement 

effect is evident, demonstrating the fundamental advantage of the technique. 

130 

The DIMS Technique 

0.10,.------------------, 

(b) 

0.04 

0.02 

0.00 (a) 

2840 2880 2920 2960 3000 

Infrared Wavenumber (cm"1) 

Figure 4.8 Un-normalised ppp SF spectra of an ODS monolayer adsorbed to: 

(a) A pure mica substrate (1 mm thick). 

(b) Sample 'DIM S-OTS I', one of the first successful DIMS samples. 

This figure is reproduced directly from reference 1 with permission. 

4.3.2 Spectral Signal to Noise Ratio 

A good signal to noise ratio is imperative to the accurate analysis and modelling of SF spectra 

in order to obtain the phases, intensities and widths of the spectral features. In the present 

context, spectral noise is considered to be any pulse-to-pulse variation in the SF intensity that 

is not directly related to the resonant and non-resonant behaviqur of the sample under 

investigation. In a SF spectrum pulse-to-pulse noise occurs from scattered visible light, 

variations in the infrared beam power and prior to the incorporation of the digital oscilloscope 

(Section 3.1.2.1 ), electrical interference in the analogue detection system. 

The spectra shown in Figure 4.9 are included to illustrate the improvements in spectral signal 

to noise ratio achieved following the completion of the equipment upgrades described in 

Section 3.1.2 and the DIMS sample development presented in Section 4.2. The grey region in 

each spectrum is indicative of the spectral scatter, and represents twice the standard deviation 

of the data from the spectral model, shown by the solid red line. Figure 4.9 a & b were 

recorded at the start of the DIMS research project with samples created employing the 

methods of Briggs and U sadi 1• The error of any point in the normalised spectra is 
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approximately ± 6 % (the grey region). With the completion of the equipment upgrades and 

experimental development (fresh mica substrates, thicker gold coatings and improved 

mounting techniques), the later spectra, represented by Figure 4.9 c and d, showed marked 

signal to noise improvements with the point-to-point error reduced to ± 3 %. Figure 4.9 a and 

b were obtained following the completion of the ODS monolayer formation study described 

in Chapter 5 and it is also noted that the quality of the ODS monolayers in these spectra is 

greatly improved over those observed in Figure 4.9 a and b. 
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Figure 4.9 Normalised SF DIMS spectra of ODS monolayers to demonstrate the spectral noise 

improvements following the experimental development and spectrometer upgrades. 

All spectra were recorded with the ppp laser polarisation combination. The grey region 
represents twice the standard deviation ofthe points from the modelled spectral fit. 
(a) & (b) Two spectra typical of those recorded during the initial stages of this work. The 
spectra exhibit poor signal to noise ratios and low quality ODS monolayers. 
(b) & (c) Both spectra originate from the mica thickness/non-resonant phase investigation 
presented in Section 6.2. The spectra exhibit excellent signal to noise ratios and well

ordered, closely packed ODS monolayers. 
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4.3.3 Spectral Reproducibility from an Individual Sample 

The description of the DIMS phenomenon provided in Section 4.1 indicates that for an 

individual sample with constant mica thickness and an invariant adlayer, spectral 

reproducibility should be inherent. However, a noteworthy part of the DIMS research project 

has been to investigate whether this was indeed the case. The principal sources of spectral 

irreproducibility were anticipated to be inadvertent mounting differences between samples or 

variations in spectrometer alignment. Clearly, if the DIMS phenomenon is particularly 

sensitive to small sample rotation and beam angle variations then spectral reproducibility 

would be almost impossible to achieve. 

In one of Briggs and Usadi's final pieces of DIMS work1 an attempt was made to determine 

whether azimuthal sample rotation (around the z axis, normal to the surface) induced changes 

in the SF spectra obtained from a DIMS sample. Although the signal to noise ratio of the 

spectra at this point made a definitive answer impossible, Briggs concluded that a rotational 

effect was unlikely1
• In the first instance, ODS monolayers adsorbed to mica are amorphous 13 

and would therefore be expected to be rotationally isotropic (even with rotationally 

anisotropic monolayers, the orientational preference would be averaged out, since thousands 

of domains are normally probed by the macroscopic beam overlap area). Secondly, a sample 

rotational effect due to the birefringence of mica may well be too small to be observed, as the 

two refractive indices in the plane of the mica differ by only 0.035 (Section 1.3) compared to 

a value of0.172 for calcite for which SFS rotational effects have been established14 
• 

Variations in the sample tilt, changes in the incident beam angles and even bowing or 

wrinkling in the mica surface all introduce essentially the same beam path effect. To generate 

the non-resonant gold signal, both the infrared and visible beams must propagate through the 

mica substrate (SF beam 3, Figure 6.3, page 172). With beam alignment or sample angle 

changes the propagation distance of the incident beam through the mica is altered, o.fiecting 

the non-resonant/resonant phase relationship (this principle is described in more detail in 

Chapter 6, Section 6.1.1 ). With micrometre thick mica this effect would be negligible for the 

infrared beam (wavelength = 3.45 )..liD at 2900 cm-1
) but the deviation introduced into the 

pathlength of the visible beam could, in principle, generate spectral variations. 
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To determine whether inadvertent sample mounting variations or spectrometer alignment 

errors could lead to spectral irreproducibility, multiple spectra have been acquired from 

individual samples at regular intervals throughout the DIMS project. 

The spectrum presented in Figure 4.9b (Section 4.3.2) exhibited one of the best ODS 

mono layers created during the early stages of the DIMS project and this sample was therefore 

used for the first reproducibility test. This test was simply to record multiple spectra from the 

individual sample over a period of a week. For each spectrum the sample was re-mounted 

with an estimated azimuthal angle variation of± 5° and an estimated beam or sample tilt 

variation of± 0.5°. Four spectra were obtained and are presented on the same axes in Figure 

4.1 Oa. All four scans are observed to lie within the greyed 95 % confidence limit (Section 

4.3.2) of the scan completed on the first day. At an early stage in the DIMS project it was 

therefore concluded that although the spectra appeared reproducible, minor rotational and 

angle effects may be buried within the spectral noise. 

Lat~r samples exhibiting an improved signal to noise ratio were used to confirm spectral 

reproducibility. The two spectra shown in Figure 4.1 Ob were recorded consecutively without 

sample or beam angle adjustment in an attempt to remove all possible rotation or angle 

variations. In contrast, the two spectra in Figure 4.1 Oc were recorded 24 hours apart, having 

recorded spectra from other samples and re-optimised the spectrometer in between. For both 

Figure 4.1 Ob and c the reproducibility between the two scans is excellent and the effect of 

removing the sample and realigning the laser appears negligible. It was therefore concluded 

that even with improved signal to noise levels, inadvertent angle and rotation effects are still 

undetectable. 

134 

b) 

-e 
.!'?. 

~ c: 
2 .s 
u. 
Vl 

~ ro 
E 
0 z 

1.4 - Scan 1 
- Scan2 

a) 

-e 
.!'?. 

·~ c: 

~ 
u. 
Vl 

~ 
ro 
E 
0 
z 

1.4 

1.3 

1.2 

1.1 

1.0 

0.9 

0.8 

0.7 

r• 

-Scan! 
- Scan2 
- Scan3 
- Scan4 

95% Confidence Region - Scan 1 

+ 
r "' 

0.6 +---~----..,-~---.--~-.--~---, 
2800 2850 2900 2950 3000 

Infrared Wavenumber /cm-• 

c) 
1.4 

The DIMS Technique 

1.3 95% Confidence Region- Scan 1 1.3 

1.2 r- -e 1.2 
.!'?. 
~ 

1.1 1.1 'Vi 
c: 
2 

1.0 .s 1.0 
u. 
Vl 

0.9 ~ 0.9 

ro 
0.8 E 0.8 

0 z 
0.7 0.7 

-Scan! 
- Scan2 

95% Confidence Region - Scan 1 

0.6 0.6 
2800 2850 2900 2950 3000 2800 2850 2900 2950 3000 

Infrared Wavenumber /cm 
-I Infrared Wavenumber /cm·• 

Figure 4.10 Normalised DIMS SF spectra of ODS monolayers to investigate spectral 

reproducibility from an individual sample. 

All spectra were recorded with ppp laser polarisation combinations. 
(a) Four spectra from the same sample over a period of a week. For each spectrum the 
sample was re-mounted with an estimated azimuthal angle variation of± 5° and an 

estimated beam or sample tilt variation of± 0.5°. 
(b) Two spectra recorded consecutively without sample or beam angle variations. 
(c) Two spectra recorded 24 hours apart. The spectrometer was used for alternative samples 

and re-aligned between the two scans. 

4.3.4 The Mica Thickness/Phase Effect 

The very first DIMS experiments completed in this work and the final experiments completed 

by Briggs and Usadi 1 employed pre-cleaved mica sheets ~ 4 1-lm thick, as determined during 

the SEM feasibility study described in Section 3.2. Sample mounting and monolayer 

formation problems resulted in few successful spectra being recorded, but those that were, 
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exhibited a single non-resonant phase value of approximately 90°, as shown in Figure 4.9a. 

However, DIMS samples prepared whilst experimenting with alternative sample mounting 

techniques were made from a subsequent batch of pre-cleaved mica and produced spectra 

with r- vibrational modes exhibiting a negative non-resonant phase. A spectrum obtained 

during these experiments is shown in Figure 4.9b and whilst changes in intensity of the r

mode may be attributed to a change in the average tilt of a monolayer relative to the surface 

normal, a complete reversal of phase for a single vibrational mode is indicative of a mica 

thickness effect based on interference principles. Indeed, SEM results showed that this batch 

was ~ 3 f.tm thick. This was the first observation of a thickness/phase effect and further, 

confirmed the coherent nature of the DIMS phenomenon, as spectral dips could not occur if 

the resonant and non-resonant SF signals were simply detected independently by the PMT. 

Accurate interpretation of SF spectra is reliant on a precise understanding of the resonant/non

resonant phase relationship. If the non-resonant phase of the substrate is unknown it is 

impossible to determine the polar orientation of the adsorbed layer (Section 2.5 .3). In 

addition, unless two DIMS samples are known to be of identical mica thickness then any 

spectral phase variations which occur between them may be mis: .-interpreted as alterations _in 

the resonant intensity of a vibrational mode and hence, incorrectly attributed to 

conformational differences in the monolayer. 

The first observation of the thickness/phase effect confirmed that substantial non-resonant 

phase variations could occur between two DIMS samples of similar, but not identical, mica 

thickness. This observation was particularly relevant to the decision to use freshly cleaved 

mica samples, since repeatedly cleaving identical mica thicknesses was impractical and mica 

thicknesses regularly varied from 2 to 15 f.tm. Without a precise understanding of the 

thickness/phase effect, accurate spectral interpretation of molecules adsorbed on a DIMS 

sample was impossible. 
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4.4 Conclusion 

The initial DIMS experiments completed in this work and all those completed by Briggs and 

Usadi 1 in the proof-of-principle project were plagued by low SF signals, high levels of 

scattered light and samples that were badly burnt after only seconds on the spectrometer. The 

experimental developments described in this chapter resulted in substantial increases in the SF 

signal, minimal scatter levels and samples that were stable under standard laser operating 

conditions. 

The DIMS SF phenomenon has been shown to result in spectra exhibiting significant resonant 

enhancement. Importantly, the spectrum from an individual DIMS sample may be 

reproducibly obtained and is unaffected by minor sample mounting variations. The signal to 

noise ratio of a DIMS spectrum has been vastly improved during the development work and is 

now equivalent to that obtainable from hydrophobic ( d-ODT) gold samples (Section 1.2). 

However, the development expe.[iments also confirmed the existence of a substantial mica 

thickness/phase effect. Therefore, whilst the resonant enhancement offered by the DIMS 

phenomenon was valuable, it was recognised that unless the thickness/phase effect could be 

quantified, the DIMS technique had only limited application. 

With the majority of the experimental development completed, an additional study to 

elucidate the mica/thickness effect was deemed essential. This study included both a practical 

investigation involving spectral acquisition from DIMS samples of varied mica thickness and 

a theoretical investigation based on the fundamental optical relationships of the system. To 

enable a quantitative analysis of the mica thickness/phase relationship, DIMS samples with a 

reproducible monolayer on the mica surface were required. The ODS reaction had proved 

particularly unreliable during the experimental development work and consequently the 

refinement of the ODS silanisation process presented in Chapter 5 was completed before the 

majority of the thickness/phase work was undertaken. 
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A Reproducible Method for the 

Silanisation of Mica 

The purpose of the DIMS technique is to allow the sum frequency spectroscopic study of 

molecules adsorbed at a hydrophilic mica surface. Throughout the experimental development 

work presented in Chapter 4 and the investigation of the mica thickness/non-resonant phase 

relationship described in Chapter 6, a reproducible monolayer adsorbed at the mica surface 

was required in order to generate a resonant SF signal in the C-H spectral region. Only with 

a satisfactory resonant signal could experimental improvements be evaluated and the phase of 

the resonant modes at a particular mica thickness determined. For experimental simplicity, 

both the experimental development and thickness/phase investigation were conducted at the 

mica/air interface. A monolayer with a high stability in air was therefore required. Further, the 

accurate non-resonant phase determinations required for the thickness/phase investigation 

necessitated a well-ordered monolayer, since a disordered monolayer produces a convoluted 

spectrum of low intensity resonances (Section 2.5.2 and Figure 2.17). 

Briggs and Usadi 1 completed their initial DIMS investigations using octadecylsiloxane (ODS) 

monolayers but commented on the considerable problems in achieving a reproducible well

ordered and closely packed monolayer. Monolayers of quaternary ammonium surfactants such 

as dioctadecyldimethylammonium chloride (DODAC) were therefore considered as a 

potential alternative system for the phase/thickness investigation, since they are known to 

form well ordered, robust monolayers that remain intact when the substrate is withdrawn from 

solution2
. Although these monolayers are probably more reproducible that alkylsilanes, the 

fact that DODAC has two pairs of methyl groups, one pair pointing towards the surface and 

one away, is a major issue for SFS. The tail methyl groups pointing away from the surface 

would be expected to dominate the SF spectrum3 but complications of this nature where 

highly undesirable at this stage of the development project. 
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The DIMS development experiments presented in the previous chapter employed ODS 

mono layers formed from a protocol that Briggs 1 had used, which was in turn based on the 

work of Schwartz 4 and Britt and Hlady5
. As described in Section 5 .1.1, the quality and 

reproducibility of these mono layers was poor. However, if the reproducibility problem could 

be solved, the properties of a well formed ODS monolayer were ideal for the phase/thickness 

investigation and far better than DODAC or alternative surfactant/aqueous environment 

mono layers. 

This chapter begins by reviewing the extensive body of published work completed on ODS 

monolayers and their formation reaction methodologies. The optimised protocol for the 

generation of high quality monolayers is presented, along with a discussion of the factors 

effecting the reproducibility of the reaction. The SF results presented in this chapter all 

originate from DIMS samples formed from freshly cleaved mica of varying thickness. Whilst 

it is therefore possible to make qualitative spectral interpretations, detailed quantitative 

analysis has not been possible due to the mica thickness/phase effect. To support the SF 

spectral interpretations, AFM, contact angle determination and linear infrared results are 

presented. 

5.1 Octadecylsiloxane Monolayers 

The first ODS monolayer formation experiments were completed by Sagiv and involved the 

adsorption and reaction of octadecyltrichlorosilane (OTS) on silicon oxide6
'
7

• Since this initial 

study the formation and structure of alkylsiloxane monolayers have been widely investigated. 

Early experiments8 indicated that during the initial steps of monolayer formation surface

bound water hydrolysed the OTS to give reactive alkylsilanols. These could then react with 
.. 

surface hydroxyl groups and with each other to form a strong network of monolayer to surface 

and inter-molecular (cross-linking) bonds6
'
9

, as depicted in Figure 5.1. Modern work, studying 

monolayer growth patterns with AFM5
'
10

, has indicated that a more dynamic process is 

occurring on the surface involving lateral diffusion and aggregation of the alkylsilanols into 

islands before chemical bonding occurs. However, the exact nature of this subsequent 

bonding is still under discussion. Tripp and . Hair8 have demonstrated that with a silica 

substrate, the monolayer to surface siloxane bonds are limited in number and that cross-
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linking between adjacent alkylsilanols must be the important bonding interaction. This 

hypothesis was supported by Allara et al. 11 who showed that with suitable surface hydration, 

identical monolayers could be formed on substrates of widely different chemical nature 

(oxidised silicon, capable of monolayer to substrate bonding and gold, devoid of reactive 

surface sites). In contrast, recent theoretical calculations12 indicate that short cross-linking 

bonds may preclude ordered alkyl chain packing and that monolayer to surface interactions 

must therefore be important. 

Although a clear picture of the bonding mechanism has yet to be obtained, even for silicon 

oxide, it is now well established that monolayer formation is highly sensitive to the density of 

surface hydroxyl groups 13
, the degree of both surface5

'
14 and bulk15 hydration, and the reaction 

temperature 16
. 

OTS Adsorption Hydrolysis Covalent Bonding Polymerisation 

..-5\··· cl 
Cl Cl 

Figure 5.1 The ODS monolayer formation mechanism original proposed by Sagiv6
• 

This figure is adapted from Brzoska et al. 16
• The initial work of Sagiv6 indicated that the 

ODS monolayer formation mechanism involved hydrolysis of OTS to reactive silanols. 

These could then react with surface hydroxyl groups and with each other to form a strong 

network of monolayer to surface and inter-molecular (cross-linking) bonds. 
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The chemical nature of a mica surface was described in detail in Section 1.3. In contrast to 

silicon oxide with an average hydroxyl group density8
•
17 of 1.4 OH/nm2

, freshly cleaved mica 

lacks native surface hydroxyl groups 18
• It is therefore considerably harder to form a well 

packed ordered monolayer on mica than on silicon oxide. A number of methods have been 

developed to overcome this problem and involve either pre-hydrolysis of the alkylsilane in 

1 t . 19-21 d'fi . f h . f: 182224 so u wn or mo 1 1cat10n o t e m1ca sur ace ' - . Pre-hydrolysis methods move the 

critical hydrolysis chemistry away from the mica surface by creating the reactive alkylsilanols 

in solution19
• The drawback of this technique is that the alkylsilanols have the potential to 

cross-link in solution to form a three dimensional network that can be deposited on the 

surface21
, as shown in Figure 5.2a. Thus, whilst a highly hydrophobic surface is obtained, this 

may be due to macroscopic polymeric deposits rather than a complete, ordered monolayer. 

Early bulk hydration experiments attempted to reduce this problem by using 

alkyltriethoxysilanes instead of alkyltrichlorosilanes. Unfortunately, although 

alkyltriethoxysilanes are considerably less reactive to hydrolysis than OTS, some degree of 

bulk 'cross-linking was still observed to take place21
• Experimental procedures have since been 

modified to include a filtration step before the substrate is introduced, but the overall 

complexity of the method is then considerable and the observed contact angles lower. An 

alternative type of bulk hydration experiment has recently been completed by Valiant et a/. 15 

In contrast to the previous studies their work used OTS, but employed a very low 

concentration of bulk water (~ 5 mM compared to greater than 15 mM in the early 

alkyltriethoxysilanes experiments18
). Initial indications are that this method has been 

successful in reducing the deposition of pre-polymerised OTS but further work is required to 

confirm that this is indeed the case. 

An alternative method of promoting the monolayer formation reaction on mica is to activate 

or hydrate25 the surface. To date, activation has been achieved with either plasma treatment 18 

or sodium ethoxide immersion26
. High quality, robust monolayers have been formed on 

surfaces modified by argon18 and water22
'
24 plasmas but the exact nature of the activation is 

still unknown. The generation of reactive sites of an unspecified nature24 is the common, if 

rather ambiguous, explanation for the effectiveness of this technique. Water plasmas 

undoubtedly result in a higher level of hydration on the mica surface, but for both types of 

plasma overall roughening, ionisation and even simple sputter-cleaning may also be 
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significant. Sodium ethoxide activation26 involves immersing freshly cleaved mica m a 

sodium ethoxide solution, washing with ethanol and pure water and then leaving the sample to 

dry overnight under nitrogen. This method is thought to introduce ethoxy groups onto the 

surface of the mica which then hydrolyse to ethanol and hydroxyl groups during the 

monolayer formation reaction. Although undoubtedly less aggressive than plasma 

modification, alkylsiloxane monolayers produced using the sodium ethoxide immersion 

technique were not complete and as the AFM image in Figure 5.2b demonstrates, contained 

numerous pinholes. 

a) b) 

::t 
0 

10 llm 

Figure 5.2 AFM images of ODS mono1ayers reproduced from published work: 

(a) Pre-hydrolysis method21 . 10 x 10 11m 3D image demonstrating the macroscopic deposits 

inherent in the pre-hydrolysis method. 
(b) The sodium ethoxide technique26

. The mass of holes and defects in this monolayer 

indicate the sodium ethoxide technique is not particularly effective. 

The simplest method for improving the quality of an alkylsiloxane monolayer on mica is to 

expose the freshly cleaved mica surface to steam. The efficacy of this technique
25 

may be due 

to an increased number of hydroxyl groups on the mica surface or simply to an increased 

amount of surface bound water in the reaction solution. The steaming method is relatively fast 

and uncomplicated, minimises bulk polymerisation and involves little disruption of the mica 
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surface. With its considerable advantages over the bulk hydration, plasma cleaning or sodium 

ethoxide methods, the steaming principle was employed during the initial monolayer 

formation attempts in this work. 

5.1.1 The Initial Monolayer Formation Attempts 

The mica steaming method for the formation of ODS mono layers was originally developed by 

Schwartz et al. and the subsequent publication4 used AFM and contact angle results to show 

the formation of complete, highly hydrophobic, ODS monolayers in only six minutes. This 

initial study was extended by Britt and Hlady5 who employed AFM to analyse steamed and 

oven-dried mica surfaces to demonstrate the importance of surface hydration. Both 

publications indicate that complete ODS monolayers are achievable, but there is little direct 

comment as to the reproducibility of the reactions. 

The initial DIMS experiments completed in this work used the ODS monolayer formation 

protocol published by Britt and Hlady5
• Freshly cleaved gold backed mica was steamed for 

30 s and placed into a 2 mM octadecyltrichlorosilane (OTS, 95 %, Aldrich) solution in a 3:1 

mixture of hexadecane (99+ %, Aldrich) and carbon tetrachloride (99+ %, Aldrich). After 20 

minutes reaction time the samples were removed from solution and rinsed with chloroform 

(99+ %, Aldrich) for 5 minutes. This monolayer formation method was employed on multiple 

occasions but it was found that seemingly identical reaction conditions produced monolayers 

of widely varying quality. Static contact angles ranged from 60 to 95° and as shown by the 

four contact angle images in Table 5.1, degraded rapidly. In contrast, complete ODS 

mono layers on silicon oxide surfaces exhibit stable contact angles of approximately 110°6
. 
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Time Is 
0 

54 50-55° 

135 

193 35-40° 

Table 5.1 Static aqueous contact angle images from an ODS monolayer created using the 

original method of Britt and Hlady5 

Taken from a summary of the DIMS development work completed by the author27 in 1998. 

Many of the SF spectra recorded from the early ODS samples were totally featureless or 

contained only one weak resonance, such as that shown in the spectrum presented in Figure 

4.9a (page 132). The spectrum shown in Figure 5.3a is from a slightly more successful 

reaction and three weak methyl resonances are distinguishable above the high noise level of 

the spectrum. The spectrum is indicative of dispersed islands of ordered ODS separated by a 

totally disordered low density ODS phase. The low intensity of the methyl resonances is 

attributed to the small percentage of the surface area occupied by the ordered islands and the 

totally disordered low density phase would be SF inactive, as discussed in 2.5.2. Alternative 

SF spectra from the early ODS monolayer reactions are shown in Figure 4.9b (page 132) and 

Figure 5.3b. Whilst the resonant modes are more intense than those observed in Figure 5.3a, 

the appearance of methylene resonances indicates that gauche defects are present in the ODS 

alkyl chains (Section 2.5.2) and the spectra are indicative of adlayers with a relatively high 

surface coverage, but considerable conformational disorder. 
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Figure 5.3 DIMS ppp SF Spectra of ODS monolayers formed using the original method 

of Britt and Hlady5
• 

The spectra were obtained from DIMS samples of differing mica thickness, but are 

included as both exhibit a non-resonant phase of~ 90°. However, until the completion of 

the thickness/phase investigation, only qualitative spectra interpretations are possible. 

(a) The weak methyl resonances are attributed to dispersed islands of ordered ODS, 

separated by a totally disordered low density ODS phase. 

(b) The vibrational modes are more intense than those observed in (a), but the appearance 

of methylene resonances indicates that gauche defects are present in the ODS alkyl chains 

and the spectra are indicative of ad layers with a relatively high surface coverage, but 

considerable conformational disorder. 

An AFM image of a monolayer formed during the early ODS experiments is shown in Figure 

5.4. The corresponding static contact angle was 80°. Although the surface coverage observed 

is high, the layer is inhomogeneous and consists of numerous small islands of high density 

ODS, interspersed with a low density, disordered ODS phase. 

The AFM results concur with the contact angle and SF data and indicate that throughout the 

initial DIMS experiments, even the more successful monolayer formation reactions resulted in 

ODS layers that were incomplete and contained considerable disorder. Further, the widely 

varying nature of the monolayers was also unsuitable for valid comparisons between ODS 

spectra recorded from DIMS samples of differing mica thicknesses. 
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An ex-situ AFM image of an ODS monolayer created during the initial DIMS 

experiments using the protocol of Britt and Hlady5
• 

The monolayer exhibited a contact angle of 80°. Although the surface coverage observed is 

high, the layer is inhomogeneous and consists of numerous small islands of high density 

ODS, interspersed with a low density, disordered ODS phase. 

A Reproducible ODS Monolayer Formation Protocol 

The experimental procedure presented here is the result of a detailed study to identify a 

reproducible monolayer formation protocol. The procedure evolved from the monolayer 

formation methods employed during the initial ODS reactions described in the previous 

section and is thus based on the work of Schwartz4 and Britt and Hlady5
. Whilst modifications 

have been made to the reaction conditions used in their work, the fundamental differences lie 

in emphasising the importance of a clean, controlled reaction environment and the use of 

fresh, pure, anhydrous reagents. 
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5.2.1 Monolayer Preparation Protocol 

Throughout the experimental procedure all rinsing and aqueous solution preparations used 

18.2 MQ cm water (Milli-Q). Prior to sample preparation all glassware and syringes were 

thoroughly cleaned using the methods described in Section 3.7 and then wrapped in 

aluminium foil and dried in an oven c~ 130 cc) for a minimum of 24 hours. 

Octadecyltrichlorosilane (Aldrich, 95 %) was obtained from the manufacturer shortly before 

each experiment and kept refrigerated until required. Hexadecane (Aldrich, 99+ %, 

anhydrous, water concentration < 2.8 mM) and Carbon Tetrachloride (Aldrich, 99+ %, 

anhydrous, water concentration < 2.8 mM) were also acquired specifically for each 

experiment and were used as received. Micron thick pieces of mica were obtained by rapidly 

cleaving a thick sheet of mica as described in Section 4.2.2. The stepped side of the sheet was 

then coated with a thick layer of gold following the protocol presented in Table 4.2. 

All reactions were performed in a nitrogen glove box (relative humidity 10 - 12 %) at a 

temperature of 19 ± 1 cc. The syringes and glassware were transferred directly from the oven 

into the glove box. The reaction vessel (1 00 ml petri-dish) was pre-silanised with a 0.50 ± 

0.04 mM OTS solution (75 % hexadecane, 25 %carbon tetrachloride by volume) for at least 

1 ~hours. After pre-silanisation the reaction vessel was rinsed with carbon tetrachloride (10 

ml) followed by hexadecane (20 ml). In preparation for the mica silanisation reaction a 

hexadecane (22.5 ml) and carbon tetrachloride (7.5 ml) solution was prepared in the reaction 

vessel. The water content of the solution was determined to be 1.2 ± 0.1 mM by Karl Fischer 

coulombic analysis28
. The micron thick gold coated samples were lifted from the stepped 

mica sheet in a laminar flow hood and immediately held horizontally in a copious jet of steam 

(18.2 MQ cm water) for 30 s. When removed from the steam the mica surface was totally 

wetted. With a pair of dry tweezers each side of the mica sheet was then held horizontally 

above c~ 2 cm) a clean heated gla~~ plate (200 cq until all visible traces of water were just 

removed ( ~ 10 - 20 s per side but the exact heating time varied from sample to sample due to 

size/shape variations). Whilst it was important to remove all macroscopic traces of water, 

extended baking of the surface (> 40 s) was avoided. 

The sample was then rapidly transferred to the glove box, 5.9 f.LL of OTS was added to the 

reaction solution with a fresh micro-litre syringe (0.50 ± 0.04 mM final concentration) and the 

148 

A Reproducible Method for the Silanisation of Mica 

mica (fresh/steamed side down) was immediately immersed. A maximum of four samples 

were silanised simultaneously. After 24 hours the samples were removed from solution and 

rinsed in a stirred carbon tetrachloride bath for 5 minutes. A successful reaction resulted in 

surfaces that de-wetted instantly from the carbon tetrachloride bath without leaving any 

residue on the surface of the mica. Samples were stored in a desiccator for at least 24 hours 

prior to investigation. Karl Fischer water analysis completed in collaboration with Sigma 

Aldrich Technical Services28 showed that the water content of the reaction solution increased 

from 1.2 to 1.8 ± 0.1 mM over the duration of the reaction. 

5.2.2 Analysis and Validation of the New Protocol 

In order to derive and validate the protocol described above over seventy ODS samples were 

prepared and characterised by AFM, SFS and contact angle measurements. Figure 5.5a & b 

show typical AFM images of ODS monolayers formed using the new protocol after 2 and 6 

hours immersion time in the reaction solution respectively. In both images, domains of well 

packed, ordered ODS are clearly visible on the mica surface. The darker regions between the 

islands correspond to low density, disordered ODS. Advancing contact angles of the 

incomplete monolayers shown in Figure 5.5a and b were low (90 to 95c) and were found to 

decrease rapidly over a period of 2- 5 minutes. 

In contrast to the original work of Schwartz4 which generated complete ODS monolayers in 6 

minutes, the protocol presented here results in a monolayer formation reaction that proceeds 

particularly slowly. In fact, Figure 5.5c shows that only after 24 hours immersion time does 

the monolayer appear to be complete, with a totally uniform, condensed single phase surface. 

Additionally, in comparison to the AFM images shown in Figure 5.2 the lack of defects, 

pinholes or macroscopic deposits is evident. The advancing contact angles from 24 hour 

reaction time samples were 108 ± 2c (Section 3 .6) and remained constant for at least 15 

minutes. Monolayers of this quality were readily reproduced on many occasions once the 

experimental protocol had been optimised. 
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Figure 5.5 Ex-situ AFM images of an ODS monolayer formed on mica using the protocol 

presented in Section 5.2.1. 

(a) and (b) After 2 and 6 hours immersion time in the reaction solution respectively, 
regions of high density ODS are observed. The darker regions correspond to low density 
disordered ODS. 
(c) After 24 hours immersion a complete monolayer is observed. 
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The 2 and 24 hour samples studied by AFM in Figure 5.5a were characterised by SFS and the 

resulting spectra are given in Figure 5.6. The samples were measured to be approximately 9 

11m thick using a micrometer. Both spectra contain only methyl resonances and are indicative 

of well ordered, condensed domains on the surface with ODS alkyl chains in an all-trans 

configuration (Section 2.5.2). At this stage of the DIMS project only tentative spectral 

intensity interpretations may be made. However, the spectrum of the 2 hour sample has 

generally smaller methyl resonances than that of the 24 hour sample, suggesting a lower 

number of molecules on the surface existing in well ordered domains. Additional examples of 

the DIMS spectra obtained from ODS monolayers generated with the optimised protocol are 

presented in Section 6.2.3. 
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Figure 5.6 DIMS ppp SF Spectra ofODS monolayers formed using the optimised protocol 

presented in this chapter. 

Both DIMS samples were approximately 9 ~-tm thick and exhibit a non-resonant phase of 
"'"90°. Both spectra exhibit purely methyl resonances, indicative of well-ordered condensed 
ODS domains. 
(a) 2 hours immersion time in the reaction solution. 
(b) 24 hours immersion time. 
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An AFM image from an ODS monolayer formed after 24 hours immersion time in a 

subsequent monolayer formation reaction is shown in Figure 5.7a. In this image a mica step 

10's of Angstroms in height is visible in the top of the scan but the layer is again complete, 

featureless and bares a striking resemblance to that of freshly cleaved mica shown in Figure 

4.4. 

A further monolayer formation reaction resulted in the ODS monolayer shown in Figure 5.7b 

and to ensure that the AFM was indeed scanning a complete monolayer and not bare mica, 

multiple experiments were completed to scratch an area of the surface away using high tip 

forces. As may be expected, a fresh mica layer is totally unaffected by scratching, however, as 

may be seen from Figure 5.7b, scratching an ODS monolayer results in a trench and a 

surrounding mound of deposited material. Further, taking a profile over the trench allows the 

depth of the hole created by scratching to be determined. A monolayer thickness of 29 A is 

calculated from the surface profiles of this sample, as shown in Table 5.2. Literature values 

for the thickness of an ODS monolayer vary slightly depending on the measurement technique 

employed and the quality of the . ODS adlayer under investigation. Whitesides et al. have 

employed ellipsometrl, x-ray diffraction32 and low angle x-ray reflection29 to determine a 

thickness of25.8 ± 0.5 A (21.3 A for the hydrocarbon chain, 4.5 A for the silane headgroup). 

Nakagawa et al. 26 have completed a similar AFM experiment to that presented here and 

observed a trench 26 A deep in an ODS monolayer. These values are both marginally smaller 

than the 29 A thickness observed, but as accurate calibration of the AFM z axis was not 

possible prior to this experiment, the 29 A to 26 A difference may be purely a calibration 

error. Despite the slight height errors, these profiles conclusively show that the surface of a 24 

hour immersion time sample is not pure mica, nor a multi-layered ODS structure (minimum 

of 50 A thick), but simply a monolayer. 
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Figure 5.7 Ex-situ AFM images of ODS monolayers formed with the optimised reaction protocol. 

(a) A complete and featureless monolayer. A mica step Angstroms in height is observed. 

(b) A monolayer created in a subsequent formation reaction. The surface has been 

scratched with higher probe forces . The black box defines the area averaged for the AFM 

profiles shown in Table 5.2. The height determination is made between the red lines, shown 

as triangles on the profiles in Table 5.2. 
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Table 5.2 AFM profiles from multiple scratches made in the sample shown in Figure 5.7b. 

The monolayer was formed with the optimised reaction protocol presented in Section 5.2.1. 

The profiles are an average over the area defined by the black box in Figure 5.7b. The 

height determinations were made between the two red triangles. 
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a) 

In order to confirm that full monolayer coverage had been obtained after 24 hours immersion 

time, the surface excess of an ODS monolayer formed with the optimised protocol was 

determined using the transmission FT-IR spectroscopy method of Guzonas et a/.
30 

As 

described in Section 3.5, non-gold backed reacted samples 3 J..tm thick were employed and the 

resulting transmission spectra are shown in Figure 5.8a. An effective molar extinction 

coefficient for the most intense methylene resonance at 2918 cm-t was obtained through a 

Beer-Lambert plot of OTS in CC14 (Section 3.5). The units of the molar extinction coefficient 

(~:>,.) are L mort cm-t, but must be converted to mort cm2 when considering an immobilised 

monolayer. The absorbance of a single immobilised ODS monolayer was calculated from the 

plot presented in Figure 5.8b and the full calculations to determine the surface excess are 

presented in Table 5.3. The average surface area occupied per ODS molecule was determined 

to be 19 ± 3 A2• This value is entirely consistent with results of 19.5 and 22.5 ± 2.5 A
2 

determined by Daillant et al. 3 t and Tidswell et al. 32 respectively using grazing incidence x-ray 

diffraction and 20.2 A2 by Maoz et al. 7 using attenuated total reflection infrared spectroscopy 

to analyse complete ODS monolayers. 
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Figure 5.8 The linear infrared transmission experiment to calculate the surface excess of an ODS 

monolayer formed with the optimised reaction protocol. 

(a) FT-IR spectra from non-gold backed mica samples. Mica only 3 J..Lm thick was used to 
reduce the etalon effect described in Section 6.2.1.1. Spectra were obtained with 1, 2 and 3 
samples in the infrared beam and were baseline corrected as described in Section 3.5. 
(b) An ODS monolayer was present on both sides of the non-gold backed mica and spectra 
from 1, 2 and 3 samples therefore correspond to an absorbance at 2918 cm-

1 
due to 2, 4 and 

6 ODS monolayers. The linear fit allows the absorbance of a single monolayer of ODS 

molecules to be calculated at 0.00112 ± 0.00005. 
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From Section 3.5 CA. = 1258 L mort cm-t 

= 1258000 mort cm2 

for the 2918 cm-1 resonance 

Beer-Lambert's law A = ~:> [J] l 

A = ~:> [J] 
A 

for an immobilised monolayer 

[J] 0.00112 8 903 10-10 1 -2 = . x mo cm 
1258000 mol'1 cm2 

The number of molecules per cm-2 = 8.903 x 10-to mol cm-2 x 6.022 x 1023 mor1 

= 5.361 x 1014 cm-2 

The area of one molecule is . ·. = 0.186 nm2 

Including a 95% confidence limit = 19 ± 3 A2 

5.3 

Table 5.3 The surface excess calculations for an ODS monolayer formed using the optimised 

monolayer formation protocol. 

The molar extinction coefficient was determined in Section 3.5. The absorbance at 

2918 cm'1 of a single ODS monolayer was determined from the spectra in Figure 5.8. 

Reproducible Monolayer Formation Reactions 

The parameters which were found to be crucial for the reproducible creation of high quality 

ODS monolayers on mica are described below in the light of the results presented in the 

previous section and the current level of understanding in published work. 

Firstly, as may be expected, a clean reaction environment was essential. This finding concurs 

with the more general case of surfactant adsorption on oxide surfaces, where rigorous 

cleaning procedures are typically employed. Further, studies by Bierbaum et al. 33 and Barrat 

et al. 34 have shown that surface contamination may create pin holes or inhibit monolayer 

growth for ODS monolayers on silica. A strict cleaning protocol, such as that described in 

Section 5.2.1 was therefore essential. The corollary of this is that a freshly cleaved mica 

surface was also important, as discussed in Section 4.2.1. Although the material of the 
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reaction vessel was a relatively minor parameter in the experimental protocol, a clean pre

silanised vessel was employed, thereby ensuring a consistent, sealed and passive surface for 

each reaction. This method is in contrast to other published work such as that of Flinn et al. 35 

who used PTFE vessels, or Calistri-Yeh et al. 36 who used new, cleaned glass beakers for each 

experiment in an attempt to achieve a repeatable OTS interaction. 

Since the early papers by Angst and Simmons14 and Flinn et al. 35 a large number of studies 

have shown that the presence of a limited amount of surface hydration is vital to the 

successful formation of an ODS monolayer on a wide variety of substrates. As described in 

Section 5.1, the present understanding of the role of surface hydration is that it hydrolyses 

OTS to produce silanols, and provides a lubricating layer on the substrate upon which lateral 

diffusion and aggregation of the adsorbed silanols may take place. For substrates lacking 

native hydroxyl groups, such as mica, hydration may increase the surface hydroxyl group 

population. Further, it has been postulated that the bonding of the ODS monolayer to the 

substrate may occur through the adsorbed water layers. The protocol presented in this chapter 

employs a method of surface hydration based on that used by Schwartz et al. 4 The required 

amount of water is introduced into the system by simply holding the freshly cleaved mica in_ a 

jet of steam. This wets the surface and the excess can be removed with either a jet of filtered 

nitrogen or by the application of heat until no visible water remains on the surface. The 

nitrogen method, as used by Schwartz4 and several other workers is to be preferred in 

principle but could not be applied in this work when using pieces of mica that are of the order 

of microns thick. Consequently, it was necessary to remove the excess water with heat. Whilst 

it is recognised that with this method the degree of surface hydration is not quantifiable, this 

does not imply that it is not reproducible. Indeed as long as macroscopic water was removed 

and excess baking of the surface was avoided (>40 s ), reproducible high quality mono layers 

were invariably obtained. 

In addition to controlling the degree of surface hydration the amount of water in bulk solution 

must also be considered. The recent study by Valiant et al. 15 suggested that in the absence of 

induced surface hydration ordered ODS aggregates on mica may be deposited by employing 

an extremely low and well controlled level of bulk hydration (4.5 to 12.8 mM H20 in a 0.5 

mM OTS/Toluene solution). However, it is generally accepted that bulk hydration results in 
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mass polymerisation of OTS m solution and subsequent adsorption of macroscopic, 

disordered aggregates onto the surface21
. Whilst Valiant et al. 15 's. method may offer an 

alternative route to ordered ODS monolayers, in the present work the well established 

technique of controlling the degree of surface hydration whilst minimising the degree of bulk 

hydration was employed in preference. The degree of bulk hydration was been minimised 

through the use of anhydrous reaction solvents, fresh OTS, oven baked glassware and a 

nitrogen glovebox. 

One of the most critical factors contributing to a successful ODS monolayer formation 

reaction was found to be the use of fresh OTS. Few publications to date have highlighted the 

importance of this point, although it is generally acknowledged that when OTS is exposed to 

even low concentrations of atmospheric water it rapidly hydrolyses resulting in a suspension 

of macroscopic polymeric material. Fresh OTS contains no visible suspended or precipitated 

material and as described in the optimised protocol, should be opened in the nitrogen 

glovebox only seconds before the pre-silanisation reaction and discarded after the main 

experiment. Commercially available OTS is typically only 95% pure with the majority of the 

impurities attributed to C 18 structural isomers. A number of workers 16
•
37 have attempted to 

purify OTS through distillation (223 °C at 10 mmHg) prior to use. However, in practice it was 

found that reproducible, complete and ordered monolayers may be achieved without the 

added complexity of OTS distillation. 

Since Sagiv's initial work6 a wide range of solvents have been used for the ODS monolayer 

formation reaction. With some exceptions15
, modem studies typically employ either 

bicyclohexyl or a mixed hexadecane/carbon tetrachloride solution. One advantage of using 

the hexadecane and carbon tetrachloride mixed solution is that both reagents are readily 

available with a high degree of purity and in an anhydrous state. It should be noted however 

that there is the possibility of hexadecane incorporation into the ODS monolayer. This 

hypothesis was proposed by Gun et al. 38 and was subsequently supported by the work of 

Kallury et al. 39 who observed voids in ODS mono layers on silicon after soaking the reacted 

samples for 30 minutes in chloroform. In the present work experiments were performed with 

extended rinsing times in agitated chloroform or carbon tetrachloride baths. No evidence for 

analogous incorporation of hexadecane into ODS mono layers on mica was found. Although it 
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is recognized that bicyclohexyl is structurally less likely to be incorporated into an ODS 

monolayer than hexadecane, and has the advantage of a lower melting point, it is difficult to 

obtain in a pure and anhydrous form. Consequently, with the known susceptibility of the 

reaction to the degree of bulk hydration the mixed hexadecane/carbon tetrachloride reaction 

solution was used in preference. 

The important role of reaction temperature on the monolayer formation reaction was 

originally highlighted by Brozska et al.'s work 16 with ODS monolayers on silicon. Since this 

early work, analogous studies on mica have confirmed that a similar temperature dependence 

exists. At low temperatures ( ~ 10 °C) monolayer formation occurs through the growth in size 

of isolated islands of highly ordered ODS molecules. At higher temperatures (~ 40 °C) the 

monolayer forms in a single amorphous, disordered phase. At intermediate temperatures a 

mixture of islands and the disordered phase occurs. These growth patterns have been 

rationalised in terms of a deposition, lateral diffusion and aggregation model by Britt and 

Hlad/. In the present work an intermediate reaction temperature of 19 ± 1 °C was used and 

both island and disordered monolayer growth would therefore be expected. Whilst a lower 

temperature may have been preferable to promote ordered island growth, the mixed 

hexadecane/carbon tetrachloride reaction solution has a freezing point of approximately 18 

°C. It may be seen from Figure 5.5 that both growth processes do occur, however the final 

monolayer is complete and does not show domain boundaries. Due to the absence of 

methylene resonances in the SF spectra, Figure 5.6, it may also be concluded that the final 

monolayer is highly ordered. Further evidence of the ordered nature of the monolayer is given 

by the high and stable contact angles measured. Consequently, even when operating in a 

mixed growth regime, complete, well ordered monolayers are obtainable. Although the pure 

island growth regime was not accessible with the reaction temperature employed, island 

growth was encouraged through the ·use of a very low OTS reaction concentration (0.5 mM). 

This resulted in a low deposition rate of ODS molecules onto the mica and an increase in the 

probability that individual molecules would laterally diffuse prior to aggregation. Both the 

low deposition rate and the limited degree of hydration present in our system consequently 

required the use of extended reaction times of the order of 24 hours to achieve complete 

monolayer coverage. 
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Rinsing of the completed mono layers was carried out with the aim of removing traces of the 

reaction solution from the sample. Methods of post-reaction rinsing vary considerably in the 

literature and involve soaking, wiping, agitation or ultrasound with a variety of solvents. 

However, it is noted that a successful reaction should not produce macroscopic surface 

deposits that require aggressive removal. Indeed, in this work a simple carbon tetrachloride 

rinse was found to be sufficient. It is quite common in the literature for freshly formed ODS 

samples to be annealed in an attempt to increase the stability and order of the monolayer5
• 

Complete monolayers formed using the experimental protocol presented in this chapter 

showed no observable change via SFS, AFM and contact angle through annealing. 

Consequently annealing does not form part of the protocol for reproducible silanisation. 

5.4 Conclusion 

Since the initial proof-of-principle experiments completed by Briggs and Usadi 1 the 

irreproducibility of the ODS monolayer formation reaction has hindered the development of 

the DIMS technique. In fact, the SF, AFM and contact angle results presented at the start of 

this chapter demonstrated that even the more successful reactions resulted in ODS layers that 

were incomplete and contained considerable disorder. To investigate the DIMS mica 

thickness/non-resonant phase effect it was essential to solve the monolayer formation 

problems and produce a protocol for reproducibility creating a well-ordered ODS monolayer. 

The ODS monolayer formation protocol presented in this chapter is the result of a 

comprehensive evaluation of the literature and a detailed experimental investigation. The 

complimentary information provided by SFS, AFM, linear FT-IR and contact angle 

determination has been used to validate the optimised protocol and gain an insight into the 

structure and coverage of the resulting monolayers at a molecular level. Reproducibility has 

been found to depend not only on the accurate control of reaction temperatures and surface 

hydration levels, but also on a clean reaction environment, fresh OTS and strict control of the 

degree of bulk hydration. Additionally, low OTS concentrations, high purity solvents and 

extended reaction times have been found to contribute to the formation of highly ordered, 

complete monolayers. 
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Mica Thickness/Phase Investigation 

An initial description of the DIMS enhancement phenomenon was presented in Section 4.1 

and served to introduce the technique development and spectral analysis work completed in 

Chapter 4. This introduction included a series of simplified beam diagrams to illustrate the 

original thickness/phase hypothesis proposed by Briggs and Usadi 1; that interference effects 

between multiple SF sources may result in variations in the non-resonant phase and thus, 

changes in the spectral line shapes. This hypothesis was subsequently confirmed during the 

early DIMS experiments with pre-cleaved mica, described in Chapter 4. Since the completion 

of the mica surface investigation (Section 4.2.1 ), DIMS samples have been made from freshly 

cleaved mica. Whilst this provides a highly hydrophilic and reproducible surface, the cleaving 

procedure inherently produces DIMS samples of varied mica thickness. An accurate 

understanding of the DIMS thickness/phase effect is therefore essential to the application of 

the DIMS technique. 

Prior to the investigations presented in this chapter a limited understanding of the 

thickness/phase effect had been obtained from the existing DIMS results. As described in 

Section 4.3.4, mica batches~ 4 ~m thick exhibited DIMS non-resonant phases of~ 90° but a 

batch ~ 3 ~m thick exhibited an r- vibrational mode with a negative non-resonant phase. In 

addition, the reproducibility study presented in Section 4.3.3 concluded that DIMS spectra 

were unaffected by the beam propagation variations induced by sample mounting and beam 

alignment discrepancies. From the existing DIMS results it may therefore be surmised that the 

DIMS effect is comparatively insensitive to minor mica thickness variations and that 

significant non-resonant phase variations must only occur over multiple micrometres. In 

contrast to this initial understanding was the intuitive expectation of an interference effect 

involving three beams, two of which were only 532 nm and ~ 461 nm in wavelength. Linear 

thin film interference effects are highly sensitive to even nanometre changes in film thickness2 
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and a DIMS thickness/phase relationship with a similar response was therefore considered to 

be feasible. 

To quantify the DIMS thickness/phase effect a theoretical and an experimental investigation 

were completed concurrently and are presented in this chapter. The theoretical investigation 

introduces the principles of advanced SF spectral simulation and describes the net 

thickness/phase effect by summation of the calculated phase variations for each component 

SF source. The experimental investigation presents spectra of ODS mono layers at the mica/air 

interface generated from DIMS samples of varied, but known, mica thickness. Finally, a 

detailed comparison of the theoretical and experimental results is completed to elucidate the 

nature ofthe DIMS phase/thickness effect. 

6.1 Theoretical Investigation 

The primary aim of the theoretical investigation was to generate a mathematical description of 

the DIMS phenomenon and thus gain a greater understanding of the origin of the 

thickness/phase effect. This work was completed with the understanding that whilst spectraJ 

simulations and mathematical models are typically not capable of predicting the exact number 

of photons generated from an interface (Section 6.1.2), they may be used to predict spectral 

features such as resonant lineshapes and thus, non-resonant phases. It was therefore 

anticipated that a successful mathematical description of the DIMS phenomenon would allow 

a thickness/phase prediction to be made that could subsequently be compared to the 

experimental data presented in Section 6.2. 

The thickness/phase phenomenon _ that occurs within a DIMS sample is in many ways 

analogous to the thin film effects that generate the coloured fringes of an oil film on water or 

of a soap bubble. Linear interference effects such as these are well understood and a full 

optical description is elegantly summarised by Hecht2, and presented in more detail by Born 

& Wolf3. Unfortunately, linear interference equations alone cannot be used to describe the 

second-order non-linear origins of the DIMS phenomenon. 
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In Section 2.6 a basic SF mathematical model was developed to provide a least-squares 

spectral fit to experimental data, thus allowing band centres, bandwidths, intensities and the 

non-resonant phase to be determined. Whilst this model is valuable for basic spectral 

interpretation, a far more advanced description of SFG within the system is required. 

Specifically, the symmetry of the probed molecular vibrations, the contributing 

susceptibilities and the linear and non-linear Fresnel factors must all be considered. SF 

models adopting this more advanced approach are not uncommon and are employed to 

facilitate the determination of molecular orientations by SF4
--+

8 (Section 2.5.4). A typical 

example of a model in the genre is provided by the recent work of Zhuang et a/. 9
, where the 

orientation of three components of the pentyl-4-cyano-p-terphenyl (CH3(CH2)4(C6H4)3CN) 

molecule are determined using both SFS and second harmonic generation. Attempts to 

increase the accuracy of SF molecular orientational determination often centre on greater 

levels of modelling complexity. For example, a model presented by Hirose et al. 10·11 to 

simulate SF spectral features from an anisotropic Langmuir-Blodgett film included a 

statistical distribution of the molecular orientations and an advanced description of the Raman 

tensor associated with the methyl stretching modes. However, to accurately model the DIMS 

interference effect a greater level of complexity to that described above must be introduced, as 

the model must encompass a detailed description of SFG within the hi-interfacial system and 

consider thickness dependent interference between multiple SF sources. 

Unfortunately, none of the in-depth modelling studies reported in the literature for SFG from 

bulk media or interfaces has considered a system similar to that of DIMS. In fact the only 

study that is even partially related to this work is that published by Hirose et al. 12·13 to 

simulate the SF signal produced during the in-situ monitoring of formic acid film growth on a 

Pt(11 0) surface. This work considers multiple SF sources and phase/distance relationships but 

the formic acid layer is considered to be SF active. This approach is in direct contrast to that 

used for the DIMS project where the mica is SF inactive and is considered to act simply as a 

propagation medium between the air/mica and mica/gold interfaces. In fact, the modelling 

equations employed by Hirose12 are the result of a summation over an increasing number of 

infinitesimally thin formic acid layers and therefore bear little direct relevance to those 

required for this work. 
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The initial proof-of-principle study completed by Briggs and Usadi 1 included an early attempt 

to model the DIMS phenomenon. Due to time constraints Briggs1 never completed the model, 

but the fundamental concept of combining propagating E fields from multiple SF sources had 

been introduced. 

The theoretical investigation presented in this chapter introduces the modelling concepts used 

by both Briggs1 and Hirose et al. 12 A model is developed based on these concepts which is 

presented both graphically with a beam diagram, and mathematically in a detailed series of 

equations. The limitations and assumptions of the model are discussed and the variables 

employed to describe the system, such as the mica and gold refractive indices and ODS 

monolayer characteristics, are considered. The model initially considers solely the methyl 

symmetric stretching (r+) mode of an ODS monolayer probed by the ppp laser polarisation 

combination. For experimental simplicity a majority of the actual DIMS results were recorded 

with the ppp laser polarisation combination and a ppp model would therefore allow ready 

comparison between theoretical and experimental data. In addition, molecular symmetry 

considerations (see Appendix B) are well documented for the r+ vibrational mode. The initial 

r+ model is subsequently adapted to simulate the thickness/phase behaviour of the r

vibrational mode, and the other applicable polarisation combination, ssp. 

6.1.1 Modelling Concepts 

Although not explicitly stated previously, the underlying concept behind all SF spectral 

modelling is that rather than considering the countless incident light rays and generated SF 

beams individually, an adequate spectral prediction may be obtained by purely considering 

the relationship between each distinct manner of SFG. For example, with a hydrophobic gold 

sample (Section 1.2.1 ), a susceptibility containing a resonant and a non-resonant component 

is used to describe the two different sources of SF light (Section 2.4.2). This combined 

susceptibility may be incorporated into the SF intensity equations (Equations 2.58 and 2.61) 

and used to show that for a gold substrate Clx~~.iikl :f:. 0) the lineshapes observed in an 

experimental SF spectrum largely depend on the phase relationship between the resonant and 

non-resonant SF sources, as shown in Figure 2.15 (page 61 ). 
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To introduce the concept of multiple sources of SFG and to understand the phase variations 

that arise between them due to beam propagation distances, it is useful to extend the 

description of the hydrophobic surface and consider the hypothetical interface shown in 

Figure 6.1. 
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Figure 6.1 A hypothetical interfacial system employed to illustrate the origins of non-resonant 

phase variations due to beam propagation distances. 

This diagram represents a purely hypothetical system generated by extrapolating the length 

of the hydrocarbon chain in a simple thiollgold interfacial system (Figure 1.2, page 7) to the 

extreme. Only the simplest interaction between the two SF sources is considered and in 

addition, refraction of both the incident and emitted beams through the air/monolayer 

interface is ignored. The resonant (SFR) and non-resonant (SFNR) SF signals are separated 

by a distance l and are considered to coherently interfere at the source of resonant SFG. 

In Figure 6.1, the hydrocarbon chain length of the adsorbed species has been extrapolated to 

the extreme and it is evident that if purely the terminal methyl vibrational resonances are 

considered then the distance between the sources of resonant and non-resonant SF generation 

is substantial. In fact, it is now necessary to describe the system in terms of two interfaces (as 

opposed to a single interface with two susceptibilities), one of which generates the resonant 

SF signal (x<2
> = x~>) and the other of which produces the non-resonant signal (x<2> = x~). As 

SFG is a coherent process the two SF signals interfere as before (Section 4.1), but the phase 

relationship between the resonant and non-resonant components now has an additional 
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dependence on the separation between the two SF sources. This principle is illustrated by 

considering purely the propagation distance of the non-resonant SF signal generated at the 

gold/hydrocarbon interface in Figure 6.2 prior to the point at which it interferes coherently 

with the resonant SF signal (distance [). The non-resonant phase is therefore a combination of 

E (the standard non-resonant phase) and !J., a phase variation dependent on the propagation 

distance given by: 

6.1 

where l is the propagation distance, n is the refractive index of the medium through which the 

beam propagates (in this example, the hydrocarbon monolayer) and A, is the wavelength of the 

SF light in vacuo. Considering purely the effect of the propagation distance of the non

resonant SF signal, it is possible to use an Argand diagram to deduce the spectral lineshapes 

generated by variations in /, as shown in Figure 6.2. 

Although Equation 6.1 and Figure 6.2 are valuable in illustrating the origin of propagation . 

dependent phase changes, an accurate simulation of the SF light emitted from the hypothetical 

interface must also consider the relative propagation distances of the incident visible and 

infrared beams that generate the resonant and non-resonant SF signals. In this instance 

additional phase terms are calculated from propagation distances measured with respect to 

two arbitrary reference planes normal to the direction of propagation for the infrared and 

visible beams. For the hypothetical interfacial system shown in Figure 6.1 a full mathematical 

description of the emitted SF light must then consider the independent generation of the 

resonant and non-resonant signal from separate interfaces and the additional phase terms 

related to the relative propagations ofboth the incident and generated SF beams. Although the 

resulting equation relates purely to this hypothetical system, the concept of multiple SF 

sources and phase/distance relationships provides the basis of the DIMS model developed 

throughout the rest of this investigation. 
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Figure 6.2 The SF lineshapes generated from the hypothetical interface presented in Figure 6.1. 

The SF intensity is observed to depend not only on the non-resonant phase ( • ) and the 

resonant phase (the black open traced circles, see Figure 2.12), but also on~, the phase 

change introduced by the separation between the two SF sources, as calculated from 

Equation 6.1. To calculate the lineshapes illustrated in this figure, Equation 2. 77 was 

employed, but with~ added into the cross-term, i.e. cos[(~>+~) - 8(m)]. For example, 

if I= 0, it follows from Equation 6.1, ~ = 0 and an overall non-resonant phase of 90° 

results. If I= 72 nm (n = 1.6, 'A = 460 nm), ~ = 90° and an overall non-resonant phase of 

180° is produced 
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6.1.2 Modelling Assumptions and Limitations 

The intensity of SF light generated at an interface and incident on a detector is reliant on a 

wide range of experimental parameters that may not be incorporated into a spectral 

simulation. A SF model is therefore, as discussed previously, typically used to predict spectral 

features such as resonant lineshapes and non-resonant phases, but not to calculate the exact 

number of photons emitted from an interface. Within this limitation, mathematical 

simplifications such as those described in Section 6.1.4 may be made. Several additional 

simplifications relating specifically to the DIMS system are also incorporated into the 

developed model, as discussed below. 

Muscovite mica has three refractive indices (see Section 1.3, Figure 1.6) but the degree of 

birefringence is small and from the results presented in Chapter 4, does not affect the SF 

spectra. The complexity of modelling a birefringent material is considerable and for the 

purposes of this work the birefringent nature of mica is ignored. As mica cleaves to provide 

an atomically smooth surface it is also assumed that the mica sheet comprising a DIMS 

sample is of constant thickness with zero surface roughness in the region probed by the 

spectrometer. 

The practical aspects of recording a DIMS spectrum involve focussing both the visible and 

infrared beams onto the sample (Figure 3.2). However, as the angle distribution introduced is 

minimal it is assumed that the incident and emitted beams are collimated. In addition, the 

bandwidth of the infrared laser is negligible (1 cm-1
) and the infrared laser is therefore 

modelled with zero bandwidth. For simplicity, the model developed in this work ignores 

multiple reflections within the mica layer. 

The ODS monolayer modelled in .this study is assumed to be isotropic, with all-trans 

hydrocarbon chains tilted at an average angle of K to the surface normal. The symmetry 

assumptions presented throughout Appendix B may then be used to reduce the number of 

hyperpolarisability components that contribute to the non-zero second-order susceptibilities. 

These monolayer assumptions concur with those typically employed to model a monolayer 

that contains randomly distributed domains of densely packed, well-ordered molecules9
. 
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Finally, it is important to consider the manner in which SF light is generated from the 

mica/gold interface. In contrast to the high level of understanding that has arisen from the 

numerous SFG studies performed on species adsorbed on a range of surfaces, there has been 

little work elucidating SFG on metal surfaces. Consequently, the majority of the published 

work adopts a phenomenological approach14
•
15

• For instance, Ward 16 and Bain 17 assume that 

the non-resonant signal arises from the same components of the susceptibility as the resonant 

signal (i.e. X~, x~, x~, x~~ for the ppp laser polarisations). More recently, Duffy 18 

hypothesised that SFG from gold occurs from electrons bound just below the gold surface and 

subsequently concluded that the Fresnel factors pertaining to transmission into the gold result 

in X~x and x~ dominating the non-resonant ppp SF signal. Conversely, theoretical 

investigations centre on SFG due to surface plasmon resonance and thus, consider purely the 

x~ component. For example, Liebsch19 has employed time-dependent local density 

approximations to describe SFG from gold, whilst Mendoza20 has developed a complex 

mathematical model to describe the non-linear response of the surface in terms of free jellium 

electrons and bound inter-band electrons. These complex calculations fail to discuss the 

possibility of additional susceptibilities and in themselves, are beyond the scope of the model 

developed in this work. With the lack of consensus evident in the literature the theoretical 

model developed in this study removes the susceptibility issue by simply generating a generic 

non-resonant SF signal at the mica/gold interface with equal x and z components. This over

simplification allows an understanding of the phase/thickness relationships to be gained 

which may be extended by future work. 

6.1.3 Beam Diagram 

The SF signal emitted from a DIMS sample is dependent on the coherent addition of three 

distinct sources of SF light, as illustrated in the Figure 6.3 and described below. 

SFl - Resonant SF signal generated at the air/mica interface by the visible beam VIS 1 and 

the infrared beam IR1. SF1 propagates away from the surface. 
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SF2 - A resonant SF signal generated at the air/mica interface by the visible beam VIS2 and 

the infrared beam IR2. SF2 propagates into the mica, reflects from the mica/gold 

interface and refracts through the mica/air interface. 

SF3- Non-resonant SF signal generated at the mica/gold interface by the visible beam VIS3 

and the infrared beam IR3, both which have refracted through the air/mica interface. 

SF3 propagates through the mica and refracts through the mica/air interface. 

Medium 2 Mica d 

1 
Medium 3 Gold 

Figure 6.3 An illustration ofDIMSl model developed in this work. 

The mica thickness (in metres) is denoted d. The air, mica and gold media are referred to as 

I, 2 and 3 respectively throughout the equations presented in Section 6.1.4. All equations 

employed in the model are derived with respect to the Cartesian axis system defmed in 

Chapter 2 and depicted in the figme. 
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In Figure 6.3, the air, mica and gold media are labelled as .1, 2 and 3 for ease of reference. For 

example, with this nomenclature, r12 is the Fresnel reflection coefficient from the air/mica 

interface. Although a considerable number of rays are included in Figure 6.3, there are in fact 

only six separate angles that must be considered throughout the modelling work, as presented 

in Figure 6.4. 

Air 
Mica 

Rare Medium Angles Dense Medium Angles 

Mica 
Gold 

Figure 6.4 The beam angles present in the DIMS I model. 

The six angles required to completely describe the beam paths detailed in Figme 6.3. 

It may be seen from Figure 6.3 that the three SF beams are parallel as they propagate away 

from the mica surface, an essential requirement for coherent interaction. The point at which 

the three beams are considered to interfere, and hence, the position at which the mathematical 

simulation calculates the net SF intensity, is simply chosen to be the first place at which all 

three SF sources combine, that is the point of origin of SF1. Propagation distances for the 

infrared and visible incident light rays are calculated relative to two reference planes of 

common phase. The planes are placed at arbitrary positions perpendicular to the direction of 

propagation of each beam, as indicated. 

173 



Chapter 6 

6.1.4 Modelling Equations 

The equations presented below form the basis of DIMS 1, the model developed to simulate 

sum frequency emission from a DIMS sample due to the methyl r + vibrational mode of an 

ODS monolayer probed with the ppp laser polarisation combination. This model employs a 

facile description of SFG from gold and ignores multiple reflections within the mica sheet. 

Clearly, the equations draw heavily on the detailed theoretical background to SFS presented 

in Chapter 2. 

The equations describing the intensity of SF light emitted from an interface were derived in 

Section 2.3.3. Since relative, rather than absolute, intensities of the SF signals are modelled, 

the proportional relationships may be considered to be equalities. The p polarised SF emission 

from a DIMS sample is therefore described by: 

I = jETotaii
2 

+jETotaii
2 

p,SF x,SF z,SF 

= !Ex,SFI + Ex,SF2 + Ex,SF31

2 

+ IEz,SFI + Ez,SF2 + Ez,SF31

2 6.2 

where the 'SF' subscripts relate to the three SF beams presented in Figure 6.3 . For example: 

Ex,SFI represents the x axis electric field component of SF beam 1 propagating away from the 

interface. For the resonant SF signals (SF1 and SF2) the induced SF polarisation depends on 

the contributing susceptibility components, as described in Section 2.2.3. For an isotropic 

1 
layer probed by the ppp laser polarisation combination, only four susceptibility components 

contribute to the resonant signal, as detailed in Table 2.2 (page 62). The equations for the 

contributing susceptibilities for the methyl symmetric stretching mode are derived in 

Appendix B and summarised in Section 6.1.4.1. 

For SF1, the induced polarisation is based on Equation 2.49 (page 46), but with the addition 

of propagation/phase terms for the visible and incident beams. The induced SF polarisations 

in the x and z axis are therefore: 

p(2> =(x<2>K K +x<2>K K \ _;(,.,IRI+"'vJsJ) 
x,SFI xxz x, VIS z,IR xzx z, VIS x,!R F 6.3 

p(2) = (x<2)K K +x(2) K K \ _;(lluu+llvJsJ) 
z,SFI zzz z,VIS z,!R zxx x,VIS x,IR F 

6.4 
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where ~IRI and ~v1s 1 are the propagation/phase terms detailed in Section 6.1.4.2 and the K 

factors are the linear Fresnel equations presented in Section 2.3.2 (Equations 2.45 to 2.47). 

Incorporating the non-linear Fresnel factors given in Section 2.3.3, the SF1 E fields may be 

calculated from the surface polarisations using: 

E - LRp(2) 
X SFI - X X SFI > > 

E - LRp(2) 
zSFI - z zSFI > > 

6.5 

6.6 

Since only relative SF intensity calculations are considered in this model, the constant terms 

contained within the L factor equations (rosF, c, eo) are set equal to unity. However, both the 

linear (K) and non-linear (L) Fresnel factors require the refractive indices of the propagating 

media and consequently, these are discussed in Section 6.1.5.1. The induced SF polarisation 

for SF2, is similar to that of SF 1 and is given by: 

p(2) = (x<2> K K + x<2> K K \_;(,.,IR2+"' vls2) 
x,SF2 xxz x, VIS z,IR xzx z, VIS x,IR F 6.7 

p(2) - (x<2> K K + x<2> K K . \ _;(,.,IR2+llvJs2 ) 
z,SF2 - zzz z, VIS z,IR zxx x, VIS x,IR F 

6.8 

As may be expected, the SF2 E fields are comparable to those of SF1, but with the additional 

propagation of SF2 before coherent addition occurs with SF1, as shown in Figure 6.3. Note 

the use of the transmitting L factors and both reflection and transmission Fresnel coefficients 

to describe the SF beam reflecting off the mica/gold interface (r23) and refracting through the 

mica/air interface (t21 ). 

E _LT p(2) ( t illsF2 ) 
x,SF2 - X x,SF2 rp23 p21 e 6.9 

E _ LTp(2) (· t illsF2 ) 
z,SF2 - z z,SF2 lp23 p21 e 

6.10 

For the DIMS1 model the non-resonant signal, SF3 is simply described in terms of a single 

magnitude and phase and does not contain a polarisation dependence, susceptibility 

components or a linear Fresnel factor for the mica/air interface. It is however important to 

include the propagation phase terms for the visible, infrared and SF beams. SF3, at the point 

of coherent addition is therefore represented by: 
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6.11 

The equations presented throughout this section are contained within the DIMS I 

Mathematica22 program included as Appendix C. 

6.1.4.1 Resonant Susceptibility Equations 

The second-order non-linear susceptibility equations employed in the DIMS 1 model are 

derived in Appendix B (summarised in Table B.4) and relate to the symmetric stretching 

mode of a terminal methyl group attached to an all-trans hydrocarbon chain in an isotropic 

monolayer. It is noted that Pccc and Eo are present in each susceptibility equation but since only 

relative SF intensities are modelled, both terms are omitted from the equations presented 

below: 

<2J _ [(cos9)(3+r)-(cos39)(r-l)] 

Xzzz- 4(cov -co
1
R -if) 

6.12 

<2J _ [(cos9)(1+7r)+(cos39)(r-1)]' 

Xxxz- 8(cov-corR-if) 
6.13 

<2J _ <2J _ [(cos9)(1-r)+(cos39)(r-1)] 
XXZJ< - Xzxx - 8( ·r) 

COv-COm -l 

6.14 

where r is the ratio PaaJPccc, co1R is the frequency of the tuneable wavelength infrared beam, 

cov is the frequency of the vibrational resonance and r-1 is the relaxation time of the 

vibrationally excited state. From the discussion presented in Section B.2, the average value of 

9, the angle between the molecular c axis and the surface normal, may be calculated using: 

(cos9) = cosK coss. · 

(cos39) = COSK COSS (3cos 2K COS 2s- 2COS2 K COS2 s) 

6.15 

6.16 

where K is the angle between the hydrocarbon chain axis and the surface normal (i.e. the 

molecular tilt angle) and s is the angle between the molecular c axis and the hydrocarbon 

chain axis. The values ofr and 9 used in this work are discussed in Section 6.1.5.2, the values 
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of corR and rare presented in Table 6.1 and from the work of Lide21
, a value of 34.5° is used 

forS· 

6.1.4.2 Propagation/Phase Equations 

An introduction to the concept of propagation/phase relationships was presented in Section 

6.1.1 and included a discussion of the origin of l'l, the propagation/phase function. For the 

incident visible and infrared beams, propagation distances are calculated from the relevant 

reference plane to the point of SF generation (defined in Figure 6.3). For generated SF beams 

the relevant distances are between the point of SF generation and the point of coherent 

addition. The l'l equations for each of the propagating beams depicted in Figure 6.3 are 

calculated from simple geometry and are given below: 

/j.SFI = 0 6.17 

2nnl,IR [ ] __ ..:......._ d tan 82,m -tan 92,SF Sin 91,IR 
"-m 6.18 

21tniVIS [ ]· 
/j.VISI = • d tan 92 VIS+ tan 92 SF Sin 91 VIS A, . • . 

VIS 6.19 

6.20 

2n n 1 LR [ ] • 
/j.IR2 = ' d tan 92 m +tan 92 SF Sin 91 IR A, • . . 

m 
6.21 

21t nl VIS [ ] · 
/j.VIS2 = • d tan 92 VIS -tan 92 SF Sin 91 VIS A, . • . 

VIS 
6.22 

6.23 

6.24 

6.25 



Chapter 6 

where all wavelengths are in vacuo, d is the thickness of the mica in metres and all angles are 

those defined in Figure 6.4. Using Snell's la~, the SFG phase matching equation (Section 

2.3, Equation 2.39) and refractive index data (Table 6.1), the DIMS1 Mathematica
22 

programme detailed in Appendix C calculates all six angles present in the DIMS 1 model from 

the incident beam angles in air (91 ,VIS and 91 ,IR). 

6.1.5 Modelling Parameters 

The equations presented in the previous section contain a considerable number of variables. 

Whilst some of the variables used are simply detailed in the results section (Table 6.1 ), the 

values of others require more consideration and are discussed below. 

6.1.5.1 Refractive Indices 

The refractive index of the medium through which a beam propagates is an important 

component of its phase/propagation (~) function. Whilst both the real and imaginary 

refractive index components of gold have been determined over a wide wavelength range
23 

and are presented in Table 6.1, only a limited number of studies have been completed for 

mica. All but one of these published works concentrate on real index components in the 

visible region of the spectrum and have been driven by the need for accurate data to enable 

surface separations to be calculated in the surface forces apparatus. The real refractive index 

values in the visible spectral region employed in this work are taken from those recently 

published by El-Zaiae4, since the methodology employed was considerably more rigorous 

than that presented in other works25
---+

28. Mica birefringence is ignored in DIMS 1 (Section 

6.1.2) and the refractive values published by El-Zaiat24 are therefore averaged to give, 

n2,VIS = 1.60 and n2,SF = 1.63. 

The only comprehensive work on the refractive index of mica in the infrared region is that of 

Singleton and Shirkey29 who employed thin film interference phenomena in micrometre thick 

mica to calculate both the real and imaginary refractive index components over the far 

infrared spectral region of 1200 to 400 cm-1. As the infrared refractive index was observed to 

vary significantly over this range the data presented by Singleton and Shirkey may not be 

readily extrapolated to the region of interest in this study (2800 to 3000 cm-1). To obtain an 
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estimate of the real component of the mica infrared refractive index in the C - H stretching 

region a brief study was completed by analysing the Fabry-Perot interference fringes evident 

in the linear infrared transmission spectrum of a thin mica sheet. The principles of Fabry

Perot interferometry are presented in Section 6.2.1.1 in the context of a technique for mica 

thickness determination. Whilst interferometry was not ultimately employed to measure mica 

thicknesses it did serve to provide an estimate of the refractive index in the infrared region. 

Infrared spectra from a series of mica sheets of varying thickness (20 to 100 1-1m) were 

obtained on the Paragon FT-IR spectrometer described in Section 3.5 and two examples are 

shown in Figure 6.5. Mica sheet thicknesses were obtained using a micrometer (Section 

6.2.1), fringe spacings were calculated automatically from the spectra using Grams 38630 and 

Equation 6.42 was subsequently used to calculate the real component of the infrared refractive 

index. An average refractive index of n2,1R = 1.65 ± 0.03 was calculated for the 2800 to 

3000 cm-1 spectral region via this method. Although this value is comparatively imprecise in 

comparison to refractive index values obtained by other workers in the visible region24, it was 

adequate for the studies presented in this work. The effect of errors in the value of n2,1R on the 

DIMS 1 prediction are considered in Section 6.1.6.2. 

a) b) 
Infrared Spectrum of a t-lica Sheet 34 11m thick. Infrared Spectrum of a t-1ica Sheet 85 Jlffi thick. 

0.4 
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Figure 6.5 Infrared spectra of thin mica sheets used to estimate the mica refractive index, n2,m. 

Spectra were recorded using the Paragon FT-IR spectrometer described in Section 3.5. The 
mica sheets were placed in the sample cavity perpendicular to the infrared beam (8 = 90° in 
Equation 6.42). The thickness of both samples was determined using the Mitutoyo 
micrometer (Section 6.2.1) and the fringe spacings measured from the spectra 
(Grams/38630

) were entered into Equation 6.42 to estimate the mica refractive index. 
(a) Transmission infrared spectrum obtained from muscovite mica 34 ± 1 11m thick. 
(b) Transmission infrared spectrum obtained from muscovite mica 85 ± 1 11m thick. 
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Whilst the literature investigation and the interferometry experiment outlined above provided 

suitable real components of the mica refractive indices in the visible and infrared region, it 

was not possible to obtain values for the imaginary component. Owing to the high 

transmittance of mica in both the visible and infrared regions, the imaginary refractive index 

has been approximated to zero. 

6.1.5.2 The ODS Monolayer 

The physical properties of the adsorbed ODS layer on a DIMS sample, or more specifically 

those of the terminal methyl group, may be described using K, the angle of the hydrocarbon 

chain to the surface normal, n1ayer the effective refractive index of the interfacial layer and r, 

the ratio PaaciPccc· In SF studies aimed at determining molecular tilt angle the results obtained 

are typically found to be highly dependent on the values employed for r and n1ayer (Section 

2.5.4). These variables may therefore be expected to have a substantial effect on the DIMS1 

modelling predictions. Whilst r may simply be rationalised as the anisotropy of the Raman 

hyperpolarisability ellipsoids, a physical interpretation of the refractive index of a layer of 

terminal methyl groups or even a single layer of molecules is particularly indefinable. In 

previous SF studies, the value of n1ayer has often been considered to be equivalent to that of 

one of the two neighbouring media31
--+

3\ or equal to that of the bulk refractive index of the 

monolayer materiae3'3s. Other techniques, such as ellipsometrl6
'
37'38 and Kramers-Kronig 

analysis39 have been used to estimate n1ayer· However, nothing approaching a consensus has 

been reached and the range of values typically employed varies between 1.45
33 

and 3.5
37

. 

Ellipsometry data for ODS monolayers is abundant in the literature and published values for 

n1ayer vary between 1.4540 and 1.6441 . However, in a recent paper by Zhuang et al.
9

, it was 

noted that the value of n1ayer for SF spectroscopic studies of methyl moieties is different from 

that obtained by ellipsometry, ~here the whole monolayer is considered. Zhuang
9 

subsequently presents a review of both n1ayer and r values employed in the literature for 

hydrocarbon chains in an attempt to provide universal values appropriate for any densely 

packed hydrocarbon monolayer. The detailed discussion and calculations presented in this 

paper result in a final value for n1ayer (methyl) of 1.18 ± 0.04. This value is employed 

throughout the current work. Although a value of 1.18 is considerably lower than the 

generally accepted bulk refractive index of 1.4540, it does not seem unreasonable considering 
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the terminal methyl groups are in contact with air and therefore only receive pruiial screening 

from neighbouring molecules. As a part of the n1ayer work discussed above, Zhuang et al. 9 also 

calculated a value for r of 2.5. Whilst a value for r specific to the terminal methyl group of ru1 

ODS molecule can in principle be obtained from the Raman depolarisation ratios, this data is 

lacking in the literature and hence the value determined by Zhuang et al. 9 for a generic 

densely packed hydrocarbon monolayer is employed in this work. 

The value for the tilt of the ODS hydrocarbon chain to the surface normal (K) employed in 

this work relates to a well-packed monolayer and is based on x-ray diffraction work on ODS 

mono layers performed by Tidswell et al. 42 and low angle x-ray reflectivity data from 

Wasserman et al. 43 Values of K = 21 ± 4 ° were obtained from these studies and this result 

concurs with the theoretical predictions of 15 to 20° by Finklea et al. 40 and SFS results of 25 

± 2° by Lobau et al. 44 

6.1.6 DIMSl Modelling Results 

SF relative intensity simulations of the methyl symmetric stretching mode of an ODS 

monolayer adsorbed at the mica/air interface of a DIMS sample and probed by the ppp laser 

polarisation combination have been completed using the Mathematica22 program detailed in 

Appendix C and generated using the equations presented in Section 6.1.4. Before presenting 

the results of the DIMS 1 simulations, it is valuable to draw a number of general conclusions 

regarding the nature of the SF signal detected from a DIMS sample. 

In Section 2.4.2 it was shown that for a surfactant monolayer adsorbed on a gold substrate the 

resonant line shapes of the SF spectra are largely dependent on coherent interference between 

the resonant and non-resonant SF components, i.e. the resonant/non-resonant cross-term in 

Equation 2.77, page 60. In the DIMS1 model, three rather than two SF sources are considered 

and an expansion of the SF intensity equation (Equation 6.2) would therefore contain three 

cross-terms involving SF1/SF2, SF1/SF3 and SF2/SF3. Whilst analysing the theoretical 

modelling results it must therefore be noted that the net SF intensity predicted by DIMS1 is 

the result of a summation of the separate cross-term components, each of which may exhibit a 

different mica thickness/non-resonant phase relationship. 
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The values of the parameters used in the DIMS 1 model are summarised in Table 6.1. A 

spectral simulation from DIMS 1 is shown in Figure 6.6a for mica of zero thickness ( d = 0), a 

gold non-resonant phase (E) of 90° and an arbitrary gold SFG magnitude CIENRI, Equation 

6.11) of 1. A DIMS sample of zero mica thickness may be considered to be simply an ODS 

monolayer adsorbed directly on a gold surface and the DIMS non-resonant phase observed 

should therefore match that of the gold non-resonant phase (E = 90°). From Figure 6.6a it is 

clear that the spectrum does not exhibit a net DIMS non-resonant phase of 90° and the value 

of E was therefore altered until a suitable line shape was obtained, as shown in Figure 6.6b. 

The optimum value of E was found to be = 169°. This phase offset is believed to originate 

from the facile method used to describe the gold SFG and does not represent a fundamental 

flaw in the model. The model was subsequently used to predict two further spectra for d = 1 

~-tm and 2 ~-tm, as shown in Figure 6.7 a and b, and a substantial DIMS non-resonant phase 

variation is observed. To obtain a visual indication of the thickness/phase relationship, the SF 

intensity is plotted against both wavenumber and mica thickness in Figure 6.8. 

Parameter Value Parameter Value 

81 VIS 
eiiR 
AVIS 
(l)IR 
rov 
r 
K 

c, 

Table 6.1 

60° nl 1 
65° n21R 1.65 
532nm n2VIS 1.60 
2800 - 3000 cm ::r n2sF 1.63 
2878 cm-I n3 SF 1.42 + 1.84i 
4 cm-1 niaver 1.18 
21° r 2.5 
34.5° E Initially set to 90° 

Optimised to 169° 

IENRI Initially set to 1 
Optimised to 0.3. 

The parameters employed in the DIMS I model. 

Mica refractive index values are discussed in Section 6.1 .5 .1. The gold refractive index 

value for the SF beam is obtained by interpolating the data of reference 23. Values for n1ayen 

r, K, s are discussed in Section 6.1.5.2. The incident beam angles, visible wavelength and 

infrared scan range match those employed in the DIMS experiments presented in Section 

6.2. rov is set to the wavenumber of the r+ methyl symmetric stretching mode, Section 2.5.1. 
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Figure 6.6 Spectral simulations generated by DIMSI for mica thickness, d = 0 11m. 

(a) Initial simulation using 8 = 90°. 
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(b) 8 adjusted until a net DIMS non-resonant phase of90° was obtained. The optimised 

value of8 was 169°. 
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Figure 6.7 Spectral simulations generated by the DIMS model using the parameters in Table 6.1. 

The optimised value of 8 was employed in these simulations. The differing resonant 

lineshapes clearly indicate a change in non-resonant phase with mica thickness and thus, a 

thickness/phase effect. 

(a) Mica thickness, d = 1 11m. 

(b) Mica thickness, d = 2 1-!m. 
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Figure 6.8 The DIMSl predictions calculated with respect to both mica thickness (d) arid 

infrared wavenumber (CO.R)· 

A wavenumber range of 2800 to 2950 cm·1 was employed to place the resonance at 

2878 cm-1 in the centre of the wavenumber axis. The optimised value of£ and a gold 

magnitude of I were used in this simulation. 
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From Figure 6.8 it is immediately evident that a periodic variation in the SF intensity is 

predicted by the DIMS1 model with increasing mica thickness. Although this figure is an 

attractive manner of presenting the DIMS spectral simulations it is computationally very 

intensive and a faster method is simply to plot the normalised SF intensity on resonance ( ro1R 

= COv) verses mica thickness. This essentially plots a two dimensional slice of Figure 6.8 in the 

SF intensity/mica thickness axis at 2878 cm- 1
• For a plot of this nature, intensities greater than 

1 correspond to spectral peaks and _ intensities less than one, to spectral dips. Further, it is 

possible to adjust the value of the arbitrary gold magnitude used in the model ( IENR I ) to 

create spectral peaks of the order of 1.3 units in height, thereby approximating the peak 

heights typically encountered in experimental DIMS spectra (Section 6.2.2.). A two 

dimensional plot of the normalised SF intensity verses mica thickness as predicted by DIMS1 

is shown in Figure 6.9 for d = 0 to 10 J..Lm. An optimised gold magnitude of IENR I = 0.3 was 

employed. 

184 

Mica Thickness/Phase Investigation 

1.3 

-e 1.2 
"' --~ 
c 1.1 2 .s 
u_ 
(/) LO 
~ 
-;;; 
E 0.9 
0 z 

0.8 

0 2 3 4 5 6 7 8 9 10 
d/tJm 

Figure 6.9 A DIMSl simulation of the normalised SF intensity on resonance (ro1R = rov) verses 

mica thickness. 

This figure is a two-dimensional slice of Figure 6.8 at 2878 cm- 1
• Intensities greater than 

one correspond to spectral peaks, intensities below one to spectral dips. The optirnised 

phase and magnitude ofSF3 were employed in this simulation, all other parameters match 

those shown in Table 6.1. 

The DIMS 1 model only calculates the net SF intensity generated from a DIMS sample and 

consequently, identifying the actual thickness/phase relationships responsible for the periodic 

variations in SF intensity observed in Figure 6.9 is not a trivial exercise. Whilst the source of 

the periodicities evident in Figure 6.9 are probed in detail in the next section (6.1.6.1 ), 

valuable qualitative conclusions regarding the thickness/phase relationship may be made by 

simply analysing the thickness/intensity data. From Figure 6.9, it is possible to conclude that 

the periodic nature of the DIMS thickness/intensity effect is due to a dominant 

thickness/phase effect with a periodicity of ~ 3 f.!ID, overlaid with a low intensity 

thickness/phase effect with a periodicity of~ 160 nm. The periodicity and intensity of the two 

components is unchanged with increasing mica thickness, as would be expected since only 

real components of the mica refractive indices are employed in the model. It is also noted that 

the increase in intensity for a resonant peak (e.g. at d = 3 f.-till, I= 1.3, M = 0.3) is greater than 

the decrease in intensity for a resonant dip (e.g. d = 1.5 f.!ID, I= 0.8, ill=- 0.2). 

6.1.6.1 Detailed Results Analysis 

The review of the initial DIMS experiments presented at the start of this chapter concluded 

that a relatively slow mica thickness/phase effect occurring over a period of micrometres 
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appeared to be present, although intuitively a faster effect over nanometres may be expected. 
Interestingly, the DIMS1 simulations presented above appear to predict two thickness/phase 
effects, one fast and one slow. Before the accuracy of the model may be ascertainrJan 
understanding of the origin of each component and the phenomenon that causes the longer 

periodicity component to dominate the DIMS predictions must be obtained. 

To identify the periodicities of the thickness/phase components predicted by the DIMS1 
model a Fourier transform of the thickness/intensity data of Figure 6.9 was performed. The 
result is depicted graphically in Figure 6.1 0. The Fourier transform demonstrates that there are 
in fact three thickness/phase components present in the DIMS 1 simulations. The two 

components with periodicities of~ 3 )liD and ~ 160 nm were identified previously, but an 

additional even weaker component with a periodicity of ~ 150 nm is also observed. These 

three separate thickness/phase relationships may be correlated with the three cross-tem1s 
generated from the SF intensity equation (6.2). The DIMS phenomenon is reliant upon the 
resonant amplification effect arising from the non-resonant gold signal and consequently, the 
more intense terms observed in Figure 6.10 may be tentatively attributed to the SF1/SF3 and 

SF2/SF3 cross-terms. 
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Figure 6.10 A Fourier transform of the DIMSl thickness/intensity simulation presented in 

Figure 6.9. 

Three individual thickness/phase components are identified. This figure was generated 
employing the fast Fourier transform (FFT) function ofMathematica

22
• The dominant 

thickness/phase relationship is the large feature at approximately 0.3 oscillations per J..Lm . 
Two less intense thickness phase components are observed at 6.25 and 6.57 oscillations per 

J..Lm. 
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To verify that the SF1/SF3 and SF2/SF3 cross-terms give rise to the observed thickness/phase 
relationships, the DIMS 1 model was modified to calculate the thickness/intensity variations of 
the individual cross-terms. The results are shown in Figure 6.11 a and b and indicate that the 

SF2/SF3 cross-term generates the mica thickness/phase relationship with the 3 )liD periodicity 

and that the SF1/SF3 cross-term produces the thickness/phase relationship with the ~ 160 nm 

periodicity. The particularly weak component shown in Figure 6.10, with a periodicity of~ 

150 nm, is therefore assigned to the SF1/SF2 cross-term. 

a) SF1 and SF3 cross-term b) SF2 and SF3 cross-term 
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SF intensity simulations of the component DIMSl cross-terms. 

These simulations were completed with a modified form ofthe DIMS I model. 
(a) The SF l/SF3 cross-term, with a periodicity of~ 160 nm. 

(\ 
\ 

8 10 

(b) The SF2/SF3 cross-term, with a periodicity of3 J..Lm. Note the greater intensity of this 
cross-term component compared to that ofSF1/SF3. 

An understanding of the differing periodicities of the thickness/phase components may be 
gained from studying the generic equation for a SF cross-term (Equation 2.77), as reproduced 

below: 

21x~>l!x~i I cos[ E - 8( ro 1R )] 6.26 

where 8 is the gold non-resonant phase and 8 is the wavelength dependent resonant phase. For 

the DIMS1 model, the analogous equation to Equation 6.26 must also contain the 
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mica thickness/phase relationships, as shown below for the SF1/SF3 cross-term: 

COS [(c + f1Total , SF3 )- (o( (J)IR) + f1Total , SFI )] 
6.27 

where i1Totat, sF3 is the combined mica thickness/phase equation of the individual L1 functions 

for SF3 and i1Totat, SF! is the equivalent function for SF1 (Section 6.1.4). It may be seen from 

Equation 6.27 that the total mica thickness/phase component of the cross-term is dependent 

upon the difference between the thickness/phase variation of the independent beams, i.e. i1Total , 

sF3 - i1Total, SF!. For DIMS 1, the thickness/phase variations for the individual SF beams are 

calculated to be 

~Total, SFI = 645.47 °/!lm 

i1Total, SF2 = 299L 10 °1~-tm 

f1Total , SF3 = 2871.53 °/!lffi 

Since the SF2 and SF3 beams propagate through mica (Figure 6.3) it is noted that the total 

phase change per micrometre (0/~-tm) is considerably faster than for SF1 which propagates· 

only through air. For the SF1/SF3 cross-term the phase change per micrometre (i1Totat, sF3 -

i1Totat, SF!) is calculated to be 2226° and thus, a single period (360°) occurs in 162 nm. For the 
SF2/SF3 cross-term, the phase change per micrometre is 119° with a full period occurring 

over 3.01 ~-tm. Finally, for the less intense SF1/SF2 cross-term the phase change per 

micrometre is 2345° with a single period occurring in 153 nm. The values presented here 

concur with those observed in both Figure 6.9 and its Fourier transform (Figure 6.1 0). Having 
isolated the dominant thickness/phase relationship (SF2/SF3) and identified its periodicity 

(3.01 ~-tm) it is therefore possible to _calculate the mica thickness/phase plot shown in Figure 

6.12. 
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Figure 6.12 The thickness/phase relationship of the SF2/SF3 cross-term, the dominant component 
of the DIMS I simulations. 

This plot was calculated using a linear equation based on a phase offset of 90° and a 
periodicity of3.01 f.-liD. An additional function was employed to periodically offset the 
calculated phase by 360° in order to ensure the line stays within the boundaries of the plot. 

Whilst the ongm of the multiple thickness/phase relationships observed in the mica 
thickness/intensity simulation has been determined, the reason for the dominance of the 
SF2/SF3 cross-term has not been identified. To elucidate why one cross-term has a greater 
influence on the DIMS 1 predictions than the other it is necessary to plot the individual x and z 

intensity components of the SF 1/SF3 and SF2/SF3 cross-terms, as shown in Figure 6.13. 
From this figure it is evident that the x and z intensity components of the SF2/SF3 cross-term 
are in phase, whilst the x and z component of the SF1/SF3 cross-term are out of phase. 
Consequently, the net cross-term intensity variation (calculated by summation of the 
individual x and z components) for SF1/SF3 is minimal, but for SF2/SF3 is substantial. The 
slight intensity differences between the x and z components within each plot originate from 

the differing magnitudes of the component susceptibilities (i.e. z components generated by 

X~ and X~x, x components by X~x and X~). However, it is the non-linear Fresnel factors 

that are responsible for the phase difference between the x and z components of the SF1/SF3 

cross-tetm. For SF2/SF3, L: and L: are both positive (Equations 2.54 and 2.55), but for 

SF1/SF3 L~ and L~ (Equations 2.51 and 2.53) have opposite signs and the generated SF E 

fields are therefore out of phase. 
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Figure 6.13 The individual x and z axis SF intensity components of the SF1/SF3 and SF2/SF3 

cross-terms. 

(a) The SF1/SF3 x and z axes components are out of phase. 

(b) The SF2/SF3 x and z axes components are in phase. 

Note that the x axes are plotted on different scales. 

6.1.6.2 Parameter Variations 

In the previous section (6.1.6.1) the component thickness/phase relationships of the DIMS1 

prediction were isolated and analysed to determine their periodicity and relative intensities. 

An important consideration for the DIMS 1 model, particularly in terms of its applicability to 

the real DIMS system, is its stability to reasonable variations in the input parameters and thus, 

the stability of the component thickness/phase relationships. Consequently, the effect on the 

model predictions of variations in the mica refractive indices, incident beam angles and ODS 

monolayer parameters are detailed below. 

The three mica refractive indices (n2,SF, n2,v1s and n2,IR) are crucial parameters as they are 

present throughout the DIMS 1 model. A number of simulations were therefore completed 

with variations of plus and minus 0.1 made to the value of all three refractive indices. The 

effect of these parameter variations on the model may be evaluated from a simple 

thickness/intensity plot, Figure 6.14. It is evident that a decrease in all three mica refractive 

indices (shown in red) reduces the periodicity of the dominant thickness/phase relationship. 

As may then be expected, an increase in all three mica refractive indices is observed to have 
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the opposite effect (shown in blue, Figure 6.14). Employing the techniques presented in the 

previous section it is possible to show that a variation of± 0.1 in the value of the three mica 

refractive indices produces a corresponding variation of± 0.2 f.-liD in the periodicity of the 

thickness/phase relationship of the SF2/SF3 cross-term. This value is comparatively minor, 

indicating that the model is quite stable to variations in the value of the mica refractive index 

used. The visible refractive index values used in this work are accurate to within± 0.02 and 

the infrared refractive index value while much less accurate, is not expected to have an error 

as great as ± 0.1. Inaccuracies in the DIMS 1 model introduced by uncertainties in the values 

of the mica refractive indices employed may therefore be considered to be minimal. 
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Figure 6.14 DIMS I simulations to ascertain the stability of the model to variations in the values of 

the mica refractive indices employed. 

Simulations were completed with the value of all three mica refractive indices concurrently 
increased by 0.1 (in blue) and decreased by 0.1 (red) from the values given in Table 6.1. 

The DIMS 1 model employs incident beam angles relative to the surface normal of 60 and 65° 

for the visible and infrared beams respectively. Variations in either incident beam angle will 

alter the values of the both the Fresnel factors and phase/distance relationships in the DIMS 1 

model and corresponding variations in the intensities and periodicities of the phase/distance 

components may therefore be anticipated. During an actual DIMS experiment the beam 

angles are finely controlled and a maximum variation of± 0.5° is expected (Section 4.3.3). 

191 



Chapter 6 

DIMS 1 simulations employing errors of this magnitude resulted in negligible effects on the 

thickness/intensity plot. Indeed variations of ± 3 ° in the incident beam angles were required 

before appreciable intensity and periodicity variations were observed, as indicated in Figure 

6.15. 
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Figure 6.15 DIMSl predictions with incident beam angle variations. 

DIMS 1 simulation for the standard incident beam angles of 60 and 65° to the surface 

normal for the visible and infrared beams respectively (black) and for alternative angles of 

57 and 62° respectively (red). 

The three DIMS1 parameters relating to the ODS monolayer (K, rand n1ayer) are employed 

solely in the susceptibility equations ( 6.12 - 6.14) and consequently the sensitivity of the 

DIMS 1 model to errors in these values is expected to be restricted to variations in the relative 

intensities of the thickness/phase components. DIMS 1 simulations completed incorporating 

uncertainties of r ± 1 and K ± 1 0° resulted in the plots given in Figure 6.16a and b. Additional 

simulations were also completed for two alternative values of n1ayer commonly employed in 

SF orientational studies33
'
37 (niayer = 1.45 and 3 .5) and are shown in Figure 6.16c. These 

results demonstrate that the model is comparatively sensitive to variations in the value of n1ayer 

and r, but is insensitive to alterations in K. The values of r and n1ayer employed in the DIMS 1 

model originate from the detailed evaluation of the literature presented in Section 6.1.5.2. 

However, as discussed in this evaluation, the uncertainties in the values of both parameters 

are considerable and the resulting variations in the DIMSl model must therefore be accepted 

192 

b) 

Mica Thickness/Phase Investigation 

as valid alternative predictions of the DIMS enhancement phenomenon. The insensitivity of 

the model to alterations in the value of K is a significant result as it is the intensity ratio 

observed between ppp/ssp spectra (Section 2.5.4) that allows the determination of K in a SF 

study, not variations in the intensity of the ppp spectrum alone. If the DIMS 1 model predicted 

substantial intensity variations with only a 10° molecular tilt angle variation, it would indicate 

that the DIMS phenomenon was unstable to variations in K and hence, of only limited 

practical application. 

-e 
~ 
;:;;-
·v; 
c: 
.2l .s 
u. 
Vl 

aJ 
.!!! 
;;; 

§ 
z 

a) 1.5 

1.4 

-e 1.3 
~ 
;:;;- 1.2 
·v; 
c: 
.2l 1.1 .s 
u. 1.0 Vl 

~ 0.9 ;;; 

§ 0.8 
z 

0.7 - r = 3.5 
- r = 2.5 (normal) 

0.6 r = 1.5 

0 2 4 6 8 10 

d/Jlffi 

1.5 c) 1.5 

1.4 1.4 

1.3 

1.2 

1.1 

1.0 

0.9 

0.8 

0.7 

0.6 

-e 1.3 
~ 
;:;;- 1.2 
·v; 
c: 
J!l 1.1 .s 
u. 1.0 Vl 

~ 
;;; 

0.9 

E 
0.8 0 

- K= l1° z 

-K = 21° (Normal) 0.7 - n..,.,= 3.5 

- K=31° 
- n"',..= 1.45 

0.6 = 1.18 

0 2 4 6 8 10 0 2 4 6 8 10 
d/11m d /11m 

Figure 6.16 The DIMSl predictions completed with variations in the ODS monolayer parameters. 

(a) A variation of± 1 in r, the ratio l3aadl3ccc' results in a substantial alteration in the relative 

intensities of the component thickness/phase relationships. 

(b) A variation of± 10° in K, the tilt angle between the hydrocarbon axis and the surface 

normal, introduces little variation in the DIMS! prediction. 

(c) The two alternative values ofn1ayer commonly employed in SF orientational studies 

produce a substantial alteration to the DIMS! prediction, but again, only in the relative 

intensities of the thickness/phase components. 
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6.1.7 DIMS2 Modelling Results 

In the previous section the DIMS 1 model was employed to predict the nature of the DIMS 

enhancement effect for the symmetric methyl stretching mode of an ODS monolayer probed 

by the ppp laser polarisation combination. However, as discussed in Section 8.2, the 

symmetric stretching mode and its associated Fermi resonance have an identical symmetry 

and consequently the DIMS 1 predictions equally apply to the behaviour of the r;R vibrational 

mode. In addition, it is noted that the only components of the DIMS 1 model that are actually 

specific to the r+ symmetric vibrational mode (and hence its Fermi resonance) are the second

order non-linear susceptibilities. The model may therefore be modified to predict the DIMS 

enhancement effect for the methyl anti-symmetric vibrational mode by simply substituting the 

appropriate second-order non-linear susceptibility equations into the DIMS1 Mathematica22 

program. The susceptibility equations for the r- vibrational mode of a methyl group may be 

derived in an identical manner to those for the r+ mode, were presented in Appendix 8 (Table 

8.4) and are summarised below: 

<2> _ (cos 9) - (cos 39) 

X=- 2(rov -roiR -ir) 

X
(2) = 
X-'<Z 

(cos 9) - (cos 39) 

4( (J)v - (J)IR -if) 

c2> _ c2> _ 3( cos 9) + (cos 39) 
Xx'ZJ< - Xm - 4( _ _ ·r) 

(J)v (J)IR l 

6.28 

6.29 

6.30 

where 9 is the angle between the methyl molecular c axis and the surface normal, ffiv is the 

frequency of the vibrational resonance and r-1 is the relaxation time of the vibrationally 

excited state. The surface averages of cos 9 and cos 39 may therefore be calculated in an 

identical manner to those for the r + vibrational mode (Equations 6.15 and 6.16). 

The theoretical model created to predict the thickness/phase behaviour of the r- methyl 

vibrational mode is denoted DIMS2 and since it deviates only slightly in form from the 

DIMS 1 model (Section 6.1.4 and Appendix C) it is not presented in detail. A resonant 

vibrational frequency, ffiv of 2966 cm-1 was employed in the model, but all other parameters 

match those detailed in Table 6.1. The DIMS2 model has been used to calculate the mica 
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thickness/SF intensity plot given m Figure 6.17a. It is observed that employing the r

susceptibility equations in place of the r + equations results in a substantial variation in the 

relative contributions of the individual component thickness/phase relationships. In fact, 

Figure 6.17a indicates that the SF1/SF3 cross-term dominates the DIMS2 prediction and a net 

rapid thickness/phase change is therefore predicted for the r- vibrational mode. It is noted that 

the weaker SF2/SF3 cross-term effectively modulates the intensity of the rapid SF1/SF3 

thickness/phase change. Comparison of the r- Fourier transform, shown in Figure 6.17b, with 

that of the t F ourier transform (Figure 6.1 0) confirms that, although the relative intensities of 

the two dominant cross-term components are altered, the periodicities remain the same. It is 

noted from Figure 6.17b that the SF1/SF2 cross-term component with a thickness/phase 

periodicity of 152 nm that is present in the r+ prediction, is either absent or obscured by the 

SF 1/SF3 cross-term component. 
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Figure 6.17 DIMS2 modelling results for the methyl anti-symmetric stretching mode. 

(a) A plot of normalised SF intensity verses mica thickness for the r- DIMS2 model. 

(b) A Fourier transform of the DIMS2 results in plot (a) illustrating that although the 

relative intensities between the SF1/SF3 and SF2/SF3 cross-terms has changed, the 

periodicities remain the same. 

To investigate the origin of the relative intensity variations between the r+ and r- predictions, 

the individual x and z axis components of the SF1/SF3 and SF2/SF3 cross-terms are plotted in 
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Figure 6.18a and b respectively. From Figure 6.18 it is evident that the SF1/SF3 x and z 

components are in phase whilst the SF2/SF3 x and z components are out of phase, exactly the 

opposite phase relationships from those observed in the r+ model. This phase reversal is 

attributed to the sign differences in the component r+ and r- susceptibility equations and 

accounts for the dominance of the SF1/SF3 cross-term over the SF2/SF3 cross-term in Figure 

6.17. It is also noted that the phase variations in the SF2/SF3 x and z components are 

responsible for a 180° phase shift in the periodicity of the net SF intensity that arises from the 

cross-term. This phase shift may be observed in Figure 6.17a, where at 0 J..Lm the longer 

periodicity component is at a minimum. A maximum is subsequently reached at 1.5 J..Lm, 

exactly half a period from that observed in the DIMS1 prediction of Figure 6.9. However, the 

180° phase shift described above has not occurred in the SF1/SF3 cross-term and as it is this 

cross-term that dominates the DIMS2 simulation, a resonant peak is still predicted at 0 J..Lm. 
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Figure 6.18 The individual x and z axis SF intensity components of the SF1/SF3 and SF2/SF3 

cross-terms as predicted by the DIMS2 simulation. 

Note the different x axis scales of the two plots. Valuable comparisons may be made with 

the related plots for the r+ DIMSl model (Figure 6.13, page 190). 

(a) The SF1/SF3 x and z axis components are observed to be in phase. 

(b) The SF2/SF3 x and z axis components are observed to be out of phase. 
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6.1.8 DIMS3 Modelling Results 

The DIMS1 and DIMS2 models presented previously have both modelled the methyl 

stretching modes of an ODS monolayer probed by the ppp laser polarisation combination. 

Having completed two ppp models it is a simple matter to extend the theory to consider the 

ssp laser polarisation combination, since only one set of generated SF E fields (Ey,SF t, Ey,sF2, 

Ey,SF3) must be considered. The equations employed to generate this model (denoted DIMS3) 

are briefly summarised below: 

6.31 

E - LRP(2) 
y,SFI - y y,SFI 

6.32 

E - ep(2) ( t il1sF2 ) 
y,SF2 - y y,SF2 rs23 s21 e 6.33 

6.34 

p(2) = (x(2) K K + x(2) K K \_i(!!.IR,+!!.viSI) 
y,SFI yyz y,VIS z,IR yzy z,VIS y,IR F 6.35 

p(2) =(x<2> K K +x<2>K K \ _;(l1,Rl+l1v,s2 ) 
y,SF2 yyz y,VIS z,IR yzy z,VIS y,IR F 6.36 

where the propagation/phase equations (il) are those given in Section 6.1.4.2 and the linear 

and non-linear Fresnel equations are those of Section 2.3.2 and Section 2.3.3 respectively. 

For the C:o surface considered in this work (Section 2.4.1), xis considered to be equivalent to 

y and the susceptibility equations employed are therefore simply the x axis equivalents, i.e. 

X~= x~~ (Section 6.1.4.1 r+, Section 6.1.7 r-) 

The values of the parameters employed in the DIMS3 model are identical to those presented 

in Table 6.1 which were used for both of the previous ppp laser polarisation combination 

models (except, ffiv = 2878 cm-1 for r+, 2966 cm-1 for r-). Interpretation of the DIMS3 results 

is considerably simpler than that for either of the previous models since only one E field 

polarisation must be considered for each of the three SF cross-terms. The predictions of the 

DIMS3 model for the r+ and r- methyl symmetric stretching modes are presented in Figure 
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6.19a and b respectively (in a thickness/SF intensity plot as commonly employed in this 

work). It is evident from Figure 6.19 that the DIMS3 predictions originate from almost equal 

intensity contributions of both the SF1/SF3 and SF2/SF3 cross-terms. The net effect is a 

thickness/phase effect with a short periodicity, modulated in intensity by a longer periodicity. 

However, the intensity variations observed for the r+ vibrational mode are considerable 

greater than the r- vibrational mode. This result is attributed to the differing susceptibilities 

equations employed for the two modes of resonance. From Figure 6.19, it is observed that, as 

may be expected, the periodicities of the thickness/phase relationships are identical to those 

encountered previously. 
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Figure 6.19 DIMS3 simulations plotted with SF intensity on resonance verses mica thickness for 

the methyl stretching modes probed by the ssp laser polarisation combination. 

Both simulations contain almost equal intensity contributions from both the SF I /SF3 and 
SF2/SF3 cross-terms. 

(a) The methyl symmetric stretching mode, t. 
(b) The methyl anti-symmetric stretching mode, r-. 

It is concluded that the DIMS3 model predicts that the net thickness/phase effect of the r+ and 

r- vibrational modes will involve a rapid periodicity due to SF1/SF3 cross-term modulated in 

intensity due to the SF2/SF3 cross-term. 

198 

Mica Thickness/Phase Investigation 

6.1.9 Modelling Summary 

The theoretical models developed throughout this investigation are based on the fundamental 

linear and non-linear optical properties of a DIMS sample and consider the coherent addition 

of three separate SF signals. Three closely related models have been presented which together 

predict the DIMS non-resonant phase as a function of mica thickness for the symmetric and 

anti-symmetric stretching modes of a terminal methyl group, probed with either ppp or ssp 

laser polarisation combinations. 

The fundamental result produced by all three theoretical models is that the intensity of the SF 

signal emitted from a DIMS sample originates from only two principle sources, the SF1/SF3 

cross-term and the SF2/SF3 cross-term. The differences observed between the three 

modelling predictions may therefore be correlated simply to the differing relative intensities 

of the two cross-term components. Each cross-term has a specific thickness/phase relationship 

with a periodicity that was found to be independent of the vibrational mode or laser 

polarisation combination under consideration. In addition, although the SF1/SF3 periodicity is 

particularly fast (162 nm) and the SF2/SF3 cross-term substantially slower (3.01 11m), neither 

periodicity varied significantly with reasonable variations of the values of the input 

parameters. 

Whilst the modelling results obtained in this investigation have provided a greater 

understanding of the DIMS phenomenon, it must be kept in mind that numerous assumptions 

have been required in order to achieve this goal. It is recognised, for example, that alternative 

descriptions of the SFG from the gold surface, or the inclusion of multiple reflections within 

the mica layer, may significantly alter the simulation results. Consequently, although the 

theoretical investigation has been invaluable, it is clearly important to obtain experimental 

verification of the modelling predictions. 
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6.2 Experimental Investigation 

The aim of the experimental investigation was to obtain an empirical determination of the 

DIMS mica thickness/phase effect. The only viable methodology for achieving this aim was 

the acquisition of a substantial number of SF spectra from well-packed ODS monolayers 

adsorbed on DIMS samples of varied, but known, mica thickness. The experimental study 

presented in this chapter represents a significant part of the DIMS research project and was 

completed concurrently with the theoretical investigation presented in Section 6.1. The first 

stage of the experimental investigation employed DIMS samples created during the 

development of the ODS monolayer formation protocol and used SEM to determine the 

thickness of the mica sheets. The second stage was completed after the ODS adsorption 

protocol had been finalised and employed profileometry to accurately measure the relative 

changes in mica thickness between spectra obtained on stepped DIMS samples. Clearly, an 

important aspect of the experimental investigation was the accurate determination of mica 

thickness. For this reason, the advantages and disadvantages of the measuring techniques 

considered throughout the investigation are briefly discussed in Section 6.2.1. The SF spectra 

and subsequent mica thickness/phase analysis are then presented for both stages of the 

experimental study. 

6.2.1 Mica Thickness Determination Methods 

The fundamental requirement of a mica thickness measurement technique is accuracy. In 

addition, an ideal technique would be one that was comparatively simple and could be 

employed in the short space of time after cleaving and before the mica sample was laid onto a 

backing sheet. By far the fastest and simplest method of measuring the thickness of a mica 

sheet is to use a micrometer. Indeed, a state-of-the-art Mitutoyo mechanical micrometer has 

been used throughout this work to determine the thickness of mica immediately after 

cleaving. However, with limited manufacturing tolerances and ambient temperature 

fluctuations, measurements may only be made with an . accuracy of± 1 J.tm. In addition, the 

micrometer shaft (6 mm in diameter) must touch the mica surface and consequently the area 

of the mica sheet that has been measured cannot be used for adsorption experiments due to 

potential contamination. Recently, laser scan micrometers have been introduced onto the 

market that have an accuracy of± 0.05 J.tm. Unfortunately, while ideally suited to the DIMS 
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technique, their current price of £6000 makes them prohibitively expensive. The mechanical 

micrometer used in this work was a fast method of obtaining approximate results, but 

additional techniques were required that offered a higher degree of accuracy. 

Scanning electron microscopy was employed in the first stage of the experimental 

investigation as the initial study (Section 3.2) demonstrated that mica thicknesses could be 

determined with sub-micron accuracy. However, as discussed in 3.2, experience demonstrated 

that although SEM was ideal for measuring surface features 1 O's of nanometres in size, it was 

not designed for accurate measurements on a micrometre scale. Whilst the results presented 

in Section 6.2.2 therefore provide a valuable contribution to the DIMS project, the inherent 

errors of the SEM technique generates a data set with significant uncettainties in the mica 

thickness determinations. 

Profileometry ts a technique specifically designed to obtain accurate quantitative 

measurements of surface topographical features. However, as described in Section 3.3, 

profileometry only provides relative mica thickness data, such as the height of a step on a 

mica face. Theoretically, it should be possible to measure the absolute thickness of a piece of 

mica by tracing the stylus over the edge of the sample onto the sample stage. In practice, 

however, this method ofthickness determination proved to be highly inaccurate as the cleanly 

cut mica edge had to be held firmly against a surface, but without the use of an adhesive 

(which would increase the measured thickness) or applied pressure (which would obstruct the 

profileometer stylus). Profileometry was therefore suitable only for measuring relative mica 

thickness values, but as this could be achieved with an accuracy of± 0.06 J.tm, the method 

was employed in the second phase of the experimental investigation. 

With the inherent inaccuracies associated with micrometry and SEM, in addition to the 

limitation of only being to obtain relative thickness measurements from profileometry, 

interferometry was investigated as a means of providing absolute mica thickness values with a 

resolution of nanometres. 
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6.2.1.1 Interferometry 

A freshly cleaved sheet of mica fulfils all the basic requirements of an etalon: the two faces of 

the sheet are smooth, parallel and a percentage of the light propagating through the mica sheet 

is reflected back from the mica/air interface. The intensity of light transmitted through a mica 

sheet is therefore subject to an etalon interference effect which may be described using an 

Airy function2
: 

6.37 

where I1 and Ii are the intensity of the transmitted and incident beams respectively. F is 

defined as the coefficient of finesse of the etalon and is calculated from the Fresnel amplitude 

reflection coefficients (Section 2.1.4) as shown below: 

F = [ 2rp/s 
2 

]

2 

1- rp/s 

6.38 

In Equation 6.37, rjJ is the roundtrip phase change of the light ray. For the dielectric mica/air 

interface, additional phase changes on reflection may be ignored and rjJ may simply be 

expressed as: 

27t 
~=-2ndcos8 

A 
6.39 

where A is the wavelength (in vacuo) of the light propagating through the mica. n is the 

refractive index and d the thickness of the mica sheet, and e is the angle of the light beam in 

the mica to the surface normal. Using Equations 6.37 to 6.39, etalon interference patterns with 

differing finesse coefficients have been calculated and are plotted in Figure 6.20. This figure 

demonstrates that the higher the reflectivity of the etalon/air interface, the more pronounced 

the interference effect. 
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1/I, 

Roundtrip Phase W 

Figure 6.20 The Airy Function with differing finesse coefficients (F). 

This plot was created using Equation 6.37. The mica finesse value of0.27 was calculated 

using Equation 6.38 and a Fresnel reflection co-efficient of0.245 (Equation 2.30, for an 

infrared beam with nl,IR = I, n2,1R = 1.65 and e = 0°). 

From Equation 6.37 and Figure 6.20 it may be seen that each of the interference maxima 

occur at a roundtrip phase equal to a multiple of 2n. Using Equation 6.39, two consecutive 

maxima are therefore expressed as: 

27t 
2nX =-2nd cos B 

AI 

2n(X + 1) = 
2

n 2nd cos B 
A2 

6.40 

6.41 

where X is an unknown integer multiple of 2n. Equations 6.40 and 6.41 may be simplified 

and rearranged to give: 

1 
d=----

2nucos e 

where u is the period of the interference fringe maxima, as shown below: 
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6.43 

From Equation 6.42, it is clear that in principle, a transmission spectrum of an etalon (such as 

a mica sheet) can be used to calculate its thickness (d), if the refractive index of the material 

and the beam angle are known. However, the accuracy of this technique largely depends on 

the precise determination of the interference fringe spacing and they must therefore be a 

prominent feature in the transmission spectrum. The Fresnel reflection coefficients for 

muscovite mica, with an incident beam normal to the surface, a wavelength of 3.45 1-lm and an 

average refractive index of 1.65 (Section 6.1.5.1) are rp = 0.245 and rs =- 0.245 . The finesse 

coefficient is proportional to r2 rather than r and a single value of F = 0.272 is therefore 

generated. This low finesse value produces an interference effect with only minimal intensity 

variations, as shown in Figure 6.20. To determine whether the interference effect was 

sufficiently strong to allow thickness or refractive index determination of mica to be 

performed, a brief study was completed using infrared transmission spectroscopy. It was 

found that for a thick mica sheet (in the range 20 to 100 f-tm) the closely spaced fringes could 

clearly be identified, as shown in Figure 6.5 (page 179). Thus, a micrometer measurement of 

the mica thickness allowed an estimate to be made of the mica refractive index in the infrared 

region (Section 6.1.5.1). However, for pieces of mica 3 to 15 f-tm in thickness, interference 

fringes hundreds of wavenumbers apart were observed. The low finesse value and spectral 

absorption bands consequently made the error in determining the fringe spacing (u) 

substantial. Further, since only an estimate of the mica refractive index was available the 
' 

uncertainty introduced in converting the fringe spacings to mica thicknesses was significant. 

It is clear from the above discussion that infrared interferometry is not suitable for measuring 

mica thicknesses of less than 20 f-tm. However, a possible alternative is visible interferometry, 

since the shorter wavelength of light employed should in principle be capable of accurately 

determining the thickness of thinner mica sheets (3 to 20 f-tm). A variant of visible 

interferometry is used in the surface forces apparatus to determine the spacing between two 

. f: 45 H h mtca sur aces . owever, t e problem of a low finesse value requires that a semi-transparent 

silver coating is evaporated onto the back of the mica sheets, thereby increasing their 
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reflectivity. This methodology cannot be employed for DIMS samples since coating both 

sides of the mica with gold eliminates the mica surface on which adsorption is to occur. 

It is concluded that although interferometry is capable of providing very accurate thickness 

measurements in instances where the finesse of the etalon is high, the technique is not suitable 

for freshly cleaved mica sheets of low surface reflectivity. The mica thickness determinations 

completed in the experimental investigation therefore only employs the techniques of 

micrometry, scanning electron microscopy and profileometry. 

6.2.2 Experimental Results - SEM Thickness Measurements 

The first phase of the experimental investigation was completed with DIMS samples created 

during the ODS adsorption study and mica thickness measurements obtained with SEM. The 

adsorption study is described in Section 5.2 and necessitated the evaluation of a wide range 

of reaction protocols. Consequently, the spectra presented in this section derive from 

mono layers of varying quality, with the packing densities and surface disorder observed to 

differ substantially between spectra. Whilst it is therefore possible to analyse the DIMS non

resonant phase of both the symmetric and anti-symmetric methyl stretching modes, a detailed 

analysis of their resonant intensities is not valid and has not been completed. 

The DIMS samples analysed in this work were created with freshly cleaved mica (Section 

4.2.2) and backed with gold using the optimised method presented in Table 4.2. Following the 

monolayer formation reaction contact angle determination was employed to provide an initial 

indication of the monolayer quality. Samples with monolayers exhibiting contact angles 

greater than 90° were mounted for analysis on the SF spectrometer as described in Section 

4.2.4. The ppp laser polarisation combination was employed and the incident visible and 

infrared beam angles were set to 60 and 65° respectively (Section 3.1.1). Following spectral 

acquisition the mica thickness was determined by SEM, as described in Section 3.2.3. The 

calibration uncertainty encountered in the SEM technique has been included in the final 

thickness values presented in this work. 
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6.2.2.1 Spectral Observations and Phase Analysis 

The spectra presented in this study have been normalised and modelled using the software 

specifically designed for the DIMS project, as described in Section 2.6.3. However, to 

illustrate an important characteristic of the DIMS phenomenon, an un-normalised SF 

spectrum from a DIMS sample :::::: 16 Jlm thick is presented in Figure 6.21. The periodic 

oscillation in the baseline observed in this spectrum far exceeds any variation of the SF signal 

introduced by the tuning curve of the dye laser (Section 3.1) and is therefore attributed to an 

infrared interference effect, similar to the etalon effect described in Section 6.2.1.1. Although 

present to a minor extent in SF spectra obtained from DIMS samples less than 10 Jlm in 

thickness, this phenomenon was only appreciable for thicknesses greater than 10 Jlm. In fact, 

for DIMS samples with a mica thickness of greater than 15 Jlm it was difficult to accurately 

isolate the resonant spectral features from the undulating baseline and consequently, this was 

the thickest mica employed. This baseline undulation is not currently predicted by the DIMS1 

model since multiple reflection effects are not considered. However, as the phenomenon 

appears to be almost identical to that observed in the linear infrared transmission spectra 

obtained from mica sheets (Figure 6.5), it is possible to conclude that the effect will prohibit 

accurate spectral interpretation from samples with mica thicknesses ranging from :::::: 15 Jlm to 

2 mm46. 
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-e 0.8 
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~ 0.7 
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~ 
~ 0.6 

0.5 

0.4 -t--~----,-___,_---r-~---.---~----, 
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Wavenumber /cm'' 

Figure 6.21 SF intensity data (un-normalised) from a DIMS sample with a mica thickness of 

""l6f.tm. 

Spectra such as this have not been included in this study since the accuracy of the baseline 

fitting, the spectral normalisation and the modelling of the resultant spectrum is severely 

hampered by the undulating baseline. 

Mica Thickness/Phase Investigation 

Sixteen intensity normalised DIMS spectra are presented in Figures 6.22 and 6.23 for mica 

thicknesses ranging from 1.3 to 14.9 Jlm. The resonant features observed in these spectra 

originate from the hydrocarbon chains of the ODS monolayer, as discussed in Section 2.5 .1 

and summarised Table 2.4. Although a total of sixteen spectra are presented, only spectral 

peaks (DIMS non-resonant phase = 90°) or spectral dips (DIMS non-resonant phase 

= -90°) are generally observed for the r+ and r- vibrational modes. The absence of differential 

lineshapes (DIMS non-resonant phase= 0 or 180°) may be a true DIMS effect or may simply 

be attributed to the fact that a differential line shape is harder to distinguish above the noise 

present in a SF spectrum. Due to the considerable number of poor mono layers probed in this 

first phase of the investigation, spectra were typically aborted after only 5 to I 0 scans (rather 

than a complete 20 scans) if resonant features could not be distinguished above the spectral 

noise. 

The spectra acquired from DIMS samples with mica thicknesses of 1.3, 3.9, 5.7 and 7.2 Jlm 

are observed to contain both methylene and methyl vibrational resonances. It is evident from 

these spectra that the d+ and r+ vibrational modes (and their associated Fermi resonances) 

exhibit an identical DIMS thickness/non-resonant phase behaviour. From Figure 6.22 and 

6.23 it is also observed that the DIMS non-resonant phase of the r- resonance often differs 

from that of the d+ and r + vibrational modes. It is therefore concluded that the r- mode has a 

unique DIMS thickness/phase dependence. In Figure 6.24, the DIMS non-resonant phases for 

the r+ vibrational modes of the spectra in Figures 6.22 and 6.23 are plotted with respect to 

mica thickness. The uncertainty in both the modelled phase and the mica thickness 

determination (Section 3.2) are included in the plot as error bars in the vertical and horizontal 

direction respectively. From Figure 6.24 it is possible to identify two broad areas of negative 

phase at 6 and 13 Jlm (although the 13 Jlm area is assumed based on a single data point) and 

this may indicate a mica thickness/phase effect that varies periodically over approximately 6 

Jlm. However, the existence of both positive and negative r+ phases for mica thicknesses in 

the region 5 to 7 Jlm signifies an effect that varies rapidly, or erratically with mica thickness. 

No conclusions are therefore drawn with regards the periodicity of the experimental r+ phase 

data. The DIMS 1 r+ theoretical thickness/phase prediction (Section 6.1.6) is plotted as the 

solid line on the same axes. Comparison of the r+ phase data and the DIMS I r+ modelling 

predictions indicates that no apparent correlation exists between the two datasets. 
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Figure 6.22 DIMS ppp SF spectra of ODS monolayers for mica thicknesses from 1.3 to 6. 7 Jlm. 

Er+ and E, are the modelled DIMS non-resonant phases for the r+ and r- modes respectively. 
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Figure 6.23 DIMS ppp SF spectra of ODS monolayers for mica thicknesses from 7.0 to 14.9 Jlm. 

Er+ and E, are the modelled DIMS non-resonant phases for the r+ and r- modes respectively. 
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Figure 6.24 The DIMS non-resonant phase for the r+ vibrational resonances of the spectra in 

Figures 6.22 and 6.23, plotted with respect to the thickness of the DIMS mica sheet. 

The DIMSl r+ phase prediction (Section 6.1.6) is also included. 

Thickness determination was completed with SEM following spectral acquisition and the 

uncertainty of the SEM technique shown in this figure is discussed in Section 3.2. The 

DIMS r+ non-resonant phase was determined from spectral modelling and the associated 

errors are estimated from multiple modelling attempts. 

In Figure 6.25, the non-resonant phases of the r- vibrational resonances of the spectra in 

Figure 6.22 and 6.23 are plotted with respect to mica thickness and a similar problem to that 

encountered for the r+ data is observed when attempting to elucidate a definitive relationship. 

The general trends of the data appear to indicate that of mica thicknesses less than 7 Jlm a 

positive non-resonant phase is expected, whilst at thicknesses greater than 7 J.!m, a negative 

phase is expected. However, whilst this slow thickness/phase effect is a feasible interpretation 

of the data, alternative fast or erratic relationships cannot be ruled out. Indeed, the DIMS2 

model (Section 6.1. 7) predicts a very rapid- mica/thickness effect but the corresponding phase 

plot has not been included in Figure 6.25 as a constructive comparison is impossible. 

The lack of definitive conclusions regarding the periodicities of the thickness phase 

relationship based on Figures 6.25 and 6.26 may be attributed to the considerable degree of 

uncertainty in the SEM mica thickness determination. Consequently, whilst this first phase of 

the experimental investigation allowed a number of general spectral observations to be made 
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regarding the DIMS phenomenon, the uncertainty in the thickness determination effectively 

limited any detailed conclusions regarding the thickness/phase relationship. 

0 

180 

150 

120 

~ 90 
Vl 

~ 60 
c. 
~ 30 
ro 
~ 0 
~ -30 
c: 
g -60 

~ -90 
0 ..... -120 

-150 

-180 +--.---.---.--r---.-,,-l--..--,---.--r---.-----.----.-~ 
0 2 4 6 8 10 12 14 

d/~m 

Figure 6.25 The DIMS non-resonant phase for the r- vibrational resonances of the spectra in 

Figures 6.22 and 6.23, plotted with respect to the thickness of the DIMS mica sheet. 

Thickness determination was completed with SEM following spectral acquisition and the 

uncertainty of the SEM technique shown in this figure is discussed in Section 3.2. The 

DIMS r- non-resonant phase was determined from spectral modelling and the associated 

errors are estimated from multiple modelling attempts. 

6.2.3 Experimental Results - Profileometry Thickness Measurements 

The second phase of the experimental investigation was specifically designed to eliminate the 

uncertainties in the mica thickness determination encountered in the SEM based study. The 

profileometry technique employed in this study is described in Section 3.4. It was noted in the 

discussion of the practical aspects of profileometry in Section 6.2.1 that only the relative 

thickness, rather than absolute mica thickness, may be obtained. The methodology employed 

in this investigation was therefore to use mica samples with multiple steps (and therefore 

several regions of different mica thickness) and to correlate the results from different samples 

by assuming that spectra of identical DIMS non-resonant phase corresponded to a single mica 

thickness, denoted X. For example, if two different samples both contain a region that 

exhibits an r+ DIMS non-resonant phase of 90°, then both regions are considered to have an 
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absolute mica thickness of X. The profileometry data, giving the difference in thickness to 

other regions of the sample (via the step heights), then allows the phase data from modelled 

ODS spectra on the other regions on the two samples to be used to construct a DIMS non

resonant phase plot relative to thickness X. The fundamental assumptions in this analysis 

method are twofold. Firstly, that the phase relationship is periodic with respect to mica 

thickness, and secondly that the periodicity is invariant over the thickness range studied in 

this work (~ 1 - 15 ~-tm). These assumptions are based on the DIMS1 modelling results 

presented in Section 6.1 but it is noted that a lack of correlation in the profileometry results 

would be indicative of a non-periodic thickness/phase relationship. 

The highly stepped m1ca samples essential to this study were created using the method 

described in Section 4.2.2 and were subsequently backed with the gold (Table 4.2). The ODS 

monolayers were formed using the finalised ODS silanisation protocol presented in Section 

5.2. Spectra were recorded with the ppp laser polarisation combination and with incident 

visible and infrared beam angles of 60 and 65° respectively (Section 3.1.1). Following 

spectral acquisition the sample step heights were analysed with profileometry. As discussed in 

Section 3.3, all profileometry measurements were considered to contain an uncertainty o~ 

± 0.06 ~-tm. It is noted that considerable errors could potentially be introduced if the DIMS 

samples contained mica steps on the back (gold coated) face. In this instance samples were 

discarded and the data considered invalid. 

6.2.3.1 Spectral Observations 

The spectra recorded in this stage of the experimental investigation are given in Figures 6.26 

to 6.28 and originate from eight stepped samples. Contact angle determination was employed 

to confirm the success of the ODS monolayer formation reaction and in all cases contact 

angles of 109° ± 2° were observed: Nearly all the spectra exhibit only methyl stretching 

modes (indicative of a well ordered monolayer, Section 2.5.2). However, methylene modes 

indicating a more disordered monolayer are observed in five spectra (D3, D4, D5, F1 and G5). 

Substantial variations in the resonant intensities are observed across the spectra. Whilst a 

possible explanation is the presence of areas of lower ODS ordering, the lack of d+ resonances 

in the bulk of the spectra, and the considerable magnitude of the intensity fluctuations, 

indicate that in fact, the variations are attributable to the DIMS phenomenon. 
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Figure 6.26 DIMS SF spectra ofODS monolayers for profileometry samples A, Band C. 

c:r+ and C:r are the DIMS non-resonant phases for the r+ and .. - modes respectively. 
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Figure 6.27 DIMS SF spectra ofODS monolayers for profileometry samples D, E and F. 

~>r+ and B rare the DIMS non-resonant phases for the r+ and r- modes respectively. 
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Figure 6.28 DIMS SF spectra of ODS monolayers for profileometry samples G and H. 

~>r+ and B rare the DIMS non-resonant phases for the r+ and r- modes respectively. 
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The spectra presented in this section exhibit a wider range of non-resonant phases but 

differential line shapes are still less prevalent than 'peaks' or 'dips' and this may also be a 

characteristic ofthe DIMS effect. 

6.2.3.2 r+ Vibrational Mode- Mica Thickness/Non-Resonant Phase Analysis 

Six of the eight stepped samples analysed in this work include at least one mica region that 

exhibits an r+ vibrational resonance with a DIMS non-resonant phase between 65 and 75°. As 

discussed above, the mica thickness of each of these specific regions are therefore considered 

to be the same and to have a value of X jlm (i.e. dAs = ds2 = dc2 = d02 =dos= dHI =X j..tm). 

For simplicity X is set to a value ofO 11m at this stage ofthe analysis. The profileometry data 

presented in Figures 6.26 to 6.28, in conjunction with the non-resonant phase values 

determined by modelling the spectra, allows the thickness/phase relationships detailed in 

Table 6.2 to be derived. 

Profile 

A 

B 

c 
D 

G 

H 

Original Profileometry Linear Linear 
Relationships Fitted Data Fitted & 

Offset Data 
No. r+ NR r+NR r- NR r-NR d /J..Lm d error± d /J..Lm d /J..Lm 

phase/0 error ±/0 phase/0 error ±/0 /J..Lm 

I -96 8 70 15 4.81 0.24 4.62 4.89 
2 65 15 -112 15 3.05 O.I8 2.86 3.I3 
3 95 IO I05 IO 2.13 O. I2 1.94 2.2I 
4 -86 IO I07 30 1.17 0.06 0.98 1.25 
5 70 10 -106 10 0 0 -0.19 0.08 
I -I35 20 -38 25 -1.69 0.06 -1.70 -1.43 
2 65 8 -114 15 0 0 -0.01 0.26 
3 -II8 20 -66 25 -2.20 0.06 -2.21 -1.94 
I 58 8 -I6I 10 -0.77 0.06 -0.40 -O.I3 
2 68 10 81 15 0 0 0.37 0.64 
2 73 5 -123 10 0 0 -0.01 0.26 
3 86 IO lli 25 -3 .12 0.06 -3.I3 -2.86 
4 57 10 99 IO -6.92 0.12 -6.93 -6.66 
5 73 IO -I26 20 -7.09 0.18 -7.IO -6.83 
I 82 10 80 5 -0.02 0.24 -O.II O.I6 
2 -87 IO -90 10 l.4I O.I8 1.32 1.59 
3 87 IO 1.04 0.12 0.95 1.22 
4 -55 25 80 10 0.9I 0.06 0.82 1.09 
5 74 15 98 15 0 0 -0.09 O.I8 
1 70 7 -157 .. 20 0 0 0.24 0.54 
2 60 15 -I29 20 -3.79 0.06 -3.55 -3.28 
3 -93 I5 70 10 -7.17 0.12 -6.93 -6.66 
4 75 8 92 10 -7.46 O.I8 -7.22 -6.95 

Table 6.2 Profileometry thickness relationships for the r+ and r- vibrational modes. 

The thickness relationships are based on the profileometry data of Figures 6.26 to 6.28. It is 

assumed that spectra exhibiting a non-resonant phase from 65 to 75° (bold) originate from 

mica regions of the same thickness, which for simplicity is considered to be 0 J.lm. The 

optimised thickness relationships following the linear fitting procedure, and with the zero 

offset of0.27 J..Lm, are also included. 
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The profileometry thickness relationships and r+ DIMS non-resonant phases detailed in Table 

6.2 are used to generate the thickness/phase plot shown in Figure 6.29a. From this figure, a 

periodic trend in the r+ non-resonant phase/thickness data is immediately evident. This 

observation concurs with the theoretical results presented in Section 6.1, but whilst it would 

be possible to immediately compare the experimental predictions and theoretical data, a 

purely empirical determination of the periodicity is first obtained. A least-squares linear fit to 

the data points shown in blue in Figure 6.29a was completed with Excel47 and gives a phase 

periodicity of 4.11 j..tm, plotted in red in Figure 6.29 b. 
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Figure 6.29 Relative mica thickness/r+ DIMS non-resonant phase plots. 

(a) The relative mica thicknesses are generated from the profileometry relationships 

detailed in Table 6.2. The accumulative profileometry error and modelling uncertainty are 

shown by error bars in the x and y axes respectively. A least-squares fit to the blue data 

points is shown in (b). With a relative mica thickness of over 13 J..Lm , the D 1 data point has 

been omitted from this plot. 

(b) The least-squares fit to the blue data points was completed with Excel47 and was used 

to calculate a periodicity of 4.11 J..Lm and the phase plot shown in red. 

6 

From Figure 6.29b, it is noted that extrapolation of the calculated phase line to encompass the 

full dataset of Figure 6.29a results in a generally poor fit to the experimental data. In order to 

improve the quality of the fitting a larger proportion of the dataset must be included in the 

linear fit. This was accomplished by mapping the data points on the + 1 and -1 periods onto 
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the centre of the plot, using the initial periodicity value of 4.11 f.!m, as illustrated in Figure 

6.30b. Data points on outer-lying periods were not included in this process as the accumulated 

uncertainty in the thickness determination of such points was considerable (Table 6.2). 
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Figure 6.30 The method employed to map data points onto the central period for the r+ 

vibrational mode mica thickness/phase plot. 

The data points on the + 1 and -1 periods are mapped onto the central period ~sin~ the 
initial periodicity value of 4.11 ~m obtained from the least-squares fit shown m Ftgure 

6.29b. 

The mapped dataset generated by the process illustrated in Figure 6.30 is shown in 

Figure 6.31a. An iterative fitting procedure was employed that determined the least-squares 

linear fit to the data points, re-calculated the positions of the mapped points with the newly 

determined periodicity and subsequently re-calculated the linear fit. In addition, the values of 

the mica thickness regions which exhibited .an r+ DIMS non-resonant phase of 70o (i.e. dAs, 

ds2, dc2, d02, dos, dHI) were allowed to deviate from 0 f.!m by up to ± 0.4 f.!m during the 

optimisation procedure. All related points were then re-calculated as required. The deviation 

algorithm was programmed into an Excel47 spreadsheet and was included in the optimisation 

procedure to account for the uncertainty in the initial thickness assignment (e.g. dAs =X= 0). 
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Figure 6.31 The mapped thickness/phase data sets created using the method illustrated in 

Figure 6.30. 

(a) Mapped data points before the linear fitting and optimisation procedure. 

4 

(b) The optimised mapped dataset. Trus dataset is created using an iterative algorithm that 
applies a least-squares linear fit to the data points, re-calculates the positions of the mapped 
points with the newly determined periodicity and subsequently re-calculated the linear fit. 
An additional algorithm was also incorporated to allow the thickness of the mica regions 
with non-resonant phase of70° (i.e. dA5, d82, dc2, do2, das, dH,) to drift by± 0.4 Jlm. 

The result of the optimisation and linear fitting procedure is shown in the mapped form in 

Figure 6.30b. The corresponding periodicity is 3.23 ± 0.25 f.!m and the phase offset at 0 f.!m is 

60 ± 8°. In Figure 6.32, the optimised phase line is extrapolated to cover the full un-mapped 

dataset of Figure 6.29a. It is observed that the fit is a considerable improvement over the 

initial attempt shown in Figure 6.29b and that almost all the data points now fall within the 

95% confidence limit of the phase calculation. An additional indication of the accuracy of the 

optimised phase plot may be gained by introducing the data points from profiles E and F 

(these profiles were not included in the analysis above as they did not exhibit spectra with an 

t non-resonant phase of 70°). To introduce the data points, the thickness of El and Fl was 

calculated using the equation for the phase plot (i.e. thickness = (phase - 60)1111 .5) and the 

profileometry data was then used to construct the thickness relationships shown in Table 6.3. 

The additional data points from Table 6.3 are shown in red in Figure 6.32. It is evident that 

the data points added in this manner correlate well with the optimised phase line and confirm 

the accuracy of the periodicity calculation. 
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Profile No. 

E 1 
2 
3 

F 1 
2 

Table 6.3 

Profileometry Including 
Relationships Offset 

r+NR r+NR r NR r NR d IJlm d ± /Jlm d /Jlm 
phase/0 error ±/0 phase/0 error ±/0 

-112 10 62 10 1.54 0.15 1.81 
-162 20 -97 10 -1.06 0.21 -0.79 
-128 20 99 15 -1.99 0.27 -1.72 
-89 10 91 10 1.33 0.15 1.60 
103 15 -61 20 2.58 0.21 2.85 

The profileometry relationships and non-resonant phases for the profiles E and F. 

The mica thickness of the El and Fl regions was calculated from the equation of the 

optimised phase plot (thickness = (phase - 60)1111.5). The profileometry data presented in 

Figure 6.28 was then used to construct the thickness relationships shown in the table. The 

thickness errors incorporate both the profileometry error of± 0.06 Jlm per measurement and 

the uncertainty in the phase plot. The mica thickness values including the zero offset of 

0.27 Jlm are also presented. 
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Figure 6.32 The DIMS non-resonant ph~se of the r+ vibrational mode verses the relative mica 

thicknesses relationships determined by profileometry and optimised through a 

mapped linear fit. 

The black data points originate from the phase and thickness relationships optimised 

through the mapped linear fit and are detailed in Table 6.2. The linear fit is shown as the 

red line and coJTesponds to a periodicity of3.23 ± 0.25 Jlm and a phase offset at 0 Jlm of60 

± 8°. The 95% confidence region of the linear fit is denoted by the grey lines. The red data 

points originate from profiles E and F and were added to the plot by calculating the 

thickness of a single region on each profile from the optimised fit and subsequently using 

the profileometry relationships shown in Table 6.3 to place the remaining points. 
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Finally, it is important to correlate the relative mica thickness values employed in this 

investigation with the absolute mica thickness values used throughout the DIMS project. As 

discussed in Section 6.1.6, a DIMS sample of zero mica thickness may be regarded as simply 

a gold surface and should therefore exhibit a non-resonant phase equal to that of gold. The 

optimised phase plot shown in Figure 6.32 has a phase of 60 ± 8° at 0 f.!m. To increase the r+ 

DIMS non-resonant phase at 0 f.!m to 90°, the phase plot (and data points) must be offset by 

+ 0.27 ± 0.09 f.!m (calculated using the phase plot equation). The offset thicknesses of the data 

points are shown in Tables 6.2 and 6.3 and the offset phase line is shown in Figure 6.33. This 

figure also includes the theoretical phase prediction generated by DIMS 1. As may be 

expected from their relative periodicities (this study= 3.23 ± 0.25 f.!m, theoretical DIMS1 

simulation = 3.01 f.!m), Figure 6.33 illustrates that the theoretical prediction falls within the 

95% confidence limit of the optimised experimental phase line. The significance of this result 

is discussed in detail in Section 6.3. 

180 

150 

0 120 --(j) 90 Vl 
ro 

..c 60 a... 
.j...l 

30 c 
ro 
c 

0 0 
Vl 
<lJ ..... -30 I 
c 
0 -60 z 
Vl 

-90 :2: ...... 
0 -120 + ..... 

-150 

-180 
0 2 4 6 8 10 

d/Jllll 

Figure 6.33 A plot of r+ DIMS non-resonant phase verses absolute mica thickness. 

The red line corresponds to the empirically determined periodicity for the r+ vibrational 

mode thickness/phase relationship of3.23 ± 0.25 Jlm. The grey region indicates the 95% 

confidence limit of the linear fit. The fit was calculated from relative mica thickness values 

and correlated to absolute mica thicknesses by assuming that at 0 Jlm the r+ non-resonant 

phase should equal that of a monolayer adsorbed directly to gold, i.e. 90°. The blue line is 

the theoretical DIMS I prediction for the r+ vibrational mode, as shown in Figure 6.12. 
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6.2.3.3 r- Vibrational Mode- Mica Thickness/Non-Resonant Phase Analysis 

The experimental analysis presented in the previous section focused solely on the non

resonant phase of the r + vibrational mode and relied upon an initial assumption that r + modes 

of the same non-resonant phase originated from DIMS samples of identical mica thickness. 

This methodology was essential to the correlation of the r+ data and was valid when 

considering the r+ mode in isolation. However, it is noted that employing this technique 

resulted in spectra that exhibited differing r- non-resonant phases being assigned to identical 

mica thicknesses, clearly erroneously (e.g. both C2 and D2 were set to 0 11m, yet it may be 

seen from Figures 6.26 and 6.27 that the r- non-resonant phases of the two spectra are quite 

different). During the procedure to optimise the r + phase plot the initial thickness assignment 

assumption was relaxed and spectra originally set to 0 11m were allowed to deviate by up to 

± 0.4 11m. In this manner the direct contradictions in r- assignments were removed. A plot of 

the r- non-resonant phase of the spectra shown in Figures 6.26 to 6.28 against the absolute 

mica thickness of each mica region as determined from the final stage of the r+ analysis 

(Table 6.2) is given in Figure 6.34a. From this figure it is evident that the uncertainty in both 

the thickness determination and the modelled phase of each spectrum is more substantial than 

that encountered in the r + analysis. In addition, the clear indication of periodicity immediately 

apparent in the r + data is lacking. 

The theoretical predictions for the r- methyl anti-symmetric stretching mode of Section 6.1.7 

indicate that the net phase relationship comprises a short periodicity contribution of 162 nm 

modulated in intensity by a longer periodicity contribution of 3.01 ll· Unfortunately, the 

quality of the data presented in Figure 6.34a does not allow application of the procedures 

employed for the r+ mode phase analysis to identify the component periodicities. However, 

experimenting with a range of arbitrary ~lower periodicities and phase offsets consistently 

indicated that the best fit to the experimental data was an identical periodicity to that of the r + 

data, but with a phase of -130° at zero mica thickness. This empirically determined phase line 

has been plotted on the same axis as the r- data in Figure 6.34b. 
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Figure 6.34 Mica thickness/r- DIMS non-resonant phase plots. 

(a) The absolute mica thickness values were obtained from the detailed r+ analysis and 

include an offset of0.27 !lill so that an r+ non-resonant phase of90° occurs at 0 !lill. Both 

the r- non-resonant phase and the optimised and offset mica thickness values are taken 

from Table 6.2. The accumulative profileometry error and modelling uncertainty are shown 

by error bars in the x and y axes respectively. 

(b) Experimenting with a range of slower periodicities and phase offsets consistently 

indicated that the best fit to the experimental data was an identical periodicity to that for the 

r+ data (3.23 J.!m), but with a phase of -130° at zero mica thickness (the red line). A number 

of points are still observed to differ from the phase line indicating that a faster periodicity 

component is almost certainly present. 

The agreement between the experimental points and the phase plot in Figure 6.34b is 

reasonable and indicates that the r- mica thickness/non-resonant phase effect contains a 

significant component with a periodicity identical to that of the r+ mode. However, from this 

figure it is evident that a number of points differ significantly from the phase plot. This 

finding suggests that a component with a shorter periodicity is presented in the r- mica 

thickness/phase behaviour. A detailed comparison of the r- experimental and theoretical 

results is presented in Section 6.3, however, it is noted here that the r- theoretical prediction 

includes components of both 3.01 11m and 162 nm periodicity. In addition, the r- theoretical 

prediction indicates that a phase difference of 180° should exist between the underlying 3.01 

11m periodicity components of the r+ and r- vibrational modes (Section 6.1.7). From the 

experimental data, the phase offset between the r+ and r- experimental plots is 140° et= 90° 

at 0 11m, r- = -130° at 0 11m). Considering the simple method employed to fit the r

experimental data a 40° phase discrepancy is comparable minor. 
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In Figure 6.35a the phase plots determined experimentally for both the r+ and r- vibrational 

modes are presented on the same axis, thereby allowing the overall form of a DIMS spectrum 

containing methyl resonances to be observed with respect to mica thickness. It is noted that 

the 140° non-resonant phase difference between the two plots produces a variety of spectral 

lineshape combinations with increasing mica thickness. For example, at 1.5 )..tm, the r+ and r

non-resonant phases are approximately - 60 and + 100° respectively, the resulting DIMS 

spectrum may be colloquially termed to contain an r+ 'dip' and r- 'peak'. Conversely at 3 )..tm, 

a spectrum containing an r+ 'peak' and an r- 'dip' is predicted, whilst at 4 )..tffi both non

resonant phases produce differential resonant lineshapes. In Figure 6.35b, background shading 

has been introduced to the data shown in Figure 6.35a to highlight the mica thickness regions 

responsible for the three broad lineshape categories described above (i.e. r+/r- 'peak/dip' in 

grey, 'dip/peak' in white and both differential in cyan). Figure 6.35b emphasises the fact that 

with increasing mica thickness a regular series of lineshape combinations should be observed 

in the DIMS spectra. In fact, the 'peak/dip' and 'dip/peak' lineshape combinations indicated 

by Figure 6.35b are indeed observed in the DIMS spectra of Figures 6.26 to 6.28 (e.g. D2, Hl 

and H2). However, on numerous occasions 'peak/peak' and 'dip/dip' spectra are also 

observed with the r+ and r- lineshapes exhibiting almost identical non-resonant phases (e.g. 

A3, C3 and G2). The experimentally determined phase plots shown in Figure 6.35b possess 

equal periodicities (3.23 )..tm) and the non-resonant phase difference of 140° between the t 

and r- vibrational modes at 0 )..tffi is therefore maintained with increasing mica thickness. 

Consequently, at no point does Figure 6.35b indicate that DIMS 'peak/peak' or 'dip/dip' 

combinations should occur. In addition, the 140° non-resonant phase difference between the 

r+ and r- modes at 0 )..tffi should generate a DIMS spectrum that differs substantially from that 

of a monolayer adsorbed directly on a gold surface (both resonances exhibiting non-resonant 

phases of 90°). It is therefore concluded that the complete range of non-resonant phase 

combinations observed in the experimental -data may only be obtained with differing r+/r

thickness/periodicities or complex thickness/phase behaviour combining multiple 

periodicities, such as that suggested theoretically for the r- vibrational mode. 

In summary, by comparing the combined r + /r- thickness/phase plots with the experimental 

data it is observed that although some aspects of the spectra are correctly predicted, others are 

not. It is therefore concluded that although the underlying trends of the methyl stretching 
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mode thickness/phase behaviour has been identified, a complete description is complicated by 

the multiple thickness/phase components believed to exist for the r- vibrational mode. 
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The combined mica thickness/phase plots for the r+ and r- vibrational modes. 

(a) The empirically determined mica thickness/non-resonant phase relationships for both 

the r+ (blue) and r- (red) vibrational modes are presented on the same axis to allow the 

overall form of a DIMS spectrum containing methyl resonances to be observed with respect 

to mica thickness. The periodicity of both phase plots is 3.23 Jlm. The r+ and r- modes 

exhibit a non-resonant phase of+ 90° and -130° at 0 Jlm respectively. 

(b) The 140° phase difference between the non-resonant phase of the r+ and r- vibrational 

modes generates a regular series of lineshape combinations in the DIMS spectrum with 

increasing mica thickness. The shaded regions emphasise the three broad lineshape 

combination categories, grey= r+ 'peak', r- 'dip', white= r+ 'dip', r- 'peak', cyan = 

differentiallineshapes. 

6.2.4 Experimental Summary 

The aim of the experimental investigation was to perform an accurate empirical study of the 

DIMS mica thickness/phase effect. The first stage was completed with DIMS samples 

produced during the development of the ODS monolayer formation protocol and employed 

SEM for mica thickness determination. The second stage of the experimental investigation 

was specifically designed to reduce the uncertainties encountered in determining mica 

thicknesses using SEM by employing profileometry on stepped mica samples. The DIMS 

spectra obtained during both studies allow a number of conclusions to be made regarding the 

general nature of the DIMS mica thickness/phase effect for monolayers probed by the ppp 

225 

10 



Chapter 6 

laser polarisation combination. Firstly, for mica thicknesses greater than 15 !J.m an infrared 

multiple reflection effect within the mica layer, similar to the etalon effect discussed in 

Section 6.2.1.1, prohibits accurate spectral interpretation. For DIMS samples with mica 

thicknesses less than 15 !J.m, the r+ and r;R vibrational modes exhibit an identical 

thickness/phase behaviour that was observed to differ from that of the r- vibrational mode. An 

explicit study into the thickness/phase behaviour of the d+ and d;R vibrational modes was not 

completed (since reproducibly disordered monolayers would have been required). However, 

in all instances d+ and d;R vibrational modes, observed in spectra obtained during the 

profileometry investigation, exhibited an identical mica thickness/phase behaviour to that of 

the r+ vibrational mode. 

A considerable number of DIMS spectra were acquired throughout the two investigations and 

in a majority of cases the vibrationallineshapes may be described as simply 'peaks' or 'dips', 

rather than differential forms. Although this weighted distribution of non-resonant phases was 

initially attributed to experimental factors, it was subsequently concluded that it stems from 

the DIMS mica thickness/phase effect itself. In addition, it was noted that even with 

monolayers of reproducibly high quality, the intensity of the vibrational modes fluctuated 

substantially from one DIMS sample to the next. A number of attempts were made to 

correlate resonant intensity variations with either absolute mica thickness or the non-resonant 

phase. These attempts met with no success and it is therefore concluded that the intensity 

fluctuation effect is a complex phenomenon that may be attributable to multiple reflections 

within the mica layer, as discussed in Section 6.3. 

The accurate mica thickness determinations obtained with profileometry during the second 

stage of the experimental analysis allowed_ a quantitative analysis of the mica thickness/non

resonant phase effect to be completed for both the r+ and r- vibrational modes. The analysis of 

the r+ vibrational mode indicated that the DIMS non-resonant phase varied periodically at 

3.23 ± 0.25 !J.m with mica thickness. It is noted that to obtain the absolute thickness/phase plot 

for the r+ vibrational mode shown in Figure 6.33 it was assumed that at 0 !J.m the DIMS non

resonant phase of the r + vibrational mode matched that obtained from a monolayer adsorbed 

directly to a gold substrate (i.e. resonant peak with ~ = 90°). 
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Analysis of r- non-resonant phase data employed the absolute mica thickness values derived 

for the r+ analysis. Although the wider scatter of the r- data prohibited detailed analysis, 

multiple fitting attempts indicated that a thickness/phase component with an identical 

periodicity to that observed for the r+ mode was present. A phase offset between the mica 

thickness/phase plots of the r+ and r- vibrational modes of 140° was determined, as evident in 

Figure 6.35. Although this figure predicts DIMS spectral lineshape trends similar to those 

observed in the experimental data, disparities are observed that indicate that the complete 

mica thickness/phase effect is a complex phenomenon involving additional periodicity 

components. 

Finally, it is noted that whilst the experimental investigation has not been able to elucidate 

every aspect of the complex DIMS thickness/phase effect, the knowledge gained has been 

considerable. The increased level of understanding may be illustrated by a simple comparison 

with the early DIMS thickness/phase results presented in Chapter 4. In this work it was noted 

that mica ~ 4 !J.m in thickness exhibited a 'peak' /'peak' r + lr- lineshape combination whilst 

mica ~ 3 !J.m in thickness exhibited the first indication of a DIMS thickness/phase effect with 

an r- mode of negative non-resonant phase, i.e. a 'peak' /'dip' combination. Employing non

resonant phases obtained from the combined empirical non-resonant phase plot of Figure 

6.35, DIMS ppp spectral simulations at 3.8 and 3 !J.m are given in Figure 6.36. Although the 

SF simulation for the DIMS sample of 3.8 !J.m thickness exhibits pronounced differential 

lineshapes, the general appearance of the spectra is essentially three 'peaks'. Further, the 

transition to two 'peaks' and a 'dip' for the DIMS sample 3 !J.m in thickness is correctly 

described. 
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a) Mica thickness= 3.8 f.!m b) Mica thickness = 3 f.!m 
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Figure 6.36 DIMS SF simulations created using non-resonant phase values obtained from 

Figure 6.35. 

The simulations were completed using the SF intensity equation presented in Section 2.4.2 
(Equation 2.77). The DIMS thickness/phase phenomenon is incorporated into the 
simulations by employing non-resonant phases for the r+ and r- vibrational modes obtained 
from the combined empirical plot presented in Figure 6.35. 
(a) A DIMS sample ofthickness 3.8 J..Lm. From Figure 6.35, ~>r+ = 26°, s,_ = 166°. The 
spectra exhibit pronounced differentiallineshapes, but may still be broadly classified as 

three 'peaks'. 

(b) A DIMS sample of thickness 3 J..Lm. From Figure 6.35, sr+ = 116°, s,_ = -104°. The 
transition to two 'peaks' and a 'dip' for a DIMS sample 3 J..Lm in thickness is correctly 

predicted. 

Theoretical and Experimental Comparisons 

Theoretical modelling results for the r+ vibrational mode probed by the ppp laser polarisation 

combination were presented in Section 6.1.6. The simulations indicated that the mica 

thickness/non-resonant phase effect should be dominated by the SF2/SF3 cross-term and that 

a periodicity of 3.01 f.lm should therefore be observed. The experimental results for the r+ 

vibrational mode were presented in Section 6.2.3.2 and a periodic thickness/phase effect with 

a periodicity of 3.23 ± 0.25 f.lm was identified. The similarity between the experimental and 

theoretical results is considerable and it is evident that the theoretical prediction lies within 

the 95% confidence limit of the experimental data, a fact emphasised by the combined plot 
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presented in Figure 6.33. It is therefore concluded that for the r+ vibrational mode the DIMS 1 

model, whilst employing a considerable number of assumptions, successfully describes the 

DIMS mica thickness/non-resonant phase effect. The minor discrepancy between the 

theoretical and experimental periodicities is attributed primarily to the infrared refractive 

index value for mica employed in the DIMS1 model. 

Theoretical modelling of the mica thickness/phase relationship for the r- vibrational mode 

probed with the ppp laser polarisation combination (Section 6.1. 7) predicted that the SF1/SF3 

cross-term should dominate and that a net periodicity of 162 nm should therefore be observed 

experimentally. The 3.01 f.!m periodicity component arising from the SF2/SF3 cross-term was 

also present in the r- simulations but only as a comparatively minor intensity modulation of 

the dominant SF1/SF3 term (see Figure 6.17). The experimental investigation of the r

vibrational mode thickness/phase relationship (Section 6.2.3.3) concluded that although wider 

scatter of the measured dataset indicated a complex combination of multiple periodicities was 

present, a component with a periodicity of 3.23 f.!m, identical to the that of the r + mode, could 

be isolated. Therefore, whilst both the experimental and theoretical investigations indicate that 

multiple periodicities exist in the r- thickness/phase phenomenon, it is evident from the 

experimental results that the longer periodicity component is considerably more dominant 

than predicted theoretically. 

To account for the differences between the theoretical and experimental r- mode results it is 

hypothesised that the assumptions presented in Section 6.1.2 (to simplify the mathematical 

description of the DIMS system) impart a higher degree of order and coherence on the system 

than exists in reality. This hypothesis is supported by the theoretical simulations completed to 

evaluate the effect of variations in input parameters (Section 6.1.6.2). Whilst the DIMS 1 

model proved comparatively stable to changes in input parameters such as incident beam 

angle and refractive index variations, marginal alterations in the overall periodicity were 

observed (see Figure 6.15). Consequently, if the model was extended to consider the angle 

distribution of the incident beams, the birefringent nature of mica and slight mica thickness 

variations, the mica thickness/non-resonant phase simulation would be expected to be an 

average of a distribution of similar periodicities. This periodicity distribution, generated by a 
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more realistic description of the DIMS system, may reduce or eliminate the 162 nm 

periodicity component, whilst leaving the 3.01 J.lm phase variation comparatively unaffected. 

A thorough demonstration of the hypothesis presented above is beyond the scope of this work 

as substantial alterations to the existing theoretical models would be required in order to 

consider normal distributions of incident beam angles, mica thickness distributions and 

birefringence effects. However, a simple illustration of the principle is provided in Figure 

6.37. The original r- vibrational simulation is given in Figure 6.37a (reproduced from Figure 

6.17a) and may be compared to a simulation that considers the average DIMS SF signal from 

three mica thicknesses, d, d .- 40 nm and d + 40 nm, given in Figure 6.37b. Although an 

idealised example (as the overall thickness variation of 80 nm considered is approximately 

half the 162 nm periodicity) it is evident that substantial cancellation of the shmt periodicity 

component occur~, enhancing the dominance of the 3.01 J.lm periodicity component, with only 

a small variation in the thickness of the mica sheet (i.e. ± 0.04 J.lm). It is noted that whilst 

mica is typically considered to be atomically flat, steps nanometres in height are observed by 

AFM, as shown by the image ofFigure 5.7 (page 153). 
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Figure 6.37 DIMS2 modelling results for the r- vibrational mode. 

(a) A plot of normalised SF intensity verses mica thickness for the r- vibrational mode 

DIMS2 model, reproduced from Figure 6.17. 
(b) The simple numerical average of three DIMS2 simulations for mica thicknesses of d, d 
- 40 nm and d + 40 nm. Although an idealised example, it is noted that the intensity of the 

thickness/phase component with a periodicity of 162 nm is substantially reduced. 
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The cancellation phenomenon evident in Figure 6.37b appears to be independent of the mica 

thickness. Conversely, DIMS1 simulations completed for variations in the incident beam 

angles (Section 6.1.6.2) showed that the induced deviation in periodicity increased with mica 

thickness (in fact, a significant effect was only apparent after~ 3 J.lm). This finding suggests 

that cancellation of the short periodicity component due a distribution of beam angles, or 

birefringence effects, may occur only when the incident beams propagate through mica an 

appreciable distance. This hypothesis predicts a DIMS phenomenon with a dominant 

thickness/phase periodicity of~ 160 nm at small mica thicknesses, which would be eliminated 

or reduced at larger mica thicknesses to leave an underlying thickness/phase periodicity of~ 3 

J.lm. An effect such as this may account for the current discrepancy in the empirical r- phase 

curve, where extrapolating the 3.23 J.lm thickness/phase periodicity to a mica thickness of 

0 J.lm predicts a DIMS spectrum with an r- non-resonant phase of -130°, contrary to that 

expected for a monolayer adsorbed directly on gold. 

The DIMS SF spectra obtained during both stages of the experimental investigation originated 

from ODS monolayers probed with the ppp laser polarisation combination. Although a 

theoretical investigation has been completed to model the thickness/phase effect for ODS 

monolayers probed with the ssp laser polarisation combination, equivalent experimental 

results have not been obtained. The work of both Ward 16 and Duffy18 has demonstrated that 

the non-resonant SF signal emitted from a gold surface probed by the ssp laser polarisation 

combination is approximately one tenth that produced by the ppp laser polarisation 

combination. This effect is attributed to the alternative linear Fresnel factors for the s 

polarised visible beam at the gold surface 16
• Since a substantial gold non-resonant signal is 

fundamental to the DIMS enhancement effect it is concluded that samples probed by the ssp 

laser polarisation combination would only produce a marginal increase in the resonant SF 

signal over a sample that consisted of a simple dielectric surface. The DIMS3 theoretical 

modelling results for the ssp laser polarisation combination (Section 6.1.8) employed a facile 

description of SFG from gold that did not include linear Fresnel factors for the gold/mica 

interface. The DIMS3 simulation consequently fails to predict a reduced SF signal and in this 

instance the modelling results are believed to differ substantially from those that would be 

obtained experimentally. Whilst an additional experimental study is required to confirm this 

prediction, the minimal enhancement effect expected would introduce experimental 
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complications that combined with a thickness/phase effect similar to that observed for the r

mode, would negate the effectiveness of the DIMS technique for the ssp laser polarisation 

combination. 

The above discussion raises the possibility that alternative descriptions of the SFG from gold 

may introduce significant variations in DIMS modelling predictions. It is therefore important 

to briefly consider the effect of alternative gold descriptions on the DIMS 1 and DIMS2 

':llodels for methyl vibrational resonances probed by the ppp laser polarisation combination. 

As discussed in Section 6.1.2, the majority of theoretical SFG studies on metal surfaces 

consider purely a single susceptibility component, Xzzz· This assumption is supported by the 

observation that only a minimal non-resonant signal is generated from gold when the ssp laser 

polarisation combination is employed (where only Xxxz is probed and not Xzzz). A possible 

extension to the DIMS models presented in this work would therefore be to introduce linear 

Fresnel factors for the gold/mica interface and consider a single non-resonant susceptibility 

(Xzzz). Whilst such an extension should be completed in future work, the fundamental 

understanding of the DIMS phenomenon gained in the detailed theoretical analysis (Section 

6.1.6) allows a number of predictions to be made regarding the likely results of such an 

extension. Firstly, it is noted that only the relative intensities and not the periodicities of the 

cross-term components should be affected by alternative SFG descriptions. Secondly, 

considering only SFG from Xzzz at the gold surface would produce theoretical predictions 

dominated by the E fields in the z Cartesian axis, which would be similar in form to those of 

the DIMS3 model where only the single y axis E field component was considered (Figure 

6.19). The resulting thickness/phase predictions from the more advanced model would 

therefore be expected to contain equal contributions from the 3.01 ~-tm and 162 nm periodicity 

components. Further, considering the hypothesis presented at the start of this section, some 

degree of cancellation of the shorter periodicity component would be anticipated. The 

predictions of a DIMS model containing only a Xzzz component for gold would therefore be 

that the net DIMS thickness/phase relationships for both the r+ and r- vibrational modes 

would contain a significant component with a periodicity of 3.01 ~-tm with a residual short 

periodicity component introducing minor deviations from the phase plot of the longer 

periodicity. Whilst a more complex description of SFG at the gold/mica interface may 
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therefore be described in theory, in practice the additional information provided by the model 

would be minimal. 

Finally, having discussed the effect of the majority of the assumptions employed to simplify 

the description of the DIMS system, it is important to review the assumption that multiple 

reflections within the mica layer may be ignored. The model of Hirose et a/. 12
'
13 discussed in 

Section 6.1 included multiple reflection effects, and indeed, multiple reflections are 

significant in a majority of linear thin film interference effects2 (e.g. infrared etalon effect 

discussed in Section 6.2.1.1 ). Whilst the existing theoretical models successfully describe the 

basic thickness/phase relationships present in a DIMS sample, they fail to predict a number of 

experimentally observed effects, specifically the undulating non-resonant SF signal (Figure 

6.21) and resonant intensity fluctuations (Section 6.2.4). A more advanced DIMS model 

involving multiple reflections should therefore be completed to determine if the discrepancies 

between the current model and the experimental results may be resolved. It is anticipated that 

the inclusion of multiple reflections within the mica layer in the DIMS models will introduce 

a complex array of thickness dependent intensity variations in the visible, infrared and SF E 

fields at both the mica/air and gold/mica interfaces. However, considering the discussions 

presented in this section, it may be possible to model the intensity fluctuations by considering 

solely multiple reflections of the infrared beam, since incident beam angle distributions and 

birefringence effects may limit the multiple reflection effects of the visible and SF beams. 

6.4 Conclusions 

The aim of this chapter has been to elucidate the origin and nature of the mica thickness/non

resonant phase phenomenon encountered during the experimental development of the DIMS 

technique (Chapter 4). Two complimentary investigations have been completed, a theoretical 

study based on the optical effects present in a DIMS sample and an experimental study to 

obtain an accurate empirical determination of the DIMS thickness/phase effect. The 

theoretical study included an introduction to the principles of propagation dependent SF 

lineshapes, a discussion of the limitations of SF modelling and a literature review of suitable 

modelling parameters. Three mathematical models were developed to describe SFG from the 

DIMS system for the methyl stretching modes of an adsorbed ODS monolayer probed by the 
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ssp and ppp laser polarisation combinations. The experimental study necessitated the 

acquisition of numerous DIMS SF spectra from samples of known mica thicknesses. Mica 

thickness determinations were completed employing both SEM and profileometry, the later 

technique allowing a detailed thickness/phase analysis to be completed for both the r + and r

vibrational modes probed by the ppp laser polarisation combination. With both an improved 

theoretical understanding of the DIMS phenomenon and detailed experimental results it was 

possible to identify the component thickness/phase relationships and describe the behaviour 

of both the symmetric and anti-symmetric methyl stretching modes with respect to mica 

thickness. 

It has been shown that the SF intensity emitted from a DIMS sample originates from two 

principle sources, the SF1/SF3 cross-term and the SF2/SF3 cross-term. Each cross-term has a 

specific thickness/phase relationship and consequently the DIMS phenomenon observed 

experimentally is a combination of the component cross-term periodicities. For the r+ 

vibrational mode probed by the ppp laser polarisation combination the experimental 

investigation identified a thickness/phase periodicity of 3.23 ± 0.25 Jlm. This result concurred 

with theoretical predictions and indicated that the SF2/SF3 cross-term dominated the net 

thickness/phase effect. The theoretical predictions for the r- vibrational mode indicated that 

the thickness/phase effect should contain contributions from SFIISF3 and SF2/SF3 cross

terms, but that it would be dominated by the SF1/SF3 cross-term and exhibit an overall 

periodicity of 162 nm. Whilst the experimental study concluded that multiple periodicities 

were indeed present in the data, the SF2/SF3 was identified as the dominant periodicity 

component. A phase offset of 140° was identified experimentally between the 3.23 Jlm r+ and 

r- periodicity components in reasonable agreement with the theoretical prediction of 180°. A 

combined r+ and r- phase plot based on the 3.23 Jlm periodicities was presented. Whilst this 

represents a simplified description of the · DIMS system (due to omission of the shorter 

periodicity component of the r- mode), it nonetheless has been shown to predict the 

fundamentallineshape trends ofthe DIMS spectra. 

The discrepancies between the r- theoretical and experimental results were attributed to the 

assumptions employed to simplify the theoretical description of the DIMS system. It was 

hypothesised that a theoretical model employing a more realistic description of the DIMS 
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system would predict a reduced SF1/SF3 component in the thickness/phase behaviour of the 

r- vibrational mode. In addition, it was proposed that incorporating multiple reflection effects 

within the mica layer may also allow the model to predict the resonant intensity fluctuations 

and undulating non-resonant intensities observed in the experimental spectra. 

The combination of the theoretical and experimental studies presented in this chapter have 

provided a detailed understanding of the mica thickness/phase phenomenon. Clearly it is 

important to relate this knowledge to the practical application of the DIMS technique. Firstly, 

having established the thickness/non-resonant phase relationship of the r+ vibrational mode, 

the polar orientation of an adsorbate may be determined from a DIMS spectrum originating 

from a sample of known mica thickness. To analyse the molecular order of an adsorbate 

requires the ratio of the r+ and d+ resonant strengths, as discussed in Section 2.5.2. The 

experimental results presented in this work indicate that the r+ and d+ vibrational modes occur 

with identical DIMS non-resonant phases. However, since the enors in analysing and 

modelling convoluted differentiallineshapes are substantially greater than for spectral 'peaks' 

or 'dips', DIMS SF experiments to determine molecular order should ideally be completed 

with mica thicknesses exhibiting an r+/d+ non-resonant phase of± ~ 90°. From the r+ non

resonant phase plot of Figure 6.35, mica thicknesses of 5, 6.5, 8, or 9.5 ± 0.2 Jlm should 

therefore be employed. It is noted that the resonant intensity fluctuations observed across the 

DIMS spectra present in this Chapter should not effect the accuracy of molecular order 

determinations since both the r+ and d+ resonances should be equally affected. Finally, from 

the ssp laser polarisation combination discussion of Section 6.3 it is concluded that the DIMS 

technique may not be used to determine the average molecular orientation of adsorbates 

through detailed analysis of spectra obtained with both ssp and ppp laser polarisation 

combinations. 

It is noted that although a detailed understanding of the thickness/phase behaviour for the r+, 

d+ and r- vibrational modes is invaluable, the DIMS technique may be applied without the 

need to consider the complex thickness/phase behaviour of the r- vibrational mode. In 

conclusion, the mica/thickness phase phenomenon, whilst significant, should not prevent the 

DIMS technique being employed to determine the polar orientation and molecular order of 

molecules adsorbed to at hydrophilic mica surface. However, the viable application of the 
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technique is dependent on accurate absolute mica thickness determinations and a laser 

micrometer may therefore be required. 
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Chapter 7 

Summary and Future Work 

This thesis has presented a detailed investigation of the DIMS technique, a novel method for 

obtaining resonantly enhanced SF spectra of molecules adsorbed on hydrophilic mica 

surfaces. In this work, the technique has been developed from a problematic and 

irreproducible procedure to a viable experimental methodology that represents an innovative 

addition to the surface scientists armoury. 

7.1 Summary 

Sum frequency is an interface specific spectroscopic technique that is regularly employed to 

determine the molecular orientation and conformation of adsorbates at an ever increasing 

range of surfaces. Since its construction in 1988 the Cambridge nanosecond SF spectrometer 

has been used almost exclusively to study the in-situ adsorption of surfactants at the 

hydrophobic model oil/aqueous interface. The work presented in this thesis represents the first 

dedicated investigation to broaden the scope of the Cambridge SF research programme to 

include industrially relevant hydrophilic surfaces. Chapter 1 presented an introduction to the 

hydrophilic surfaces and it was concluded that whilst the highly hydrophilic mica surface was 

a suitable model substrate for SFS, the low signal generated from the surface would prohibit 

the study of molecular adsorbates with a nanosecond spectrometer. A potential solution to this 

problem was to employ the method of Briggs and Usadi, whereby resonant SF signal 

enhancement occurred by coating the back face of the mica sample with gold. However, 

whilst the proof-of-principle study completed by Briggs and Usadi proved that indeed, this so 

called DIMS phenomenon existed, the technique was far from viable and the initial DIMS 

experiments were plagued with contaminated surfaces, poor signal levels and irreproducible 

results. 
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The first stage of the DIMS research project focussed on improving the experimental 

practicalities of the DIMS technique. It was demonstrated that freshly cleaved mica was 

essential to achieving a highly hydrophilic and reproducible surface. Methods for cleaving 

micrometre thick mica samples were consequently developed. With an upgrade to the 

detection system of the SF spectrometer and improvements in the gold coating and DIMS 

mounting techniques, the signal to noise problems of the DIMS technique were solved. 

Samples subsequently exhibited signal to noise ratios equal to those obtained from 

monolayers adsorbed directly on gold. Although SF spectra obtained from individual DIMS 

sampled were shown to be reproducible, spectra from samples of differing mica thickness 

exhibited a range of resonant lineshapes, a phenomenon attributed to a mica thickness 

dependent change in the non-resonant phase. Therefore, whilst the experimental problems 

associated with the DIMS technique had been solved, its applicability was dependent upon an 

accurate understanding of the mica thickness/non-resonant phase phenomenon. 

To investigate the thickness/phase phenomenon a model surfactant monolayer at the mica/air 

interface was required. In principle, a well-ordered octadecylsiloxane (ODS) monolayer 

provided a potential solution, however, in practice the monolayer formation reaction on the 

DIMS mica surface was found to be particularly irreproducible. A detailed study of the ODS 

monolayer formation reaction was therefore undertaken and an optimised protocol was 

developed that when rigorously adhered to produces reproducible well-ordered ODS 

monolayers on a mica surface. Reproducibility was found to depend not only on the accurate 

control of reaction temperatures and surface hydration levels, but also on a clean reaction 

environment, fresh OTS and strict control of the degree of bulk hydration. Additionally, low 

OTS concentrations, high purity solvents and extended reaction times were found to 

contribute to the formation of highly ordered, complete monolayers. The success of the 

reaction protocol was validated using DIMS SFS to determine the molecular order of the 

adsorbate, atomic force microscopy to provide surface topographical data, contact angle 

determination to give a qualitative indication of the overall monolayer coverage and 

transmission infrared spectroscopy to provide a quantitative determination of surface excess. 

A detailed investigation of the mica thickness/non-resonant phase effect was presented in 

Chapter 6 and included a theoretical study based on the linear and non-linear optical 
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properties of the system and an experimental study to obtain an accurate empirical 

determination of the thickness/phase behaviour of the r+ and r- vibrational modes of the 

terminal methyl groups of the ODS monolayer. A dominant periodic thickness/phase effect of 

3.23 !J.m was identified for both vibrational modes but it was concluded that an additional 

short periodicity was present in the r- data. From the theoretical investigation it was 

determined that the dominant periodic contribution arose from the coherent addition of the 

resonant SF signal propagating into the mica from the ODS monolayer and the non-resonant 

SF signal generated at the gold/mica interface. To describe the overall form of a DIMS 

spectrum as a function of mica thickness a combined r + and r- phase plot was presented. It 

was concluded that if the absolute thickness of a DIMS sample is accurately known, the polar 

orientation and molecular conformation of adsorbates at the mica surface may be determined 

through application of the phase plot. Whilst the DIMS thickness/phase effect does therefore 

not prohibit the application of the DIMS technique, it does necessitate accurate knowledge of 

the mica thickness, information that may be obtained, for example, by use of a laser 

micrometer. 

The DIMS technique has throughout this work been developed from an uncharacterised and 

challenging phenomenon to a viable experimental procedure. Whilst it is accepted that the 

application of the technique represents an added degree of complexity to a SF experiment, it 

. does allow nanosecond SF spectrometers to study an interfacial system that was previously 

considered inaccessible. 

7.2 Future Work 

The monolayers studied with SF spectroscopy throughout this work were formed through self 

assembly in solution and subsequently examined ex-situ at the mica/air interface. The DIMS 

technique is not, however, restricted to this methodology of monolayer formation. In fact, 

Langmuir-Blodgett depositions are currently being employed by eo-workers to study 

deposited polymeric species with DIMS SFS. Whilst the immediate extensions to this work 

are therefore focused on ex-situ investigations, it is envisaged that the future application of the 

DIMS technique will primarily involve studying the adsorption of molecules in-situ, at the 

mica/liquid interface. With this in mind, preliminary work was performed in this project to aid 
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the extension of the technique to in-situ studies. Specifically, a liquid cell was designed and 

tested and a method of mounting DIMS samples for aqueous environments was developed. In 

addition, the DIMS models presented in Chapter 6 may be readily extended to consider the 

mica/aqueous solution interface through the use of refractive indices of water. Indeed, the 

modelling prediction for the r+ vibrational mode of the mica/water interface probed by the ppp 

laser polarisation combination is given in Figure 7 .1. 
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Figure 7.1 A theoretical simulation for the normalised intensity of the r+ vibrational mode on 

resonance at the mica/water interface probed by ppp laser polarisation combination. 

This simulation is based on the DIMS I model presented in Section 6.1.6. The parameters 

employed match those shown in Table 6.1, except n1.sF = 1.337, nr ,vrs = 1.335, nr,rR = 1.316. 

In addition, a value ofn2,1R = 1.75 was employed to increase the periodicity of the dominant 

thickness/phase component from 3.01 to 3.15 J..lm when simulating the r+ mode at the 

mica/air interface. 

Finally, it is noted that the understanding of the DIMS enhancement effect gained throughout 

this work is not restricted to a mica substrate and may in fact be adapted to any optically 

transparent film backed with gold (or indeed any metal generating a substantial non-resonant 

signal), thereby increasing the potential applications of the DIMS technique. 

Appendix A 

Spectrometer Optimisation and Routine 

Maintenance 

In an academic research environment the continual staff turnover can occasionally mean that 

new researchers are faced with an experiment with little more than a standard operating 

manual to guide them. In this instance a 'hints and tips' guide to the idiosyncrasies of an 

experiment can prove invaluable. 

As with any piece of equipment, preventative maintenance is always preferable to neglect and 

subsequent malfunction. In addition to the essential procedure of replenishing the laser dye, 

the sum frequency spectrometer should also receive periodic maintenance and optimisation. 

Briefly, the optics on the bench should be kept clean and aligned, the dye laser should be 

regularly tuned, the optical path in the Raman and Herriot cells should be routinely optimised 

and the filters and flash lamps in the Y AG laser should be replaced after the suggested 

intervals in the operating manual. A detailed description of each of these optimisation 

procedures is beyond the scope of this thesis and can only be taught first hand. However, the 

optimal operation of the spectrometer chiefly relies on the condition of the Y AG laser, dye 

laser and Raman cell and the important maintenance considerations for each of these 

components are therefore presented in this chapter. 

A.l The Nd: YAG Laser 

The Y AG laser is the fundamental light source of the spectrometer and hence its performance 

is crucial to recording successful spectra. If the laser fails to start or cuts out during operation, 

the problem can normally be traced to a tripped safety interlock (e.g. laboratory door, 

hydrogen alarm or internal water temperature). After a thirty minute warm up time the output 

powers of the Y AG laser with new flashlamps should match those shown in Table 3.1. With 

older lamps a 10 - 15 % decrease in the power of the 532 nm (green) beam at position C) 
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(Table 3.1, Figure 3.2) can be expected. The power of the green output can be optimised by 

adjusting the Q-switch timing and the angle of the KD*P doubling crystal. However, if the 

power remains low after both KD *p and Q-switch optimisation then this may indicate worn 

flash lamps. A flash lamp shot counter is housed inside the door of the laser power supply. 

The laser operating manual recommends replacing the four flash lamps (Heraeus Noblelight 

Ltd.) after twenty five million shots. In the past lamps have completed over thirty five million 

shots before replacement but it is worth considering that the quality of the beam will begin to 

suffer before the power of the beams actually drops. With older flash lamps hot spots can 

develop in the beam, damaging both samples and optics. When replacing the flash lamps it is 

critically important to ensure that the internal water supply tubing is firmly reconnected (the 

connections should be watched closely for drips for at least 5 minutes). 

If the laser cavity is kept at a relatively constant temperature ( 18 ± 2 °C) there should be little 

need to align the optics in the laser cavity. However, if replacing the flash lamps fails to 

increase the laser power then realigning the YAG laser optics may become necessary. The 

alignment of the Y AG laser cavity can be determined by removing the KD *p doubling crystal 

from the infrared beam path (with the laser off, the position arm on the doubling cell should 

be set to 0), running the laser at low power and briefly placing blank exposed Polaroid film in 

the beam. The Y AG cavity is an unstable resonator and a correctly aligned cavity will bum an 

image containing concentric rings into the film, as shown in Figure A.l a. If the rings are 

faded on one side or irregularly shaped, the angle of the back cavity mirror can be adjusted 

very slightly (do NOT adjust the angle of the front mirror). If the bum image resembles that 

shown in Figure A. I b it almost certainly indicates damage to the laser optics. To avoid 

optics damage all optics placed shortly after the beam output from the Y AG laser must be 

offset at a slight angle to the beam, minimising the possibility of back reflections. 

After the laser power has been optimised it may be necessary to re-align the visible beam on 

the optical bench. This should only be completed with the Q-switch off, to provide a safer, 

lower power green beam. In this instance it is important that the Q-switch is not simply 

switched back on as the latent energy build up within the cavity will generate a high energy 

pulse that may damage optics further along the system, such as the dye laser cuvettes. To 
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avoid this problem the laser power should be decreased before switching the Q-switch back 

on. 

a) b) 

Figure A.l Beam profile images from the Nd:YAG laser used in this work. 

The images are obtained by briefly (i.e. for a single pulse at 11 .5 Hz) placing exposed 

Polaroid film in the path of the infrared beam before the entrance to the KD*P housing. The 

film should be contained within a plastic bag to stop blasted fragments of film depositing 

on the laser optics. The laser must be operating at low power (oscillator= 50%, amplifier = 

0%) to obtain the intensity contrasts shown above. The images presented here are negatives 

ofthe actual burn marks on the film. 

(a) A correctly tuned laser cavity with the fringes inherent to an unstable resonator. 

(b) A burn image obtained shortly after the oscillator crystal cracked. 

The laser power supply integrates both water cooling systems and high voltage circuitry in a 

potentially hazardous environment. A recent burst pipe joint sprayed water over the main 

discharge capacitors and led to major damage of the high and low voltage laser circuitry. The 

long term solution to this problem is to remove the cooling system to an alternative housing. 

However, in the short term, the laser power supply has been rigged with numerous water 

detectors to cut both the power and water supply in the event of a leak. If the power supply 

itself, or the laser control and timing circuits are damaged, the Spectra Physics manual is 

detailed and will normally allow the fault to be traced to the relevant board and subsequently 

to the faulty component. 
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In any pure water cooling system microscopic algal growth is a potential problem. During 

normal laser use the cooling water in the Y AG laser is sterilised by the firing flashlamps. 

However, if the expensive internal water filters (Spectra Physics) and ion exchange column 

(Triple Red, D8951) are not replaced yearly the potential for algal growth increases. In this 

instance, after only a week of laser inactivity the algal concentration will be high enough to 

coat the flashlamps with a carbonaceous deposit when the laser is eventually started, resulting 

in loss of lasing power. 

The laser has operated at a number of different repetition rates during its lifetime. From a 

spectral acquisition viewpoint a high shot rate and high beam power are ideal. Unfortunately, 

at higher shot rates (> 12 Hz) the main discharge capacitors cannot be charged to their full 

extent in the time between pulses and the power of each individual pulse rapidly decreases, as 

shown in Figure A.2. With non-linear optics high beam powers are essential and the higher 

repetition rates must therefore be sacrificed. Figure A.2 illustrates that 11.5 Hz is the optimal 

repetition frequency of the Nd:YAG laser used in this work. 
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Figure A.2 A plot of laser repetition rate versus pulse energy illustrating that 11.5 Hz is the 

optimal rate for non-linear optical experiments requiring high pulse powers. 

The pulse energies were recorded at spectrometer position e (Table 3.1, Figure 3.2) using 
a Newport 1815-C Power Meter with a 818T -10 detector head. 
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A.2 The Dye Laser 

The PDL-2 dye laser lacks the complex electronics of the Nd:YAG laser but optimal 

operation can often be far harder to obtain. After a thirty minute warm up the output of the 

dye laser at a grating setting of 26032 (650.8 nm, 2900 cm-1 infrared) should match the 

powers displayed in Table 3.1. If the output power of the dye laser is low, the dye solutions 

may require replacement. With daily operating the oscillator solution should last a month but 

the weaker amplifier solution will require changing weekly. The following concentrations 

should be used for making dye solutions: 

Dye Oscillator Pre-Amp and Amplifier 

DCM 175 mg in 1 L Methanol 7.3 x dilution, i.e. 69 ml Oscillator dye 

made up to 500 ml with Methanol. 

LDS 698 225 mg in 1 L Methanol 7.8 x dilution. 

Table 7.1 Dye solution concentrations for the Spectra Physics PDL-2 dye laser. 

Dye are typically purchased from Photonic Solutions. The weekly amplifier change is 
normal made by diluting the aging oscillator solution rather than using fresh dye. 

All dye solutions must be made with HPLC grade methanol as even low contaminant 

concentrations can result in black deposits on the dye cuvettes. If new dye solutions fail to 

return the power to normal it may be necessary to tune the internal dye laser optics. The 

procedure is outlined in the Spectra physics manual but should ideally be taught and this 

rather 'black art' can only truly be gained with practice. Tuning should be a visual exercise in 

correcting the beam alignments through the laser and a power meter should only be employed 

at the final stage. It is important to consider that a dye laser output can be largely amplified 

spontaneous emission (ASE or just red light) and not amplified stimulated emission (laser 

light). The majority of spontaneous emission arises from the pre-amplifier cuvette and this 

can be reduced by rotating the pre-amplifier planar lens slightly. This offsets the axis of the 

beam and reduces the level of excitation in the dye. A rough idea of the amount of 

spontaneous emission can be gained by blocking the laser cavity with black card shortly 
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before the diffraction grating and measuring the power of the red output beam. In an ideal 

situation spontaneous emission would not form any of the laser output but in reality the best 

tuning procedures will still result in approximately 60% of the power resulting from amplified 

spontaneous emission. 

With time the dye cuvettes will become slightly burnt (especially if the YAG is switched from 

Q-switch off to Q-switch on without turning the power down first). New cuvettes can be 

obtained from either Spectra Physics (very expensive) or Photonic Solutions (special order, 4 

month delivery time) but it is often possible to just rotate or invert the existing cuvette and 

hence expose an un-burnt face to the incident beams. After changing or altering cuvettes 

carefully observe the laser beam on the diffraction grating and ensure that a single pure 

diffraction line is created. If the cuvettes are replaced at a slight angle the line will be 

broadened or will split in two. 

A.3 The Raman Cell 

Although the enclosed optics of the Raman Cell can present a formidable challenge, the cell is 

relatively simple to optimise with experience. The quality of the infrared beam is cmcial to 

SFS and it is therefore important that the cell is correctly aligned and free from impurities. A 

CCD camera can be used to examine the path of the beam in the cell but is a very poor 

substitute to careful direct visual examination. Extreme caution should be used when 

observing the beam path in the cell. A red beam of the lowest possible power must be used 

and must ~lways be completely blocked before looking around the beam block into the cell. 

The optics must never be adjusted while observing the beam as the effect on the exiting beam 

and possible scatter can be unpredictable. Figure A.3 demonstrates the characteristics of a 

correctly aligned cell. The beam path within the cell is optimised with the electronic mirror 

micrometers shown in Figure A.3 and they must always be moved slowly and only for short 

distances. Excessive speed or distances will dismpt the bearings and jam the mirrors. In this 

instance the cell must be dismantled, the mirrors reset and the flange 0-rings replaced before 

a lengthy pump down and refill (gloves must always be worn when handling any internal 

Raman optics in order to avoid introducing contaminants). 
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Spots do not clip on the edge of the Herriot mirror 

Semi-circular spot reflection path 

Specular reflections may e 
be observable from the 
input port. Not to be 
confused with a true Input 
spot. 

• •••• Medium sized red spots 
Small spots = optics damage 
Large spots = inefficient SRS 

lOth Spot situated in the 
centre of the pick-off mirror 

Figure A.3 The characteristics of a correctly optimised Raman spot pattern as viewed from the 

output window of the Raman cell. 

Over time impurities migrate from the walls of the cell and o-nngs into the hydrogen 

atmosphere and may begin to affect the infrared output, resulting in spurious SF spectral 

features. It is therefore important to remove hydrogen impurities before the quality of the SF 

spectra is severely degenerated. Figure A.4 demonstrates that the quality of the infrared output 

from a newly filled cell is far superior than that obtained sixth months later. 
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Figure A.4 A plot of infrared wavenumber versus the intensity of the signal from the infrared 

pyroelectric detector. 

The pyroelectric detector was placed directly in the beam shortly after the germanium plate 

(Figure 3.2). The plot clearly illustrates the spurious infrared power signature caused by 

contaminants in the hydrogen atmosphere of the Raman cell. 
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Impurities can be removed with the following procedure: 

1) Open the hydrogen release valve and slowly release the hydrogen from the cell (this 

should take at least 15 minutes). Fast hydrogen release will stress the cell and may crack 

the windows or miss-align the internal optics. 

2) Slowly fill the cell with 5 atmospheres of AR grade (white spot) nitrogen then slowly 

release the nitrogen to flush out the remaining hydrogen. 

3) Attach the turbo molecular pump to the Raman cell and with the pump still switched off 

open the valve between the pump and the Raman cell. 

4) Pump the cell down to at least 5.5 x 10"6 Torr ( 4.18 x 10-3 atm). This should take ~ 48 

hours. 

5) Disconnect the pump and rapidly fill the cell to 1 atm with hydrogen (99.9999% purity). 

Slowly increase the pressure of the hydrogen to fill the cell to 34 atm. 

If the cell does not pump down then the packing in the main valve may have been compressed 

by months at high pressure. The valve packing should be tightened, the Swagelok fittings 

checked and if necessary the o-rings at either end of the cylinder replaced. 

Appendix B 

Detailed Analysis of ~a~y and Xiik 

In Section 2.3.4, a comparatively straightforward approach was adopted to illustrate the origin 

of the contributing components of the 2nd order non-linear susceptibility. This Appendix 

presents a more detailed description, with specific reference to the expressions required for 

the theoretical model presented in Chapter 6. Section A.1 covers steps 1 and 2 presented in 

Section 2.3 .4 and concentrates on the molecular Cartesian axis and the symmetry dependence 

of the hyperpolarisabilities. Section A.2 expands on steps 3 and 4 of Section 2.3.4 and 

includes Euler rotation matrices and orientational averaging. Note that the equations presented 

throughout this Appendix relate purely to the resonant susceptibility components of a SF 

signal. 

B.l The Molecular Hyperpolarisability 

The SF spectra recorded in this work are from chemisorbed monolayers of hydrocarbon 

chains and in a majority of cases the prominent spectral features arise from the methyl group 

of the unbound terminal. Such a methyl at the end of a hydrocarbon chain is traditionally 

assumed to possess C3v symmetry, as shown in Figure B.2b. The validity of this assumption is 

regularly discussed in the literature as it relies on the free rotation of the methyl group. 

Infrared experiments on long chain alkanes 1 have demonstrated that at room temperature the 

amplitude of motion of the methyl group is considerably greater than at lower temperatures 

(150 K), but that free rotation does not exist (the individual r- modes can still be distinguished 

and are split by ~ 8 cm·\ However, the true local C5 symmetry of the terminal methyl group 

would make the theoretical calculations presented in this work particularly complex. Since the 

deviation from C3v symmetry is also only very slighe and the two r- modes are rarely resolved 

in SF spectra, the C3v approximation is used throughout this work. 
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a) 

b) 

I 
I 
I 
I 
I 
I 

lb 

Figure B.l The molecular co-ordinate system applied to the terminal methyl group of a 

hydrocarbon chain. 

(a) Viewed along the b axis (b points vertically out of the page). 

(b) Viewed along the c axis (c points vertically out of the page). 
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Figure B.2 The C3v Point Group 

(a) The C3v symmetry operations applied to a terminal methyl group. 

(b) The C3v character table. Reproduced from A. Vincent, Molecular Symmetry and Group 

Theory 3
• 
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Detailed Analysis of Pa~y and Xijk 

A total of 27 possible Pa~y components can be used to describe the SF vibrational response of 

a terminal methyl group. In a process analogous to that completed in Section 2.4.1, the 

symmetry operations inherent to the C3v group (Figure B.2) can be used to determine which 

hyperpolarisability components contribute and which are equal to zero. Although this method 

was comparatively simple for the CXJ symmetry surface presented in Section 2.4.1, Table B. I 

demonstrates that it rapidly becomes a laborious and involved process in high symmetry 

environments. In this instance, symmetry tables first published by Birss4 and more recently by 

Barron5 can be used to confirm the worked answer or immediately provide the solution. Both 

of these references are currently out of print and the information relating to 3rd rank tensors 

such as P and x is therefore reproduced in Table B.2. For the C3v point group the relevant 

information has been highlighted and the results concur with those presented in Table B.l 

To determine which non-zero Pa~y components contribute to the specific vibrational modes of 

the terminal methyl group (i.e. symmetric, anti-symmetric) it is necessary to review the origin 

of Pa~y· From Equation 2.63, Pa~y can be written as: 

B.l 

where Ay is the infrared transition moment and Ma~ the Raman transition polarisability. Using 

Equations 2.64 and 2.65 Papy can subsequently be rewritten as: 

B.2 

where aap and !ly are the Raman polarisability and infrared transition dipole moment 

respectively. In a centrosymmetric environment a vibrational mode cannot be both Raman and 
~ 

infra"active, either aa~ or !ly must be zero. In this instance Papy must therefore be zero, 

confirming the SF selection rule described in Section 2.4.1. In a similar manner, the symmetry 

properties of the Raman polarisability and infrared dipole moment can be used to elucidate 

the symmetry constraints of the SF hyperpolarisability. A character table for the C3v point 

group is showrt in Figure B.2b. Using this information it is possible to determine which 
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Contributing J3al3y components for C3v symmetry 

The methods and reasoning presented here are analogous to those used for a CXJ 
symmetry system presented in Section 2.4.1 and Table 2.1. 

1) Considering the symmetry elements shown in Figure B.2, it is seen that the mirror 
plane (crv) is a symmetry plane of the methyl group. It follows that the 
components of any property tensor, including J3al3y, cannot contain an odd number 
of b indices, as b = - b. All components containing a single or triple b must 
therefore be equal to zero. 

2) The C3 rotation operation can be represented by a matrix: 

i.e. after a C3 rotation a = a cos8 + b sin8 
b = -a sin8 + b cos8 
c=c 

Considering J3acc, a C3 rotation results in J3acc c) > J3acc cos9 + J3bcc sin 9 

Identity operation E, 
First rotation C3, 
Second rotation C3 2, 

8 =0° 
8 = 120° 
8 = 240° 

J3 ace = J3 ace 
J3acc =- 'hJ3acc+fi/2 J3bcc 
J3acc = -lhJ3acc-fi/2 J3bcc 

It is therefore possible to show that: 3 J3acc= 0 J3acc = 0 
An identical argument can be used to show that J3acc = J3cac = J3cca = 0. 

3) Further rotational analysis can be used to demonstrate that all the remaining J3al3r 
components are non-zero and contribute to the full description of the system. In 
addition, the analysis will elucidate the relationships that exist between the 
different components. 

i.e. for J3aaa, 3 J3aaa = % J3aaa- % J3bba 

12 J3aaa = 3 J3aaa- 9 J3bba 
J3aaa = - J3bb~ 

The contributing components of J3al3y in a C3v symmetry environment are therefore: 
J3ccc 
J3aac = J3bbc, 
J3aaa = - J3bba = - J3abb = - J3bab 
J3 a ea = J3 bcb 
J3caa = J3cbb 

Table B.l Determining the contributing ~ally components for CJv symmetry. 
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System Schilnflies symbol Orientation of Polar tensor 
ofiJOint group symmetry element of odd rank 

Triclinic c1 any An 
Monoclinic c2 C2ll z Bn 

C, Oh j_ Z c. 
Orthorhombic 02 C211 X, C211 y Dn 

C2v Oh j_ X, Ov j_ y En 
Tetragonal c. C•ll z Fn 

s. S•ll z Gn 
o. c.11z,C2IIY Hn 
c." C4 11 Z, Ov l_ Y In 
D2d s.11 z, c211 Y Jn 

Trigonal c) CJII z Kn 
DJ c) 11 z, c2 11 y L, 
C),, C3 11 Z, Ov j_ Y Mu 

Hexagonal c6 C611 z Nn 
C311 CJII z On 
06 C611 z, C2ll y Pn 
C6v C6 11 Z, Ov j_ Y Q. 
0311 C3 11 Z, Ov j_ Y Rn 

Cubic T C211 X, C211 y s. 
0 C4 11 X, C4 11 Y Tn 
Td S411 X, S4ll Y u. 

n=3 XXX yyy zzz xxy(3) yyx(3) xxz(3) yyz(3) zzx(3) zzy(3) xyz xzy zxy yxz yzx zyx 
AJ XXX yyy zzz xxy yyx xxz yyz zzx zzy xyz xzy zxy yxz yzx zyx 

BJ 0 0 zzz 0 0 xxz yyz 0 0 xyz xzy zxy yxz yzx zyx 

c) XXX yyy 0 xxy yyx 0 0 zzx zzy 0 0 0 0 0 0 

DJ 0 0 0 0 0 0 0 0 0 xyz xzy zxy yxz yzx zyx 

EJ 0 0 zzz 0 0 xxz yyz 0 0 0 0 0 0 0 0 

FJ 0 0 zzz 0 0 xxz xxz 0 0 xyz xzy zxy -xyz -xzy -zxy 
G3 0 0 0 0 0 xxz -xxz 0 0 xyz xzy zxy xyz xzy zxy 
HJ 0 0 0 0 0 0 0 0 0 xyz xzy zxy -xyz -xzy -zxy 
13 0 0 zzz 0 0 xxz xxz 0 0 0 0 0 0 0 0 

JJ 0 0 0 0 0 0 0 0 0 xyz xzy zxy xyz xzy zxy 
Kl XXX yyy zzz -yyy -XXX xxz xxz 0 0 xyz xzy zxy -xyz -xzy -zxy 
LJ 0 yyy 0 -yyy 0 0 0 0 0 xyz xzy zxy -xyz -xzy -zxy 
M3 XXX 0 zzz 0 -XXX xxz xxz 0 0 0 0 0 0 0 0 

NJ 0 0 zzz 0 0 xxz xxz 0 0 xyz xzy zxy -xyz -xzy -zxy 
03 XXX yyy 0 -yyy -XXX 0 0 0 0 0 0 0 0 0 0 
p3 0 0 0 0 0 0 0 0 0 xyz xzy zxy -xyz -xzy -zxy 
Q3 0 0 zzz 0 0 xxz xxz 0 0 0 0 0 0 0 0 

R.J XXX 0 0 0 -XXX 0 0 0 0 0 0 0 0 0 0 

83 0 0 0 0 0 0 0 0 0 xyz xzy xyz xzy xyz xzy 
TJ 0 0 0 0 0 0 0 0 0 xyz -xyz xyz -xyz xyz -xyz 
UJ 0 0 0 0 0 0 0 0 0 xyz xyz xyz xyz xyz xyz 

Table B.2 Symmetry tables can be used to provide a fast method of determining the non-zero 

components of a 3rd rank tensor under a wide range of symmetry environments. 

These tables are reproduced from R. R. Birss, Symmef1y and Magnetism 4• 
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polarisability and dipole moment combinations correspond to each molecular vibration and 

thus, assign the non-zero ~al3y components. For an environment with C3v symmetry a 

symmetric stretch (A1) and degenerate anti-symmetric stretch (E) can be identified: 

~aac = ~bbc, ~ccc 
~aaa = - ~bba = - ~abb = - ~bab, ~aca = ~bcb = ~caa = ~ebb 

For vibrational modes occurring in an alternative symmetry environment (such as methylene 

C2v modes) the procedure for determining which ~al3y components contribute to each 

molecular vibration is identical: 

1) Identify the symmetry environment. 

2) Using symmetry operations, or Table B.2, calculate which components are zero and 

the relationships between the non-zero components. 

3) Use the Raman and Infrared origin of ~al3y to assign each component to the molecular 

vibrations described in the appropriate group table (i.e. Figure B.2). 

4) Complete the co-ordinate transform and averaging steps described below in Section S2 to 

calculate the relative values of Chi for each molecular vibration. 

B.2 Second-Order Non-Linear Susceptibilities 

The first step in expressing the resonant second-order non-linear susceptibility in terms of the 

hyperpolarisabilities of the C - H stretching modes of the methyl group is to perform a co

ordinate transform from molecular to surface based Cartesian axes, as shown in Figure B.3. 

c 

b 

a ·-. ···-. X 

Figure B.3 The molecular (a,b,c) and surface (x,y,z) based Cartesian axes. 

A more detailed description of the Euler angle rotations is presented in Figure B.4. 
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This three dimensional transformation is completed using Euler angles, thereby allowing the 

complete rotation to be performed in three simple, consecutive rotational operations using 

angles~' 8 and \jf (Figure B.4). 

The three operations are illustrated in Figure B.4 and are described as rotation around the 

molecular c axis by angle ~' rotation around the 'temporary' y axis by angle 8 and finally 

rotation around the final z axis by angle \jf. The mathematical representation of this procedure 

IS: 

B.3 

Each rotation can subsequently be expressed in matrix form6
, as shown in Equations B.4 to 

B.6. 

[
cos~ sin~ OJ 

Re(~)= -sin~ cos~ 0 

0 0 1 

BA 

[

cose 0 -sine] 
Ry.(e) = o 1 o 

sinS 0 cos8 

B.5 

001] cos \jf 

sin \jf 

B.6 

0 

The full Euler co-ordinate transform operation is simply the matrix product of the three 

individual rotational operations and is shown in Equation B. 7. 

[ 

cos8cos~cos\jl-sin~sin\jl 

R'- (\JI )Ry. (e )R. (~) = -cos \JI sin 8- cos8cos~sin \JI 

cos~sin8 
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cos8cos \j/Sin ~ + cos~sin \jJ 

cos~cos \jJ- cos8sin ~sin \jJ 

sin 8sin ~ 

-COS \j/Sin 8] 
sine sin \jJ 

cose 
B.7 
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The molecular based Cartesian axis system a,b,c. 

The 1st rotation Re( 4>) about the c axis. 

The 2"d rotation Ry•(8) around the temporary Y axis 
resulting from the previous rotation. 

The 3rd rotation Rz(\j/) around the new z axis that 

resulted from the previous two rotations. 

The surface based Cartesian axes system x,y ,z. 

Figure B.4 The Euler angle co-ordinate transform procedure. 

.. ____ ..... 

z 

All rotations are in the positive direction, as defmed by the right hand thumb rule, i.e. the 
direction of a positive rotation, is the direction of the curl of the fmgers when the right-hand 
thumb is pointed along the positive direction of the required axis. 

z:q 

Detailed Analysis of Pa~y and Xijk 

Using Equation B.7 a single surface co-ordinate can then be represented in terms of molecular 

co-ordinates, as shown in Equations B.8 to B. I 0. 

x = a( cos8cos4>cos \jf- sin~sin \V)+ b( cos8cos \jf sin~+ cos4>sin \j/) + c(-cos \jf sin 8) B.8 
y =a( -cos \jf sin 8- cos8cos~sin \V)+ b( cos~cos \jf- cos8sin~ sin \V)+ c(sin 8sin \V) B.9 
z =a( cos~sin8)+ b(sin8sin~) + c(cos8) B.IO 

To calculate the hyperpolarisability components of a single susceptibility it is necessary to 

consider that after three rotations all 27 Pa~y components will in principle contribute to the 

single susceptibility. For instance, for Xzxx, the z and x axis each has a set contribution from 

the molecular a axis, as shown by Equations B.ll and B.12. 

x(a) =a( cos8cos~cos \jf- sin~sin \j/) 

z(a) =a( cos~sin8) 

B.ll 

B.12 

Employing a similar nomenclature to that of Bain7
, the contributing Pa~y components of Xzxx 

are denoted Pzxx· For Xzxx, just the Paaa component would be calculated using: 

z(a) x(a) x(a) 
~,---------~----------,r---------~----------, p zxx = (cos~ sin 8)( cos 8 cos~ cos \jf - sin~ sin \jf )(cos 8 cos~ cos \jf - sin~ sin \jf) p aaa B.13 

which is simply: 

Pzxx = (cos~sin8)(cos8cos~COS\j/-sin~sin\j/) 2 
Paaa + ... otherPapy components B.14 

' To perform the calculations described here for all 27 Pa~y components of Xz.xx would be a 

laborious and time consuming procedure. To simplify this task Hirose6 has published fifteen 

pages of tables containing a total of 729 trigonometric equations. However, in this work these 

tables have not been employed, not only because they are comparatively indecipherable 

themselves but also because a number of typographical errors have been discovered when 

comparisons were made to calculations completed in this work. The simplest alternative is to 

program a computer with the rotation matrix shown in Equation B.7, the 27 component p 
matrix (similar to that shown for x in Equation 2.9) and allow the computer to calculate the 

relevant matrix products. A Mathematica8 program was developed in Cambridge for this 
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purpose by Dr. Peer Fischer9
, the code of which has been reproduced in Table B.3. Using this 

programme all 27 P a py components for P zxx can be calculated instantly and the lengthy 

equation is shown below (using the convenient notation apy = P a py, i.e. aaa = Paaa). 

P zxx= cccCos [e] Cos [l/!] 2 Sin[e] 2 
+ accCos[c:t>] Cos [l/!]

2 
Sin [e]

3 
+ 

bccCos[l/!] 2 Sin [e] 3 Sin[c:t> J - cbcCos[e] Cos [l/l] Sin[e] (Cos[e] Cos [ I/I J Sin[c:t>] + Cos [ c:t> ] Sin[I/IJ) -

ccbCos[e] Cos [l/ll Sin [e ] (Cos[e] Cos[l/l] Sin [ et>]+ Cos[c:t>J Sin[ I/!]) -

abcCos[c:t>J Cos [l/l] Sin [e] 2 (Cos[e] Cos [l/l] Sin[ et>] + Cos[c:t> J Sin[l/l]) -

acbCos[c:t>J Cos[l/l] Sin[e] 2 (Cos [e] Cos [l/ll Sin[c:t>J + Cos [c:t>J Sin[ I/!])-

bbcCos[l/l] Sin [e] 2 Sin[ et>] (Cos[e] Cos[l/ll Sin[c:t>J + Cos [c:t>] Sin[i/1]) -

bcb Cos [ 1/f] Sin [ e] 2 Sin [et>] (Cos [ e] Cos [ 1/1 l Sin [et> l + Cos [et> l Sin [ 1/1 l ) + 

cbbCos[e] (Cos[e] Cos[l/l] Sin[c:t>] + Cos[c:t>J Sin [l/l] )
2

+ 

abbCos[c:t>J Sin [e] (Cos[e ] Cos[l/l] Sin[c:t>] + Cos [c:t>J Sin[l/l]) 
2 

+ 

bbbSin[e] Sin[c:t>] (Cos[e] Cos [l/l] Sin [c:t>J + Cos [c:t>] Sin[l/l]) 
2

-

cacCos[e] Cos [l/l] Sin [e ] (Cos[e] Cos [c:t>] Cos [l/l] - Sin[ et>] Sin[ I/!]) -

ccaCos [e ] Cos [l/l] Sin [e ] (Cos[e] Cos[c:t>] Cos[l/l]- Sin[c:t>J Sin[I/IJ) -

aacCos[c:t>J Cos [l/ll Sin [e ] 2 (Cos[e] Cos[c:t>l Cos [l/ll - Sin [c:t>J Sin[I/IJ)-

acaCos[c:t>J Cos [l/l] Sin [e ] 2 (Cos[e] Cos [c:t>J Cos [l/l] -Sin [ et>] Sin[l/ll)-

bacCos[l/ll Sin [e] 2 Sin [c:t>J (Cos[e] Cos[c:t>J Cos [i/1]-Sin[c:t>] Sin[l/l])-

bca Cos [ 1/1] Sin [ e ] 2 Sin [et>] (Cos [ e] Cos [et> l Cos [ 1/1 l - Sin [et> l Sin [ 1/1 l ) + 

cabCos[e] (Cos[e] Cos[l/l] Sin[c:t>] + Cos [c:t>] Sin[l/l ] ) (Cos[e] Cos [c:t>] Cos[l/l ] - Sin[c:t>] Sin[l/l ] ) + 

cbaCos[e] (Cos[e] Cos[l/ll Sin[c:t>] + Cos [c:t>J Sin[l/l] ) (Cos[e] Cos[c:t> J Cos[I/IJ -Sin[ et>] Sin[ I/!]) + 

aabCos[c:t>J Sin[e ] (Cos[e] Cos [l/l] Sin [c:t>l + Cos [c:t>J Sin[ I/!]) (Cos [e] Cos[c:t>] Cos [ l/l] - Sin [c:t>J Sin[l/l] l + 

abaCos[c:t>J Sin [e ] (Cos[e] Cos[l/l] Sin[ et>]+ Cos [c:t>J Sin [ I/!]) (Cos[e] Cos[c:t>] Cos [l/l] -Sin [ et>] Sin[ I/!] l + 

babSin[e] Sin [c:t>] (Cos[e] Cos[l/l] Sin[ et>]+ Cos [c:t>J Sin [ I/!]) (Cos[e] Cos [c:t>] Cos [l/l] - Sin[c:t> J Sin [l/l ] l + 

bbaSin[e] Sin[c:t>] (Cos[e] Cos[l/l] Sin[c:t>] + Cos[c:t>] Sin[l/l]) (Cos[e] Cos[c:t>] Cos[i/1 ] - Sin [c:t>J Sin[ I/! ] l + 

caaCos [e ] (Cos[e] Cos [c:t>J Cos[I/I]-Sin[c:t>J Sin [l/!])
2

+ 

aaaCos[c:t>J Sin[e] (Cos[e] Cos[c:t>J Cos [l/ll - Sin[c:t>J Sin[I/IJ )
2

+ 

baa Sin[e] Sin[c:t>] (Cos[e] Cos[c:t>l Cos[l/ll- Sin[c:t>J Sin [I/IJ) 
2 B.l5 

Note that the aaa (Paaa) component of Equation B.15 matches that of Equation B.14. This 

equation is however, far too lengthy and unwieldy for continued use and two approaches for 

simplification are therefore adopted. The first approach is to consider that Xijk is an average 

over all the molecules probed by the SF laser beam (Step 4, Section 2.3.4, page 48). An 

orientational distribution therefore occurs for both the methyl group and the molecule on the 

surface. 
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Mathematica8 Programme for Calculating P components of x 
Initialisation Routines: 

ClearAl.l[e, J:Xri, 1/t, e, ~, Rotatatiomfatrix, 13E'm.J; 

The Rotation Matrix, equivalent but more explicit than using the Mathematica command ' RotationMatrixJD[ ]'. 

) 
. Ry- {Cos~e] ~ -S~[e] ) ; Re= [ -~\~l ~~:~ ~1 ); ' - l Sin[e] 0 Cos[e] 0 0 

Rz= ! Cos[ 1/tl Sin[ 1/tl 0 
- Sin[ 1/tl Cos[ 1/tl 0 

0 0 1 

Rotatiomfatrix = Rz . Ry. Re; 

MatrixFoJ:m[ Rotatiomfatrix] 

( 

Cos[e] Cos [ r/J J Cos[ l/t l - Sin[<PJ Sin[l/tl Cos[e] Cos [ l/tl Sin[r/l l + Cos[r/JJ Sin [ l/t l - Cos [ l/t l Sin [e] l 
- Cos[l/t] Sin[ r/J J - Cos[e ] Cos [ r/J ] Sin[ I/! ] Cos [ r/J J Cos [ l/t l - Cos [e ] Sin [r/JJ Sin [ I/! ] Sin[e] Sin [ I/! ] 

Cos [ r/J J Sin[e] Sin [e ] Sin[r/JJ Cos[e] 

The 27 component p matrix: 

f3 = { { {aaa, aab, aac}, {aba, al::b, abc}, {aca, acb, acx::}}, 

{ { baa, bab, bac} , { l::Da, l:i::b, bbc} , { bca, bd:>, l:x:x::} } , 

{ { caa, cab, c::ac}, { d::a, d::b, dx:}, { a::a, ocb, ooc}}}; 

MatrixFoJ:m [(3] 

The following equation calculates all 27 p components of an individual X· The double square brackets [[ ]] indicate that only part of a matrix 
is being used, for instance RotationMatrix[[2, 1]] = Cos[9] Cos[lji]Sin[ljl]+Cos[ljl] Sin[ljl] , compare this with the RotationMatrix equation 
above. In a similar manner p[[i , I, I]]= aaa while p[[2,2,2]] = bbb. So: 

RotationMatrix[[3, I]]*RotationMatrix[[3, I]]*RotationMatrix[[3, I ]]*p[[ I , I , I]] will calculate the paaa component of xzzz 
RotationMatrix[[2,2]]*RotationMatrix[[3, I]]*RotationMatrix[[ I ,3]]*p [[2, I ,3]] will calculate the Pbac component of xyzx 
xzxx is used as an example here but the program can calculate the p components of any X· 

ZXX = Sum[RotaticrMitrix[ [3, m]]* 

Rotatiomfatrix[ [1, n]] * Rotatiomfatrix[ [1, o]] * (3 [[m, n, o]] , {m, 3}, {n, 3}, {o, 3}] 

( * Rllnning this equaticn produces the lengthy z:esult shown in the text in J¥:perxtix A . 2 *) 

( • 'Ib save space arxi to avoid :repetiticn this calall.aticn has been anitte:i *) 

Now apply the first simplification approach of average over 'I' and$ using integrals from 0 to 27t and a normalisation constant of 
1 /4~. This procedure is particularly time consuming (approx. 3 minutes on a Pill) and more advanced programming techniques can be used 
to reduce the time of the evaluation considerably. However, in this instance these methods have not be used for clarity of presentation. 

ZXX= Sillplify[1/ (4Pi"2) Integrate[ Sum[RotaticrMitrix[[3, m]]* RotaticrMitrix[[1, n]] * 

RotaticrMitrix[ [1, o]] * (3 [[m, n, o]], {m, 3}, {n, 3}, {o, 3}], {~, 0, 2 Pi}, 

{1/t, 0, 2Pi} ]] 

1 
- Cos [e ] 
8 
( - aac - aca - bbc - bcb + 3 caa + 3 cl::b+ 2 ccc+ (aac+ aca+ bbc+bcb + caa+ cl::b - 2 ccc) Cos [2e]) 

Using the second simplification approach, for a C3,. symmetric stretch: 

bbc = aac; aca = bd:> = caa = d::b = 0; 

zxx 
1 
- Cos[e] (- 2 aac+ 2 ccc+ (2 aac - 2 ccc) Cos [ 2EJ]) 
8 

Which is identical to Equation 8 .17. 

Table B.3 Mathematica8 Programme developed by Dr. Peer Fischer to calculate the 13 

components of X· 

The indented black text in bold is the actual Mathematica script. 
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In Section A.1 the methyl group was assumed to have C3v symmetry, an assumption based on 

the free rotation ofthe group around the C3 axis (Figure B.5). With free rotation of the methyl 

group the Euler angle ~ effectively takes all values from 0 to 2n. For an isotropic ODS 

monolayer (Section 4.3.3) the SF beams also probe an even distribution of in-plane 

orientations of the molecule, \If (the azimuthal angle, Figure B.5). The first simplification to 

Equation B.15 is therefore the integration of both ~ and \If from 0 to 2n. The resulting 

equation must be multiplied by a normalisation constant of 1/2n for each integration (i.e. 

1/4n2 in total). Using the Mathematica8 programme in Table B.3 the orientational averaging 

and normalisation of the p components of Xzxx is therefore simply: 

(P= ) =_!_(cos e)[- aac- aca- bbc- bcb+ 3caa +3cbb + 2ccc+ (aac+ aca + bbc+ bcb + caa +ebb- 2cccXcos 2e)] 
8 

B.16 

where the ( ) brackets indicate that orientational averages over the whole surface have been 

applied. 

The second simplification approach is to consider the vibrational mode that is to be either 

modelled or analysed. Using the results from Section A.1, many ofthe 27 Pupycomponents are 

known to be zero. For Xzxx, considering purely the P components of the symmetric methyl 

stretch (only aac, bbc and ccc * 0, with bbc = aac) Equation B.16 simplifies to: 

(Pzxx )=_!_(cose)[- aac + ccc + (aac- ccc X cos 29)] 
4 

B.l7 

This equation is normally rearranged to factorise out Pccc and generate a ratio r = PaaJPccc, as 

shown in Equation B.18. 

(Pzxx) = P~c [(cos8)(3r + 1)+ (cos38)(r -1)] B.18 

The ratio r may in principle be obtained from the Raman depolarisation ratio10
, p and usually 

ranges from 1.66 to 3.5 7
•
10

•
11

• The value ofr used in this work is discussed in Section 6.1.5.2. 

z:q 

O Rotation of the methyl group 
around the C3 axis - <1> can 

therefore take any value from 0 to 2n. 

8 The incident laser beams cover a 
1 mm2 surface area. With an 

isotropic ODS adlayer, molecules at 
every possible angle of \Jf will be 
probed. The molecule therefore 
effectively rotates around the surface 
normal. 

A The corollary of 8 is that the 
~ incident beams will also probe an 

even distribution of molecular 
rotations, even if the molecule itself 
does not rotate when bonded to the 
surface. This has important 
implications to the angles of 8 and K 

as discussed in the text. 

X 

z 

z 

Detailed Analysis of Pupy and Xijk 

~ ~ 
1% 

Figure B.S The definitions ore,~. \jf, K, sand the assumptions employed to simplify the 

susceptibility equations. 
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In Section 2.5.4, a brief summary of how SFS may be used to calculate the average angle of 

adsorbed alkyl chain molecules to the surface normal was presented. Note, that in Equation 

B.18, e is not the angle of the molecule to the surface normal (K) , but the angle of the methyl 

molecular c axes to the surface normal. For the molecule presented in Figure B.5, e is 

therefore described in terms of both the angle between the surface normal (the z axis) and the 

hydrocarbon chain ( K) and the angle between the hydrocarbon chain and the c axis, (s). In this 

instance, it is important to consider that the incident laser beams cover a macroscopic surface 

area and for an isotropic ODS adlayer numerous molecular orientations are probed, 

effectively identical to free rotation around the hydrocarbon axes (C) in Figure B.5). The 

dipole moment of the r+ molecular vibration of the methyl group is consequently averaged 

onto the molecular axis by a factor of cos S· If the tilt of the hydrocarbon chain axis to the 

surface normal (K) is then also considered, (cose) can therefore be written as: 

(cose) = cosK coss 

(cos38) = COSK COSS (3cos 2K COS 2S- 2cos2 K COS2 S) 

B.l9 

B.20 

A single value is normally employed for the angle between the C3 axis and the hydrocarbon 

chain7 (S) while a Gaussian distribution12 is often used to describe the angle of the 

hydrocarbon chain to the surface normal (K). The values of K and s used in this work are 

discussed in more detail in Section 6.1.5.2. 

B.3 Summary 

This Appendix has described how the fundamental symmetry environment of a vibrational 

mode may be used to determine the non-zero hyperpolarisability components. In Section A.2 

a method for using co-ordinate transforms and macroscopic averaging to determine the 

hyperpolarisability components of an individual susceptibility was illustrated, using Xzxx as an 

example. 

In Chapter 2 the formal definitions of Papy and Xijk were presented, while this Appendix has 

employed commonly used colloquial terms, such as (Pijk) . It is therefore important to ensure 
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that the true relationships between these components are clear. The formal definitions for Papy 

and Xijk were shown in Equation 2.62 and 2.63 are reproduced below: 

The frequency dependence of Xijk is commonly emphasised by re-writing as: 

NI (R('Jf )R(e )R(q> XJaPr) 
x<{ = _a-=--py:...____.,--------:---

1J ~:: 0 (cov-coiR-ir) 

In Section A.2, (P ijk) was introduced as a representation of the contributing p components of 

an individual Xijk· (Pijk) includes the co-ordinate transforms and macroscopic averaging of the 

P components, and may therefore be represented as: 

B.21 

Consequently, Xijk may therefore be rewritten as: 

B.22 

Theoretical modelling and experimental angle determination studies rely critically upon the 

relative values of different Xijk components recorded from the same sample. It may be seen 

from Equation B.22 that when calculating the ratio between two Xijk components, the 

constants and frequency dependent terms cancel. For example, the ratio XyyziXyzy is given by 

Equation B.23. 

B.23 
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The ~ethods presented in Section A.2 may then be used to determine (~iik) and subsequently 

K, the angle of a molecule to the surface normal. 

The theoretical modelling work presented in Chapter 6 also relies on ratios rather than 

absolute values of the Xijk components. However, in this instance the spectral model is also 

reliant ~n the frequency dependent component of Xijk· Consequently, whilst the constants and 

units may therefore be neglected, the frequency dependent term must remain. The equations 

for Xijk employed in Section 6.1.4.1 are therefore based on Equation B.24. 

B.24 

Using the methods described in Section A.1 and A.2 it is possible to calculate the methyl 

symmetric and anti-symmetric (~iik) components for the four susceptibilities probed by ppp 

laser polarisations (Table 2.2). These equations are summarised below and employed 

throughout Chapter 6. 

Vibrational Mode Hyperpolarisability Components 

Methyl Symmetric Stretch, r+ (~=) = ~ccc [(cos8)(3 + r )-(cos38)(r -1)] 
4 

(~ xxz ) = ~ccc [(cos e)(1 + 7r )+ (cos 38)(r -1 )] 
8 

(~ xzx ) = ~ccc [( cos8)(1- r )+ ( cos38)(r -1)] 
8 

(~zxx) = ~ccc [( cose)(1- r )+ (cos 38)(r -1 )] 
8 

Methyl Anti-symmetric Stretch, r (~yyz )=(~xxz)=- ~ (~=)=-~~· [(cos8)-(cos38)] 

(~ xzx ) = (~ zxx ) = (~ yzy) = (~zyy) = ~ ~· [3( cos e) + (cos 38)] 

Table B.4 Hyperpolarisability components for the methyl symmetric and anti-symmetric 

vibrational modes. 
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The equations presented in Table B.4 concur with those of Bell et al. 7 but differ purely in 

aesthetic terms from those used by Watanabe et al. 13 as alternative trigonometric identities 

were used in the final stages of the calculations. 

The methyl symmetric stretching Fermi Resonance mode, r;R, is not included in Table B.4. 

This resonance is generated by the overtone band of a methylene deformation mode 

borrowing intensity from the symmetric stretch mode (r+) through Fermi resonance2
• 

Calculations completed by Hirose et al. 2 indicate that the symmetry and hyperpolarisability 

components ofthe Fermi resonance mode are identical to those ofthe r+ mode. It is noted that 

hyperpolarisability components of methylene stretching modes may be calculated in exactly 

the same manner as those for the methyl modes described here. These calculations are not 

required for this work but may be found in the literature12
• 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 
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Appendix C 

The DIMSl Model 

The DIMS 1 model presented below is based on the principles developed throughout Chapter 
I 

6 and specifically the equations described in Section 6.1.4. The model is written in 

Mathematica script, Version 3.0. Limited comments are provided throughout the script and 

full reference is given to equations and discussions presented in Chapters 2 and 6. 

DIMS1 SF Model 
The following equations relate to the axes, beams and angles defined in Figure 6.3 . 

Clear Variables 

Turn off Spell Checker: 

Off[General: :Spell]; 

Off[General : :spelll); 

Clear All program definitions on each run to ensure variable clashes are avoided: 

ClearAll[K, ~, r, nlayer, .wv, r, M!lgnitucleGold, e, IndVis, InciR, Light, Vis, VisWaveNum, VisLanbc:la, lamSF); 

ClearAll[nlVIS, nlSF, nliR, n2VIS, n2SF, n2IR, n3VIS, n3SF, n3IR); 

ClearAll[Snells, Calc'IhSF, Rs, Pp, Ts, 'IPI; 
ClearAll[Ltx, Lty, Ltz, Lee, Lry, Lrz, I<XVJ:S, KxiR, KyviS, KyiR, KzVIS, KziR]; 

ClearAll[CosAvAnglee, CosAvAngle3e, Xzzz, Xxxz, Xxzx, Xzxx); 

ClearAll[ASFl, AIRl, AVIS!, ASF2, AIR2, AVIS2, ASF3, AIR3, AVIS3]; 

ClearAll[Pxi, Pzi, Pxii, Pzii, Exi, Ezi, Exii, Ezii, EIII]; 

Calculation Constants 

Methyl group constants in a well ordered ODS monolayer. See assumptions Section 6.1.2 and values Section 6.1 .5.2: 

K = 21•Pi/ 180; 

~= 34 .5•Pi/ 180; 

r= 2 . 5; 

nlayer= 1.18; 

wv = 2878; 

Second-order non-linear susceptibility constants, see Table 6.1: 

r = 4; 

Magni tudeGo1d = 0. 3; 

E = 169• Pi/ 180; 

Incident Beam angles, see Table 6.1: 

IndVis = 60 • Pi I 180; 

InclR= 65• Pi/ 180; 

Beam Constants: 

Light= 2.99792458·10"8; 

Vis= Light/ (532• (10"-9)); 

VisWaveNum = 1/ (532• (10"-7)); 

VisLani:x:la= 532•10"-9; 

lamSF[ IRI<ave _] : = 1 I ( (VisWaveNum + IRI<ave) • 100) 

Refractive Indices, 
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Layer I- Air 

nlVIS= nliR= nlSF= 1; 

Layer 2- Mica, see discussion in Section 6.1.5.1 

n2VIS = 1. 60 ; 

n2IR= 1.65; 

n2SF= 1.63; 

Layer 3 - Gold, See Table 6.1 

n3SF= 1.42+ l.e4I; 

Basic Optical Equations - Snells, SFCalc, Fresnel Factors 

Snell's Law: 

Snells(ai , ni , nt 1 : = ArcSin[ ni• Sin[ai] J ; 
- - - nt 

Equation for calculating SF emission !Tom an interface, Section 2.3 (Equation 2.39), only applies to counter-propagating beams: 

calc'lhSF[nCVis_, EIC'Iis_, n:::IR_, CNaveN~n_, ElCIR_, nCSF_] := 
ArcSin[ (nCVis• VisWaveNum • Sin[~is))- (n:::IR• CNaveNID• Sin[aCIR]) j; 

rCSF• (Vl.sWaveN\ml + cwaveNum) 

Linear Fresnel Factors, Section 2.1.4, Equations 2.20 to 2.23 : 

Rs(ai_, ni_, nt_] .. 
ni•Cos(ai) -nt•Cos[Snells[ai, ni, nt]J 
ni• Cos(ai] +nt•Cos[Snells[ai, ni, nt) 1 

Ts[ai_, ni _, nt_J . ______ _::_2~·-=-==·~·-.::Cos=:.-_(::a1::· I!._ ____ _ 
ni•Cos(ai) +nt•Cos[Snells[ai, ni, nt]J 

Rp[ai_, ni_, nt_J . . 
nt• Cos[ai] - ni • Cos[Snells[ai, ni, nt) 1 
ni• Cos[Snells(ai, ni, nt) 1 + nt• Cos[ai] 

Tp(ai_,ni_,nt_l := ~~--~_::_2_:_•_:_==·~·_.::Cos=:.-_[a::1::.1!.._ _____ ~-
ni• Cos[Snells[ai, ni, nt) J + nt• Cos(ai) 

SF Non-linear (L) Fresnel Factors 

From Section 2.3.3, Equations 2.51 to 2.55: 

Lrx[nVis1_, niRl_, nSFl_, nSF2_, avis_, aiR_, wiR_J . -
-Cos(calc'lhSF[nVis1, aVis, niRl, wiR, aiR, nSF2] 1 

(nSF2•Cos[calc'lhSF[nVis1, aVis, niRl, wiR, aiR, nSFl]] + nSFl• Cos(calc'lhSF[nVis1, avis, niRl, wiR, aiR, nSF2]]) 

L!:y[nVis1_, niRl_, nSFl_, nSF2_, aVis_, aiR_, wiR_J : = 
1 

(nSFl•Cos[calc'lhSF[nVis1, aVis, niRl, wiR, aiR, nSFl]] + nSF2•Cos(calc'lhSF[nVis1, aVis, niRl, wiR, aiR, nSF2]]) 

Lrz[nVis1_, niRl_, nSFl_, nSF2_, aVis_, aiR_, wiR_J := 

( ,;::)
2 

• Sin[calc'lhSF[nVis1, avis, niRl, wiR, aiR, nSF2] J 

(nSFl• Cos[calc'lhSF[nVis1, avis, niRl, wiR, aiR, nSF2]J + nSF2•Cos(calc'lhSF[nVis1, aVis, niRl, wiR, aiR, nSFl])) 

Ltx[nVis1_, niRl_, nSFl_, nSF2_, avis_, aiR_, wiR_J := 
Cos[caldlhSF[nVis1, aVis, niRl, wiR, aiR, nSFl]J 

(nSF2•Cos[calc'lhSF[nVis1, avis, niRl, wiR, aiR, nSFl) l + nSFl• Cos[calc'lhSF[nVis1, avis, niRl, wiR, aiR, nSF2] I) 

Lty[nVis1_, niRl_, nSFl_, nSF2_, aVis_, aiR_, wiR_J : = 
1 

(nSFl• Cos[calc'lhSF[nVis1, avis, niRl, wiR, aiR, nSFl]J + nSF2• Cos[calc'lhSF[nVis1, avis, niRl, wiR, aiR, nSF2]J) 

Ltz[nVis1_, niRl_, nSFl_, nSF2_, aVis_, aiR_, wiR_] := 

( ( ,;:J 2 
• Sin[caldlhSF[nVis1, avis, niRl, wiR, aiR, nSFl]J) 

(nSFl•Cos[calc'lhSF[nVis1, aVis, niRl, wiR, aiR, nSF2]] + nSF2• Cos[calc'lhSF[nVis1, aVis, niRl, wiR, aiR, nSFl]]) 
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SF K Factors 

K Factors as described in Section 2.3.2, Equations 2.42 to 2.49. 

KXVIS[aVis_, nVis1_, nVis2_] := Cos(aVis) • (1- Rp(aVis, nVis1, nVis2)); 
Ky'VIS(aVis_, nVis1_, nVis2_] := 1 + Rs[aVis, nVis1, nVis2]; 

KzVIS[aVis_, nVis1_, nVis2_J :=Sin[ aVis] • (1 + Rp[aVis, nVis1, nVis2]); 
KxiR[aiR_, niRl_, niR2_J :=-Cos( aiR) • (1- Rp[aiR, niRl, niR2)); 

KyiR(aiR_, niRl_, niR2_J := 1 + Rs(aiR, niRl, niR2J; 

KziR[aiR_, niRl_, niR2_J ==Sin[ aiR]. (1 + Rp(aiR, niRl, niR2J 1; 

NOI')·Linear Susceptibilities -x 
Average orientation equations, See Section 8.2 and Equations B.l9 and 8.20. 

CosAvllng1ee = Cos(K) •Cos[~); 

CosAvllng1e3e = Cos(K) • Cos[~) • (3Cos(2K) Cos(2 ~I - 2Cos[K] 2 Cos[~J 2 ); 

The DIMS I Model 

4 x's contribute to the SF signal for the Coo surface considered in this work. Refer to Section 6.1.4.1 and Appendix B. Equations are for r• 

mode. 

Xzzz(wiR_] . . 

XXxz[wiR_] .. 

Xxzx[wiR_] .-

CosAvllnglee• (3 + r) - CosAvllngle3e• (r- 1) 

4• (wv-wiR- (I•r)) 

CosAvllnglee • ( 1 + 7 r) + CosAvllngle3e • (r- 1) 

e. (wv-wiR- (I•r)) 

CosAvllnglee• (1- r) + CosAvllngle3e• (r- 1) 

e. (wv-wiR-(I•r)) 

Xzxx[wiR_J == CosAvllnglee• (1- r) + CosAvllngle3e• (r- 1) ; 
e. (wv- wiR- (I • r)) 

Phase/Distance CoefficientS 

Presented in Section 6.1.4.2 and refer to beam diagram Figure 6.3, Equations 6.17 to 6.25 . 

For Beam 1: 

ASFl[aVis_, aiR , wiR , d J == 1; 

AIRl[aVis_, aiR_, wiR_, d_] :: 

d• 2 "•nliR• (wiR• 100) • Sin(aiR) • (Tsn[Snells[aiR, nliR, n2IR] J - Tsn[calc'lhSF[nlVIS, avis, nliR, wiR, aiR, n2SFJ J); 

1 
AVIS1(aVis_, aiR_, wiR_, d_] :: VisLanixla 

(d• 2 "• nlVIS• Sin(aVis] * (Tsn[calc'lhSF[nlVIS, aVis, nliR, wiR, aiR, n2SF]] + Tsn[Snells[aVis, nlVIS, n2VIS]])); 

For Beam 2: 

ASF2[aVis , aiR , wiR , d 1 := _________________ _::_2_.::•.:d:.::•.:2:.:"::....::*.::n2=SF=------------------
- Cos[calc'lhSF[nlVIS, avis, nliR, wiR, aiR, n2SFJJ • J.amgF[wiR] 

AIR2[aVis_, aiR_, wiR_, d_J : = 

d• 2 "• nliR• Sin(aiR] • (Tsn[calc'lhSF[nlVIS, aVis, nliR, wiR, aiR, n2SF]] + Tsn[Snells(aiR, nliR, n2IR]]) • (wiR•100); 

AVIS2[aVis_, aiR_, wiR_, d_J := __ 1 __ 
VisLanixla 

(d• 2 "• nlVIS• Sin[ aVis] • (Tan[Snells[aVis, nlVIS, n2VIS]] - Tsn[caldlhSF[nlVIS, aVis, nliR, wiR, aiR, n2SF]])) ; 

For Beam 3: 

ASF3[aVis_,aiR_,wiR_,d_] .. -------------------_.::d::•~2~"~*_:_n2==SF~------------------
Cos ( calc'lhSF[ nlVIS, avis, nliR, wiR, aiR, n2SF]J • lamSF[ wiRJ 

AIR3(aVis_, aiR_, wiR_, d_] ·- d•2n•n2IR•wiR·100 
Cos[Snells(aiR, nliR, n2IR]J 

AVIS3[aVis_, aiR_, wiR_,d_J .• ------------d=-·~2~n~·-n2VI~~s~----------
Cos[Snells[aVis, nlVIS, n2VIS]] • VisLanixla 
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SF Beam 1 -At the Mica/Air Interface, emitted into the Air 

Induced Polarisations, Section 6.1.4, Equation 6.3 and 6.4. 

Pxi[wiR_, d_] := ( (Xxxz[wiR] • :KXVIS[Ind'lis, nlVIS, n2VIS] • KziR[InciR, nliR, n2IR]) + 

(Xxzx[wiR] • KzVIS[Ind'lis, nlVIS, n2VIS] • KxiR[InciR, nliR, n2IR])) • 

Exp[I• (t.IRl.[Ind'lis, InciR, wiR, d] + t.VIS1[Ind'lis, InciR, wiR, d])]; 

pzr[wiR_, d_] : = ( (Xzzz[wiR] • KzVIS[Ind'lis , nlVIS, n2VIS] • KziR[InciR, nliR, n2IR]) + 

(Xzxx[wiR] • :KXVIS[Ind'lis, nlVIS, n2VIS] • Kx!R[InciR, nliR, n2IR])) • 

Exp[I• (t.IRl[Ind'lis, InciR, wiR, d) + t.VIS1[Ind'lis, InciR, wiR, d]) I ; 

SF E Fields, Section 6. I .4, Equations 6.5 and 6.6. 

EKI[wiR_, d_ ] := Lrx[nlVIS, nliR, nlSF, n2SF, Ind'lis, InciR, wiR] • Pxi[wiR, d]; 

Ezi[wiR_, d_] := Lrz[nlVIS, nliR, nlSF, n2SF, Ind'lis, InciR, wiR] • pzi[wiR, d]; 

SF Beam 2 -At the Mica/Air Interface, emitted into the Mica 

Induced Polarisations, Section 6.1.4, Equations 6.7 and 6.8. 

Pxii[wiR_, d_l : = ( (Xxxz[wiRI • :KXVIS[Ind'lis, nlVIS, n2VISI • KziR[InciR, nliR, n2IRI) + 

(Xxzx[wiR] • KzVIS[Ind'lis, nlVIS, n2VISI • KxlR[InciR, nliR, n2IR))) • 

Exp[I• (t.IR2(Ind'lis , InciR, wiR, d) + t.VIS2[Ind'lis, InciR, wiR, d)) I; 

pzii[wiR_, d_l : = ( (Xzzz[wiR] • KzVIS[Ind'lis, nlVIS , n2VIS] • KziR[InciR, nliR, n2IR]) + 

(Xzxx[wiR] • :KXVIS[Ind'lis, nlVIS, n2VIS) • KxiR[InciR, nliR, n2IR])) • 

Exp[I• (t.IR2[Ind'lis, InciR, wiR, d] + t.VIS2[Ind'lis, InciR, wiR, d)) 1; 

SF E fields, Section 6. I .4, Equations 6.9 and 6. I 0. 

EKII[wiR_, d_l := Lbc[nlVIS, nliR, nlSF, n2SF, Ind'lis, InciR, wiR] •Pxii[wiR, d] • 

Exp[I•t.SF2[Ind'lis , InciR, wiR, d]] • Pp[calc'lllSF[nlVIS, InciR, nliR, wiR, InciR, n2SF], n2SF , n3SF] • 

'JP[Calc'lllSF[nlVIS, Ind'lis, nliR, wiR, InciR, n2SF], n2SF, nlSF]; 

Ezii[wiR_, d_] : = Ltz[nlVIS, nliR, nlSF, n2SF, Ind'lis, InciR, wiR] •pzii[wiR, d] • 

Exp[I•t.SF2[Ind'lis, InciR, wiR, d]] • Pp[calc'lllSF[nlVIS, Ind'lis, nliR, wiR, InciR, n2SF], n2SF, n3SF]o 

'JP[Calc'lllSF[nlVIS, Ind'lis , nliR, wiR, InciR, n2SF], n2SF, nlSF]; 

SF Beam 3 -From Gold/Mica Interface 

Simple Method of gold SFG, discussed in Section 6. I .2, presented in Section 6. I .4, Equation 6. I I. 

EIII[wiR_, d_] := 

MagnitudeGo1d• Exp[I• (e + t.IR3[Ind'lis, InciR, wiR, d] + t.VIS3[Ind'lis, InoiR, wiR, d] + t.SF3[Ind'lis, InciR, wiR, d))]; 

Intensity Calculations 

Final equation, presented in Section 6.1.4, Equation 6.2. 

Plot[ Evaluate[ (.l\bs[Ezi[2878 , d) + Ezii[2878, d] + EIII[2878, d]] "2 + .l\bs[EKI[2878, d] + EKII[2878, d] + EIII[2878 , d)] "2) I 

(2o.l\bs[EIII[2878, d]] "2) I , (d, 

0, 10·10"-6}, PlotFoints - > 1000) 

The resulting normalised SF intensity plot is identical to that found in Figure 6.9. 
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