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Abstract 

This thesis describes hydrocarbon vapour sensing using Langmuir-Blodgett films 

prepared from: a co-ordination polymer; substituted phthalocyanines containing copper 

and zinc as the central metal ions; and a polysiloxane. The physical and chemical 

properties of the co-ordination polymer, 5,5'-methylenebis (N-

hexadecylsalicylidenamine), at the air water interface were investigated using Brewster 

angle microscopy and surface pressure versus area measurements. Langmuir-Blodgett 

films were built-up on a variety of substrates. The addition of copper acetate to the 

subphase caused a change in both the physical and optical properties of the Langmuir-

Blodgett layers. Film thickness data suggest that a true monolayer (thickness ca 2 nm) is 

only formed under these conditions. The multilayer films were studied using X-ray 

diffraction, UVA^isible spectroscopy, ellipsometry, surface plasmon resonance, surface 

profiling and electron spin resonance. 

The response of each film when exposed to, benzene, toluene, ethanol and water 

vapours were recorded. Two optical systems were used, both based on surface plasmon 

resonance. The first incorporated a silicon photodiode to record the intensity of the 

reflected light. The second was similar to that of surface plasmon microscopy, using a 

charge coupled device camera to monitor the reflected light intensity from the 

Langmuir-Blodgett film/metal interface. The co-ordination polymer was found to be 

most sensitive to benzene and could reliably detect concentrations of this vapour down 

to 100 vapour parts per million. Data obtained when the co-ordination polymer was 

exposed to benzene and water vapour (using the latter system) were presented to a 

neural network for recognition. 
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Chapter One 

Introduction 

Over the last forty years the research dedicated to the development of reliable gas 

sensors has significantly increased. There is now an increased need for low power, 

sensitive and selective gas sensors. This is partially a result of increased levels of 

pollution, especially from environmentally dangerous gases such as SOj, NOx, and 

health threatening vapours such as toluene and benzene. Many industrial processes 

require the use of chemicals, of which there are about 100,000 on the European 

Inventory of Existing Chemical Substances. Exposure to some of these substances may 

pose a risk to the health of the workers involved. In the UK, EU and the USA, 

regulations and directives relating to the health and safety of workers outline ways in 

which these health risks may be assessed and exposure limited.''^ 

Gas 8 Hour Exposure Limit 

[ppm]^ 

15 Minutes Exposure 

Limit [ppm] 

benzene 5 N/A 

toluene 50 150 

ethanol 1000 N/A 

Table 1.1: Safe exposure limits in parts per million (ppm) for the toxic gases used in 
this work. (Source: EH40/97 Occupational Exposure Limits 1997). 



For example, the Health and Safety Executive in the UK recommends that the 

maximum long term (8 hours continuous exposure) and short term (15 minutes 

exposure) exposure limits for benzene, toluene and ethanol vapours are as shown in 

table 1.1. Currently new legislation is being drafted in the USA further reducing the 

legal limits of benzene exposure. This new law states that no employee may enter a 

room with airborne levels of benzene vapour above 100 parts per million. The Agency 

for Toxic Substances and Disease Registry in the USA note that long-term low-level 

exposure (200 ppm for over 1 year) to toluene can cause damage to kidneys, memory 

loss and nausea. High levels of toluene (600 ppm for over 1 year) can cause permanent 

damage to the brain, and continuous exposure may even result in death. At present there 

are no portable devices that can reliably detect these low concentrations of aromatic 

hydrocarbons. Gas sensors have also been developed to monitor the freshness of food 

stuffs, such as canned meats, vegetables and fruits. A further application is the use of 

gas sensor arrays in the brewing industry to ensure consistency and quality in the 

flavour of beers and whiskies. 

Practical difficulties encountered with many sensors include poor sensitivity and 

selectivity to low gas concentrations, and sensor poisoning when exposed to high 

concentrations. Fluctuations in the operating temperature and humidity level can also 

affect the response of a sensor. One approach to overcome these problems is to use an 

array of gas sensing devices. By coating each sensing element with a different material, 

the response to a particular gas or vapour wi l l vary over the arrayThis pattern of 

responses can then be used in conjunction with pattern recognition software or a neural 



network to produce a sensing system that eliminates the problems due to temperature 

and humidity. 

In this work, a gas sensor has been fabricated exploiting the phenomenon of surface 

plasmon resonance (SPR). Over recent years, the interest in SPR gas sensing has 

increased" with much of the research focused on the sensing of NOx-^ One advantage of 

this approach is that optical systems are low power techniques, ideal for use in the most 

hazardous of environments. The gas sensitive materials used in this work are ultra thin 

organic films deposited by the Langmuir-Blodgett (LB) technique. 

A summary of existing research in the field of chemical sensing can be found in Chapter 

Two. In the first part, the various materials that have been used for gas sensing are 

described. This is followed by a review of device structures and the optical parameters 

measured in the sensing process. 

Chapter Three introduces the organic materials used: polysiloxane (AMCR23), 

substituted phthalocyanines with copper and zinc as the central metals (CuPcBC and 

ZnPcBC), and a co-ordination polymer (poly(CuMBSH)). A discussion of the basic 

physical properties of the materials is presented. Detailed descriptions of the 

experimental techniques used in this work are contained in Chapter Four. This also 

includes the material characterisation and deposition processes. Chapter Five contains 

the optical theory for surface plasmon resonance and the design and operation of the gas 

sensing systems. 



The results presented in Chapter Six were obtained from a detailed investigation of the 

properties of the co-ordination polymer in both its monomer and polymer forms. 

Chapters Seven and Eight present the results obtained from the gas sensing systems, 

with a discussion of their implications. The former chapter is concerned with the 

response from an SPR gas sensing system using a silicon photodiode as detector, 

whereas the latter examines the response of an SPR system using a charge coupled 

device (CCD) camera as detector. LB films of poly(CuMBSH) were exposed to 

concentrations of benzene and water vapour and the results were presented to a neural 

network for analysis. Conclusions from the whole thesis, including suggestions for 

further work, can be found in Chapter Nine. 
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Chapter Two 

Gas Sensing Review: Materials and Techniques 

2.0 Preface 

There are two distinct elements that make up a gas sensing system, the gas sensing 

material and the system within which it is incorporated. The gas sensing materials can 

be subdivided into two main groups: inorganic compounds, such as metal oxides; and 

organic compounds, such as phthalocyanines and polymers. This chapter reviews the 

different materials that can be used and the structures to which they can be applied. 

2.1 Materials 

2.1.1 Organic materials 

Over recent years organic materials have been widely used for gas sensing. This is due 

to their low temperature (room temperature) operation characteristics; their high 

sensitivity to many different gases; their ability to be deposited as ultra thin films 

(molecular dimensions); and their increased commercial availability. One major 

advantage of organic compounds is that they are easy to modify chemically, to enhance 

both the sensitivity and selectivity. Three major groups of organics have been widely 

studied: porphyrins, phthalocyanines and polymers. Each of these is discussed in turn. 



(a) Porphyrins 

Porphyrins are synthetic compounds very similar to some biological gas sensing 

molecules such as haemin and chlorophyll.'''^ They comprise a hydrocarbon (benzene) 

ring structure with a central metal ion and substituted organic groups on the periphery. 

Porphyrins have not been as widely used in sensing systems as other organics, partly 

because of their lower melting points (ca 200°C).^ On exposure to certain gases 

(electron-accepting or donating) there is a relatively large change in their electrical 

conductivity. Studies undertaken on these materials have shown that the sensitivity is 

dependent upon the electronegativity of the central metal ion.'* It has also been 

demonstrated that the response of porphyrins as gas sensing materials is dependent upon 

the thickness and the peripheral substituents of the porphyrin ring.'* Langmuir-Blodgett 

films (39 layers) of symmetrically substituted cobalt porphyrin have been exposed to 5 

ppm NO2. Changes in the fi lm due to the gas were monitored using electrical 

conductivity changes. The response and recovery times were found to be 10 mins and 1 

hour respectively.^ 

(b) Phthalocyanines 

Phthalocyanines are similar to porphyrins and are both thermally stable (up to 200°C) 

and chemically stable (resistant to weak acids, bleaches and stable under UV 

illumination) enabling them to be used in a variety of environments.* Figure 2.1 shows 

the structure of a typical phthalocyanine molecule. The central ion can either be two 

ions of hydrogen (metal-free phthalocyanine, represented by H2), metals, such as Cû "̂ , 

Zn^^, Ni^^, or other suitable metals of oxidation states 0 to 6 (represented by M). The R, 



M : Cu ; Ni ; Zn 

Figure 2.1: Structure of substituted phthalocyanine (R denotes the position of the 
substituent) with either Cu, Ni, Zn as the central metal. 

(a) 

(CH3)3SiO-

CH3 

SiO-

CH3 

(b) 

CH3 

SiO 

R 

- H Si(CH3)3 

Figure 2.2: Structures showing (a) a section of the polypyrrole backbone (b) part 
of a polysiloxane backbone, R denotes position of substituent (c) part of a polyaniline 
backbone (PANi). 



in figure 2.1, denotes the substituted organic side chain. Relatively long side chains (Cg 

to Cig) are undesirable for good quality LB films. This is probably due to their tendency 

to overlap and interact.' In contrast short side chains (C4 to C 7 ) lead to highly 

anisotropic multilayers. By varying the side chains or the central metal the response to a 

specific gas can be changed. 

It has been suggested that the gas sensing mechanism for phthalocyanine films is a three 

stage process. The first step is due to surface adsorption of the gas molecules (this is a 

fast effect). The second is a slow diffusion of the gas molecules into the bulk of the film. 

This process can be speeded up by elevating the sensing temperature or by reducing the 

film thickness. The third relies on the creation/removal of mobile charge carriers to 

enhance/reduce the conductivity. This process can be represented below for 

phthalocyanines with p-type semiconductor characteristics, where G is a molecule of the 

gas/vapour interacting with the phthalocyanine (Pc) film, G" is the ionised gas 

molecule, ECT is the energy involved in the charge transfer between the two species and 

ED is the energy required to free the charge (ie, create a mobile hole)." 

Physisorption 

Diffusion 
Displacement of species Charge transfer Delocalisation 

Gas + Pc - G + Pc ~ G- Pc+ - G Pc + hole 
^ C T 

[2.1] 

The process involves the absorption of the gas molecule (G) into the bulk of the 

phthalocyanine film. A charge transfer then occurs between the phthalocyanine 

molecules, and the absorbed gas molecule (oxidation). 



Electrical conductivities of phthalocyanines, deposited by a variety of techniques, have 

been shown to be sensitive to gases such as oxides of nitrogen, NH3, O2, I2 and some 

aromatic hydrocarbons (such as toluene).^"'^ The conductivities of these systems can 

change over several orders of magnitude for low concentrations (with sensitivities down 

to the parts per billion (ppb) level).^ Although phthalocyanines operate well at low 

temperatures, raising the temperature of the sensing element to between 100 and 160°C 

greatly improves their response characteristics.^ However, this does increase the power 

consumption of the sensing system and may limit its portability. 

The optical properties (refractive index, film thickness) of phthalocyanines have also 

been shown to be sensitive to a variety of gases, such as N02'̂ '''* and some aromatic 

hydrocarbons.'^ Surface plasmon resonance has often been used to detect these changes 

(a description of this technique is included in section 2.3.1). The advantage of optical 

techniques is that they are low power, and most research has focused on ultra thin 

phthalocyanine sensitive layers operating at room temperature. 

Phthalocyanine films can be deposited in a variety of ways: vacuum sublimation,^'^ 

spin-coating or the Langmuir-Blodgett (LB) technique. The last method is an elegant 

means of accurately depositing ultra-thin well-ordered films.'^''^''* Thin films have the 

advantage of a high surface to volume ratio (ie, large surface area to small film 

thickness) which allows quicker diffusion of gas molecules into the bulk.'^ The 

reduction in film thickness also eliminates the need for the sensor to operate at elevated 



temperatures (above room temperature). A more detailed discussion of the chemical and 

physical properties of phthalocyanines will be presented in Chapter Three. 

(c) Polymers 

Organic conductive polymers are a relatively new class of materials that have attracted 

considerable interest for gas sensing. Materials such as polypyrrole,'^" polysiloxane^' and 

polyaniline'*'̂ '̂  (see figure 2.2) have all been investigated as active gas sensing layers. 

The electrical conductivity can be affected by exposure to various organic and inorganic 

gases .A large number of polymeric materials are commercially available. Polymers 

offer considerable potential to be chemically modified or doped, to optimise the 

selectivity and sensitivity. These materials have been exploited in a variety of sensing 

systems: conductivity devices,̂ ^ quartz microbalance oscillators;̂ '*'̂ ^ bulk and surface 

acoustic waves;̂ * and optical techniques,̂ '''̂ ^ including surface plasmon resonance. 29 

A common method of obtaining a polymeric thin film is by electrochemical growth 

across electrodes,̂ *'̂  though films have also been deposited using spin-coating,''" 

thermal evaporation^' and the LB technique.The last method has been used to deposit 

polymers formed at the air/water interface.̂ *'̂ ^ The synthesis and structure of these 

materials will be discussed in more detail in Chapter Three. 

10 



2.1.2 Inorganic materials 

Early research into gas and vapour sensitive materials concentrated on inorganic 

materials, such as metal oxides. This work has proved successful, with a number of 

systems commercially available to detect NO2, CH4, NH3, CI2 and other gases. The most 

commonly used materials are the semiconductor oxides and catalytic transition 

elements. 

(a) Metal oxides 

It has long been knovm that the absorption of a gas or vapour onto the surface of a 

semiconducting material generates or modifies existing surface states, thus influencing 

the electrical properties (eg conductivity) of the sensing material.̂ '* Metal oxide films 

such as ZnO^ ,̂ Fe203̂ ^ and Sn02̂ ^ have been used as gas sensing layers. 

Practical sensors are most commonly based on changes in the surface conductivity of 

thin films, where gases adsorb at internal grain surfaces. Metal oxide films have been 

doped with a number of materials: Pt for CO detection; Al for NO2 detection; Pd for 

chlorinated and amino volatile organic compounds (VOC); and SO2 annealing has been 

used to improve response to aromatic VOCs. Figure 2.3 shows a band diagram 

illustrating the interaction between gas molecules and a semiconductor surface.̂ ' There 

is a limited density of electron donors (for absorbed hydrogen) or acceptors (for 

absorbed oxygen) bound to the surface of a wide band gap semiconductor, such as Sn02 

or ZnO. These are in the form of surface states that can exchange charge with the 

interior of the semiconductor. The position (in energy) of the surface state relative to the 

11 



Fermi level of the semiconductor depends on its affinity to electrons. I f its affinity is 

low, it wil l lie below the Fermi level and donate electrons (reducing agent) to the space 

charge region. I f it is an acceptor, it will be positioned above the Fermi level and extract 

electrons (oxidising agent) from the space charge region. By changing the surface 

concentration of the donors/acceptors the conductivity of the material is modulated. 

Metal oxides have been used to detect a number of gases and vapours such as aromatic 

hydrocarbons (toluene and benzene),̂ ^ natural gases, petrol vapours,̂ * CO and N02.^' 

Research has now progressed away from single element metal oxide sensors to sensor 

arrays (see section 2.7). 

ZnO surface after exposure to 

oxygen 

Depletion 

atomic hydrogen 

Accumulation 

vacuum 

energy 

, ionised donors 

crystal 

- E. 

electrons 

crystal 

surface states 

Figure 2.3: Space-charge modulation by absorption in a semiconducting n-type oxide 
sensor [reproduced from reference 39]. 
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These consist of a number of discrete sensing elements. It is hoped that increasing the 

number of sensing elements will add some selectivity and reduce the background drift 

exhibited by some metal oxide sensors. 

(b) Catalytic metals 

The functions of catalytic metals in metal-oxide-semiconductive sensors can be divided 

into three distinct roles. The first is that the metal dissociates the incoming gas (eg, 

hydrogen) through its catalytic action; the second is that it transports the atoms to the 

metal/oxide (usually Si) interface; and finally it absorbs the atoms (at the metal/oxide 

boundary) as detectable dipoles."̂ ^ The dipole layer that is formed will be detected by a 

change in the semiconductor's surface field, which will constitute a change in the metal 

work function. 

Gas sensitive devices utilising catalytic metals have been used, in many instances, as 

gates on field effect devices such as MOSFETs (Metal Oxide Semiconductor Field 

Effect Transistors). The first commercial device appeared 10 years ago and was a 

leakage detector based on the hydrogen sensitive palladium gate field effect transistor."*^ 

Amongst the metallic elements that have been used are palladium,'*'' gold,"*̂  platinum"*^ 

and nickel.''^ 

There are a number of systems that have been investigated using an array of sensors 

made from catalytic metals. The basic idea is that the sensors are trained (via a neural 

network, see section 2.7) to recognise a pattern unique (sensor response) to each 

13 



gas/vapour. The systems use a number of different sensors, fabricated from either 

different metals or different metal thicknesses. For example, Lunderstrom et al, used 

conductivity changes in an eight sensor array of iridium (Ir), palladium (Pd) and 

platinum (Pt) of different thicknesses to detect concentrations of methanol, ethanol, 

propan-l-ol and propon-2-ol.'* '̂''̂  This system was able to detect and discriminate 

between the four gases down to about 100 parts per million (ppm). The system itself had 

to be operated at 800°C to catalytically decompose the hydrocarbons (usually only 

300°C is required). This high temperature is a problem and limits the potential 

application in portable devices. 

2.2 Deposition methods 

There are a number of techniques used to deposit organic thin films on device 

structures. Three of the most common methods are: Langmuir-Blodgett deposition; 

thermal evaporation and spin coating. An overview of these techniques is given below. 

2.2.1 Langmuir-Blodgett films 

Langmuir-Blodgett (LB) films derive their name from Irving Langmuir and Katherine 

Blodgett (the principle workers in the field). LB films are highly ordered ultra thin 

monolayers and multilayers of organic compounds deposited onto solid substrates. The 

LB technique usually uses materials that consist of amphiphilic long chain molecules 

(the 'classic' compounds are fatty acids and fatty acid salts). 

14 



LB films are produced by first taking a small quantity of material dissolved in a suitable 

solvent (eg chloroform, toluene, ethyl acetate etc.), and applying it to a clean subphase 

(usually water) surface. As the solvent evaporates from the floating film, the material 

spreads out to form a monomolecular layer. Slowly compressing the film causes the 

molecules to undergo a transition from the expanded (gas) phase, through a liquid-like 

region to an ordered condensed phase. The different phases exhibited on the subphase 

surface are shown in figure 2.4 for an idealised long chain organic molecule; this type of 

plot is known as a pressure versus area isotherm. From the isotherm plot, the area per 

molecule (a) can be calculated by extrapolating from the condensed phase to the line of 

zero pressure (total film area = A), provided the concentration (C), volume (V) and 

molecular weight (M) of the molecule are known. 

AM 
a = [2.21 

CN^V 

By comparing this value with those estimated by space filling models, it is possible to 

speculate on the orientation of the molecule on the subphase surface. 

The compressed monolayer (ie, in the condensed phase) can then be transferred to a 

solid substrate; this involves moving the substrate through the air/subphase interface. 

The resultant films can take three different forms, depending on how the substrate 

moves through the subphase surface and on the monolayer-substrate and monolayer-

monolayer interactions. Figure 2.5 details the different structures; Y-type deposition 

refers to the situation in which a substrate picks up material from the subphase on every 

downstroke and upstroke; X-type deposition is when the substrate only picks up on the 

downstroke; and Z-type deposition is when the substrate only picks up on the upstroke. 
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A more detailed description of the Langmuir-Blodgett technique can be found in 

reference 50. 

Since the reaction between a gas/vapour and a film is believed to be a surface 

phenomenon, layers fabricated from the LB technique should produce fast response and 

recovery times. The LB technique is also a room temperature process. This avoids any 

damage to the film produced from techniques that use high energy bombardment of 

substrates (eg, thermal evaporation).^' LB films have been used in a number of systems 

as the gas sensitive layers. Common materials are phthalocyanines'^'^^'^^'" and 

1 -1 13,21,28 
polysiloxanes. 

2.2.2 Thermal evaporation 

The deposition of thin films by thermal evaporation usually takes place at reduced 

pressure, typically 10"̂  mbar or lower. This is a non-equilibrium process, involving a 

series of steps: evaporation; transfer of material to the substrate; condensation of 

material on the substrate; and nucleation and film growth on the substrate. 

The conversion of the solid to the vapour phase sometimes takes place at temperatures 

below the solid's mefting point, through sublimation. In the vapour phase the molecules 

travel at high velocities making frequent collisions with others in the vacuum system. 

The average distance a molecule wil l travel before colliding with another is called the 

mean-free path, X, given from simple kinetic theory by 
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kT 

X = -j^L= [2.3] 

where a is the diameter of the molecule, k is Boltzmann's constant, T is the absolute 

temperature and p is the vapour pressure of the evaporant. From the above equation it is 

evident that the mean-free path is increased as the vapour pressure is reduced. 

As material evaporates, the vapour pressure of the evaporant above the source increases. 

When this becomes greater than the equilibrium vapour pressure of the evaporant (at the 

substrate temperature) condensation occurs. The condensed molecules coalesce to form 

stable nucleation sites and subsequently act as centres for film growth. The monolayer 

grows to form a film covering the entire substrate. The film may not be continuous until 

many monolayers thick. This contrasts to the LB technique in which complete coverage 

of the substrate can be achieved by a single monolayer. 

2.2.3 Spin-coating 

Regarded as one of the simplest and quickest means of depositing thin films, spin 

coating has been extensively used in the microelectronics industry. Spinning has also 

been used to deposit films of polyaniline^'' and polysiloxane^ '̂̂ ^ compounds. The 

materials used in spinning must first be dissolved in a suitable solvent, then filtered to 

remove any particulate contamination. The cleaned substrate is held in place on a 

rotating platform by a vacuum. The spinning process comprises: the deposition and 

spreading of the material; generation of the thin film; and complete evaporation of the 

solvent. The speed and duration of the deposition and spreading of the material is 
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crucial in determining the thickness of the resulting film. Materials deposited by spin-

coating do not need to be amphiphilic as for LB films. Moreover for organic materials 

there are reduced possibilities of material decomposition than for thermal evaporation. 

The quality of films can also be controlled by adjusting either the substrate temperature 

during spinning, the spin speed and the spin duration. 

2.3 Optical gas sensing devices 

Optical techniques such as optical fibres and waveguides transmit light over long 

distances (with relatively low attenuation). This has led to the development of remote 

optical sensors, which have the advantage over their electrical counterparts in being 

usable in hazardous locations. The sensors can exploit a variety of physical 

phenomenon: surface plasmon resonance; evanescent fields; infi-a-red absorption and 

chemiluminescence. These are detailed below. 

2.3.1 Surface plasmon resonance 

The excitation of surface plasmons has been studied both theoretically and 

57 58 

experimentally. ' The phenomenon can be described as a collective oscillation in the 

fi-ee electron plasma at a metal boundary.^^ The oscillations are usually excited using an 

electromagnetic field. However surface plasmons cannot be directly excited at the metal 

dielectric interface (ie, by incident photons) because energy and momentum 

conservation cannot be simultaneously obtained. This problem can be overcome using a 

prism to focus light onto the metallic layer. A system schematic can be seen in figure 

2.6, this arrangement is known as the Kretschmann configuration. 
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Lasers are used to interrogate the surface of metal/dielectric system because they are 

non dispersive, monochromatic light sources. The monochromatic light is arranged so 

that it is incident at the critical angle of the prism. The intensity of the reflected beam 

from the prism/metal surface is recorded (usually via a photodiode). At a certain angle 

the parallel component of the light wavevector will match that for surface plasmons at 

the opposite surface of the metallic f i lm and be attenuated (see Chapter Four). Scanning 

the laser through a range of angles (above the critical angle) and plotting the intensity of 

the reflected light against incident angle produces a profile unique to the metallic layer, 

and any overlayer, see figure 2.7. It should be noted that the surface plasmons are 

Transverse Magnetic (TM) waves and can therefore only be excited by p-polarised light. 

Using the fact that surface plasmons are very sensitive to the boundary conditions (eg, 

to anything deposited on top of the metallic layer), it is possible to determine the 

properties (thickness and permittivity) of deposited films. Exploiting this sensitivity to 

the boundary conditions, it is possible to use the SPR technique for gas sensing, see 

Chapters Four and Five. 

SPR and LB films have been combined to detect a range of gases and vapours. For 

example, LB layers of phthalocyanine have been used to detect gases such as oxides of 

n i t r o g e n , a n d organic hydrocarbons such as toluene.'^ 

2.3.2 Fibre optical devices 

Fibre optical sensors are normally based on the evanescent wave principle. I f focused 

light is directed into a glass fibre (core) which is encased in a material of a lower 
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refi-active index (cladding), part of the beam will be transmitted to the end of the fibre 

by total internal reflection at the core/cladding interface. The resulting standing wave in 

the fibre core will penetrate a small distance into the cladding. The absorption or 

dispersion of energy within the cladding is determined by the optical constants of the 

cladding material. Thus any optical changes in the cladding, due to a gas or vapour, will 

change the amount of light transmitted down the fibre. The absorption of light at a range 

of frequencies in unclad fibres have been recorded on exposure to acetone, ethyl alcohol 

and sulphuric acid.^' Optical fibres have also been used to detect pollutants in water, eg, 

polydimethylsiloxane clad fibres to detect trichloroethene, dichloromethane and 

chlorobenzene.^^ 

2.3.3 Infra-red absorption devices 

Infra-red sensors exploit the fact that any compound with covalent bonds, or a net dipole 

moment, wil l interact with infra-red radiation at a characteristic frequency. The result 

may be the formation of new, or suppression of old, absorption bands. Sensitivity in this 

type of system is high and the selectivity may be increased by the use of narrow band 

optical filters, sources and detectors. Infra-red gas sensors have been used to detect CO, 

CH4, CO2 andNO^."'^^ 

2.3.4 Chemiluminescence devices 

This method involves the coating of the tip of an optical fibre with gas/vapour sensitive 

materials, entrapped in a polymer matrix. The fibre guides a light beam to the sensing 

tip and the wavelength of the emitted light is recorded. Interactions between 
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gases/vapours and the coated tip change the wavelength and intensity of the emitted 

light These types of sensors have been used for medical applications and in-vivo blood 

analysis. In one case, the tip of a fibre optic cable was coated with oxygen and carbon 

dioxide sensitive materials. The two gases were detected and differentiated by the two 

distinct emission bands generated by the excitation of the sensitive materials. 

2.4 Electrochemical gas sensing devices 

There are three main types of electrochemical sensors, each being categorised by the 

physical parameter being measured. These include: potentiometric sensors, in which a 

potential is induced at the sensor terminals due to the interaction of a gas/vapour; 

amperometric sensors, in which a change in current is detected at the sensor head; and 

conductimetric sensors, in which a change in conductance is detected. 

2.4.1 Potentiometric sensors 

Potentiometric sensors operate imder conditions of zero current. The potential change is 

obtained fi-om the interaction of electrically neutral gas molecules with the sensor. To 

produce a potential difference at the sensor head requires a mechanism linking the 

interaction of the gas molecules to the generation of either ions or electrons at the 

interface within the sensor. Commercial potentiometric sensors are based on the 

absorption of a gas into an electrolyte (solid or liquid) via the porous metal electrode, 

where it is hydrolysed. This reaction induces a variation in the local ion activity, the 

result of which is a change in the measured potential between the sensing and reference 

electrodes. Selectivity can be achieved by coating the electrode with a semi-permeable 
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membrane. A suspended gate field effect transistor (SGFET) has been used as a device 

to detect concentrations of nitrobenzene, nitrotoluene and methanol gases. The principle 

operation of the device is based on the chemical modification of the electron work 

fijnction of a chemically sensitive layer. 

2.4.2 Amperometric sensors 

Amperometric sensors use changes in current, induced by a gas or vapour, to determine 

the concentration or type of gas/vapour present. Depending on whether electrons are 

being added or withdravm (by the ambient gas/vapour), the sensing electrode can be 

either a cathode or anode. Similar to other types of gas sensors, these devices are used 

with semi-permeable membranes through which the gas/vapour can diffuse into the 

electrolyte. The gas/vapour is then either oxidised or reduced resulting in a change in 

the steady state current over a scanned potential range. 

Amperiometric sensors have been used to detect concentrations of CO2 in pure nitrogen. 

The structure of one reported thin film microelectrode device consisted of three coplanar 

electrodes deposited on Si02/Si wafer substrate.̂ ^ The working electrode was a disk 

shaped Pt electrode, with two outer electrodes: a Pt counter electrode; and a Ag/AgCl 

reference electrode. The device showed a linear response over the range 0 to 100% 

concentration of CO2 with a 90% response time of 30s. 
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2.4.3 Conductimetric sensors 

Conductimetric sensors are generally referred to as chemiresistors and are one of the 

simplest types of sensors available. A chemiresistor comprises two electrodes for 

measurement of the input/output signals and a gas sensitive layer on the surface of the 

electrodes. A number of materials have been used as the active sensing layer including 

metal oxides,^^ conducting polymers^^ and phthalocyanines."'^^ 

When a voltage is applied to the electrodes, conduction electrons and holes are able to 

travel through the thin film from one electrode to the other. On exposure to a 

gas/vapour, a reaction takes place, either increasing or decreasing the number of 

available charge carriers. This affects the conductivity of the film. Variations in the 

conductivity may be due to surface and/or bulk reactions which should be reversible for 

a practical sensor. Factors affecting the response of these devices include the quality and 

thickness of the sensitive material as well as the geometry of the electrode structure. 

2.5 Mass gas sensing devices 

Changes in mass can be viewed as a general feature of the interaction between a sensor 

and a gas/vapour. Although macroscopic scales and balances are not considered as 

sensors, microbalances (such as piezoelectric crystals) are. This is due to their small 

size, high sensitivity and stability. The advantages of mass sensors are their simplicity 

of construction and operation, plus their low power consumption and light weight. 

There are two main types of mass sensors which will be discussed. The first is the 

piezoelectric crystal and the second is the surface acoustic wave (SAW) device. 
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2.5.1 Piezoelectric sensors 

There are several materials that exhibit the piezoelectric effect, yet the most prevalent is 

quartz because it is relatively inexpensive and has a high piezoelectric constant. In 1959 

Sauerbrey showed that the change in the resonant frequency of a crystal due to the 

deposition of a uniform film would be equal to a layer of quartz of the same mass.'° 

Thus 

ApN 

where A is the area of the quartz crystal, F is the fundamental frequency of the crystal, 

AMs is the mass of any film deposited onto the crystal surface, p is the density of the 

quartz crystal and N is the frequency constant of the crystal. In gas sensing, the crystal is 

made the frequency determining element in a circuit, so that any mass changes 

experienced by the crystal are measured by a change in circuit frequency. The analyser 

circuitry can be made compact, so the whole unit is portable. The sensitivity of this type 

of system is excellent with detection limits of the order of 10"'̂  g.̂ ^ Piezoelectric 

crystals have been used to detect a range of gases, especially aromatic hydrocarbons 

such as toluene,^' benzene^^ and toluene diisocyanate.'^ 

2.5.2 Surface acoustic wave sensors 

In 1885 Lord Rayleigh predicted that surface acoustic waves (SAW) could propagate 

along the surface of a solid in contact with a medium of low density (such as air). These 

waves, which are sometimes known as Rayleigh waves, have considerable importance 

in areas such as structural testing, telecommunications, signal processing and sensing. A 
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surface acoustic device is a transmission (delay) line in which a mechanical (acoustic) 

wave is piezoelectrically generated in one oscillator transmitted along the surface of the 

substrate, then transformed back into an electrical signal at the receiver. The transmitter 

and receiver are a series of interdigitated fingers, connected by the deposited sensing 

layer. The substrate of the SAW device is a piezoelectric crystal, which mechanically 

deforms under an applied voltage to produce the propagated wave. The wave is detected 

by the interdigitated fingers in the receiver that convert the mechanical wave back to an 

electrical signal. A schematic representation of the device can be seen in figure 2.8.̂ '* 

Most sensors employ a dual arrangement, with one sensor exposed to the gas/vapour 

and the other used as a reference. The analytical information is obtained from the 

interaction of the gas/vapour with the travelling wave moving through the delay line 

(sensing material). Interactions between the gas/vapour and the sensing material lead to 

an increase in the layer's mass, which has the effect of modulating the travelling wave. 

This is detected at the receiver as either a variation in the wave amplitude (AA), a shift 

in the frequency (Af) or a phase shift in the wave Aij). The most common technique uses 

changes in the frequency of the transmitted wave Af to detect a gas or vapour. 

The selectivity of a SAW device is determined by the choice of the chemically sensitive 

layer (delay line). Thin phthalocyanine films have been used as sensing layers to detect 

concentrations of benzene, chloroform, diethyl ether and trichloroethylene vapour.'^ The 

main problems with SAW devices are their susceptibility to moisture, and temperature 

dependence. Some of these problems may be overcome, with sophisticated signal 

processing. 
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Figure 2.8: Diagram of a SAW sensor with transmitter T, receiver R and the chemically 
selective layer deposited on a delay line [reproduced from reference 71]. 

2.6 Thermal gas sensing devices 

The first law of thermodynamics states that any process involving a change in internal 

energy also absorbs or generates heat or work. Thus during an interfacial reaction 

between a gas/vapour and sensing layer there must be a change in enthalpy which can be 

monitored. In a closed system the change in temperature AT is given by 

A/ / 
[2.5] 
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where AH is the change in enthalpy and Cp is the heat capacity of the system at constant 

pressure. The two main types of sensors that exploit temperature changes are 

pyroelectric and catalytic sensors. 

2.6.1 Pyroelectric sensors 

The pyroelectric effect is the ability of certain materials (certain crystals, ceramics and 

polymeric materials) to acquire different charges on opposite faces when heated. Gas 

sensors have been fabricated from lithium tantalate (LiTa03) with two evaporated NiCr 

electrodes with gold contacts. One of the electrodes has a layer of the sensitive material, 

the second is used as a reference. Heat loss, or gain, associated with the interaction of an 

ambient gas and the sensing layer is recorded by a change in the electrical response of 

the device. One practical application for this type of device is using charcoal as the 

active sensing layer to monitor the residual gases in a conventional oil pumped vacuum 

system at a total pressure of 10"̂  torr.̂ ^ 

2.6.2 Catalytic sensors 

Catalytic gas sensors (also called pellistors) are designed specifically for the detection of 

flammable gases within air, mainly for the use in mining operations. The structure of 

catalytic sensors is one of the simplest on the market. The devices usually contain a 

platinum coil imbedded in Th02/Al203 coated with either a porous catalytic metal, 

palladium or platinum. The coil acts as both a heating coil and a resistance thermometer. 

The sensors operate at elevated temperatures (over 200^0) to allow catalytic combustion 

of the gas. When a flammable gas reacts with the sensing material (Th02/Al203) heat is 
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evolved causing an increase in temperature of the platinum coil, thus increasing its 

resistance. I f the sensor is placed within a Wheatstone bridge configuration, any changes 

in resistance are easily monitored. Since catalytic sensors operate at elevated 

temperatures these devices have a large operating power requirement (~1 W), limiting 

portability. To try and overcome the problem of power consumption, catalytic sensors 

have been produced using Si micromachining technology to create small scale sensors. 

The small area of the sensors reduces the power (-40 mW) needed to heat the surface to 

a temperature at which the catalytic process can occur.'^ These sensors have detected 

concentrations of hydrogen and carbon dioxide gases, at a sensing temperature of 

220°C. 

2.7 Gas sensor arrays 

In the previous sections a number of gas sensing systems have been described, yet these 

techniques only detect one gas or vapour. Commercial systems, though, need sensors 

which can discriminate between a number of gases or vapours simultaneously. Thus 

there has been increased research on systems which utilise a number of sensor coatings 

or types to add some degree of discrimination, these are known as sensor arrays or 

electronic noses. To recognise a range of gases or vapours the sensor outputs are usually 

grouped into a set of patterns, these are then analysed on computer by pattern 

78 

recognition techniques. The only drawback is that these methods require output 

signals which do not significantiy vary over time (drift) and repeatable changes in 

output signal when exposed to a target gas or vapour. 
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Polysiloxanes have been used in sensor arrays to detect organic vapours.'̂ '̂̂ ^ An array of 

piezoelectric sensors have been connected together and the outputs monitored by a 

neural network. The number of inputs to the neural network corresponded to the number 

of sensors in the array with a partially connected hidden layer. The output layer was set 

up to detect toluene and n-octane. The sensor array was able to discriminate between the 

two vapours over a range of concentrations (100 to 800 ppm). The system was found to 

be stable, with no need for calibration over a 10 month period. Furthermore, the reaction 

to humidity up to 70 % was foimd to be low. 

Neural networks and gas sensing array techniques have been applied to tin oxide 

80 

sensors, discriminating between CO, ethanol and methanol. Six tin oxide sensors were 

used as sensor inputs. A three layer (input, hidden and output) neural network was used 

which had 13 inputs, two for each sensor and one for biasing and 3 outputs, one for each 

gas. The network was able to distinguish between the three gases, with the response 

showdng some proportionality to vapour concentration. The network showed response to 

humidity with concentrations above 800 ppm being greatly affected. Some additional 

information was added into the training process of the network, to try and eliminated the 

effect of humidity. However, the only effect was to increase the training time so much 

that this modification had to be removed. 

At present, there are a number commercial systems available utilising artificial nose 

technology. One is produced by Neotronics Ltd and uses polymer sensor arrays, during 

test stages it was trained to detect the difference between 'Coke and Pepsi' and is being 
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used by different beer producers to detect the quality of the product during the 

fermentation process. Others electronic noses are marketed by Aroma-Scan and 

Bloodhound. 

2.8 Summary 

A review of gas sensitive materials, deposition techniques and sensing devices has been 

presented. Organic materials often offer advantages over inorganic compounds, because 

of their simpler processibility, ease of tailoring the molecule and improved sensitivity 

and selectivity. The Langmuir-Blodgett technique has been used to produce thin gas 

sensitive layers on a number of different substrates. Thin films, produced in this way, 

allow gases or vapours to diffuse in and out of the layers making more responsive 

systems. 

A variety of sensors has been described, with each type having its own advantages and 

disadvantages, depending on operating environment. Optical sensors have the advantage 

that they are low power techniques, enhancing their portability and can be used in 

hostile environments. 
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Chapter Three 

Materials 

3.0 Preface 

Three distinct materials were used in this work: phthalocyanines, which are classified as 

molecular crystals; polysiloxanes; and a co-ordination polymer. Each of these reveals a 

change in optical behaviour upon exposure to a gas, organic vapour or water. This 

chapter summarises the important chemical and physical characteristics of each 

material. The data contained within this chapter are from either work undertaken during 

this project or from other sources. 

3.1 Phthalocyanines 

The first synthesis of a phthalocyanine was recorded in 1907 when Braun and Tchemiac 

heated o-cyanobenzamide to a high temperature. However, the structure of this metal-

free, unsubstituted phthalocyanine was only determined a quarter of a century later.' 

Phthalocyanines have now established themselves as blue and green dyestuffs and are 

an important industrial commodity, used primarily as colourings in inks, plastics and 

metal surfaces. Recently their use as the photoconducting agent in photocopying 

machines has rekindled research interest. Possible application areas currently under 

study include: chemical sensors; electrochromic displays; elecfrocatalysis for fuel cell 

applications; and liquid crystal colour display applications.' 
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3.1.1 Chemical structure 

There are three main types of phthalocyanine commercially available: the first is the 

metal free phthalocyanine, shown in figure 3.1 (a); then there is the 

metallophthalocyanine (in this work Cu and Zn were used), shown in figure 3.1 (b); and 

finally the substituted phthalocyanine, which can be either tetra, octa or 

hexadecasubstituted, in this work only tetrasubstituted was used, shown in figure 3.1 

(c). M denotes the position of the metal in the metallophthlocyanine and R denotes the 

position of the substituent. The use of peripheral substitution is to enhance the solubility 

of phthalocyanines which are, in general, rather insoluble in organic solvents, but also to 

moderate their structural and physical properties. 

Copper and zinc phthalocyanines were prepared by L. Pasimini et al using a two step 

reaction.^ The first stage is the production of the base phthalocyanine, Cu(ll) 

[tetracarboxy] phthalocyanine. This was accomplished by refluxing a mixture of 

trimellitic anhydride (lOg, 0.05 mol), urea (30g, 0.5 mol), CuClj + 2H2O (5.1g, 0.03 

mol), ammoniummolybdate (Ig, 8 x 10"̂  mol) and nitrobenzene (150 ml) for 4 hours. 

The resulting solid was filtered, heated and washed to produce Cu(II) [tetracarboxy] 

phthalocyanine. The second step was the preparation of the final compound, Cu(ll) 

[tetrakis(3,3-dimethyl-l-butoxycarbonyl)] phthalocyanine (CuPcBC). This was achieved 

by refluxing Cu(II) [tetracarboxy] phthalocyanine (3g, 4 mmol) with thionyl chloride 

(20 ml), N,N-dimethylformamide (Ig, 0.01 mol) for 24 hours.^ The resuhing 

compounds CuPcBC (or ZnPcBC, synthesised by substituting Cu with Zn in the above 
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Figure 3.1: (a) Metal-free phthalocyanine, (b) metallophthalocyanine, 
(c) tetrasubstituted metallophthalocyanine used in this work. 



processes) were supplied by Dr L. Valli, University of Lecce. A fiiU description of the 

synthesis can be found in reference 2, and those contained therein. 

Sublimed films of phthalocyanines are strongly dependent upon the sublimation 

conditions. There are two distinct phases of phthalocyanines, a and P, that can be 

formed using this method. The a-phase is formed, after sublimation, by annealing the 

sample over the temperature range 60 to 140°C. An a to p transition occurs at annealing 

temperatures over 210°C.^ The a crystalline form differs from the P by a smaller tilt 

angle between the axis of stack and the normal of the phthalocyanine film. This results 

in a considerably shorter metal-metal distance in the P phase and a longer interstack 

distance. The morphology of the films is very important for gas sensing applications, 

with the a phase being more sensitive to the presence of oxygen.'* 

3.1.2 Thermal and chemical stability 

It is well known that phthalocyanines have excellent thermal and chemical stability, 

with some phthalocyanines knovm to sublime at 400°C or above in nitrogen.^ The 

thermal stability can be affected by the substituents and the central metal ions, shown in 

table 3.1.^ The majority of conductive phthalocyanine gas sensors operate at elevated 

temperatures, to aid reversibility of the sorption-desorption process. 
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Sample Temperature for 5 wt % loss 

[°C] 

Temperature for 10 wt % loss ["C] 

Dry air Humid air Dry air Humid air 

CuPc 551 416 423 573 443 443 

ZnPc 530 485 500 550 515 520 

Table 3.1: Characteristic temperatures for 5 and 10 wt % weight loss for purified 
samples [reproduced from reference 6]. 

3.1.3 L B film deposition 

Phthalocyanine compounds that sublime are generally not sufficiently soluble to be 

deposited by the LB technique. However, there are exceptions. A variety of peripherally 

substituted phthalocyanine compounds have now been synthesised and formed into LB 

films. The film morphologies of LB deposited films are quite different to sublimed 

films, as are the vapour response characteristics. LB films are generally regarded as 

more reproducible and have better vapour responses.̂  

Floating layers can be transferred to glass, single crystal silicon and ITO substrates 

using the LB technique (see Chapter Four). Optimum film transfer was achieved at a 

deposition surface pressure of 15 mN m'' for CuPcBC and 20 mN m"' for ZnPcBC and 

a substrate dipping speed of between 2 and 10 mm min"'. Under these conditions, Y-

7 8 

type deposition was observed with film transfer ratios between 0.9 and 1.0. ' The 

pressure versus area isotherms can be seen in figure 3.2 for CuPcBC and figure 3.3 for 

ZnPcBC. There are discrepancies in the area per molecule for each phthalocyanine, with 
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Figure 3.2: Surface pressure versus area isotherm for CuPcBC spread on a 
subphase of pure water (temperature = 18 ± 2 ^C, pH = 5.8 ± 0.2, 
compression rate 1 x 10"2 nm^ molecules'l s"l) [reproduced from reference 5]. 

ZnPcBC 

Area per molecule [nm ] 

Figure 3.3: Surface pressure versus area isotherm for ZnPcBC on a pure 
water subphase (temperature = 18 ± 2 ^C, pH = 5.8 ± 0.2, compression rate 
= 1 x 10'^ nm^ molecules'1 s'^) [reproduced from reference 6] 



CuPcBC having a considerable greater area per molecule. This was explained by 

different molecular arrangements on the subphase. 

3.1.4 Optical properties 

(a) UVA^isible spectroscopy 

The visible spectrum for various concentrations of CuPcBC in ethyl acetate is shown in 

figure 3.4. There are 2 bands of interest, Q, (X ca 600 nm) and Qh (X ca 680 nm). The Q, 

absorption is associated with monomeric phthalocyanine while the Qj, band is thought 

due to aggregated molecules.'̂  

Both phthalocyanine compounds produced LB films that appeared homogenous on 

visual inspection. The optical absorption spectrum for 40 layers of CuPcBC deposited 

onto quartz glass slides (20 layers deposited on each side) is shown in figure 3.5. This is 

very similar to that measured in solution, in figure 3.4, with a Qi band at 615 nm.^ 

(b) Surface plasmon resonance 

Surface plasmon resonance (SPR) measurements can yield the permittivity and 

thickness of phthalocyanine LB layers. In each case, LB layers were deposited onto a 50 

nm silver layer evaporated onto a quartz glass slide. Substrates were mounted in the 

computer-controlled SPR system described in Chapter Four. Figure 3.6 shows the SPR 

curves for the 50 nm silver layer and 1 LB layer of CuPcBC. The addition of the 

monolayer causes the SPR curve to broaden and the point of minimum intensity to shift 
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Figure 3.6: Surface plasmon resonance curves (k = 632.8 nm) for (a) 50 
nm silver layer (b) one LB layer of CuPcBC deposited on the Ag. 
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Figure 3.7: Surface plasmon resonance curves {X = 632.8 nm) for (a) 50 
nm silver layer (b) one LB layer of ZnPcBC deposited on the Ag [reproduced 
from reference 6]. 



to higher angles. The decrease in resonance depth can be attributed to absorption by the 

film, since the absorption peak for CuPcBC is close to the wavelength of the incident 

laser beam.̂  Figure 3.7 shows the SPR curve for the 50 nm silver layer and 1 LB layer 

ZnPcBC. The addition of the organic film has produced a shift in the resonance curve to 

higher angles by approximately 0.5°, an increase in the resonance width and a very 

small decrease in the depth of resonance. In each case, the SPR curves were modelled 

on computer to give values for permittivity (X = 632.8 nm) and LB film thickness (see 

g 
Chapter Four), these are shown in table 3.1. 

Material Permittivity Layer thickness [nm] 

CuPcBC ̂  (2.81 ±0.28) +i(l .05 ±0.1) 1.87±0.51 

ZnPcBC ̂  (2.69 ± 0.27)+ i(0.76± 0.1) 3.49 ±0.35 

Table 3.2: Comparison between the permittivity and layer thickness measurements for 
Cu and Zn substituted metallophthalocyanines, from SPR (k = 632.8 nm) [reproduced 

from reference 9]. 

3.2 Polysiloxanes 

The first synthesis of an organosilicon (tetraethylsilane) compound dates back to 1863 

by Friedel and Crafts, 27 similar compounds had been synthesised by the turn of the 

century. By 1931, high polymer sihcones were set for commercial applications in the 

USA. These were mainly manufactured for glass fibre fabrics and high temperature 

electrical insulators. As by-products to this work, a number of fluids such as 

poly(dimethylsiloxane) were developed in the pre-war period. These met the needs of 
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the military and by 1942 were being used as heat resistant organosiloxane resins and 

fluids. 

The chemical make-up of silicones can be represented by the general polymer formula 

[3.1] 

where R is a substituent, n is large and a can be varied from 0 to 4. These materials can 

possess both 'inorganic' characteristics, due to the high percentage of ionic character in 

the Si-0 bonds and 'organic' characteristics due to the substituent groups. Thus the 

physical properties of any organopolysiloxane are governed by the type and number of 

organic groups substituted to the silicon backbone, as well as by the way the siloxane 

backbone is linked together. A range of organic moieties have been used as substituents 

such as: methyl, phenyl, and ethyl. The substitution of methyl groups promotes fluidity, 

low viscosity-temperature index, low melting point and high liquid compressibility, 

whereas phenyl groups produce opposite effects.'° 

3.2.1 Chemical structure 

This research has concentrated on organopolysiloxanes, in particular two compounds 

synthesised by Dr. A. McRoberts, University Hull. Figure 3.8 shows the structure of the 

materials used, AMCR22 and AMCR23. The initial siloxane backbone consists of 

poly(dimethylsiloxane) and poly(methylsiloxane) units. The reactive hydrogen in the 

backbone is used to incorporate the chromophoric side groups. The polymer was 
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Figure 3.8: Structure of the polysiloxanes used in this work. 



dissolved in chloromethane, then methanol was added to precipitate the polymer. The 

precipitate was then collected by centrifUgation (5000 rpm) and then dried.'' 

The polymer spine renders the molecule insoluble in water and acts as a substitute to the 

hydrocarbon chain. The alcohol head groups tend to improve the monolayer orientation 

while the methylene spacer units, between the dye moiety and the backbone, permit the 

chromophores some degree of movement. The latter consist of donors (nitromethyl and 

either oxygen groups) separated by a conjugated aromatic ring from acceptor (azo-

phenyl groups) groups.'^ 

3.2.2 Thermal and chemical stability 

Organopolysiloxanes are characterised by combinations of chemical, mechanical and 

electrical properties not common to any other class of polymers. Polysiloxanes 

containing methyl and phenyl groups are known to: have high thermal and oxidative 

stability; be insoluble in water; possess a relative inertness to many ionic reagents; to 

exhibit high dielectric strength and low power loss. Moreover, polysiloxanes show good 

thermally stability, with materials able to withstand temperatures up to 400°C (under a 

vacuum and in an inert atmosphere). The ionic character of the silicon oxygen bond also 

adds to the materials' thermal stability. Unfortunately, this property renders 

polysiloxanes susceptible to attack by certain chemicals. Acids such as sulfuric, 

phosphoric and hydrochloric all cause depolymerisation. This also occurs with water 

under extreme heat and pressure. Solid salts such as aluminium and ferric chlorides 

cleave both siloxane and silicon-carbon bonds, causing an increase in viscosity. With 
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the exceptions already noted, polysiloxanes are relatively inert to most chemicals. In 

general, aqueous solutions of any kind (dilute acids, metal salts, alcohols, chlorinated 

solvents and hydrocarbons) have little effect on polysiloxanes. 

3.2.3 L B film deposition 

The Langmuir and LB deposition properties of AMCR22 and AMCR23 were 

investigated by N . Kalita et at. Initially each compound was dissolved in chloroform 

(Ig r') and spread onto a pure water subphase. Pressure versus area isotherms, shown in 

figure 3.9 were similar for both compounds (only AMCR23 shown) and show two 

distinct regions. The first is an expanded region at large molecular areas, there was then 

a plateau at surface pressure of ca 25 mn In the plateau region, there was no sign 

that the monolayer had collapsed on the water surface. It was therefore suggested that, 

in this region, molecules of AMCR22 and AMCR23 undergo some sort of molecular re­

arrangement.'^ Due to the shape of the isotherms it was not useful to derive values for 

area per molecule, yet due to the similarity to the molecule shovra in reference 12 it was 

possible to suggest that AMCR22 and AMCR23 were orientated with the polymer 

backbone in a parallel to the subphase surface. 

Both polysiloxanes could be transferred to a variety of substrates (hydrophobic glass, 

single crystal silicon and evaporated silver) using the LB technique. For deposition, the 

surface pressure was held at ca 20 mN m"V The transfer ratio was ca 1.0 for Z type 

deposition.'^ 
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Figure 3.9: Surface pressure versus area isotherms for AMCR23 spread 
on a subphase of pure water (temperature = 18 ± 2 OC, pH = 5.6 ± 0.2, 
compression rate = lxlO"3 nm^̂  molecules"^ s"l) [reproduced from 
reference 13]. 
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Figure 3.10: Optical absorption at 430 nm versus number of monolayers 
for Z-type LB films of AMCR23. The full absorption spectrum is given 
inset [reproduced from reference 13]. 



3.2.4 Optical properties 

(a) UVA^isible spectroscopy 

The optical absorption (A, = 430 nm) for a series of LB layers of AMCR23 is shown in 

figure 3.10. As can be seen, there is a linear increase in absorption with film thickness, 

indicating reproducible LB dipping characteristics. The full spectrum is shown inset to 

figure 3.10 and indicates that AMCR23 exhibits a broad absorption in the blue/green 

region of the visible spectrum, giving the layers a characteristic yellow/brown 

appearance. 
13 

(b) Surface plasmon resonance 

Surface plasmon resonance studies were performed on LB layers of AMCR22 and 

AMCR23. Figure 3.11 shows the SPR curve for a monolayer of AMCR23 deposited 

onto ca 50 nm silver layer, the curves were modelled on computer to give values for 

permittivity and layer thickness. 

Material Permittivity Thickness [nm] 

AMCR22 1.99 + 10.038 1.7 

AMCR23 3.11+10.120 1.7 

Table 3.3: Comparison between the permittivity and layer thickness measurements for 
AMCR22 and AMCR23, fi-om SPR (X = 632.8 nm). 
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Figure 3.11: Surface plasmon resonance curves {X = 632.8 nm) for (a) 
50 nm silver layer (b) 1 LB layer AMCR23 deposited onto the Ag layer. 

(a) M B S H 

(b) part of the po ly ( -Cu-MBSH-) chain 

R: = C,6H33 

Figure 3.12: Structure of 5,5' methylenebis (N-hexadecylsaliclidenamine) as 
deposited from (a) a subphase of ultra pure water (MBSH) (b) a subphase 
containing copper acetate (poly(CuMBSH)). 



From molecular models, the thickness values imply a tilt angle with respect to the 

substrate normal of 47° for AMCR22 and 41° for AMCR23.'^ 

3.3 Co-ordination polymers 

The term "co-ordination polymer" has been used to describe a great number of 

materials. In its broadest sense this can be applied to any macromolecular entity that 

contains co-ordinate covalent bonds.''* This work is only concerned with co-ordination 

polymers in which a metallic element is involved in the co-ordinate covalent bond. 

There are two main categories of co-ordination polymers. The first is where the metallic 

element is an integral part of the backbone, and the second is where the metallic element 

is co-ordinated to polymer repeat units containing donor groups. The synthesis of a co­

ordination polymer is usually achieved by one of the following techniques: the metal 

complex combining with favourable donor groups present in the ligand; the ligand itself 

being a polymer to which the metallic element can combine; or the metal may co­

ordinate with the ligand and the resulting monomer may react with another compound to 

form a polymer.'^ 

3.3.1 Chemical structure 

In this work, a monomer of 5,5'-methylenebis(N-hexadecylsalicylideneamine) (MBSH) 

was reacted with copper (II) acetate to form Cu(II) 5,5'-methylenebis(N-

hexadecylsalicylideneamine) poly(CuMBSH).'^ The structure of MBSH and the 

resulting polymer poly(CuMBSH) are shown in figure 3.12. Though most of the 
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characterisation on this complex was undertaken as part of this work (Chapter Six) some 

17 18 
of the properties, from other sources, are given below. ' 

The synthesis of the monomer (MBSH) was undertaken by Dr J. Nagel at the Institut fur 

Polymerforschung Dresden. The material was prepared by boiling 0.1 mol 

hexadecylamine and 100 ml ethanol. After resolution, 0.05 mol methylene-bis-

salicylaldehyde (MBS) in 100 ml ethanol was added to the hexadecylamine solution, 

whilst maintaining the solution at boiling point. This mixture was heated for 1 hour, 

then, after cooling to room temperature, a yellow solid was filtered off, recrystallised in 

ethanol and dried at 60°C to produce MBSH.'^ 

3.3.2 Thermal and chemical stability 

Compounds related to the MBSH monomer have been investigated for their thermal 

stability after reaction with a metal. 5,5' methylene-bis-salicylaldehyde (the initial 

compound used to synthesis MBSH) was reacted with both Cu and Zn to form a co­

ordination polymer. These compounds were then heated at 250°C for 3 hours, with the 

percentage weight loss recorded every hour. The results from this experiment are shown 

in table 3.4.'^ The data show that over the three hour period the Zn compound is more 

stable than the copper, with only 0.5% weight loss over the 3 hour period. Al l the 

samples were heated for a total of 28 hours at 250°C after this time the samples were 

completely destroyed. 
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Percentage weight loss 

Metal 1 hour 2 hours 3 hours 

Cu 0 0.5 0.5 

Zn 3.5 4.5 5.0 

Table 3.4: Temperature stability of poly(ZnMBS) and poly(CuMBS) after heating at 
250°C over a three hour period [reproduced from reference 19]. 

3.3.3 L B deposition 

The co-ordination of MBSH was formed by reacting the monomer with metal (II) ions 

dissolved in the subphase. Figure 3.13 shows the isotherms for MBSH spread on a 

subphase containing different quantities of copper (II) acetate. As the concentration of 

copper in the subphase increases, the collapse area of the floating film is shifted towards 

higher values. The highest value for collapse area was ca 0.9 nm^ (with a copper (II) 

acetate concentration of 10"̂  mol), which is close to the area of the MBSH monomer 

parallel to the subphase surface (obtained from molecular models). Monolayers of 

poly(CuMBSH) could be transferred to a variety of substrates using the LB technique.'^ 

Optimum film transfer (Y-type deposition) was obtained at a surface pressure of 25 mN 

m"' and a substrate dipping speed of between 6 and 8 mm min"' yielding a deposition 

ratio of 1.0 ± 0.1.'^ Pure MBSH could not be transferred easily to substrates, though a 

monolayer sample was produced using the horizontal lifting method.'^••^° 
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Figure 3.13: Surface pressure versus area isotherms for MBSH spread on 
a subphase containing (a) pure water (b) pure water and copper acetate (10'7 
M) (c) pure water and copper acetate (lO'^ M) (d) pure water and copper 
acetate (3xlO"6 M) [reproduced from reference 17]. 
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Figure 3.14: Optical absorption spectrum for (a) 1 LB layer MBSH (b) 10 
LB layers poly(CuMBSH) (c) 10 LB layers poly(ZnCuMBSH), not used in 
this work [reproduced from reference 17]. 



3.3.4 Optical properties 

(a) UVA^isible spectroscopy 

The UVA'^isible spectra for MBSH monomers, in the pure form and incorporating 

copper and zinc metal ions are shown in figure 3.14. Samples were prepared by 

depositing 10 LB layers onto quartz glass slides (monolayer in the case of MBSH). The 

spectra for poly(CuMBSH) and poly(ZnMBSH) were different from that of the 

monomer indicating that a complex formation (MBSH reacting with the metal dissolved 

in the subphase) took place at the air/subphase interface.'^ 

3.4 Conclusion 

A brief discussion of the chemical and physical properties of the three materials used 

has been presented. This included their ability to form floating layers and subsequent 

Langmuir-Blodgett deposition characteristics. The optical absorption spectrum for each 

material, along with permittivity and layer thickness data (obtained using surface 

plasmon resonance), has also been reported. The syntheses of the compounds have also 

been briefly explained. 
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Chapter Four 

Experimental Methods 

4.0 Preface 

This chapter is concerned with the experimental techniques used in the course of this 

work. The equipment and methods used in the deposition and characterisation of thin 

organic films have been detailed. Film deposition was undertaken using the Langmuir-

Blodgett technique and film characterisation was performed using surface plasmon 

resonance, ellipsometry, low angle X-ray diffraction, electron spin resonance, 

UVA/^isible spectroscopy, Brewster angle microscopy and surface profiling. 

4.1 Langmuir-Blodgett technique 

Surface pressure versus area measurements and Langmuir-Blodgett (LB) deposition 

studies were carried out in a class 10,000 clean room using constant perimeter LB 

troughs designed at the University of Durham. Figure 4.1 shows a schematic diagram of 

the constant perimeter LB deposition system. The barrier tape fabricated from glass 

fibre coated with polytetrafluoroethylene (PTFE) was moimted on 6 PTFE rollers. Two 

rollers were fixed and the other four were attached to movable metal arms driven by a 

variable speed dc motor and toothed belt system. The insets to figure 4.1 (a) and (b) 

show the maximum and minimum areas the system could attain with the movable metal 
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arm. The final positions of the metal arms were controlled by microswitches connected 

to control electronics. 

The subphase consisted of ultra pure water, derived from filtered tap water. The water 

was purified by pre-filtering, reverse osmosis, carbon filtration, two stages of de-

ionisation, UV sterilisation and finally 0.2 [im particulate filtration. Water quality was 

monitored using a Anatel Total Organic Carbon (TOC) analyser which indicated a 

resistivity of > 17.5 MQ cm. The trough was constructed from either glass or PTFE and 

mounted on a hand operated mechanical jack. This allowed the trough to be lowered 

below the level of the barrier tape to aid cleaning, or raised to adjust the water level 

relative to the barrier tape. Troughs were removed and cleaned in a fume cupboard with 

chloroform and rinsed in ultra pure water. The barrier tapes and rollers were also 

removed and cleaned with chloroform and rinsed in ultra pure water. The surface 

pressure was measured by a Wilhelmy plate.' This consisted of a piece of 

chromatography paper (3 cm long by 1 cm wide) partially immersed in the subphase 

linked to a microbalance by a thread. Changes in the force on the plate due to variations 

in surface tension were measured by the balance (via the Wilhelmy plate sensor) and 

converted into a electrical signal. This signal was used to adjust the position of the 

barrier tape so a desired surface pressure could be maintained. To determine the surface 

pressure, it is important to know the forces acting on the sensor, these are gravity and 

surface tension (downward forces), and buoyancy, due to displaced water (upward 

force). For a rectangular plate of density p ,̂ length 1, width w and thickness t immersed 

depth h in a subphase of density Pj, the net downward force is shown in equation 4.1. 
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Figure 4.1: Schematic diagram of the feedback system used to allow the control of 
monolayer surface pressure. The constant perimeter barrier system is shown inset. 

F = Pmglwt + 2y{t + w) COS0- Pggtwh [4.1] 

where y is the surface tension of the liquid and 9 is the contact angle on the solid plate 

and g is the gravitational constant. For a completely wetted plate (0 = 0) and the 

thickness (t) of the sensor being very much smaller than the width (w), the change in 

force due to a change in surface tension is given by 

2w 
[4.2] 

The dipping head consisted of a variable dc motor driving a micrometer screw. Samples 

were clamped into a suitable holder which could be fitted on to the fi-ont of the dipping 

head. The position of the barriers and the dipping head were monitored using high 
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precision linear potentiometers. This allowed precise control of the dipping process 

giving the user the ability to control the upper and lower deposition limits and thus the 

area of substrate to be covered. 

4.2 Optical and structural characterisation 

4.2.1 Surface plasmon resonance 

The theory of surface plasmons was generated from Maxwell's equations applied to a 

plasma (the free electrons in a metal, which are treated as an electron liquid of high 

density). Density changes on the surface of this so called liquid are called surface 

plasmons or polaritons. The excitation of these plasmons is not possible by direct 

illumination of a metallic surface, so a special arrangement is needed. Two approaches 

have been explored and are in wide use. The first is known as the Kretschmann-Rather 

configuration^, where a metallic layer is deposited onto the base of a prism (figure 4.2) 

reflected 
light 

incident 
light 

metallic layer (nj) 
4 

prism (n.) 

Figure 4.2: Kretschmarm-Rather configuration used to excite surface plasmons. 

The second arrangement is known as the Otto configuration^, in this case the metallic 

layer is separated from the base of a prism by a distance d, comparable to the 

wavelength of the illumination light in air, see figure 4.3. In practice, it can be difficult 

to place a metallic layer so close to the base of the prism (less than 1 \xm). In this work 
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the Kretschmann-Rather geometry was used and mathematical explanations will reflect 

this experimental setup. 

reflected 
light 

inciden 
light 

prism (n,) 

air gap 
distance (d) 

Metallic layer (rij) 

Figure 4.3: Otto geometry used to excite surface plasmon, where ni>n2. 

The incident angle of the excitation light has to be above the critical angle for the 

prism, given by a modified version of Snell's law 

sin^c = «0 [4.3] 

where is the refractive index of the material around the prism (usually air (n=l)) and 

ni is the refractive index of the prism. At the light undergoes total internal reflection. 

As a result, an evanescent wave is created which propagates along the interface between 

the metal and the prism. This electromagnetic wave wil l penetrate a small distance into 

the metallic f i lm dp.'* 

P 2m 
sin^ -

{ ^2 
[4.4] 

where X is the wavelength of the impinging light, n, is the refractive index of the prism, 

n2 is the refractive index of the metallic layer and Gj is the internal angle the light makes 
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with the metaUic surface (ie angle of incidence (6; > 0j)). In certain circumstances, the 

evanescent wave can couple with free electrons in the metallic layer. In doing so it 

excites the surface plasmons at the interface between the metallic layer and a dielectric 

(material deposited onto the metallic layer or air). This situation is similar to a 

mechanical resonance and, as a result, this phenomenon is known as surface plasmon 

resonance (SPR). The transfer of energy from the evanescent wave to the surface 

plasmons causes an attenuation in the intensity of the reflected light. One of the 

properties of surface plasmons is that they require the impinging light to have its electric 

field orientated normal to the metal/dielectric interface.^ I f the media are isotropic then 

the only way this can be achieved is with p-polarised light (TM). 

Conventional studies of surface plasmons use visible radiation, typically from a He-Ne 

laser, with a silicon photodiode to record the intensity of the reflected light. In general 

silver or gold are chosen as metallic layers because they have suitable dielectric 

constants at this wavelength and they produce sharpest resonances. Scanning the angle 

of the incident laser light over a range (above Ĝ ) and monitoring the reflected light 

intensity, via the silicon photodiode, it is possible to generate a plot unique to the 

metallic layer. Figure 4.4 shows a typical SPR curve. The first rise on the plot (at 9 ca 

41°) corresponds to the critical angle of the prism. As the laser scans through angles 

above G,. there is a rapid fall off in reflectivity (normalised intensity of reflected light). 

This is due to the excitation of surface plasmons in the metallic/dielectric interface. At G 

= 42.6", the reflect intensity reaches a minimum. At this point most of the impinging 

light is used to excite the surface plasmons, this is therefore known as the "SPR point". 
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Figure 4.4: Surface plasmon resonance curve for 50 nm silver layer depositied on a 
quartz glass sUde (k = 632.8 nm) 
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Figure 4.5: Surface plasmon resonance curve for (a) 50 nm silver layer, (b) 1 LB layer 
deposited on the silver layer (X, = 632.8 nm). 



At angles beyond this, less of the reflected light is used to excite the surface plasmons 

and so the reflected intensity returns to its initial value. 

As stated previously, the electromagnetic energy penetrates a distance into the metallic 

layer (dp). I f the metal layer is thinner than dp this evanescent wave will penetrate 

through to the metal/air interface. I f a layer is deposited onto the metallic layer, via the 

Langmuir-Blodgett technique (or others such as spinning, evaporation or spraying), this 

wil l change the shape and angular position of the SPR minimum. This is shown in 

figure 4.5, for 1 LB layer of copper phthalocyanine deposited onto a 50 nm thick layer 

of silver. The addition of this new layer has caused to SPR curve to move to higher 

angles and reduce in intensity. This change is related to the optical properties of the new 

film. Knowing the optical constants for the metallic layer, it is possible to derive values 

not only for the thickness of this new layer, but also its permittivity. The parallel 

component (x-direction) of the wave vector of the incident light on the metallic layer 

is given by 

K,=-^sm0i [4.5] 
c 

where is the dielectric constant of the prism, Gj is the internal angle of the incident 

radiation, co = 2nf ( f is the frequency of excitation radiation) and c is the speed of light 

in a vacuum. The wave vector of the surface plasmons Kjp is"*'̂  

[4.6] 
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where s, and 82 are the dielectric constants of the metal and any overlayer, respectively. 

At resonance, when Kjp = and Q; = Q^p, the angle of SPR minimum, the dielectric 

constant of an over layer (82) is given as 

,^^Jlfl^^ [4.71 
Sl-SQsm 0,p 

The dielectric constants of the metal and the overlayer are of the form 

s = £ +i£ [4.8] 

This is a generalised case, since it has been assumed that both the prism and dielectric 

are lossless. However the situation is different in practice. For a detailed mathematical 

analysis of this situation the reader is directed to a number of research papers.̂ "̂  

The experimental setup used to generated SPR curves is shown in figure 4.6. The laser 

is plane polarised and is adjusted to give p-polarisation by rotation within its mount. 

The prism is of refractive index 1.52 and mounted on a motorised rotation stage with a 

minimum step size of 0.004 degrees. Silvered glass slides are mounted onto the base of 

the prism using index matching fluid (n = 1.52 at 25°C) to form a good optical contact. 

The reflected light is monitored by a silicon photodiode mounted on a separate rotation 

stage linked to the main stage by a gear system of ratio 1:2 (ie, prism moves through 0, 

detector moves through 20). The system is controlled by a 486 PC with data from the Si 

photodiode passed via a voltmeter and IEEE interface card to the computer. 
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To derive the optical constants of the LB layer from the SPR curves, it is essential to 

know the permittivity and thickness of the metallic layer. These values can be obtained 

in a number of ways, the most useful is to measure the properties of the silver layer 

before the deposition of LB film. The values for permittivity and refractive index were 

modelled on a UNIX workstation using a computer programme developed at the 

University of Durham 10 

voltmeter 

I E E E interface 

prism 

Si photodiode 
detector on 26 

ount 

He-Ne laser 

rotation stage 

486 PC stepper motor driver 

Figure 4.6: Experimental setup for computer controlled surface plasmon resonance 
measurements. 

4.2.2 EUipsometry 

EUipsometry has been used to determine the thickness and optical constants of many 

thin layers, including LB films. When a light beam with a known polarisation is 

reflected from a surface, the amplitude and phase of the parallel and perpendicular 

components of the electric field are modified. I f a thin film is deposited onto a known 

substrate, the change in the polarisation state of the light beam can be used to determine 

the thickness and permittivity of the additional layer. In this work, the thickness and 
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permittivities of LB films deposited onto silicon substrates were measured using 

ellipsometry. 

white-light /\detector 
source . X / 

monochroitiator 
and collimator \ ' ^ ^ polariser 

compensative analyser 

LB 
layer ^ 

substrate 

Figure 4.7: Optical system of Rudolph AutoEl-IV ellipsometer. 

Figure 4.7 shows the optical arrangement of the Rudolph AutoEl-IV ellipsometer used 

in this work. The source is a white light which is filtered and coUimated to give 

monochromatic unpolarised light, this is then passed through a rotatable prism polariser. 

The resulting linearly polarised light is then passed through a compensator, the output of 

which is elliptically polarised light. The light is reflected from the sample and passed 

through an analyser, this is a second polariser. Finally the intensity of the reflected light 

is monitored by a photomultiplying tube (PMT). 

The ellipsometer was capable of operating a three different wavelengths: 405.0; 546.1; 

and 632.8 nm. The equipment had a built-in microprocessor to control the 

measurements and perform calculations. These assumed that the LB films were non-

absorbing and isotropic. This is not the case in practice, but studies on fatty acid films 
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have shown that values derived from this simple model do not deviate significantly from 

those obtained using anisotropic models." 

For the ellipsometric measurement of LB layers, silicon substrates were cleaned with 

pure water and placed in an ultrasonic bath in a 2% solution of dimethyldichlorosilane 

((CH3)2SiCl2) in 1,1,1-trichloroethane. This solution creates a hydrophobic surface on 

silicon which improves the LB film transfer. On removal from the ultrasonic bath, the 

substrates were rinsed with ultrapure water to remove any traces of the (CH3)2SiCl2 

before being dried in a stream of nitrogen. A stepped LB film structure, e.g. 20, 40, 60 

LB layers, was deposited, leaving part of the silicon substrate uncoated. It was necessary 

to determine the optical constants for the silicon layer and subsequently input these 

values into the ellipsometer. The results obtained are cyclic, with many possible 

thickness, thus each sample was measured at two wavelengths 546.1 and 632.8 nm. The 

thickness of the LB layer was independent of wavelength and by comparing the possible 

thicknesses at both wavelengths, the program could select any results which matched. 

4.2.3 L o w angle X - r a y diffraction 

Low angle X-ray diffraction is a powerful tool for the determination of crystal 

structures. For example, it is possible to determine total thickness, distance between 

layers or crystal planes and degree of film roughness. X-rays were discovered in 1895 

by William Roentgen, who bombarded metals with high energy electrons. From 

diffraction experiments performed in 1899, it was suggested that X-rays were 

electromagnetic radiation with wavelengths around 0.1 nm. In 1912, Max von Laude 
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scattered X-rays from solids and, since the wavelength of X-rays was about the same as 

the distance between atoms in crystals (NaCl), diffraction effects were observed. It is 

from these experiments that modem X-ray crystallography developed. A schematic 

diagram of an X-ray spectrometer can be seen in figure 4.8.'^ Applying a voltage to the 

filament gives the electrons enough energy so that they are ejected from it. The 

electrons bombard the anode plate changing the state of its atomic electrons (ie, 

promoting them to higher orbitals), the resultant release of energy is in the form of X-

rays (as seen by Roentgen). The X-rays are initially collimated by the two polarisors 

placed in their path. The beam is then scattered by the sample, producing a unique 

diffraction pattern. A moveable detector records the X-ray intensity as a function of 0 to 

determine where constructive interference occurs. The point at which constructive 

interference occurs is known as the Bragg peak. This situation arises because of the way 

X-rays are reflected from adjacent layers (within LB films) or atomic planes. 

LB films are made up of a series of layers deposited on top of each other. X-rays 

penetrate the film and are reflected from different layers. I f the separation between 

layers is d, then for constructive interference to occur the difference in path lengths has 

to be 2d(sin0), where 0 is measured from the film surface. 

This model of X-ray diffraction from adjacent layers can be seen in figure 4.9. For 

constructive interference 

0 /7 
A = — sin ̂  where n = 1,2,3 ... [4.9] 

n 
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where d is the interplanar spacing, G is the incident angle of the X-rays, X is their 

wavelength and n is the order of constructive interference. This is known as Bragg's 

law. 

detector 

high-voltage 

supply 

anode plate 

apertur 

X-ray beam 

X-ray tube 

filament 
supply 

Figure 4.8: Schematic diagram of an X-ray spectrometer used to determine the 
properties of crystals and other materials, [reproduced from reference 12] 

There are also reflections from the top and bottom of the multilayer film. This was first 

noted by Kiessig and forms one of the most accurate methods to determine the total 

thickness of a film. As before, the equation for total film thickness is determined by the 

path distance between the top and bottom of the film 

t = 
2 sine 

n= 1,2,3. [4.10] 

66 



With most X-ray diffraction traces (shown in figure 4.10) there are a number of Kiessig 

fringes. 

multi-layer 
film 

Figure 4.9: The geometry of X-ray diffraction between adjacent LB layers. 

The most accurate way of determining the total thickness is to take an average over all 

of the fringes, thus equation 4.10 becomes 

t = 
2sin(^max-^min) 

[4.11] 

where G^ax is the position of the last Kiessig fringe and O în is the position of the first 

fringe. 13 

Using the experimental arrangement depicted in figure 4.8, there are three different 

measurements which can be recorded: the specular; off-specular and the transverse-
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diffuse reflections. The only difference between the plots is the orientation of the 

substrate relative to the incident X-ray beam, figure 4.10. 

The specular component. In this situation the detector is placed so that the angle of the 

incident beam equals the angle of reflected beam. The sample and detector are then 

scanned through a range of angles, producing the plot shown in figure 4.10 (a). This 

gives the strongest signal, showing reflections from the internal structure of the film. In 

figure 4.10 (a) the Kiessig fringes are shown as the series of 'bumps' at the far left of the 

plot and the Bragg peak is at about l " . It is possible to determine the quality of LB layer 

packing, known as the radius of correlation ( K ^ ) . The width of the Bragg peak at half-

height is used to determine this (see Chapter Six). 

The off-specular component. This case is shown in figure 4.10 (b). There are no 

evident Kiessig fringes, yet there is a Bragg peak (as before) and the intensity (number 

of cotmts per second) of the reflected beam has reduced. This is due to the angle of the 

detector being 0.1° off the angle of incidence. This scan eliminates any effects from the 

substrate or equipment (ie, a control). It is usual to plot a graph of (the specular 

component) - (the off-specular component), this gives a plot representative of the 

sample itself 

The transverse-diffuse plot. This measurement is generated by moving the incident 

angle to the position of a Bragg peak, then moving the sample through a range of angles 

either side of this. The plot in figure 4.10 (c) is for the first Bragg peak shown in the 
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Figure 4.10: Low angle X-ray diffraction plots for an LB film deposited on single 
crystal silicon (a) Specular plot, (b) Off-Specular plot (c) Transverse-diffuse plot. 



previous two plots. A large spike is generated when the incident angle of the X-ray 

beam equals the angle of reflection (ie, return to the specular condition). It is possible to 

determine the degree of roughness within the film. The total interfacial roughness can be 

split into two parts: the correlated roughness (similar to a perfect 3d crystal); and the 

uncorrected roughness (deviations from this model), shown in figure 4.11 14 

LB 
layers 

correlated roughness uncorrected roughness 

Figure 4.11: A schematic view of the correlated and uncorrelated interfacial roughness. 

Multilayer films have vertical and horizontal roughness. The scattering of the X-ray 

beam wil l be increased as the interlayer roughness increases (either correlated or 

uncorrelated). It is possible to determine the roughness in the z-plane (vertical) of a film, 

but in doing so the roughness of the other planes (x and y) are ignored, for simplicity. 

^diff = exp(-5^^ cr^) X 1 - exp(-5^^ cr̂  j 

^spec ~ ^o 
U 0 2 \ 
\ I 

[4.12] 

[4.13] 

where IQ is the reflected intensity from an ideal mirror, aj. is the correlated roughness, 

is the uncorrelated roughness and is 
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47rsin — 

S . ' ^ ^ 14.14) 

Taking the ratio of the specular component to the diffuse it is possible to derive an 

expression for CT^. 

V ^spec J 
In 

a, = - ^ — 4 [4.15] 

Values for I^iff and Ijpec can be determined from figure 4.10 (c) by finding the area under 

the first order Bragg peak (Ispec) ^nd the area under the rest of the curve (Idiff)- This is 

because Ŝ  wil l be maximum at the Bragg peaks, due to the uncorrelated or correlated 

roughness of the film. To derive a value for the uncorrelated roughness of the film, it is 

essential to know a value for I ^ . This can be calculated from theory and is the reflected 

intensity of the X-ray beam from an ideal mirror. In the case of this work, IQ was 

unknown for the machine used and, as a result, values for were not derived. 

On their own these data only provide an estimation of the roughness of the film in the z-

direction. To obtain accurate information on the magnitude of roughness it would be 

necessary to model the shape of the first order Bragg peak, which was not done in this 

work. 
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4.2.4 Electron spin resonance 

Electron spin resonance (ESR) spectroscopy is a powerful technique that provides 

information on molecular orientation, distribution of paramagnetic centres and the 

extent of disorder within thin films. Some atoms or molecules contain electrons with 

unpaired spins (ie, free atoms, free radicals or compounds of transition metals with 

unfilled electron shells) and it is from these materials that ESR spectra are expected. 

Materials with unpaired electrons also show some degree of paramagnetism and 

therefore ESR is also known as electron paramagnetic resonance (EPR). ESR spectra 

arise from mechanisms by which the spin of a particle can interact with a beam of 

electromagnetic radiation. I f the incoming radiation has the same frequency as the 

particle of interest, it interacts coherently and energy is exchanged. At any other 

frequency there will be no interaction. There are four important characteristics of ESR 

spectra, these are, intensity, width, position and multiplet structure. 

The intensity of ESR spectra is proportional to the number of free radicals and 

paramagnetic centres present within films. This technique provides an estimation of the 

number of the free radicals down to 10''^ mole .'^ 

The width of resonance depends strongly on the relaxation time of the electronic spin 

state. Electron spin relaxation times of the order 10"̂  seconds, with line widths of 10 

MHz (ca lO^'tesla), are detectable. 
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The position of absorption varies directly with the applied field and since different 

instruments use different fields it is convenient to quote the position of absorption in 

terms of its g value. The g value, or Lande splitting factor, is a numerical factor which 

depends upon the state of the electrons within the atom. The g value for most materials 

does not deviate much from 2 (representative of a free electron), though some values 

between 0.2 and 8 have been reported for ionic crystals. The reason for this is that in 

fi-ee radicals, electrons are not confined to a localised orbit, but can move over an orbit 

encompassing the whole molecule. This is very similar to an electron in free space. 

Unpaired electrons in ionic crystals though are bound to another atom (usually a 

transition metal). Thus the electron is localised in a particular orbit and gives a greater g 

value than fi-ee radicals. 

The multiple! structure refers to the spectral features formed by more than two closely 

spaced lines. There are two types of multiplet structure. The first is the fine structure 

which only occurs in ionic crystals. The second is the hyperfine structure seen in both 

crystals and fi-ee radicals. Fine structure arises when there is more than one unpaired 

electron, whilst the hyperfine arises through the coupling of the unpaired electron and a 

neighbouring nuclei. 

It is also possible fi-om ESR spectra to determine the orientation of molecules on a 

substrate. The effective g value of ion radicals such as Cu^^ can be characterised by 

changing the angle of the substrate relative to the applied magnetic field. This is done 

by mounting the substrate in a chamber that can be rotated about a central axis. As the 
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observed g values change from a maximum to a minimum, due to interaction between 

the appUed field and the electron spin, a minimum indicates that the applied field is 

orientated normal to the main molecular axis. 15 

Figure 4.12: Electron spin resonance spectra for an LB film of C22PT at the K band at 
300K for 0 = 0°, 45° and 90°. Where 0 is the angle between the external magnetic field 
and the plane normal, [reproduced fi-om reference 14] 
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Figure 4.12 shows ESR spectra for LB layers of C22PT at o", 45° and 90° to the dipping 

plane. The position of the g-factor due to the x component, is shown in the first curve 

and g due to the y and z components are indicated in the third curve; the position of the 

linewidth minimum is shown in the second curve 15 

4.2.5 Brewster angle microscopy 

Brewster angle microscopy relies on the fact that electromagnetic radiation is plane 

polarised when reflected from a surface (eg, water). When unpolarised light is incident 

upon a material surface, the light with its polarisation vector perpendicular to the plane 

of incidence is preferentially reflected. 

^ ^ parallel component 

perpendicular component 

Figure 4.13: In (a) light reflected from the interface between two media of refi-active 
index U j and n2 is partially plane polarised (less of the parallel component than the 
perpendicular component), while in (b) for the Brewster angle. 

Changing the angle of incidence of the light changes the intensity of parallel and 

perpendicular components of the reflected light. At a particular angle Og the parallel 

component of the reflected light falls to zero (ie, it is all transmitted through the 

material). This angle is knovra as the Brewster angle, shown in figure 4.13 (b) 16 
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For Brewster angle microscopy measurements, a p-polarised light source (usually a He-

Ne (A,=632.8 nm)) is used. When p-polarised light is incident at the interface between 

materials of different refi-active indices (n2>ni), at the Brewster angle no visible light is 

reflected. For the air/water interface n, (air) = 1 and n2 (water) = 1.333, at A, = 632.8 nm 

the Brewster angle is 

tan^5 = ^ 
"1 

[4.16] 

Using equation 4.16, the Brewster angle is 53.1°, for the air/water interface. The 

intensity of reflected light shows a minimum at the Brewster angle, but does not totally 

vanish as stated by the theory. This is because there is no sharp optical boundary 

between the two media and the surface of the water is not perfectly planar.'' 

p-polarised light 
p-polarised light 

reflected light 
no reflection 

LBfihn 

subphase 

Figure 4.14: Schematic of light incident at (a) an ak/water interface, (b) the interface of 
air and an LB film spread on a subphase of pure water. 

I f a layer of amphiphilic molecules is introduced at the air/water interface to form a new 

interface, 0B no longer corresponds to the Brewster angle for this interface. Under these 

conditions, light is reflected and may be observed v^th a microscope situated at the 

Brewster angle, as shown in figure 4.14. 
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Brewster angle microscopy measurements were undertaken in the Department of 

Chemistry of Durham using a 8 mW He-Ne laser with the beam expanded to a diameter 

of 5mm. The reflected beam was passed via a Glan-Thompson polariser to a COHU 

4910 series CCD (charge coupled device) camera (resolution of 520 x 350 lines) fitted 

with an Optem zoom lens (focal range 75-85 mm; resolution 2 fim per pixel). The laser 

and camera were each mounted on rotation stages (Ealing Electro-Optics) which 

allowed small adjustments (± 0.00025°) to be made.'^ 

4.2.6 UVA^isible spectroscopy 

Absorption spectra of multilayer LB films deposited onto quartz slides were measured 

over the range 200 to 900 nm in 1 nm steps using a Perkin-Elmer Lambda 19 UV-VIS-

NIR dual beam spectrophotometer. A baseline was recorded with two identical slides as 

samples, one in the path of each beam. One of these slides was then removed and 

replaced by one with an LB coating. The other slide remained in place as a reference 

sample as the spectra were recorded. 

4.2.7 Surface profiling 

Surface profiling is a technique which has been used to measure the thickness of 

cadmium-stearate LB layers.'^ This involves moving a stylus across the surface of a 

sample under test. The upward force on the stylus, due to the thickness of the sample, 

can then be measured electronically against stylus position. Since the profilometer 

detects changes in height, a step must be formed in the film. In this work, this was 

achieved by carefiilly wiping away a portion of the film using a tissue soaked in a 
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suitable organic solvent, usually chloroform. To prevent the stylus from damaging the 

surface of the film, a layer of aluminium ca 150 rmi thick was then deposited by thermal 

evaporation over the step between the film and the area of cleaned substrate. The stylus 

profilometer used was a Tencor Instruments Alpha-step 200. A stylus force of 8 ± 1 mg 

was used, together with a scan length of 1 - 2 mm and a sample fi-equency of 1 reading 

per micron. 

4.3 Data processing 

4.3.1 Neural networks 

There has been great interest in using neural networks in conjunction with gas sensitive 

devices over recent years. This is partially to add an extra dimension of discemability to 

materials, or systems that show partial recognition to certain gases or vapours. The only 

limitation of using neural networks is that they will not improve systems that produce 

indeterminate responses between vapours. 

Neural networks consist of a number of discrete elements called neurons, which act as 

processors of the data. Most systems consist of a three layer network, two layers that 

can be seen, called the input and output layers and one that caimot, called the hidden 

layer. The first work on modelling neurons, dating back to the 1940s, was undertaken by 

McCulloch and Pitts.^° 

"... a synthetic neuron forms a weighted sum of the action potentials which arrive at it 

(each one of these potentials is a numeric value which represents the state of the neuron 
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which has emitted it) and then activates itself depending on the value of the weighted 

sum. I f this sum exceeds a certain threshold, the neuron is activated and transmits a 

response (in the form of an action potential) of which the value is the value of its 

activation. I f the neuron is not activated, it transmits nothing." [Reproduced from 

reference 20] 

The schematic of a basic three-layer neural network is shown in figure 4.15 

Input 
cells 

vW, 
Decision Cell '0. 

Figure 4.15: j input neural network with one hidden layer 

The j input neurons each hold a specific numerical value, these are fed to the hidden 

(processing) layer plus a numerical value Wj (called a weight). The hidden layer sums 

up the values of all the input neurons 

[4.17] 

and passes this value onto the output layer. The output layer has a transfer fianction, T, 

that will determine the output value of the network, for linear networks the fimction is 

shown in figure 4.16. I f equation 4.17 is greater than or equal to a threshold value (WQ) 

then the network output will be a 1, otherwise the output will be a 0. Thus, i f we encode 
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some inputs to a neural network and have a desired output, we can train the network 

(adjust the weights) to recognise set input patterns. 

Figure 4.16: Linear transfer fianction for a neural network. 

This type of network has little scope in determining unknown input patterns, so some 

degree of mathematical freedom has to be built into a network for it to exhibit fi-ee 

learning. The technique that most networks use to produce learning is called 'Back-

propagation'. The principle is to replace the simple threshold function (figure 4.16), 

with a differentiable function, such as the sigmoid shown in figure 4.17 

Figure 4.17: Sigmoid fianction for a neural network. 

These types of networks contain both input and output layers, but possibly multiple 

hidden layers. Each neuron in each layer is connected to every other neuron in the next 
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layer by connections whose weights are given by real numbers. The back-propagation 

network works by moving an error signal from the output neuron backwards through 

intermediate layers towards the network input. This movement of the signal is similar to 

the way data is passed from the input via hidden layers to the output. There are three 

methods a neural network can learn to recognise data, they are, supervised learning, 

unsupervised learning and reinforcement learning. 

Supervised learning. Each pattern received at the input neurons is specified an output 

value. The weights are systematically altered so that the size of the error reduces with 

each learning step. 

Unsupervised learning involves the clustering of data from a given set. The neural 

network tries to distinguish patterns between data from the same training set (ie, all 

given the same output value). In this case, the weights and output values converge to 

values that represent the statistical regularities of the inputted data. 

Reinforcement learning involves changing the networks weights on the action of a 

teacher (ie, computer operator). The difference between this and the supervised learning 

technique is that the teacher only says when the weights need changing (rather than 

specifying the answer). It is analogous to a teacher facilitating learning, rather than 

didactically giving the answers to problems (data sets). 
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For the data presented within this thesis, a back propagation network was used, 

simulated on a Pentium computer using 'NeuroShell 2.0'. Data were presented to a 66 

input neural network with two output nodes. The output nodes were used to indicate 

whether either benzene or water vapour was present. There was one hidden layer with 

41 neurons, this figure was determined automatically by the computer programme. The 

experimental setup for data collection is detailed in Chapter Five, whilst experimental 

results generated by the network are contained in Chapter Eight. 
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Chapter Five 

Vapour Sensing Methods 

5.0 Preface 

This chapter deals with the design and operation of the gas sensing equipment used 

throughout this work. Concentrations of benzene, toluene, ethanol and water vapours 

were generated using diffusion techniques. Vapour sensing utilised surface plasmon 

resonance, initially with a silicon photodiode as detector, then using a charge coupled 

device (CCD) camera. Data collected via the CCD camera were then passed to a neural 

network to be identified. 

5.1 Design of vapour generation system 

Vapours were generated using the diffusion cell shown in figure 5.1. This consisted of a 

reservoir (containing the desired vapour as a liquid) immersed in a temperature-

controlled water bath and an upper cell where nitrogen and vapour mixed.' The design 

of the capillary tube was essential since this determined the operating temperature of the 

water bath and, thereby, the concentration of vapour.'̂  Vapours have the property of 

diffusing through tubes at a uniform rate i f the temperature, concentration and tube 

geometry remain unchanged. The concentration of vapour generated then rely upon the 

amount of vapour diffusing through the capillary tube and the flow rate of the nitrogen 
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Figure 5.1: Schematic of vapour diffusion cell. 



stream. A fast rate produces a low concentration (for a given diffusion rate) and a slow 

flow rate a high concentration. 

Capillary tubes should be between 2 and 20 mm in diameter as diameters less than 2 

mm make tube filling difficult and ones greater than 20 mm lead to excess turbulence. It 

is also advantageous to have a large reservoir as the diffusion system can be given 

ample time to equilibrate, and prolonged runs with the calibrated mixture can be made. 

The accuracy of the temperature controlled bath is of great importance, since a change 

in temperature can affect the diffiision rate by 5 to 10 % (temperature should be within a 

0.4*'C range to obtain accuracy of ±1 %).^ It is possible to predict the diffiision rate of a 

solvent and thereby the concentration of vapour produced at a constant flow rate 

DPmA, , 
r = In 

RTL 

P 
\P-PJ 

[5.1] 

D-D, 

where r is the diffusion rate, M is the molecular weight of the vapour, P is the total 

system pressure (for an open system this is 1 atm or 720 mm Hg), P^ is 1 atm, A is the 

cross sectional area of the capillary tube, L is the length of the capillary tube, T is the 

absolute temperature of the system, T,, is 273K, R is the gas constant, D is the diffusion 

coefficient at temperature T and pressure P, DQ is the diffusion coefficient at 0°C and 1 

atm, p is the vapour pressure of the solvent. Substituting equation 5.1 into 5.2 generates 

an equation involving the diffusion coefficients at 0°C and 1 atm (quoted in most 

reference texts). 

85 



r = RT^L . 
r i n ^ — 1 

VP-p. 
[5.3] 

From equation 5.4 it is then possible to calculate the concentration of vapour generated 

in vapour parts per million (vpm), Cypm 

lOV 
C = [5.4] 

where r is the diffiision coefficient [ml min" ] and Q is the nitrogen flow rate [ml min ] . 

Four vapours were generated, benzene, toluene, ethanol and water vapours. Due to 

different diffusion coefficients, each vapour had a different working range (ie, range of 

vapour produced). The diffusion coefficient and working range are shown in table 5.1.'' 

Vapour Diffusion 

coefficient [3] 

[cm s ] 

Minimum vapour 

concentration 

generated [vpm] 

Maximum vapour 

concentration 

generated [vpm] 

toluene 0.0709 100 3000 

benzene 0.0770 100 10000 

ethanol 0.1020 630 17000 

water 0.2200 630 40000 

Table 5.1: Comparison of diffusion coefficients of vapours used in this work and the 
maximum and minimum vapour concentration generated. 
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5.2 Calibration of vapour generation system 

The diffusion rate for each of the vapours was calculated over a 4 day period. Each of 

the samples was initially weighed before being placed in the vapour generating system. 

The reservoir of solvent (benzene, toluene and ethanol) were then weighed regularly 

over the period. After exposure, the decrease in weight of the solvent (due to 

evaporation) was averaged and a diffusion rate was calculated, the units of which were g 

min''. This experiment was repeated for each vapour and at 4 different temperatures. It 

was subsequently possible to calculate the vapour pressure of each solvent at each 

temperature (substituting Dp in equation 5.3 into equation 5.2) 

p = p f l - e x p f - - ^ J [5.5] 

These values could then be used to check and calibrate the system, by comparing the 

figures to those obtained using the Clausius-Clapeyron equation. 

5.2.1 Clausius-Clapeyron data for vapours 

The Clausius-Clapeyron equation is an important relation that describes how pressure 

(in particular, vapour pressure) of a two phase system varies with temperature. The two 

phase system in question is one in which a liquid and its vapour are in equilibrium. The 

standard form of the Clausius-Clapeyron equation is^ 

lnp = - ^ + lnC [5.6] 
^ RT 

where p is the vapour pressure, I23 is the latent heat of transformation, R is the gas 

constant, T is the temperature of the system and C is a constant of integration. This 
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equation can be used to calculate the vapour pressure of a substance at any temperature. 

The only problem is obtaining the value of the constant of integration from experimental 

measurements. In the case of this work, data for the vapour pressures of benzene, 

toluene and ethanol vapour were taken from reference 6, which quoted values in mm Hg 

for 6 different temperatures.^ Data for the vapour pressure of benzene, toluene and 

ethanol were computed using equation 5.5 and then compared graphically to values 

from reference 6, shown in figure 5.2. As can be seen for the three plots (vapour 

pressure data were not generated for water vapour), the values obtained experimentally 

match those from reference 6. There is some deviation, but this can be attributed to 

experimental inaccuracies, the purity of solvent used and inaccuracy in temperature bath 

measurements. 

The data derived from the vapour pressure of benzene, toluene and ethanol vapour 

indicate that the experimental system for generating vapours works and followed basic 

vapour pressure laws. 

5.3 Gas sensing using surface plasmon resonance 

5.3.1 Photodiode detector 

Surface plasmon resonance (SPR) gas sensing was performed on a manual SPR system. 

This consisted of a class l ib He-Ne (X = 632.8 nm) laser (p-polarised, beam intensity 

5mW), and a silicon photodiode to record the reflected intensity of the beam, shown in 

figure 5.3. The beam was passed initially through a neutral density filter, to cut down 

the beam intensity and so reduce any localised heating effects in the sample and to avoid 
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Figure 5.3: Schematic of the silicon photodiode equipment used in this work. 



saturating the photodiode. In the centre of the system was a 45°, 45°, 90° prism 

supported on the gas sensing cell. The cell consisted of inlet and outlet pipes and was 

sealed to the substrate via an o-ring. Light reflected from the prism base was measured 

using a large area silicon photodiode, the output of which was fed to a voltmeter. A 

program was written in Turbo Pascal to allow the computer to interface with the 

voltmeter via an IEEE interface card. This program, listed in appendix A, allowed the 

user to define the operating time and sampling rate of the gas sensing experiment. The 

program would then capture data throughout this time and display a graphic record of 

the sensing trace on the screen whilst saving the data to disk for retrieval at a later date. 

(a) Design of gas sensing system 

The gas sensing system, shown in figure 5.4, was used to expose samples to 

concentrations of benzene, toluene, ethanol and water vapour. Samples were mounted 

initially in the SPR rig using the Kretschmann-Raether configuration. The SPR profile 

of the sample was manually recorded to find the position of the SPR minimum (a 5° 

range was used sampling rate 0.1°). The laser was then fixed at the angle, on the low 

side of resonance, at the point of steepest gradient. This point was chosen so that a small 

change in the SPR curve would produce the biggest possible change in reflected beam 

intensity (ie, photodiode output). The voltage output of the SPR system, as monitored 

by the silicon photodiode, was then passed to the PC. Changes in reflectivity, were 

displayed as variations in voltage against time. 
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Vapours were generated in the diffusion cell, described in section 5.1. Samples were 

exposed initially to 100 cc min"' of pure nitrogen (BOC Ltd), this was to stabilise the 

sample in a known atmosphere. Sensing layers were exposed to nitrogen until their 

output had settled, thus the exposure time for each sample (to N2) varied. Once the 

output had settled, vapour was introduced in a stream of nitrogen (carrier gas). A 

constant flow of vapour was maintained throughout the experiment, even when the 

sample was exposed to pure nitrogen. In the latter case, the vapour generated was vented 

to a fume cupboard. Vapour was constantly generated to avoid any variations in 

concentration. 

5.4 CCD camera detector 

The SPR system used for image processing is shown in figure 5.5. The light source was 

a 3 mW He-Ne laser diode (X, = 632.8 nm) expanded to a diameter of 10 mm. This 

provided approximately a 5° span of angles. A CCD (charge coupled device) camera 

served as the detector. An image processing package (PC Image) running on a 486 PC 

was used to display data from individual pixels (pixel size 19.6 \xm x 16 |am). For 

further details on data processing and reduction, see Chapter Eight. 

A wealth of information is available from any change in an SPR curve following the 

interaction of the active film with a gas or vapour.^ For example, the angle of the SPR 

minimum, the resonance depth and the width of the resonance curve can all vary. A 

change in the film thickness or refractive index will result in a shift in both the 

resonance angle and the width of the resonance curve, while increased adsorption or 
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Figure 5.5: Schematic of CCD camera SPR equipment (a) Side elevation, (b) Front 
elevation, (c) Top elevation. 



scattering in the overlayer film will produce a change in the depth of resonance. If, as a 

result of an interaction of the active film with a gas, the SPR curve shifts to a higher 

angle, reduces in intensity (decrease of resonance depth) or narrows, then the output 

voltage will increase (assuming the incident angle of the laser is fixed on the low angle 

side of resonance). In contrast, a decrease in the output voltage could correspond to a 

shift in the SPR curve to a smaller angle, a broadening or to an increase in the resonance 

depth. This measurement arrangement is simple, but, because only one parameter is 

monitored, the selectivity is poor. For example two different overlayers may interact 

differently to the same gaseous species (eg, the refractive index of one may change 

while the film thickness may be affected in the second case), but the change in 

reflectivity could be the same. 

Figure 5.6 illustrates how theoretical changes in the SPR curves can provide more 

detailed information as CCD images. In each case, the change to the SPR curve is 

shown on the left and the corresponding CCD image of the pixels on the right. An SPR 

curve corresponding to a single LB layer on a metallised substrate is shown in figure 

5.6a (i). The dark line in the centre of the SPR image (figure 5.6a (ii)) corresponds to the 

points where the incident light excites surface plasmons and is absorbed (the resonance 

minimum in figure 5.6a (i)). I f the SPR curve moves to higher angles (shown by the 

dashed (theoretical) line in figure 5.6b (i)), the corresponding CCD image (figure 5.6b 

(ii)) wil l also move to the right (ie higher angles). Figure 5.6c illustrates the effect of a 

broadening in the SPR curve, while figure 5.6d shows the effect of the SPR curve 

becoming less defined (loss of resonance). 
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Chapter Six 

Results and Discussion: Film Characterisation 

6.0 Preface 

In this chapter, the structural and optical properties of a Schiff base co-ordination 

polymer (5,5'-methylenebis (N-hexadecylsalicylideneamine)) are discussed. Material 

was spread on two distinct subphases: the first contained de-ionised water (MBSH); the 

second contained a solution of the pure water and copper(II) acetate tetrahydrate (at a 

known concentration) (poly(CuMBSH)). The resulting Langmuir layer was investigated 

using Brewster angle microscopy and surface pressure versus area isotherms. The 

structural properties of Langmuir-Blodgett films, deposited from these subphases, were 

studied using surface plasmon resonance, low-angle X-ray diffraction, ellipsometry, 

UV/visible spectroscopy, electron spin resonance and Alpha-step measurements. 

6.1 Langmuir layer characterisation of MBSH 

The chemical structure and space filling model of the MBSH monomer is shown in 

figure 6.1. MBSH was dissolved in chloroform at a concentration of Ig 1"'. The solution 

was placed in an ultrasonic bath for 10 minutes to ensure all the MBSH had dissolved. 

A suitable amount (30 - 100 |al) was distributed over the surface (maximum area 416 

cm^) of a pure water subphase using a micro syringe. This material was left 
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Figure 6.1: Structure of 5,5' methylenebis (N-hexadecylsalicIidenamine) 
(NffiSH) used in this work (a) chemical structure (b) space filling model 



uncompressed on the surface of the subphase for 15 mins to ensure all the solvent had 

evaporated from the film. 

6.1.1 Brewster angle microscopy 

Brewster angle microscopy (BAM) images were recorded for 30 | i l of MBSH spread on 

a subphase (maximum surface area 416 cm^) of pure water at zero surface pressure. 

Figure 6.2 shows the growth of domains as the surface area is reduced. These begin to 

coalesce at very low surface pressures. The first two images (recorded at an area per 

molecule of 1.45 nm^ and 1.10 nm^, respectively) show domains of increasing size. The 

third image (area per molecule of 0.83 nm^) indicates that the domains are beginning to 

coalesce, forming a more uniform layer. The final picture was taken close to the dipping 

pressure (area per molecule 0.38 nm^). This shows a uniform bright image from the 

subphase surface. The increase in specular reflection from the subphase surface depends 

upon the inhomogeneities, refractive index or density of the monolayer.' Therefore, it is 

likely that, at the deposition pressure (25 mN m"'), MBSH forms an homogenous 

Langmuir layer. 

6.1.2 Langmuir-Blodgett technique 

(a) Surface pressure versus area isotherms 

Isotherms were obtained for a solution of MBSH spread on a subphase containing pure 

water. Pressure versus area isotherms were recorded at a compression speed 1.6 x 10"̂  

nm^ molecule"' s"'. Figure 6.3 shows isotherms for 100 [il MBSH. These were recorded 
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at various times after the solution had been applied to the subphase surface. The shape 

of the isotherm was found to be independent of this time. The area occupied by the 

molecules in the Langmuir layer (obtained by extrapolating the steeply rising part of the 

curve to zero surface pressure) was calculated as 0.41 ± 0.1 nm^. From space filling 

molecular models, the dimensions of the MBSH monomer were found to be (1.88 ± 0.1) 

X (2.80 ± 0.1) X (0.4 ± 0.1) nm. Thus, the maximum area per complex (assuming it is 

orientated with the hydrophobic branches almost perpendicular to the subphase surface) 

is ca 0.8 nm^ (1.88 x 0.4 nm). This figure is almost twice the measured value and 

suggests that MBSH could form a layer that is more than one molecule in thickness at 

the air/water interface. A proposed model for the arrangement of the molecules, on the 

subphase and substrate, will be discussed in section 6.2.6. 

(b) Langmuir-Blodgett deposition 

Floating layers of pure MBSH could not be transferred to substrates using the LB 

technique. However the addition of tricosanoic acid (TA) to a solution of MBSH aided 

deposition, the optimum concentration being 38% TA to 62% MBSH by volume (molar 

ratio 1 (MBSH): 1.7 (TA)). Film transfer was obtained at a surface pressure of 

25 mN m"̂  and a substrate dipping speed of between 2 and 4 mm min''. The substrates 

used were hydrophobic glass, single crystal silicon slides (orientation (100)) and 

silvered glass slides. The deposition ratio was reproducible (over a number of layers), 

with the first down stroke giving a ratio of 0.6 ± 0.1 and all other passes through the 

subphase surface giving 1.0 ± 0.1. 
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6.2 Structural characterisation of MBSH 

6.2.1 Surface plasmon resonance 

Surface plasmon resonance curves were generated for 2 and 4 LB layer samples of 

MBSH/TA on silvered (50 nm) glass slides. The curves are shown in figure 6.4, with 

the first curve (a) being the uncoated 50 nm silver profile and curves (b) 2 LB layers 

MBSH/TA and (c) 4 LB layers MBSH/TA. As the number of LB layers increase the 

point of resonance moves to higher angles, the profile begins to broaden and the depth 

of resonance minimum decreases. This is due to the increasing thickness and absorption 

(at the laser wavelength A, = 632.8 nm) of the LB film. The data for the SPR curves 

shown in figure 6.4 can be modelled on computer, to give the permittivity of each film. 

Figure 6.5 (a) shows a fi t for a new 2 LB layer fi lm of MBSH/TA deposited on a 50 nm 

silver layer. The correlation between the theoretical data (solid line) and the 

experimental (dots) is good over most of the curve, with an average error of 0.02. The 

only deviation is at the point of resonance, where the theoretical data predict a shallower 

minimum, shown in figure 6.5 (b). The values for refractive index were approximated 

by taking the square root of the real part of the permittivity (making the assumption that 

the substrate and LB layer are isotropic and lossless) and are shown in table 6.1.^ From 

these data, the average layer thickness for MBSH/TA is 4.98 ± 0.06 nm. This is in 

conflict with the molecular dimensions quoted in section 6.1.2(a), which give a smallest 

molecular length of 2.8 nm. One explanation for this discrepancy is that MBSH/TA 

could form a bilayer at the subphase surface. 
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Number of L B 

layers 

Permittivity Refractive index Film thickness 

[nm] 

2 2.32 + 0.38i 1.52 9.85 

4 2.38 + 0.171 1.54 20.2 

Table 6.1: SPR data for 2 and 4 LB layers MBSH/TA (X = 632.8 nm). 

6.2.2 Ellipsometry 

Ellipsometry calculations (A, = 632.8 and 546.1 nm) were performed on LB films of the 

MBSH/TA mixture. A plot of thickness versus number of LB layers for MBSH/TA on 

hydrophobic silicon is shown in figure 6.6. Each value for the film's thickness was an 

average of five readings (at both wavelengths) on five different parts of the film. The 

data points in figure 6.6 lie on a straight line, confirming the reproducible nature of film 

transfer up to 59 LB layers. A straight line fit yields an average layer thickness of 5.38 ± 

0.2 nm. 

Ellipsometry was also used to determine a value for the refractive index of the 

MBSH/TA layer. The real part of the refractive index was measured at two wavelengths, 

X = 632.8 nm and X = 546.1 nm, with each value again being an average of five readings 

on two different 19-layer films. Table 6.2 shows a comparison of the refi-active index of 

films deposited on silicon substrates. The change in refractive index between the two 

wavelengths is due to both films being more absorbing at the lower wavelength (see 

section 6.2.3). The data for both films are the same within experimental error, giving an 
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average refractive index of 1.539 ± 0.01 at X = 546.1 nm and 1.531 ± 0.006 at X = 632.8 

nm. The latter closely matches the average value obtained via SPR (at X = 632.8 nm) of 

1.530 ±0.005. 

Number of L B layers Refractive index 

X = 546.1 nm 

Refractive index 

X = 632,8 nm 

19 1.547 ±0.001 1.534 ±0.001 

19 1.534 ±0.002 1.529 ±0.003 

Table 6.2: Refractive indices of MBSff/TA measured at A, = 546.1 and 632.6 nm 

6.2.3 UVA^isible spectroscopy 

MBSH/TA produced LB films that appeared homogenous on visual inspection. The 

optical absorption spectra for 10 LB layers of pure MBSH and 29 LB layers MBSH/TA 

deposited on quartz slides are shown in figure 6.7.̂  Both spectra are almost identical, 

possessing absorption bands at 240 and 330 nm. These have been assigned to a CT ̂  TT* 

transition, for the 240 nm band, and a 7t ^ 7i transition in the case of the 330 nm band.'' 

6.2.4 Alpha-step measurements 

The thicknesses of multilayer films on hydrophobic silicon were measured using surface 

profiling (Alpha-step). A step between the silicon substrate and the LB film was formed 

by wiping a small area of material away with a tissue soaked in chloroform. Onto this 
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structure a thin layer of aluminium was evaporated to protect the film. The sample was 

then placed in the Alpha-step, where a stylus (weight ca 8 mg) was drawn over the 

metallised step. Three samples (19, 39 and 59 LB layers) deposited on single crystal 

silicon were examined. Figure 6.8 a,b and c show profiles of the metallised step, and the 

averaged size are given in table 6.3 below. 

Number of L B layers Step size Average layer thickness 

[nm] [nm] 

19 120.0 ± 19.7 6.3 ± 1.1 

39 215.0± 15.3 5.5 ±0.4 

59 350.0 ±9.9 5.9 ±0.2 

Table 6.3: Alpha-Step measurements on 19/39/59 layer LB films of MBSH/TA 

The surface of the films were uneven, revealing many surface defects. This indicates 

that LB films of MBSH/TA may not have good long range order between layers. There 

was a small increase in thickness close to edge of all the films, which was attributed to 

physical damage caused as the step was formed by wiping away a portion of the film. 

The relative step sizes confirm that reproducible dipping was achieved with a mixture of 

MBSH and TA, and that the average layer thickness was 5.9 ± 0.5 nm. 
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6.2.5 Low-angle X-ray diffraction 

Low-angle X-ray diffraction measurements were performed on 19/39/59 LB layer 

samples of MBSH/TA deposited on silicon substrates. Three measurements were taken 

for each sample: the specula component (incident angle equals angle of reflection); the 

off-specula (incident angle is 0.1° off the angle of reflection); and the transverse-diffuse 

component (profile of the Bragg peak). The off-specula component measures the 

scattering of the incident beam, due to the sample. Subtracting this from the specula 

component gives the scattering due to the LB film, shown in figure 6.9. A more detailed 

explanation of each technique has been provided in Chapter Four. 

One diffraction peak was observed at a 29 of 0.8° (for all the samples), corresponding to 

a first order Bragg reflection. From this it was possible to calculate the d-spacing (the 

repeat distance) of the MBSH/TA films to be 4.98 ± 0.1 nm. No Kiessig fringes were 

observed, thus it was not possible to calculate a total film thickness for the MBSH/TA 

film. From the other measurements, an average layer thickness of ca 5.0 nm has been 

derived. This contrasts to the expected repeat distance (usually bilayer thickness) of 

MBSH/TA. For Y-type LB films, the repeat distance is usually double the average layer 

thickness (ie, representative of a bilayer). With a repeat distance of 5.0 nm the expected 

average layer thickness would be 2.5 nm (cf average layer thickness for MBSH/TA of 

5.0 nm). One explanation for this discrepancy is that both MBSH and MBSH/TA form a 

symmetrical bilayer at the air/water interface (see section 6.2.6).^ 
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The lack of Kiessig fringes indicates that MBSH/TA may not form a well-ordered film 

on the substrate. The radius of correlation provides an indication of the long range order. 

This is defined as the number of layers needed before a stacking error of one half layer 

has built up^ and is calculated from the half-width of the diffraction peak. Figure 6.10 

shows a linear plot of the Bragg peak for a 59 layer LB film of MBSH/TA, the half-

width is indicated with its corresponding maximum and minimum angle values (Qmax 

and G n i i n ) . These can then be put into a modified Bragg equation.^ 

Rc = X [6-1] 
2sin(^inax-^min) 

where R̂ . is the radius of correlation, n is the Bragg peak order, and X is the wavelength 

of the incident X-ray beam. The degree of long range order was calculated at 53.2 nm, 

which is equivalent to 5 bilayers of MBSH/TA stacking before half a layer of disorder is 

introduced. This is a relatively short distance, and substantiates the hypothesis that 

MBSH/TA forms LB films with little order (between layers). 

The transverse-diffuse plot shown in figure 6.11 was generated by locating the sample at 

the first Bragg peak and holding the source and detector at the specula position (Bj = 9 r ) . 

The sample was then tilted through a range of angles, the large spike in the centre of the 

plot is the first Bragg peak (ie, return to the specula position). From this plot it was 

possible to determine the surface roughness of the film. The average value for the 

correlated roughness (see section 4.2.4) of a sample can be deduced by taking the ratio 

of the specular component I j (the area under the spike in figure 6.11) to the diffuse 

component (area of the rest of the profile). The average value for the correlated 

roughness was calculated to be 1.27 ± 0.1 nm. This is large compared to the layer 
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thickness of MBSH/TA {ca 5.0 nm), again indicating that LB layers of MBSH/TA form 

relatively uneven layers on a substrate. 

6.2.6 Structural orientation of MBSH/TA 

The data shown in the previous sections indicate that LB films of MBSH/TA have a 

layer thickness of ca 5.0 nm. Figure 6.12 compares the total film thickness of 

MBSH/TA for each of the above techniques (SPR, ellipsometry, low angle X-ray 

diffraction and Alpha-step). The data lie on a straight line confirming that the films 

produce repeatable dipping characteristics, with the measurement techniques being in 

agreement (for layer thickness). A straight line fit to these data yields an average layer 

thickness of 5.01 ± 0.25 nm. 

From molecular models, the largest length of MBSH is 2.8 nm (section 6.1.2(a)), and 

3.0 nm for TA. The repeat distance of MBSH/TA from X-ray diffraction was 5.0 nm 

(ie the same length as our average layer thickness). There are a number of possible 

structures that could account for these discrepancies. For example, a complex of 

MBSH/TA could form in which the molecules form an interdigitated structure with the 

TA molecules sandwiched between two MBSH molecules (figure 6.13(a)). Another 

possibility is that the molecules of MBSH/TA are orientated so that one of the 

hydrophobic groups is adjacent to the subphase (figure 6.13(b)). This model has been 

8 9 

suggested previously by Ashwell et al for second-harmonic generation in LB films. ' In 

both cases the structure, as deposited, would have a layer thickness of ca 5.0 nm, yet 
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due to the symmetrical shape of both conformations the d-spacing would also be ca 5.0 

nm. The area per molecule of each system would also be 0.4 nm^. 

6.3 Langmuir layer characterisation of poly(CuMBSH) 

6.3.1 Complex formation 

On the addition of MBSH to the surface of a subphase containing copper(II) acetate 

tetrahydrate, an interfacial reaction occurs, linking the copper (II) ions (in the subphase) 

to two units of MBSH creating a linked chain (poly(CuMBSH)). This type of material is 

known as a Schiff base co-ordination polymer. Figure 6.14 shows the probable chemical 

structure. 

6.3.2 Brewster angle microscopy 

Brewster angle microscopy (BAM) pictures were recorded for 30 n\ of MBSH spread 

on a subphase of pure water before and after the introduction of copper acetate (4 mg 1'') 

into the subphase. Figure 6.15 shows images of the floating layer (a) before the 

introduction of copper acetate (b) 5 minutes after the introduction of copper acetate and 

(c) 50 minutes after the introduction of copper acetate. Al l the images were recorded at 

zero surface pressure, and an area per molecule of 0.52 ± 0.05 nm^. The floating layer 

undergoes two major changes in the time scale of the experiment. The first is the 

increase in domain size, from approximately 50 |j,m in diameter for figure 6.15(a), to an 

homogenous layer as shown in figure 6.15(c). The second change is the reduction in 

intensity of the domains, from very bright (almost saturation) in figure 6.15(a), through 
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(a) 

(c) 

Figure 6.15: Brewster angle microscopy images for 30 ^il MBSH spread onto a 
subphase of (a) pure water (b) 5 minutes after copper acetate (4 mg 1"1) was added 
to the subphase (c) 50 minutes after copper acetate was added. 



a transition stage in 6.15(b), to the less intense image in 6.15(c). The increase in domain 

size, from 50 ^m to an homogenous layer, can be attributed to reorganisation on the 

Langmuir layer, as the copper in the subphase reacts with the MBSH monomer, forming 

poly(CuMBSH). The changes in image intensities are probably a consequence of the 

reduction in the thickness of the Langmuir layer (due to the Langmuir layer 

reorganisation). The intensity of reflected light from the subphase/Langmuir plane can 

depend upon the thickness, roughness or anisotropy of the Langmuir layer.Changes 

in both domain size and image intensity indicate that, during the polymerisation of the 

MBSH units by the Cu^^ ions (by a loss of two protons), the MBSH structure 

reorganises forming a thinner layer. 

6.3.3 Langmuir-Blodgett technique 

(a) Surface pressure versus area isotherms 

Isotherms were obtained for a solution of MBSH spread on a subphase containing 4.0 

mg r ' copper acetate and pure water. Pressure versus area isotherms were recorded at a 

2 2 I I 

compression speed 3.2 x 10" nm molecule' s' . Figure 6.16 shows isotherms for 50 [i\ 

MBSH spread on the subphase. These were recorded at various times after the solution 

had been applied to the subphase surface. The shape of the isotherm was found to be 

independent of the time the material had spent on the subphase. The area occupied by 

the molecules in the Langmuir layer was calculated, the smallest area per molecule of 

poly(CuMBSH) being 0.82 ± 0.1 nm^. This figure compares well to that obtained from 

molecular models of ca 0.8 nm^ and as published by Oertel et Nagel.^ The area per 

molecule of poly(CuMBSH) is almost double that of MBSH (cf 6.1.2 (a)), suggesting 
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that MBSH reacts with the copper acetate in the subphase and rearranges on the 

subphase surface. 

(b) Langmuir-BIodgett deposition 

In contrast to pure MBSH {cf 6.1.2 (b)), poly(CuMBSH) could be easily transferred to 

glass, silvered glass, hydrophobic silicon and quartz substrates using the LB technique. 

Optimum fi lm transfer (Y-type deposition) was obtained at a surface pressure of 25 mN 

m"̂  and a substrate dipping speed of between 6 and 8 mm min"'. The deposition ratio 

was reproducible (over a number of layers), with the first down stroke giving a ratio of 

0.5 ± 0 . 1 , all subsequent passes through the subphase surface gave a deposition ratio of 

l . O i O . l . 

6.4 Structural characterisation of poly(CuMBSH) 

6.4.1 Surface plasmon resonance 

Surface plasmon resonance curves were generated for 1,2,3,4 and 5 LB layer samples of 

poly(CuMBSH) on silvered (50 rmi) glass slides (Z-type deposition obtained using a 

dual area LB trough). The curves are shown in figure 6.17, with the first curve (a) being 

the imcoated 50 nm silver profile and curves (b) 1 LB layer poly(CuMBSH), (c) 3 LB 

layers of poly(CuMBSH) and (d) 5 LB layers poly(CuMBSH). The curves show that as 

the number of LB layers increase the point of resonance moves to higher angles, begins 

to broaden and the depth of resonance minimum decreases. The data for the SPR curves 

shovm in figure 6.17 were modelled on computer, to give the permittivity and film 
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thickness for each film. The fitted data for a new sample (5 LB layers) of 

poly(CuMBSH) on 50 nm layer of silver are shown in figure 6.18 (a). In this case the fit 

is good, following the profile of the experimental data, with an average fitting error of 

0.02. Figure 6.18 (b) shows the deviation from the theoretical results, as before the only 

part of the curve that does not fit perfectly is the depth of resonance minimum. The 

values for permittivity, thickness and refractive index are given in table 6.4 below. 

Number of L B Permittivity Refractive index Film thickness 

layers [nm] 

1 2.43 + 0.381 1.56 2.13 

2 2.41 +0.43i 1.55 4.01 

3 2.32 + 0.561 1.52 5.91 

4 2.45 +0.1 Oi 1.57 7.52 

5 2.41+0.371 1.55 9.38 

Table 6.4: Permittivity and refractive index values for multilayer films of 
poly(CuMBSH) from SPR. 

The values for refractive index were approximated, as before {cf 6.2.1), by taking the 

square root of the real part of the permittivity. The values for permittivity and refractive 

index for 1,2,3,4 and 5 LB layers give an average layer thickness of 1.97 ± 0.05 nm, 

which is a close match (within experimental error) with the value obtained via 

ellipsometry (section 6.4.2). The close match for the refractive index, and the linear 
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increase in f i lm thickness with number of LB layers indicate that poly(CuMBSH) forms 

repeatable good quality LB layers even down to monolayer thickness. 

6.4.2 Ellipsometry 

Step structures of 19,39,59 and 72 LB layers of poly(CuMBSH) were deposited on 

hydrophobic silicon substrates. These were interrogated using ellipsometry (conditions 

as before, section 6.2.3) to obtain values for film thickness and refractive index. A plot 

of thickness versus number of LB layers for poly(CuMBSH) on hydrophobic silicon is 

shown in figure 6.19. The data points lie on a straight line, confirming the reproducible 

nature of film transfer. The straight line fit yields a layer thickness of 1.71 ± 0.25 nm. 

This is less than the minimum side chain lengths of the poly(CuMBSH) molecule 

indicating that the chains may not be perpendicular, but tilted through an angle from the 

vertical. 

Ellipsometry was also used to determine the refractive index of the poly(CuMBSH) 

material. Measurements were undertaken on two films, the first 19 LB layers, and the 

second 39 LB layers. These data are presented in table 6.5. The values for refractive 

index at 632.8 nm are the same, within experimental error, yet those at 546.1 nm do not 

agree. These values for refractive index correspond to the shape of the UV/visible 

spectra with the film being more absorbing at 546.1 nm {cf shown in section 6.4.3). 

PoIy(CuMBSH) has a greater refractive index than MBSH/TA, which could be a result 

of the reaction with the Cu^^ ions in the subphase. 
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Number of L B layers Refractive index 

X = 546.1 nm 

Refractive index 

X = 632.8 nm 

19 1.542 ±0.020 1.556 + 0.004 

39 1.594 + 0.016 1.553 + 0.010 

Table 6.5: Refractive index of 19 and 39 LB layers of poly(CuMBSH) 

6.4.3 UVA^isible spectroscopy 

LB layers of poly(CuMBSH) appeared homogenous to the naked eye. The optical 

absorption spectra for 29 LB layers of MBSH/TA and poly(CuMBSH) deposited on 

quartz slides are contrasted in figure 6.20. Poly(CuMBSH) shows the same bands as 

MBSH/TA (c/6.2.3), with a a ^ T T * transition at 300 nm and an ->TI* transition at 380 

nm. These absorptions are blue shifted (by ca 50 nm) in the poly(CuMBSH) spectrum, 

suggesting an interfacial reaction between MBSH and Cu^^. 

6.4.4 Alpha-step measurements 

The thickness of a 72 LB layer film of poly(CuMBSH) on hydrophobic silicon was 

measured using an Alpha-step. Figure 6.21 shows the profile of the metallised step, with 

an average layer thickness of 2.03 ± 0.6 nm. The surface of the film was continuous, 

showing few peaks. The profile for poly(CuMBSH) is much more regular than for 

MBSH/TA (cf 6.2.4) indicating that poly(CuMBSH) may form a film with greater long 

range order. 
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6.4.5 Low angle X-ray diffraction 

X-ray diffraction measurements were performed on 19/39/59 LB layer samples of 

poly(CuMBSH) deposited on hydrophobic single crystal silicon substrates. Three 

measurements were taken for each sample (as before, see section 6.2.5): the specula; 

off- specula; and the transverse-diffiise component. Figure 6.22 shows one diffraction 

peak at a 20 of 1°, which corresponds to the first order Bragg refiection. From this value 

it was possible to calculate the d-spacing (the repeat distance) for the poly(CuMBSH) 

film. The Kiessig fringes reveal the total film thickness due to interference between the 

top and bottom of each layer. A comparison of the d-spacing and total film thickness for 

each sample are given in table 6.6. The data indicate that the repeat distance of 

poly(CuMBSH) is 4.03 ± 0.03 nm, with a layer thickness of 2.26 ± 0.06 nm. Figure 6.23 

is a linear plot of the Bragg peak for a 59 layer LB film of poly(CuMBSH), the half-

width is indicated with its corresponding maximum and minimum angle values. This 

can then be put into the modified Bragg equation,^ to determine the radius of correlation 

(Rc). The degree of long range order was calculated at 99.76 nm, equivalent to 25 

bilayers of poly(CuMBSH) stacking before half a layer of disorder. This figure is five 

times that for MBSH/TA confirming that LB films of poly(CuMBSH) are much more 

ordered. 

As with LB films of MBSH/TA, we can calculate the correlated roughness (a^) of 

poly(CuMBSH) (cf section 6.2.5), using figure 6.24. This was calculated to be 0.32 ± 

0.01 nm. The roughness of poly(CuMBSH) is thus much smaller that MBSH (1.27 ± 0.1 
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nm) again supporting the view that LB films of poly(CuMBSH) have greater interlayer 

order. 

Number of L B layers d-spacing [nm] Total film thickness [nm] 

19 4.0 ±0.1 47.8 ± 1.5 

39 4.0 ±0.1 82.9 ± 1.5 

59 4.1 ±0.1 127.5 ± 1.5 

Table 6.6: Repeat distance and total film thickness of poly(CuMBSH) 

6.4.6 Electron spin resonance 

Electron spin resonance (ESR) spectroscopy was used to establish the orientation of as 

deposited poly(CuMBSH). Measurements to determine the orientation of the copper 

atoms within films of MBSH were undertaken at the Institute of Chemical Physics in 

Chemogolovka, Russia, by Dr. L.M. Goldenberg and Dr. V.I . Krinichnyi on samples 

prepared at the University of Durham." 48 LB layers of poly(CuMBSH) were deposited 

onto polyethyleneterephtalate sheets. The coated sheets were cut into strips ca 5 mm 

wide and 20 mm long. These were then placed together to form sandwich structure (LB 

film-sheet-LB film-sheet etc) seven units thick. This approach was used to increase 

artificially the sample thickness, thus improving the signal strength. ESR measurements 

were performed on a commercial X-band PS-IOOX spectrometer with the polarising 

magnetic field modulated at 100 kHz. The samples were mounted so that the substrate 
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normal could be varied relative to the external magnetic field, the resulting linewidth ( g 

= 2.0544) is shown in figure 6.25. 

9 30 mT 

AB pp 

Figure 6.25: X-Band electron spin resonance spectra for LB films of poly(CuMBSH) at 
313K, the position of the g-factor for free electrons is also shown. 

The spectrum for poly(CuMBSH) is not well defined, leading to the conclusion that the 

orientation of Cû "̂  ions are randomly distributed within the LB film. The g factor for 

poly(CuMBSH) is at a minimum when the applied magnetic field (Bq) is 120° to the 

substrate surface. This corresponds to the copper ions in the LB film being orientated at 

ca 30° to the substrate. A possible explanation for the tilt in the polymeric LB film may 

be due to the flexibility of the methylene group between the two benzene rings, the 

polymer chains could adopt a 'zig-zag' conformation in which Cu complex plane is 

effectively tilted, shown in figure 6.26.'' 
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Figure 6.26: Possible orientation for a segment of the poly(CuMBSH) chain. 
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Figure 6.27: Film thickness versus number of LB layers of poly (CuMBSH) 
deposited onto single crystal silicon. X-ray data obtained from Kiessig fringes. 



6.4.7 Structural orientation of poly(CuMBSH) 

The data shown in the previous sections show that LB films of poly(CuMBSH) possess 

a layer thickness of ca 2.0 nm. Figure 6.27 compares the total film thickness of 

poly(CuMBSH) for each of the above techniques (SPR, ellipsometry, low angle X-ray 

diffraction. Alpha-step). The experimental points lie on a straight line indicating that the 

films possess repeatable dipping characteristics, with the measurement techniques being 

in agreement (for layer thickness). A straight line fit to these data yields an average 

layer thickness of 1.76 ± 0.25 nm. 

The orientation of MBSH on a subphase of pure water and copper acetate, and the as 

deposited film, have also been investigated by Fourier transform infra-red spectroscopy 

(FTIR).'^ FTIR studies were undertaken by Dr J. Nagel at the Institut Fur 

Polymerforschung, Germany. The experiments revealed that a complex formation took 

place between the azomethin N atom and the phenolic O atom of MBSH on the 

subphase surface. The degree of polymerisation could not be exactly determined, but it 

was assumed that a high degree of conversion of the MBSH unit had occurred.'^ 

Computer modelling of the poly(CuMBSH) molecule was performed using HyperChem 

on a PC. This showed that each of the hydrophobic side branches of the poly(CuMBSH) 

molecule (C16H33) was approximately 2.8 nm long (ie, longer than the measured 

monolayer thickness). One possible explanation for this is that the side chains are not 

oriented perpendicular to the subphase, but tilted through 45° from the vertical, as 

indicated in figure 6.28 (for one repeat unit). 
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Figure 6.28: Possible orientation for one repeat unit of MBSH spread on a 
subphase of pure water containing 4 mg I"l copper acetate (poIy(CuMBSH)) 



6.5 Summary 

The Langmuir layer and Langmuir-BIodgett deposition properties of 5,5'-methylenebis 

(N-hexadecylsalicylideneamine) deposited from a subphase of pure water have been 

described. The pure MBSH could not be deposited, but a mixture of MBSH and 

tricosanoic acid (38%TA to 62% MBSH by volume) produced repeatable LB deposition 

characteristics. The total film and layer thicknesses for MBSH/TA were measured by 

low angle X-ray diffraction, ellipsometry, SPR and using an Alpha-step. The average 

layer thickness from the above techniques was 5.01 ± 0.25 nm. Low angle X-ray 

diffraction gave a value of 5.00 ± 0.04 nm for the d-spacing of MBSH/TA. There are a 

number of possible structures that could account for this discrepancy, first, a complex of 

MBSH/TA in which the molecules form an interdigitated structure with the TA 

molecules sandwiched between two MBSH molecules. Secondly, the molecules of 

MBSH/TA may be orientated so that one of the hydrophobic groups is adjacent to the 

subphase. In both cases, the structure, as deposited, would have a layer thickness of ca 

5.0 nm, yet due to the symmetrical shape of both conformations the d-spacing would 

also be ca 5.0 nm. 

5,5'-methylenebis (N-hexadecylsalicylideneamine) was then deposited from a subphase 

containing water and 4.0 mg f ' copper(II) acetate tetrahydrate. A reaction was found to 

occur between the copper (II) ions in the subphase, and the MBSH monomers. This 

formed a Langmuir layer of linked MBSH monomers (by the copper (II) ions). The 

average layer thickness was determined to be 1.76 ± 0.25 nm. Low angle X-ray 

diffraction gave a d-spacing (a bilayer thickness) of 4.0 nm, confirming that 

poly(CuMBSH) molecules are arranged in a Y-type marmer in the deposited film. ESR 
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measurements indicated that the plane of copper atoms within the muhilayer films were 

angled at 30° to the substrate surface. This angle can be accounted for by a rotation in 

the methylene group between the two benzene rings. The rotation forces the films of 

poly(CuMBSH) to adopt a 'zig-zag' conformation. 
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Chapter Seven 

Results and Discussion: Vapour Sensing 

7.0 Preface 

This chapter describes the results of experiments using sensing elements fabricated from 

LB films of phthalocyanines, polysiloxanes and a co-ordination polymer. The reaction 

of each element on exposure to concentrations of benzene, toluene, ethanol and water 

vapour was examined and the results obtained for the different materials are compared. 

The effect of each vapour on the underlying thin layers of silver (substrate coating) is 

also discussed. 

7.1 Comparison of materials to saturated vapour concentrations 

Initially a number of materials were exposed to saturated concentration of benzene, 

toluene and ethanol vapours. These data were recorded to give some indication of the 

most reactive sensing materials. LB layers of copper tetrakis-(3,3-dimethyl-l-

butoxycarbonyl) phthalocyanine (CuPcBC), zinc tetrakis-(3,3-dimethyl-1-

butoxycarbonyl) phthalocyanine (ZnPcBC), polysiloxane (AMCR23) and copper 5,5'-

methylenebis (N-hexadecylsalicylideneamine) co-ordination polymer (poly(CuMBSH)) 

were all used. The chemical structures of these compounds can be found in Chapter 

Three. 
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Table 7.1 compares the change in photodiode output for each film on exposure to the 

various vapours. The response characteristics follow a basic trend; the magnitudes of the 

responses for benzene and toluene were similar while that for ethanol was lower. The 

turn-on characteristics for each material were similar with 90% response reached within 

60 seconds. However, different recovery times were noted: poly(CuMBSH) and 

AMCR23 achieving full recovery within 60 minutes; CuPcBC and ZnPcBC did not 

recover flilly, exhibiting some background drift in detector output, which was attributed 

to sensor 'poisoning'. As the data indicate, poly(CuMBSH) is the most reactive on 

exposure to benzene, toluene and ethanol vapour. Three materials were chosen for 

fiirther investigations. These were poly(CuMBSH), CuPcBC and AMCR23. 

Vapour poIy(CuMBSH) AMCR23 CuPcBC ZnPcBC 

[mV] [mV] [mV] [mV] 

benzene 47 25 16 15 

toluene 38 14 11 10 

ethanol 20 6 4 5 

Table 7.1: Response of different sensing materials to saturated concentrations of 
benzene, toluene and ethanol vapour. 

7.2 Background response of silver layer 

Silver was chosen as the substrate coating for all the gas sensing experiments in this 

chapter. The main consideration was that the SPR curve of silver is much sharper than 

that of gold. A sharper resonance means that a large change in photodiode output is 
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recorded for a small change in the shape/position of the SPR curve (ie, a more sensitive 

gas sensing system). 

A 50 nm thick layer of silver on a quartz glass substrate, deposited by thermal 

evaporation, was first exposed to quantities of benzene, toluene and ethanol. This was to 

establish the effect on the underlying silver layer. For each vapour, a new substrate was 

prepared and its optical properties were examined by SPR. Figures 7.1, 7.2 and 7.3 

show the change in reflectivity curves on exposure to 330 vapour parts per million 

(vpm) benzene, 300 vpm toluene and 629 vpm ethanol, respectively. On exposure to 

benzene and toluene (fig 7.1 and 7.2) there was a slow monotonic increase in the 

measured reflectivity. This could be attributed to a shift in the SPR curve to higher 

angles. A simple explanation for the similar response for both benzene and toluene is 

that their refractive indices are almost identical, benzene 1.498 and toluene 1.494.' On 

exposure to 629 vpm ethanol (lowest concentration that could be generated) the 

response of the silver layer was less dramatic. There was a slow upward drift in the 

photodiode output corresponding to a shift in the SPR curve to higher angles. This 

smaller drift in photodiode output may be due to the lower refractive index of ethanol 

vapour. For each experiment, there was no observed recovery (in the time scale of the 

experiment) when the vapour was replaced by dry nitrogen. This could be due to the 

force of attraction (Van der Waals force) between molecules of benzene, toluene or 

ethanol and the solid surface.^ 
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This drift in photodiode output is almost certainly related to vapour condensing on the 

silver surface. The irreversibility could be due to the forces of attraction involved in this 

process. This effect has been documented for alkanes and other organic vapours on gold 

films.^'^ For example, Bradberry et al exposed gold layers to saturated vapour 

concentrations of methanol, n-heptane, n-heptane and ethanol, and the adsorption of 

vapours on the metallic surface was monitored by SPR.̂  The experiments indicated that 

the shift in the resonance curve (and so the change in film thickness) increased linearly 

with relative pressures (vapour concentration). For the vapours investigated, the film 

growth reached equilibrium after a relatively short time ca 70 minutes (for methanol, n-

hexane and n-heptane). However, ethanol produced indefinite film growth. The data 

presented here for ethanol vapour supports this, with experiments run over 100 minutes 

and no film saturation observed within this time scale. The effect is also noted for 

vapours of benzene and toluene, which produced indefinite film growth, within the time 

scale of the experiment. 

These data indicate that the drift in photodiode output is due to thin layers of vapour 

forming on the silver surface, changing either the refractive index or thickness of the 

system. Depositing LB layers onto the silver should inhibit this process, reducing the 

drift in photodiode output. 

7.3 Comparison of materials to controlled vapour concentrations 

Thin films of poly(CuMBSH), CuPcBC and AMCR23 were next exposed to varying 

concentrations of benzene (100 to 10000 vpm); toluene (100 to 3000 vpm); and ethanol 
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(629 to 17000 vpm). Data on the effect of water (630 to 40000 vpm) are presented in 

section 7.4. 

7.3.1 Copper 5,5'-methylenebis (N-hexadecylsalicylideneamine): effect 

of film thickness 

2,3,4 and 5 LB layer films of poly(CuMBSH) were exposed to 1000 vpm benzene to 

determine the optimum film thickness for the sensing system. Figures 7.4 and 7.5 show 

the change in photodiode output for 2 and 3 LB layer films of poly(CuMBSH). In each 

case, the magnitude of response was small at ca 2 mV. Both samples have fast response 

times, with almost complete recovery (return to the base line) within ca 60 seconds. 

When benzene vapour was replaced with pure nitrogen, the 2 LB layer film exhibited 

backgroimd drift, similar to that of benzene on bare silver. This was attributed to 

benzene vapour (during the original exposure) diffusing through the thin film and 

forming a layer on the silver surface. Within the time scale of the experiment this was 

non-reversible indicating that the sensor had been poisoned. This was also noticeable for 

3 LB layers, although the drift was much smaller than for 2 LB layers. This reduction in 

drift could be due to the thicker LB layer inhibiting the diffiision of benzene through to 

the silver layer, ft has been reported that the force of attraction between metallic films 

and liquid films (ie vapours) varies inversely as the square of the film thickness.^ Thus a 

thicker LB film (such as poly(CuMBSH)) reduces this force of attraction and reduces 

the amount of vapour penetrating through the LB film causing background drift (ie, 

poisoning). 
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Concentrations of vapour used for poly(CuMBSH) were three times larger than those 

used for uncoated silver layers. In the latter case, exposure produced a slow monotonic 

drift in output voltage with no saturation and a change in output of ca 10 mV. The 

coated silver layer showed a reversible effect on exposure to benzene, with rapid tum on 

and off times The sample also showed significantly reduced drift in photodiode output 

(even though the vapour concentration were greater). These are strong indications that 

the response is due to the interaction of the vapour with the LB film and not the silver 

substrate. 

Figure 7.6 shows the change in photodiode output for 4 LB layers of poly(CuMBSH) 

deposited on 50 nm silver layer. The magnitude of response {ca 6mV) was much larger 

than 2 or 3 LB layers and there was no observable background drift (within the time 

scale of the experiment). Figure 7.7 shows the change in photodiode output for 5 LB 

layers exposed to 1000 vpm benzene. In this case, the response {ca 3mV) was smaller 

than for 4 LB layers . This reduction can be attributed to two factors: the first is that it 

would be more difficult for vapour to diffuse into the bulk of the thicker film; the 

second is that the SPR curve (see Chapter Six) for 5 LB layers is not as well-defined as 

for 4 LB layers, reducing the film's sensitivity. These data suggest that a system 

comprising of 4 LB layers poly(CuMBSH) on a 50 nm silver layer forms a good basis 

for fiirther investigations 
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7.3.2 Copper 5,5'-methyIenebis (N-hexadecylsalicylideneamine): effect 

of different vapours 

For vapour sensing, 4 LB layers of poIy(CuMBSH) were deposited onto a 50 nm silver 

layer evaporated onto a quartz substrate. The coated slides were mounted in the SPR 

system and the internal angle of the incident laser beam was chosen to be on the point of 

steepest gradient of the SPR curve, on the low angle side of resonance. The sample was 

initially exposed to dry nitrogen. After the output had settled (10 minutes), vapour was 

introduced via the diffiision cell. Films of poly(CuMBSH) were exposed to varying 

concentrations of benzene vapour, shown in figure 7.8. The results indicated that, on the 

introduction of benzene, there was a rapid rise in detector output (less than 60 seconds) 

and that this output was proportional to vapour concentration. When benzene was 

removed, the output returned to its base line value {ca 60 seconds) with no significant 

background drift. On exposure to toluene vapour, poly(CuMBSH) showed similar 

characteristics, with response and recovery times again ca 60 seconds, shown in figiire 

7.9. Poly(CuMBSH) was the most sensitive to benzene vapour, with a minimum 

detection limit ca 100 vpm. Toluene was slightly less responsive with a minimum 

detection limit of ca 300 vpm. 4 LB layers of poly (CuMBSH) were also exposed to 

concentrations of ethanol vapour, shown in figure 7.10. Once again, the response and 

recovery times were similar to those of benzene and toluene {ca 60 seconds in each 

case). However the detection threshold was ca 700 vpm. 

Figure 7.11 shows the maximum response values (on exposure) for both benzene and 

ethanol, plotted against concentration. The error bars shown in figure 7.11 (and figures 
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7.15 and 7.19) were calculated from the maximum peak to peak noise before vapour 

was added (ca 1.2 mV) + maximum peak to peak noise after the response had saturated 

(ca 1.2 mV). As can be seen, the responses for both vapours exhibited linear 

characteristics with concentration, over the range investigated. However, the 

sensitivities (gradient of the line) for benzene and ethanol are different. Table 7.2 

contrasts the sensitivity values for poly(CuMBSH) to the various vapours. The highest 

sensitivity is achieved with benzene, which has the smallest dipole moment and largest 

refi-active index of all the vapours investigated. An explanation (as noted in section 7.1) 

is that the vapour is absorbed into the film, changing its refi-active index or causing the 

film to swell. This will be discussed in more detail in section 7.5. 

Vapour Dipole Refractive Minimum detectable Sensitivity 

moment index^ concentration [vpm] 
A(R/C) [^V/vpm] 

[Debye]' 

benzene 0 1.498 100 4.2 ± 1.0 

toluene 0.36 1.494 300 3.7 ± 1.0 

ethanol 1.69 1.359 700 1.1 ± 1.0 

Table 7.2: Sensing characteristics of 4 LB layers poly(CuMBSH) exposed to 
benzene/toluene and ethanol vapours. AR = change in photodiode output and AC 

change in vapour concentration. 
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7.3.3 Copper phthalocyanine 

Samples were initially exposed to dry nitrogen. After the output had settled {ca 10 

minutes), vapour was added. Figure 7.12 shows the change in photodiode output against 

time after benzene vapour was added. CuPcBC showed very little response to 

concentrations below 300 vpm. The response and recovery times were also relatively 

slow at over 90 seconds {cf 60 seconds for poly(CuMBSH)). The magnitudes of 

response were low, ca 6 mV at 10000 vpm benzene (c/1000 vpm on poly(CuMBSH) 

gave ca 8 mV). Within the time scale of our experiment, CuPcBC showed some drift in 

base line voltage. This was attributed to the thin (1 LB layer) covering of the silver 

layer. 1 LB layer of CuPcBC was used since it gave a sharp SPR curve, see Chapter 

Three. Figure 7.13 shows the response for 1 LB layer of CuPcBC exposed to 

concentrations of toluene vapour. Again, there was little reaction to concentrations less 

than 300 vpm. This could have been due to the noise on the output signal which was 

greater in magnitude that any change in sensor output. Concentrations above 600 vpm 

produced larger changes in photodiode output, yet the response and recovery times were 

slow (more than 150 seconds). Figure 7.14 shows the response of 1 LB layer of 

CuPcBC on exposure to varying concentrations of ethanol vapour. There was little 

reaction below ca 700 vpm, concentrations over 1700 vpm produce an observable 

change in the photodiode output, with rise and fall times of ca 90 seconds, though some 

background drift was observed. This was attributed, as before, to sensor poisoning with 

no recovery within the time scale of the experiment. 

Figure 7.15 shows the maximum response values (on exposure) for benzene and toluene 

vapour plotted against concentration. As can be seen, the response of 1 LB layer 

124 



0.2 

0.196 

& 
O 

;§ 0.188 
o 

•)-> 

o 
^ 0.184 

0.192 

0.18 

ethanol 
off, 

ethanol 
off. 

ethanol 
off 

3400 vpm 
ethanol on 17000 vpm 

ethanol on 
1700 vpm 

ethanol on 

0 4000 8000 12000 
Time [seconds] 

16000 20000 

Figure 7.18: 1 LB layer AMCR23 exposed to 1700/3400/17000 vpm ethanol 
vapour in a flow of pure nitrogen. 

3 

o 

O 

2 
M 
&( 
c 
(0 

u 

10 

8 h 

6 -

4 h 

2 k 

0 

benzene 
ethanol 

0 4000 8000 12000 16000 
Vapour concentration [vpm] 

20000 

Figure 7.19: A plot of change in photodiode output versus concentration for 1 
LB layer AMCR23 exposed to benzene and ethanol vapours. 



CuPcBC is linear to low concentrations of each vapour. At a point (ca 1000 vpm for 

benzene, 600 vpm for toluene and 3400 vpm for ethanol) the response of CuPcBC to 

each vapour begins to saturate (c/poly(CuMBSH) linear over the range investigated). 

This could be due to the reaction sites (areas where ambient vapour can interact with the 

LB film) being ful l . Thus a change in vapour concentration produces no (or very little) 

change in the optical properties of the film. 

Table 7.3 compares the sensitivity values for CuPcBC on exposure to benzene, toluene 

and ethanol. These were calculated, as before, by taking the gradient of line between 

100 and 1000 vpm for benzene and 720 to 3400 vpm for ethanol (from figure 7.15). 

Vapour Dipole Refractive Minimum detection Sensitivity 

moment index* concentration 
A(R/C) [^iV/vpm] 

[Debye]' [vpm] 

benzene 0 1.498 300 6.012.0 

toluene 0.36 1.494 300 2.2 ± 1.0 

ethanol 1.69 1.359 720 1.4 ± 1.0 

Table 7.3: Sensing characteristics of 1 LB layer CuPcBC exposed to benzene, toluene 
and ethanol vapours. AR = change in photodiode output and AC = change in vapour 

concentration. 

The values shown are for the sensitivity of CuPcBC to low concentrations of benzene, 

toluene and ethanol vapour (ie, below point of saturation). The data (shown in table 7.3) 
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indicate that benzene is the most reactive, then toluene and finally ethanol. The results 

suggest that CuPcBC is more responsive to benzene than poly(CuMBSH) (6.0 ± 2.0 

nV/vpm for CuPcBC and 4.2 ± 1.0 ^V/vpm for poly(CuMBSH)). The sensitivity values 

for toluene and ethanol, though smaller than those for poly(CuMBSH) do not follow the 

same pattern (ie, benzene and toluene having similar refractive indices). This could be 

due to the different chemical structure and molecular orientation (CuPcBC forms a 

closely packed structure on the substrate)^ of CuPcBC inhibiting the diffusion of 

vapour into the bulk of the LB film, see section 7.5.2. 

7.3.4 Polysiloxane 

Figure 7.16 shows the change in photodiode output against time for 1 LB layer of 

AMCR23 exposed to varying quantities of benzene vapour. AMCR23 showed very little 

response to concentrations below 1000 vpm. The response and recovery times were also 

relatively slow at over 90 seconds (c/60 seconds for poly(CuMBSH)). The magnitude 

of response was small, with only ca 5mV change in photodiode output recorded at a 

vapour concentration of 10000 vpm. The change in photodiode output for 1 LB layer of 

AMCR23 on exposure to varying concentrations of toluene vapour is shown in figure 

7.17. There was little reaction to concentrations less than 600 vpm (c/300 vpm for 

poly(CuMBSH) and CuPcBC), due to saturation by the background noise. Figure 7.18 

shows the change in photodiode output for 1 LB layer of AMCR23 exposed to ethanol 

vapour. AMCR23 was unresponsive to concentrations of ethanol vapour below ca 3400 

vpm. In these experiments, there was no observable drift in the photodiode output 

within the time scale of the experiment. 
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Figure 7.19 shows the maximum response values (on exposure) for each of the three 

vapours, plotted against concentration. The responses of 1 LB layer of AMCR23 to 

concentrations of benzene and ethanol vapour show a degree of linearity with 

concentration (over the range investigated). Each of the vapours showed no saturation to 

higher concentrations, as seen for 1 LB layers of CuPcBC. This linear characteristics are 

similar to that obtained using poly(CuMBSH), indicating that the more open structures 

of both films may have a part to play in the gas/vapour sensing mechanism (see section 

7.5.2). 

Table 7.4 compares the sensitivity values for 1 LB layer of AMCR23 on exposure to 

benzene, toluene and ethanol vapours. 

Vapours Dipole Refractive Minimum detection Sensitivity 

moment index* concentration 
A(R/C) [^V/vpm] 

[Debye]' [vpm] 

benzene 0 1.498 1000 0.3 ±0.3 

toluene 0.36 1.494 600 1.3 ± 1.0 

ethanol 1.69 1.359 1700 0.2 ±0.1 

Table 7.4: Sensing characteristics of 1 LB layer AMCR23 exposed to benzene, toluene 
and ethanol vapours. AR = change in photodiode output and AC = change in vapour 

concentration. 
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Table 7.4 indicates that AMCR23 shows the greatest sensitivity to toluene vapour. This 

is in contrast to results obtained from poly(CuMBSH) and CuPcBC. One possible 

explanation is that this could be due to the different chemical composition of the 

polysiloxane backbone. The backbone of polysiloxane comprises Si and O, whilst 

poly(CuMBSH) and CuPcBC comprises C and H. The sensitivity values for AMCR23 

(see table 7.4) are much smaller than poly(CuMBSH) (see section 7.3.2). This reduction 

in sensitivity indicates that AMCR23 is not as reactive as either poly(CuMBSH) or 

CuPcBC. This could be due to the ability of poly(CuMBSH) to absorb vapour, as its 

relatively open structure allows diffusion. In contrast, LB layers of AMCR23 may be 

more densely packed making diffusion into/out of the bulk of the film difficult. 

7.3.5 Mathematical modelling of response characteristics 

The response characteristics shown in the previous sections for poly(CuMBSH), 

AMCR23 and CuPcBC were modelled on computer to see i f it was possible to derive a 

common mathematical expression for all the vapours and materials. Various methods of 

curve fit were tried (logarithmic and exponential), the only functions that were found to 

fit were polynomial expressions. To minimise errors, a polynomial of fourth order was 

used. 

y=MO+ Mix + M2x^ + M3x^ + MAx^ [7.1] 

A set of curves were initially produced using the polynomial given in equation 7.1; 

these are shown in figure 7.20. The constants MO to M4 were systematically changed 
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(one at a time, holding the others at their initial value) producing curves (a) to (e). The 

initial values that were used to produce these curves were. 

>̂  = 1.6 X 10""̂  + 4.53 xlO'^x-1.12 x 10""̂  J C ^ +1.36 x 10~^^x^ - 6.11 x lO"*'*^'* [7.2] 

Figure 7.20 (a) indicates that the effect of MO is to change the intercept of the line with 

the y-axis, thus this has little effect on the shape of the response. Changing the value M l 

and M2 in figures 7.20 (b) and (c) had a dramatic effect on the rise time of the curve. 

Increasing and decreasing the values of M3 and M4 only affected the shape of the curve 

once it had reached a steady state value, shovm in figures 7.20 (d) and (e). 

The curves shown in figure 7.21 are for the theoretical and experimental data obtained 

from 4 LB layers poly(CuMBSH) exposed to 2000 vpm benzene vapour. The 

correlation between the theoretical and experimental lines was good, with an average 

percentage fit of 96.7 %. Table 7.5 shows the values for MO to M4 for all the materials 

exposed to all the vapours investigated. Values for M l and M2 are the largest for 

poly(CuMBSH), indicating that it has the largest and fastest response times. 

Though the data obtained for each of the vapours were mathematically modelled, the 

results are inconclusive. The only term of interest is M l since this determines the rate 

and size of change in output voltage (on exposure to a vapour). The results indicate that 

poly(CuMBSH) was the most reactive and that there was little difference between 

AMCR23 and CuPcBC. These results only show that the reaction process was more 

complicated than initially thought, ie, it is not simply logarithmic or exponential. 
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Material and MO M l M2 M3 M4 % Fit 

Vapour [xlO-'] [xlO-'] [xlO'"] [xlO-'1 

Poly(CuMBSH) 

Benzene 0.00016 4.526 -1.117 1.355 -6.114 96.7 

Toluene -0.00054 4.220 -0.644 0.457 -1.210 97.7 

Ethanol -0.00011 2.730 -0.657 0.832 -4.186 91.2 

AMCR23 

Benzene 0.00058 1.830 -0.486 0.580 -2.387 82.5 

Toluene -0.00005 1.382 -0.165 0.095 -0.192 95.1 

Ethanol -0.00039 1.765 -0.299 0.201 -0.457 77.1 

CuPcBC 

Benzene 0.00051 1.210 -0.158 0.098 -0.215 93.6 

Toluene -0.00074 2.461 -0.361 -0.184 -0.181 93.9 

Ethanol -0.00130 1.23 -0.055 -0.042 0.293 95.7 

Table 7.5: Values of MO to M4 and percentage fit for poly(CuMBSH), AMCR23 and 
CuPcBC on exposure to benzene, toluene and ethanol vapours. 

7.4 The effect of water vapour 

Figure 7.22 shows the change in photodiode output for a 50 nm thick layer of silver on 

exposure to water (630 vpm). There was a slow monotonic rise in photodiode output on 

exposure to water vapour. When water was replaced by dry nitrogen there was no 
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observable recovery, within the time scale of the experiment. The rise in photodiode 

output was small, i f compared to results obtained from benzene, toluene and ethanol 

vapours on silver (c/ section 7.1). This could be due to the refractive index of water 

being the smallest of the tested vapours (1.330), or the dipole moment being the largest 

(1.69).' The film's lack of recovery could be due to the oxidation effect of water on thin 

silver layers. It was noticed that i f silvered slides were left in a subphase of pure water, 

for more than 10 minutes, they became cloudy in appearance. This effect was not seen 

when samples were exposed to water vapour. This was probably due to the relatively 

low concentrations of water vapour used. 

The change in photodiode output for 4 LB layers of poly(CuMBSH) exposed to varying 

quantities of water vapour is shown in figure 7.23. Poly(CuMBSH) was very reactive to 

water vapour of high concentrations, above 4000 vpm. This response was linear, with 

relatively fast turn on and off characteristics (ca 60 seconds in both cases). 

Data for 1 LB layer AMCR23 exposed to concentrations of water vapour are shown in 

figure 7.24. There was no response to concentrations less than 4000 vpm with the 

response to concentration of 40000 vpm being low at ca 3 mV (c/ 9 mV for 

poly(CuMBSH)). The turn-on and turn-off characteristics of AMCR23 to water vapour 

were rapid at ca 60 seconds in both instances. Within the time scale of the experiment, 

there was no observable drift in the photodiode output, indicating that there was no 

permanent damage to the fi lm on exposure to water vapour (poisoning). 
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Figure 7.25 shows the change in photodiode output for 1 LB layer CuPcBC exposure to 

water vapour. CuPcBC was reactive to concentrations above 690 vpm water vapour, yet 

the response was saturated at ca 3 mV (ie, a change in concentration did not change the 

size of response). The turn-on and-off characteristics of CuPcBC were slow in 

comparison to the other materials, at ca 200 seconds (cf 60 seconds for 

poly(CuMBSH)). This corresponds to the slower turn-on and turn-off characteristics for 

CuPcBC on exposure to benzene, toluene and ethanol vapours (ca 150 seconds). There 

was no observable drift in the photodiode output within the time scale of the 

experiment. 

7.5 Vapour sensing mechanism in L B films 

LB layers of poly(CuMBSH) were exposed to quantities of benzene (1000 vpm), 

toluene (3000 vpm), ethanol (17000 vpm) and water vapour (40000 vpm). The fiill SPR 

curve of each film was then recorded in 100 cc min'' nitrogen, 30 minutes after 

exposure to either vapour, then after 30 minutes recovery in nitrogen. 

7.5.1 Changes in the SPR curve of poly(CuMBSH) 

SPR data for 4 LB layers of poly(CuMBSH) exposed to 1000 vpm benzene and 40000 

vpm water vapour are shown in figures 7.26 and 7.27, respectively. The SPR curves 

were recorded at various intervals after the introduction of nitrogen gas (100 cc min"') 

and vapour. Figures 7.26 and 7.27 show that on the introduction of a vapour there is a 

very slight shift in the SPR curve to higher angles. This shift in the SPR supports the 

data showai in previous sections, where on exposure to all the vapours there was an 
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increase in photodiode output. From the data shown it was not possible to deduce i f 

there was any change in the shape of the SPR curve (narrowing/broadening). Further 

measurements are clearly needed to clarify this. 

7.5.2 Proposed sensing mechanism 

Multilayer LB films of poly(CuMBSH) showed repeatable response characteristics 

when exposed to benzene, toluene, ethanol and water vapour, the only differences being 

the sensitivity values (secfion 7.3.1). One explanation is that the sensitivity could be 

related to the refractive index or dipole moment of each vapour: benzene has the highest 

refi-active index and lowest dipole moment and is the most reactive; toluene has a 

similar refractive index and dipole moment and has a slightly smaller sensitivity value; 

ethanol and water have much lower refractive indices and higher dipole moments and 

are less responsive. 

The initial rapid response of all the films (shown in section 7.3) can be explained by the 

SPR curve shifting to higher angles. This shift could be due to vapour being trapped in 

the LB film causing either a change in refractive index, or a change in film thickness. 

Since the refractive indices of each LB layer (poly(CuMBSH) « 1.554, CuPcBC « 

1.60,* AMCR23 « 1.76,̂  ZnPcBC « 1.64 )̂ are much greater than the refractive index of 

benzene, (n = 1.498), the addition of a thin layer of benzene (or any of the other vapours 

tested) onto the surface of each material would not cause a substantial change in its 

refractive index. Thus the dominant factor has to be the LB film swelling. It was 

assumed that poly(CuMBSH) was relatively non-polar and thus showed the greatest 
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affinity to gases which were non-polar (ie, benzene then toluene, ethanol and finally 

water vapour (seen in section 7.3.2)). CuPcBC, AMCR23 and ZnPcBC it was assumed 

were more polar than poly(CuMBSH) and thus exhibited less sensitivity to non-polar 

vapours. One explanation is that it is easier for vapours to be absorbed into LB films of 

similar polarity (ie, non-polar vapour and non-polar LB films). This hypothesis can be 

used to explain the result obtained for polysiloxane. AMCR23 was most sensitive to 

toluene vapour, because the LB film and vapour have a similar polarity. 

When the vapour is replaced with dry nitrogen there is a rapid drying effect on the film 

(ie, the loss of the vapour formed on the surface of the LB film). This reduces the film's 

total thickness, forcing the SPR curve to return to its original position (ie a quick fall in 

photodiode output). Any vapour absorbed into the bulk of the LB film will take longer 

to diffuse out (if at all, ie, sensor poisoning). This was observed by the longer time for 

ful l recovery (ca 60 minutes). A schematic representation of the reaction process can be 

seen in figure 7.28. Figure 7.28 (a) depicts the substrate before any reaction has begun. 

Figure 7.28 (b) shows the formation of a thin condensed vapour film on the surface of 

the LB layer. Figure 7.28 (c) shows the result of the vapour diffusing through into the 

LB film causing swelling. The arrows in figures 7.28 (b) and (c) indicate that both 

processes are reversible, under ideal conditions. 

7.6 Summary 

Films of a 50 nm uncoated silver layer, copper tetrakis-(3,3-dimethyl-l-butoxycarbonyl) 

phthalocyanine (CuPcBC), zinc tetrakis-(3,3-dimethyl-l-butoxycarbonyl) 
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phthalocyanine (ZnPcBC), polysiloxane (AMCR23) and copper 5,5'-methylenebis (N-

hexadecylsalicylideneamine) co-ordination polymer (poly(CuMBSH)) have been 

exposed to concentrations of benzene, toluene, ethanol and water vapour. Changes in 

the LB layers thickness were recorded, on exposure to vapours, using surface plasmon 

resonance. 

The results indicate that 4 LB layers of poly(CuMBSH) were most reactive to all the 

vapours investigated. The response times were rapid (ca 60 seconds) with fiill recovery 

within 60 minutes. Poly(CuMBSH) showed a linear characteristics (over the range 

investigated) on exposure to increasing concentrations of vapours, with the response to 

benzene being the most reactive, then toluene, ethanol and finally water vapour. This 

was explained by it being easier for non-polar vapours to be absorbed into non-polar 

sensing layers. 

The reaction process was explained as an initial absorption of vapour into vacant surface 

reaction sites. There is then some slower absorption of vapour into the bulk of the LB 

film, causing the film to swell, forcing the SPR curve to shift to higher angles and 

broaden (vapour dependent). 
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Chapter Eight 

Results and Discussion: Pattern Recognition Techniques 

8.0 Preface 

This chapter presents data from experiments using a neural network to recognise 

different gases or vapours. Sensing elements fabricated from LB layers of polysiloxane, 

phthalocyanine and a co-ordination polymer were exposed to concentrations of NO^, 

toluene, benzene and water vapour. These data were collected using a surface plasmon 

resonance system with a charge coupled device camera as detector. Images were 

captured and processed on computer. The results for benzene and water vapour were 

subsequently presented to a three layer neural network to be identified. 

8.1 Zinc phthalocyanine exposed to NO^ 

Layers of zinc substituted phthalocyanine (ZnPcBC) were deposited on silvered 

substrates using the Langmuir Blodgett (LB) technique.' These substrates were then 

moimted in a surface plasmon resonance (SPR) system where the detector was replaced 

by a charge coupled device (CCD) camera (the experimental design is detailed in 

Chapter Five). The samples were then exposed to 20 parts per million (ppm) NO^ and 

changes in the SPR profile were recorded by capturing images of the resonance point 

via the CCD camera. 
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Figure 8.1 shows images (a) as captured by the CCD camera and those enhanced via 

image processing techniques on 'PC Image'. The image in figure 8.1 (a) shows the SPR 

point of ZnPcBC (indicated by the black line) and the box shows the region magnified 

to obtain figure 8.1 (b). The image in figure 8.1 (b) has been magnified 16 times to 

show the individual pixels and processed using brightness and contrast filters to 

accentuate any changes in the profile. In processing the picture some of the finer detail 

was lost. However, this was not significant enough to negate any results obtained. 

As LB layers of ZnPcBC were exposed to NO^, the shape and position of the SPR point 

should move depending on the interaction between the film and the ambient gas. 

Theoretical changes in the SPR profile are shown in Chapter Five, as the SPR profile 

moves to higher angles, broadens, narrows or becomes less defined (these changes are 

contrasted with those as seen by using a Si photodiode as detector). 

Figure 8.2 shows the change in the SPR image for 1 LB layer ZnPcBC on exposure to 

20 ppm NOx and pure nitrogen. The individual pixels are evident in the CCD image of 

the as-deposited film following image processing (using contrast and brightness filters). 

The sample was first exposed to a flow of dry nitrogen at a rate of 600 cc min"', fig 8.2 

(a). After 50 mins exposure, the SPR point (shown in figure 8.2 (b)) had shifted to 

higher angles by approximately 5 pixels and become less defined (loss of resonance). 

This effect was not reversible within the time scale of the experiment and was probably 

due to the removal of trapped water in the film (following LB deposition). The sample 

was then exposed to 20 ppm NO^ at the same flow rate. After 60 mins exposure (a large 
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(a) 

(b) 

Figure 8.1: SPR image of 1 LB layer zinc phthalocyanine (ZnPcBC) (a) as seen by the CCD 
camera (b) magnified image of the square in figure 8 .1 (a). 



exposure time was chosen so that changes in the CCD image could be seen by the eye), 

the SPR image (shown in figure 8.2 (c)) had shifted by co 10 pixels to the left and begun 

to narrow. After a fiarther 60 mins under NO^ (shown in figure 8.2 (d)), the SPR image 

had become completely bright, due to the SPR point moving beyond the range of the 

sensor. Following 24 hours in dry nitrogen the SPR image partially recovered to its 

original position in angle (ie, before the introduction of NO^). These effects were 

attributed to a reaction between the ZnPcBC film and the NO^ (reversible) and an 

oxidisation reaction between the NO^ and the silver substrate (irreversible).^ 

These experiments confirm that the experimental setup, of an SPR system with a CCD 

camera as detector, can be used to follow dynamic changes in the SPR curve (ie, change 

in SPR position broadening/narrowing or loss of resonance). The system showed good 

sensitivity to NO^ and it was hoped that similar responses would be seen with aromatic 

hydrocarbons. 

8.2 Polysiloxane exposed to toluene vapour 

LB layers of a polysiloxane^ (AMCR22) were exposed to low concentrations of toluene 

vapour. During these experiments, extended exposure times were used to demonstrate 

this sensing method to the naked eye. As before, images were processed on computer 

via 'PC Image' using brightness and contrast techniques. 

The images shown in figure 8.3 are for 1 LB layer AMCR22 exposed to 100 vpm 

toluene in a flow of pure nitrogen (100 cc min"'). Figure 8.3 (a) was the initial image 
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Figure 8.2: SPR images for 1 LB layer ZnPcBC exposed to oxides of nitrogen (a) initial 
picture (b) after 50 mins exposure to dry nitrogen (c) after 60 mins exposure to 20 ppm NO, 
(d) after 120 mins exposure to 20 ppm NOx. 



before the introduction of nitrogen. Figure 8.3 (b) was captured after 20 mins exposure 

to nitrogen vapour. In this figure the SPR point has moved by one pixel to the right (ie 

higher angles). This was attributed, again, to the removal of excess water from the LB 

film. The sample was then exposed to 100 vpm toluene for 17 hours, shown in figure 

8.3 (c). In this case, the SPR point has shifted one pixel to the right (c/with a 10 pixel 

shift to the left with NO^ and ZnPcBC) and had narrowed by one pixel. The shift of the 

SPR point to the right, for AMCR22 and toluene vapour was similar to those detailed in 

Chapter Seven, where the SPR curve moves to higher angles on the introduction of 

either toluene, benzene, ethanol or water vapour. Figure 8.3 (d) was captured after the 

sample had been exposed to air for 4 days, there was no observable shift in the SPR 

point to its original position (before the introduction of nitrogen vapour), though there 

was a narrowing in the SPR point. 

The exposure of toluene to 1 LB layer of AMCR22 showed that it was possible to detect 

even low concentrations of organic vapours using this technique. The only problem was 

the long exposure times needed to achieve changes observable by the naked eye. This 

process could be speeded up by the use of computer pattern recognition software which 

should be able to detect changes in one pixel by one grey scale. The 'Grey Scale' is a 

number assigned to a pixel that gives it a shade (or colour), this number for most 

computers varies between 0 and 255, where 0 is black and 255 is white. 
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Figure 8.3: 1 LB layer AMCR 22 exposed to toluene vapour (a) initial picture, (b) after 20 
mins exposure to dry nitrogen, (c) after 17 hours exposure to 100 vpm toluene vapour, (d) 
after 4 days exposure to air. 



8.3 PoIy(CuMBSH) exposed to benzene and water vapour using a 

neural network 

LB layers of poly(CuMBSH) were exposed to benzene vapour, using the CCD camera 

SPR system since poly(CuMBSH) had been shown to give the largest change in SPR 

curve (see Chapter Seven). Images of the SPR point were captured via a CCD camera 

and stored on the computer. These data were then processed so they could be contained 

in one file (number of images over a period of time) and then presented to a trained 

neural network. Benzene and water vapour were used to test the neural network because 

of their chemical properties, composition and hopefully different reactions with 

poly(CuMBSH). 

8.4 Design of neural network 

A three layer neural network was chosen to process the images captured on computer. In 

most gas sensing systems multilayer feedforward networks are chosen, where each 

neuron in a layer is connected to every neuron in the next layer'* (shown in figure 8.4). 

There are a number of inputs, with their values corresponding to the 'Grey Scale' value 

of a cross section of pixels (a single line through the SPR point). These networks are 

based on a model where each neuron has a number of inputs (weighted sum of the input 

pixels) and only one output. The neural network was designed to learn using back-

propagation (see Chapter Five). A three layer network was chosen to reduce the 

probability error, which increases as the number of data sets increase. The number of 

data sets (D) is given by 
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D = 2{m + n)h [8.1] 

where for a typical network D should be ca 100, m is the number of sensors, n is the 

number of classes (outputs) and h is the number of hidden layers. The network used in 

this chapter has 60 inputs (see section 8.4.2) and 2 output classes, thus to minimise the 

number of data sets the number of hidden layers was set to 1 (h). The output classes 

were set to be either benzene or water vapour. 

8.4.2 Data capture and processing 

Data were extracted from the images (shown in figure 8.5) using the linedraw facility on 

PC Image. This enabled the user to draw a straight line across the image n pixels long. 

The grey scale values of each pixel, with its corresponding x and y co-ordinates were 

then saved to a file. As for the initial work (with NO^ and toluene) each image was pre-

processed using brightness and contrast techniques to enhance the SPR point. In this 

work, a line 10 pixels long was drawn and the data for each image were saved to an 

individual file. 

The best method for compiling data was to take a representative sample from the whole 

gas sensing experiment. This was achieved by assuming the movement of the SPR point 

would be similar to those observed for poly(CuMBSH) and benzene shown in Chapter 

Seven. Data were then extracted at various intervals along a typical response 

characteristic, shown in figure 8.6. In this case it was assumed that the turn on and off 

characteristics were rapid (at about 90 seconds) with a steady state value reached in 

between. The computer was then programmed, via a macro facility on PC Image, to 
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Figure 8.5: Picture of SPR image from 4 LB layers poly(CuMBSH). The line indicates 
the region of data presented to the neural network. 

Photodiode 
output 

Figure 8.6: Idealised gas sensing trace with points (a) to (f) indicating the times at which 
data were captured and presented to the neural network. 



capture images every 20 seconds, saving each image in a separate file. Each image was 

then pre-processed using the same contrast and brightness filters and a macro was 

written to extract data fi-om the same 10 pixels on each image. 

Figure 8.6 shows an idealised gas sensing trace (similar to those presented in Chapter 

Seven) with positions a to f representing the times at which the images were captured. 

The 6 measurements were chosen as a representation of the whole gas sensing trace. 

Once the data at each time (one image) had been processed into 10 numerical values 

they were all put into one file 60 data points long. The output of the system was simple 

to fix, this was either benzene or water vapour (the two vapours used). The output of the 

neural network then only had two possibilities, either 10 or 01 (benzene or water, binary 

format). The data file then had two extra values added to each exposure, indicating the 

vapour causing the reaction. A representation of this can be seen in table 8.1. 

Input data sets from 6 regions selected in figure 8.7 Output data 

region (a) region (b) region (c) region (d) region (e) region (f) benz. water 

data 0-9 10-19 20-29 30-39 40-49 50-59 60 61 

Table 8.1: Representation of how data is tabulated and presented to the neural network. 

8.4.3 Testing the neural network 

4 LB layers poly(CuMBSH) were exposed to 10000 vpm benzene and 40000 vpm water 

vapour, sequentially. Five Sets of training data for benzene vapour and five sets for 
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water vapour were presented to the neural network to allow it to train, and then new data 

were presented to it. 

Desired output Actual output Output error 

Benzene Water Benzene Water Benzene Water 

vapour vapour present present error error 

0 0.0587 0.9736 0.9413 -0.9736 

0 1 0 0 0 

0 0.9005 0.0513 0.0995 -0.0513 

0 0.8906 0.0632 0.1094 -0.0632 

0 0.2368 0.6870 0.7163 -0.6871 

0 1 0.1238 0.8771 -0.1237 0.1229 

0 1 0.1243 0.8753 -0.1247 0.1247 

0 1 0.1191 0.8870 -0.1191 0.1130 

0 1 0.1081 0.8941 -0.1081 0.1059 

1 0 0.4154 0.5905 0.5845 -0.5906 

1 0 0.8289 0.1342 0.1710 -0.1342 

1 0 0.0348 0.9841 0.9652 -0.9841 

Table 8.2: Output of three layer neural network for data collected from 4 LB layers 
poly(CuMBSH) exposed to 10000 vpm benzene and 40000 vpm water vapour. 
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For this test, poly(CuMBSH) was exposed to benzene vapour eight times and water 

vapour five times. For each exposure, a new film was used. A new data file was created 

with the first five sets being benzene vapour, the next four being water vapour and the 

final three sets being benzene. The results of this experiment can be seen in table 8.2. 

The first two columns are for the desired output values (ie, first 5 benzene vapour, 

output 10, next 4 water vapour, output 01, last 3 benzene vapour, output 10). The next 

two columns are the actual output of the neural network, in response to the unseen data. 

The final two columns show the difference between the two sets of outputs. 

It is usual for testing networks to take a threshold value, numbers above this can be 

rounded up to 1. In the case of this network it was decided that the threshold should be 

0.8 (an arbitrary figure). Out of the 12 unseen data sets presented to the network it 

recognised 8, giving a recognition percentage of 66.7 %. Though this percentage is not 

high (one would expect over 90 % for a good network), it is above 50 %, indicating that 

the network shows signs of recognition. There are a number of reasons for the poor 

recognition. First, the number of training sets could have been too low, in this case only 

ten were used. Too few sets results in a network that cannot recognise data, yet too 

many training sets results in a network that is unable to interpret unseen data. Second, 

the data presented could have been almost random in pattern (rise and fall times and 

saturation levels) thus the network was unable to classify. This reason is almost 

certainly incorrect since the network is able to recognise water vapour with a good 

degree of accuracy. 
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Out of the two vapours used it is interesting to note that the network recognised 100 % 

of the water vapour data, whilst the non-recognised data was always benzene vapour. 

One possible explanation for this could be the difference in concentrations used. Higher 

water vapour concentrations may produce a more repeatable response, whilst the low 

benzene concentrations (the maximum that could be generated was used) may produce 

some spread in response characteristics (ie, response times and saturation value). 

8.5 Summary 

LB layers of phthalocyanine, polysiloxane and poly(CuMBSH) have been used to test a 

new system using surface plasmon resonance, with data collected via a charge coupled 

device camera. This allowed constant monitoring of the SPR image during exposure to 

NOx, toluene and benzene vapours. SPR images were captured and stored on computer 

at regular intervals during exposure to gases or vapours. 

On the exposure of zinc phthalocyanine (ZnPcBC) to NO^, the SPR point started to 

move to lower angles and the SPR profile began to narrow. The changes in the image 

were dramatic, though this was due to the high vapour concentration (20 ppm) and long 

exposure times (60 mins). These data demonstrated that the system using a CCD camera 

was able to show changes in the SPR profile of a material on exposure to a gas, forming 

the basis of a sensing system. LB layers of polysiloxane (AMCR22) were then exposed 

to low concentrations of toluene vapour. This was to determine i f the system could 

detect small changes in the SPR profile due to aromatic hydrocarbon vapours. An 

experiment was designed so that changes in the SPR image were observable to the 
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naked eye. However, the response of this experiment was disappointing, with exposure 

times of 17 hours and little observable recovery in 4 days. The magnitude of response 

were also small, with a maximum shift in the SPR profile of ca 2 pixels (c/10 pixels for 

NOx and ZnPcBC). Again, this experiment proved that the system was viable though 

reactions were difficult to see with the naked eye. 

The final experiment used a co-ordination polymer (poly(CuMBSH)) exposed to 

benzene and water vapour (10000 and 40000 vpm, respectively). In this case reactions 

were not observable to the naked eye, but passed to a neural network to analyse. The 

network successfiiUy trained the data and then was tested with 12 different exposures (4 

water and 8 benzene), of which it recognised 66.7 % of the new data. Though this 

recognition percentage is not high it shows that the network was able to distinguish 

between the two vapours. 

This experimental setup forms the basis of a sensing system, with a reactive sensing 

layer of poly(CuMBSH) and some built in recognition via a neural network. The use of 

a CCD camera in the SPR system provides more information than normally accessible 

with a Si photodiode. It especially provided detail about changes in the SPR profile on 

exposure to certain gases or vapours. 
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Chapter Nine 

Conclusions and Suggestions for Future Work 

9.1 Conclusions 

The combination of the technique of surface plasmon resonance (SPR) and thin organic 

films has produced a relatively successful gas sensor. Two experimental SPR designs 

were used. In the first, a silicon photodiode was used to record the intensity of the 

reflected light. The second captured images of the illimiinated area of the LB film via a 

charge coupled device (CCD) camera. This provided more information on the changes 

in the resonance on exposure to a vapour. The latter system was successfully used in 

conjunction with a neural network to discriminate between benzene and water vapour. 

Though the system was able to discriminate between benzene and water vapour, the 

results were inconclusive (a recognition rate of ca 66 %) and large vapour 

concentrations were needed (10000 vpm benzene and 40000 vpm water). In this work, 

only a small number of data sets were presented to the neural network (8 sets of benzene 

vapour and 5 sets of water vapour). Further work needs to be done with larger data sets 

to obtain a true statistical picture (and thus improve the recognition rate). 

Four different materials; a co-ordination polymer Cu 5,5'-methylenbis (N-

hexadecylsalicylsalicylideneamine) (poly(CuMBSH)); two tetrasubstituted 

phthalocyanines, copper tetrakis-(3,3-dimethyl-l-butoxycarbonyl) phthalocyanine 

(CuPcBC); zinc tetrakis-(3,3-dimethyl-l-butoxycarbonyl) phthalocyanine (ZnPcBC); 
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and the polysiloxane AMCR23 were exposed to four different vapours and their 

responses analysed. 

The physical, chemical and Langmuir forming properties of the reacted co-ordination 

polymer (poly(CuMBSH)) and its unreacted monomer (MBSH) were investigated in 

great detail. The studies reveal that through the polymerisation reaction a change in the 

orientation of the molecule at the air/water interface and on the substrate occur. Two 

possible orientations for the monomer have been presented whilst the reacted polymer 

was assumed to be orientated so the copper atoms within the film were angled at 30° to 

the substrate surface, adopting a 'zig-zag' conformation. 

Poly(CuMBSH), CuPcBC, ZnPcBC and AMCR23 were individually mounted in the 

SPR system using a silicon photodiode and exposed to concentrations of benzene (100 

to 10000 vpm), toluene (100 to 3000 vpm), ethanol (700 to 17000 vpm) and water 

vapour (700 to 40000 vpm). The results indicated that poly(CuMBSH) was the most 

sensitive and could detect concentrations of benzene vapour down to 100 vpm. LB 

layers of poly(CuMBSH) were the most stable, with little degradation in response for 

samples continually exposed over a period of 30 days. The response times of each 

vapour were similar, with turn on and off times of ca 60 seconds and full recovery 

achieved within ca 60 minutes. 

The vapour sensing results indicated that the dipole moment of the vapour and LB layer 

played a large part in the reaction mechanism. It is easier for vapours to be absorbed 
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into LB films of similar polarity (ie, non-polar vapour and non-polar LB films). On 

exposure, the change in the SPR curve was attributed to swelling of the LB film. This 

effect was most noticeable with poly(CuMBSH) (relatively non-polar) and benzene 

vapour (non-polar), whilst reactions with polar vapours (such as water) were 

substantially smaller. The dipole moments of CuPcBC, ZnPcBC and AMCR23 were all 

substantially greater than poly(CuMBSH). As a result, these materials were not as 

responsive to benzene. The results obtained for these materials give an indication of the 

reaction mechanism, though this process needs to be investigated in greater detail. 

Though the materials were responsive to each vapour, the magnitude of response in 

some cases was small. This problem was accentuated by the noise generated in the 

sensing equipment. The noise was attributed to fluctuations in the intensity of the laser 

beam, small changes in the concentration of vapour generated and the electrical 

connections. One way to improve the sensitivity of the system would be to eliminate (or 

reduce) this problem. 

9.2 Suggestions for further work 

The fundamental results presented in this work show that organic films and SPR can be 

used as a vapour sensor. The cross-sensitivity to several vapours (including water) and 

the slow recovery times are a problem to be overcome to create a practical device. 

The vapour sensing mechanism of poly(CuMBSH) has been examined in detail yet the 

true nature of the interaction between the vapour and the LB film is still unknown. 
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Experiments could be undertaken to determine how the SPR curve of an LB layer 

changes on exposure to a vapour. This could be done by recording the fiill SPR curve at 

various times after exposure (this technique was tried in this thesis but the results were 

inconclusive). 

To discriminate between different vapours it is necessary to obtain some extra 

information from the gas sensing data. In human olfactory systems research has 

suggested that the 'smelling' process is a two stage system.''^ The initial response is due 

to molecules fitting into one of a number of receptors (ie, lock and key). The second is 

due to an electrical impulse passed across the molecule and the resulting atomic 

vibrations analysed. A combination of the two signals are passed to the brain which 

interprets them. Further work could perhaps concentrate on the design of a hybrid gas 

sensing system, comprising both optical and conductivity measurements. The initial 

absorption of the vapour could be monitored by SPR and the adsorption of the vapour 

monitored by changes in conductivity. The combination of these data could then be 

passed to a neural network for analysis. 

The processing of data by a neural network (in this work) was performed off-line (ie, 

data were recorded, processed and presented to the network at a later date). This 

technique is not acceptable for a commercial sensing system, as the data has to be 

processed in real time. Some work needs to be done on designing a computer program 

capable of capturing the image from the CCD camera; processing the data into a form 

acceptable by the neural network; a trained neural network to analyse the sensing data. 
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Appendix A 

Computer Programs 

The computer program used in this work was written in Turbo Pascal. The software was 
used for acquiring storing and displaying the gas sensing data. 
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{ F I L E NAME : SENSE.PAS 

{ 
{Purpose : This program takes readings from a DVM every n seconds 

{ (n - user defined) saves the data to disk and displays the data 

{ on screen. 

{Languague : Turbo Pascal 

{ 
{Author J.N. Wilde 

{The routine checks that the DVM is connected and operational. 

Program data_read_and_display; 

uses gpib, Crt, dos, graph; 

var 

ioerr,dvm 1 ,points,aver 1 ,j 

graphdriver, graphmode,x 

impdata, scale_point 

instrl,cmdstr 

data 

impdatastring 

procedure iochk; 

begin 

case ioerr of 

0 : ; 

1 : writeln(TIMEOUT!!'); 

else 

writelnCINTERFACE ERROR !!'); 

end; 

end; 

: integer; 

: integer; 

: real; 

: Istring; 

: Istring; 

: string; 

{ I/O error check routine } 

{ End of iochk 

{This routine reads data from the DVM} 

procedure read data; 

var tcode : mteger; 
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begin 

ioerr :=iesend(cmdstr); 

instrl :=' '; 

ioerr:=ieenter(dvml ,instrl); 

iochk; 

data:=instrl; 

data:=copy(data,6,7); 

val(data, impdata,code); 

str (impdata,impdata_string); 

end; 

{This routine sets the size of the display and divides the number of x and y ticks } 

{so that they will fit on the screen, or series of screens } 

procedure set_page; 

var 

a,b,x ticks,data_point,x_label,x_labelo : integer; 

y ticks : real; 

x_string,y_string,x_stringo : string; 

begin 

setviewport (O,0,getmaxx,getmaxy,clipon); 

settextstyle (defaultfont,horizdir, 1); 

settextj ustify (centertext,centertext); 

moveto (25,10); 

lineto (25,310); 

lineto (625,310); 

a:=l; 

for a :=1 to 6 do 

begin 

x j i cks - a * 100; 

moveto(x_ticks+25,313); 

lineto(x_ticks+25,307); 

x jabel :=x_ticks+(600*G-l)); 
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x_labelo:= 0+(600*G-l)); 

str (x_label,x_string); 

str (x_labelo,x_stringo); 

outtextxy (25,320,x_stringo); 

outtextxy (x_ticks+20,320,x_string); 

end; 

b:=l; 

for b :=1 to 5 do 

begin 

y ticks := getmaxx; 

str (y_ticks,y_string); 

moveto(25,310-(75*b)); 

lineto(28,310-(75*b)); 

outtextxy(15,160,'0'); 

outtextxy(15,10,'25'); 

outtextxy(ll,310,'-25'); 

end; 

end; 

{The routine maps the data values onto the screen. The first value is mapped to 0 } 

{the rest of the points are mapped relative to this. } 

procedure display_data; 

var 

x_point,y_offset,y_point : longint; 

y : real; 

points_string : string; 

begin 

x_point := X + 25; 

y:=(scale_point-impdata)* 1000; 

str(y,points_string); 

yoffset:=trunc(y); 

y_point:=(y_offset*6)+160; 

putpixel(x_point,y_point, 15); 
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outtextxy(240,460,'Hit any key to stop reading'); 

outtextxy(425,460,' data from the DVM.'); 

end; 

| * * * * * * * * * * * * * * * * * * * * * * * * * * ] y j 2 j j j pj-Qgi-^m********************* 

var 

i,s,loop,r,d : integer; 

inpdel,del : real; 

f : text; 

c : char; 

fiallname,filename,start_point : string; 

hour,minute,second,seclOO : word; 

g,rescale : real; 

begin 

clrscr; 

ioerr:=ieabort; 

dvml:=24; 

writeln('Enter the integer value for the required frequency of readings,'); 

write('[ in seconds] : - ' ) ; 

readln(inpdel); 

writeln; 

write('Enter the number of data points to be sampled : - ' ) ; 

readln(points); 

writeln; 

writeln('Enter Filename to be saved under (without extension)....'); 

readln(filename); 

fiillname :='C:\pascal\data\' +filename+ '.dat'; 

assign(f,fullname); 

rewrite(f); 
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{ Set the DVM's } 

cmdstr:='DCL'; 

ioeiT:=ieoutput(dvml ,cmdstr); 

iochk; 

cmdstr:=TlT2R2NlS'; 

ioerr:=ieoutput(dvm 1 ,cmdstr); 

iochk; 

{ Clear device to turn-on state } 

{ Error check } 

{ Send DVM #1 setting string } 

{ Error check } 

{ Measurement start} 

cmdstr:='UNL UNT MTA LISTEN 24 GET'; 

gettime(hour,minute,second,sec 100); 

writelnCStart time = ',hour,':',minute,':',second); 

graphdriver := detect; 

initgraph(graphdriver, graphmode,''); 

{ Read in first data point initially } 

averl:=l; 

x:=0; 

readdata; 

append(f); 

writeln(f,impdata); 

close(f); 

set_page; 

start_point:= data; 

scale_point := impdata; 

display_data; 

aver 1: =2; 
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{ Read rest of data points with delay } 

repeat 

d:=l; 

repeat 

delay(4880); 

d:=d+l; 

until d > inpdel; 

readdata; 

append(f); 

writeln(f,impdata); 

close(f); 

displaydata; 

averl:=averl+l; 

x:=x+l; 

rescale := averl/(600*j); 

i f rescale > 1 then 

begin 

clearviewport; 

x:=0; 

j:=j+i; 

set_page; 

end; 

until (averl > points) or (keypressed); 

closegraph; 

writeln; 

gettime(hour,minute,second,sec 100); 

writeln('End time = ',hour, ':',minute,': ',second); 

writeln(averl - 1 , ' data points collected'); 

writeln; 

writeln('Start voltage: -', start_point,' V ) ; 

161 



writeln; 

writeln('The data has been saved in ',filename,'.dat'); 

end. 

{ End of Program } 
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