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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, UV/Visible 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 SO,, NO,, and
health threatening vapours such as toluehe 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. 12

Gas 8 Hour Exposure Limit 15 Minutes Exposure
[ppm]’ 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 will vary over the array.3 This 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.5 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.l’2 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 2OO°C).3 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.4 Langmuir-Blodgett
films (39 layers) of symmetrically substituted cobalt porphyrin have been exposed to 5
ppm NO,. Changes in the film due to the gas were monitored using electrical
conductivity changes. The response and recovery times were found to be 10 mins and 1

hour respe:ctively.5

(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 H,), metals, such as Cu®,

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.
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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 C,3) 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;) 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.8 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, Eqt is the energy involved in the charge transfer between the two species and

E,, 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* GPc + hole
CT D

[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, NH;, O,, I, and some

12 The conductivities of these systems can

aromatic hydrocarbons (such as toluene).
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

. . ... 9 . .
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

13,14 )
and some aromatic

been shown to be sensitive to a variety of gases, such as NO,
hydrocarbons.15 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,20 polysiloxane2l and
polyaniline“’22 (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.19 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

2728 . 29

. 26 . . .
acoustic waves;” and optical techniques,”””" including surface plasmon resonance.

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

3,12

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

thermal evaporation31 and the LB technique.32 The last method has been used to deposit

26,33

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 NO,, CH,, NHj;, Cl, and other gases. The most

commonly used materials are the semiconductor oxides and catalytic transition

elements.

(a) Metal oxides

It has long been known 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*, FezO336 and Sn0237 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 NO, detection; Pd for
chlorinated and amino volatile organic compounds (VOC); and SO, 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
i1s 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 SnO,
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. If its affinity is
low, it will lie below the Fermi level and donate electrons (reducing agent) to the space
charge region. If 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),35 natural gases, petrol vapours,36 CO and N02.37
Research has now progressed away from single element metal oxide sensors to sensor

arrays (see section 2.7).

Zn0 surface after exposure to

oxygen atomic hydrogen
Depletion Accumulation
ionised donors electrons
- +‘ Y
vacuum |+  crystal i - crystal
*
eV, ‘ \
............... - E,
energy
B ettt LT IR Eg

surface states

Figure 2.3: Space-charge modulation by absorption in a semiconducting n-type oxide
sensor [reproduced from reference 39].

12



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

o . 37,38,40,41
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.42 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.*
46

Amongst the metallic elements that have been used are palladium,44 gold,45 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-1-ol and propon—2-ol.48’49 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
CN,V

a= [2.2]

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.

15




Surface pressure [a.u.]

I 1 1 i I i 1 1 I 1 1 1 "h\-_l_l—

- Area per molecule, a [a.u]

Figure 2.4: Idealised surface pressure versus area per molecule isotherm for a
long chain organic compound a) is the gaseous phase b) represents the liquid phase
¢) is the condensed (solid) phases.

I

X-type Y-type 'Z-type
deposition deposition deposition

—>

Figure 2.5: Langmuir-Blodgett deposition methods and structures, arrows
indicate the direction in which the film is transferred.



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
phenoxhenon, 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).51 LB films have been used in a number of systems

as the gas sensitive layers. Common materials are phthalocyaninesls’22 #253 and

. 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 melting 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 will travel before colliding with another is called the

mean-free path, A, given from simple kinetic theory by
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A=t [2.3]

\/27m2p

where o 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 evaporatés, 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

55,56
compounds. The

been used to deposit films of polyaniline54 and polysiloxane
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; infra-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

3% The phenomenon can be described as a collective oscillation in the

experimentally.
free electron plasma at a metal boundary.59 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 film 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

. 13,60 : 15
nitrogen, ~ and organic hydrocarbons such as toluene.

2.3.2 Fibre optical devices

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

light is directed into a glass fibre (core) which is encased in a material of a lower
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refractive 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

62
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, will 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,

CH,, CO, and NO,.5%*

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

20




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 under conditions of zero current. The potential change is
obtained from 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

function of a chemically sensitive layer.66

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 withdrawn (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 CO, in pure nitrogen.
The structure of one reported thin film microelectrode device consisted of three coplanar
electrodes deposited on SiO,/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 CO, 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,68 conducting polymers® and phthalocyanines.'""*
g poly. p y

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.

23



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

_ AMF?

AN [2.4]

Af

where A is the area of the quartz crystal, F is the fundamental frequency of the crystal,
AM; 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.5” Piezoelectric
crystals have been used to detect a range of gases, especially aromatic hydrocarbons

71 72 . 73
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 signai. A schematic representation of the device can be seen in figure 2.8.7
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 A¢. 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.75 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

ar =24 [2.5]

Cp
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where AH is the change in enthalpy and C,, 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 (LiTaO;) 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 ThO,/Al,O; 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°C) to allow catalytic combustion

of the gas. When a flammable gas reacts with the sensing material (ThO,/Al,0O;) heat is
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evolved causing an increase in temperature of the platinum coil, thus increasing its
resistance. If 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
recognition techniques.78 The only drawback is that these methods require output
signals which do not significantly vary over time (drift) and repeatable changes in

output signal when exposed to a target gas or vapour.
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267 An array of

Polysiloxanes have been used in sensor arrays to detect organic vapours.
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 found to be low.

Neural networks and gas sensing array techniques have been applied to tin oxide
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
showing 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 Tcherniac
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; electrocatalysis for fuel cell

applications; and liquid crystal colour display applications.l

38




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 1is 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 ef al using a two step
reaction.” The first stage is the production of the base phthalocyanine, Cu(II)
[tetracarboxy] phthalocyanine. This was accomplished by refluxing a mixture of
trimellitic anhydride (10g, 0.05 mol), urea (30g, 0.5 mol), CuCl, + 2H,0 (5.1g, 0.03
mol), ammoniummolybdate (1g, 8 x 10 mol) and nitrobenzene (150 ml) for 4 hours.
The resulting solid was filtered, heated and washed to produce Cu(ll) [tetracarboxy]
phthalocyanine. The second step was the preparation of the final compound, Cu(II)
[tetrakis(3,3-dimethyl-1-butoxycarbonyl)] phthalocyanine (CuPcBC). This was achieved
by refluxing Cu(Il) [tetracarboxy] phthalocyanine (3g, 4 mmol) with thionyl chloride
(20 ml), N,N-dimethylformamide (lg, 0.01 mol) for 24 hours.” The resulting

compounds CuPcBC (or ZnPcBC, synthesised by substituting Cu with Zn in the above
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R : — C — OCH,CH,C(CHj;);

M =CuorZn

(©)

Figure 3.1: (a) Metal-free phthalocyanine, (b) metallophthalocyanine,
(¢) tetrasubstituted metallophthalocyanine used in this work.



processes) were supplied by Dr L. Valli, University of Lecce. A full 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, o and B, 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 B transition occurs at annealing
temperatures over 210°C.> The o crystalline form differs from the B 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 B phase and a longer interstack
distance. The morphology of the films is very important for gas sensing applications,

with the o phase being more sensitive to the presence of oxygen.4

3.1.2 Thermal and chemical stability

It is well known that phthalocyanines have excellent thermal and chemical stability,
with some phthalocyanines known to sublime at 400°C or above in nitrogen.5 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 S wt % loss Temperature for 10 wt % loss [°C]
[°C]
N, Dry air | Humid air N, 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 LB 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

. 7
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-
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

ZnPc¢BC. 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 0C, pH = 5.8 £ 0.2,
compression rate 1 x 102 nm2 molecules-1 s‘l) [reproduced from reference 5].
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Figure 3.3: Surface pressure versus area isotherm for ZnPcBC on a pure
water subphase (temperature = 18 £ 2 9C, pH = 5.8 + 0.2, compression rate
=1 x 10-2 nm2 molecules-1 s‘l) [reproduced from reference 6]

































































































































































































































































































































































































































































































































