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i. Abstract 

Phthalocyanines and porphyrins have been studied for many years as bulk, thick 

and thin films. Their use in Langmuir and Langmuir-Blodgett films is governed by 

their peripheral substituents. These can enhance or reduce their ability to form "quality" 

ultra-thin films. 

There are a number of potential and current applications for thin films of 

porphyrins and phthalocyanines, which include CD-R discs and gas-sensors. It is the 

latter that this PhD has focussed on. 

Ultra-thin films of phthalocyanines, porphyrins and a porphyrin/phthalocyanine 

hybrid dye were deposited onto glass microscope slides, gold-coated glass microscope 

slides and quartz crystals. These assemblies were then characterised using Ultraviolet- 

Visible spectroscopy, pressure-area isotherms, surface plasmon resonance and a quartz 

crystal microbalance to try and determine the nature of the molecules on the surface of 

the substrate. The thin films were exposed to chlorine gas and the change in their 

absorption spectrum and (in some cases) their surface plasmon resonance curve was 

monitored. 
A short series of phthalocyanines showed that the central metal atom can play an 

important role in the orientation of the macrocycles - with copper adopting an edge-on 

configuration, zinc, face-down and metal-free, random. This in turn affected the 

sensitivity of the gas-sensor with the facedown orientation offering a significantly 

greater response than the other two. 

A series of substituted tetraphenylporphyrins also illustrated that the gas- 

sensitivity of the dye molecules is dependent on the orientation and spacing of the 

molecules in the film. Generally the response to the chlorine was quite low, but one 

porphyrin (stearamido) demonstrated a 2"d order decay in the absorbance due to the 

oxidation of the macrocycle, the time constants being 31 and 425 seconds for the 

surface and bulk diffusion responses respectively. 
The use of differentiation on the Pressure-Area Isotherms of the deposited 

Langmuir-Blodgett films is a new concept developed in this thesis. It proved a useful 
tool for looking at the effect of the quality of the film on the gas sensitivity. 
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CHAPTER ONE 

Porphyrins and 

phthalocyanines 



1. Molecular Electronics 

Molecular electronics, a field that has burgeoned in the last 2 decades, can be 

divided into two disciplines: molecular materials for electronics and molecular scale 

electronics. 

The field of molecular materials for electronics (MME) is the search for 

molecules with an overall set of properties that are either unique, or superior to those of 

other materials. The device, the application or the actual manufacturing process, may 

require these properties and there is often a compromise between ease of production and 
its performance (1). 

If MME is the research into single molecules and their properties, molecular 

scale electronics (MSE) is the study of groups (or aggregates) of molecules on the 

nanometer scale. The two fields are inextricably linked; the development of the 

materials and their enhanced properties leads to a greater understanding of the potential 

molecular scale electronic devices. A particularly good example of this is the current 

research being performed by the Nanomaterials group at Cranfield University on 

molecular rectification both at the nanometer (2) and molecular level. This work could 

eventually lead to devices with high component density and hence greater computer 

processor speeds. 
Perhaps the most successful application to emerge from research into these areas 

is the liquid crystal display (LCD). Friedric Reinitzer first discovered liquid crystals in 

1888 but it was 80 years before the first LCD was produced (by RCA in 1968). Soon 

the first calculators (Sharp, 1970) and watches (Seiko, 1973) incorporating liquid crystal 
displays were on sale. More recently, the development of colour sub-pixels has lead to 

the production of ultra-thin TVs and computer monitors. 

9 



1.1 Ordered thin films 

Computer processing chips are constantly being refined to improve their 

computational speed and efficiency. A key factor in the search for faster processors is 

the increase in the component density of the devices. To achieve this their construction 

must be precisely controlled, particularly the deposition of the materials onto the 

substrate either to form the circuits directly or prior to photolithography. 

Langmuir-Blodgett (LB) deposition has been the method of choice for 

monomolecular level engineering for many years now and the ability to build precise 

supramolecular structures (3) also provides some hope for MSE applications, including 

organic conduction of zinc phthalocyanine (4,5). The technique, which is limited to 

materials capable of forming floating layers on water, provides the opportunity of 

engineering a film layer-by-layer. Other thin film techniques, such as molecular beam 

epitaxy, ultra-high vacuum evaporation and spin-coating are still some way from 

producing the high quality monolayers of LB deposition. 

1.1.1 Langmuir-Blodgett deposition 

The key feature of molecules used in this technique is their ability to be trapped 

at the air-water interface. Often they will be amphiphilic in nature; part water- 

attracting, part water-repelling. This not only prevents them from being pulled into the 

water subphase, but also allows control over the orientations of the molecules in this 

floating monolayer (and therefore the subsequently deposited layers). 

Traditionally, long chain alcohols and fatty acids have been the material of 

choice for LB work; the hydrocarbon part (-CH2-) being hydrophobic and the polar 
head group (-COON or -OH), hydrophilic. The attachment of different functional 

groups to these hydrocarbon chains can alter the amphiphilic nature of the molecule and 
hence, the Langmuir films (Table 1) (6). 
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Table 1- The effect on the nature of the molecules when different head groups, R, are attached to a 

C16H33 chain (only amphiphilic and weakly amphiphilic molecules are likely to form 

Langmuir films) 

Non 
amphiphilic 
molecules 

Weakly 
amphiphilic 
molecules 

molecules 
Amphiphilic Anionslor 

Cations 
Suitable R 

groups 
Suitable R 

groups 
Suitable R 

groups 
Suitable R 

groups 

Hydrocarbon -C61140CH3 -CH2OH -S03 

-CH2I -COOCH3 -COOH -OS03 

-CH2Br -CN -C6H4SO4 

-CH2CI -CONH2 -NR3+ 

-NO2 -CH=NOH 

-C6H4OH 

-NHCONH2 

-NHCOCH3 

Whilst some Langmuir-film forming materials spread spontaneously on a water surface, 

most must be deposited onto the water subphase after dissolving in a suitable solvent. 

This volatile liquid must be chemically inert with respect to the molecule under study 

and as pure as possible. At the molecular level, even a small degree of contamination 

can alter the film's properties, so to confirm the purity of the solvent, it is spread 

without any material dissolved onto the water surface and the area of the trough reduced 

(compressed). An increase in the surface pressure will be due to contamination either 

from the solvent or the water subphase. Typically, solvents are also chosen with a 

relatively short evaporation time, though highly volatile liquids are avoided to ensure 

accurate determination of the concentration of the solution. Organic solvents, which are 

water-miscible or water-soluble, tend to be avoided as they pull the molecule into the 

subphase during spreading. 

11 



Whilst the usual composition of the subphase is ultra-pure water, other high 

surface-tension liquids (such as ethylene glycol or glycerol) may be used. With water, 

the reduction of contaminants is usually attained through a double cleaning procedure. 

First it is distilled to remove any inorganic moieties and this pure water is then filtered 

and exposed to UV light to destroy and remove any organic contaminants. The purity 

of the water is usually monitored through its resistivity (only accepting that at 18.2 MS2 

cm 1- which is the preset value of ultra-pure water). Finally, a plastic Pasteur pipette 

attached to a water aspirator is used to remove any extraneous particulates, which may 

have settled onto the water surface whilst the Wilhelmy plate equilibrated. 

The Wilhelmy plate is a short thin strip of chromatography paper attached to a 

microbalance and partially immersed in the subphase. When the plate has reached 

equilibrium (i. e. when no more water can be absorbed), it is very sensitive to any 

changes in the surface tension. A simple set of equations demonstrate how the 

microbalance can monitor these changes, also known as the surface pressure: 

If a plate has dimensions 1xwxt, a density p and is immersed in water to a 

depth h, then the net force acting on the microbalance is: 

F= pglwt - p' ghwt +2 y(t + w) cos 0 Equation 1 

(Force = weight - upthrust + surface tension) 

Where yis the surface tension of the liquid, 0 the contact angle of the plate, g the 

acceleration due to gravity and p' is the density of the subphase. 
As the microbalance is zeroed before measurements are taken, the weight and 

upthrust are eliminated from Equation 1. 

+ w) AF = 2(y'-y)(t Equation 2 

The difference in force (between immersion in pure water and surfactant- 

covered water) is now directly proportional to the change in surface tension (where y 'is 

the surface tension of pure clean water). This is usually defined as the surface pressure 

(it)" 
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Once the material has been characterised in the Langmuir film, it can be 

deposited onto a substrate as a Langmuir-Blodgett film. This involves passing a clean 

(often) glass slide through a compressed floating monolayer. The surface of the 

substrate can be treated to ensure that it is hydrophilic or -phobic through the use of 

different chemicals. For example, to produce a hydrophobic glass slide after initial 

cleaning, the substrate is exposed to dichlorodimethylsilane for several hours. 

1.1.2 Characterisation of Langmuir and Langmuir-Blodgett films 

Several techniques can be used for analysing a thin film deposited by the 

Langmuir-Blodgett technique. It is important to discover as much as possible about the 

orientation of the molecules both pre- and post-deposition. The material can then be 

tailored to improve their sensitivity to the analyte gas, designed for improved stability at 

the air-water interface or altered to enhance other important features of the film. 

Studying the UV-VIS spectra of these dyes, both in solution and monolayer 
form, provides clues to the nature of the molecules deposited in the films. A typical 

example of this is the blue-shifting of a main absorption peak, which is characteristic of 

H-aggregation. This aggregation, also known as card stacking, is the 2-D arrangement 

of the molecules on the surface of the water or substrate with the molecules face-to-face 

but lying on one edge (Figure 1). 

Molecules in H-aggregate form 

Water 

Figure 1- H-aggregation on the water surface 

Further evidence of the specific orientations of the molecules in the solid phase 
(i. e. the deposited film) can be found with the analysis of the Langmuir pressure-area 
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isotherm which calculates the area available to each molecule on the water surface. 

Comparison with the theoretical measurements calculated in Chem3D (CambridgeSoft 

Ltd. ), can indicate whether the molecules are face-down or lying on an edge. Similarly, 

the use of quartz crystal microbalance (QCM) measurements also calculates the area 

available to the molecules (this time in the solid phase, i. e. post-deposition) and can 

give clues to the film orientation. Molecules with long aliphatic chains sometimes show 

large differences between the molecular areas of the isotherm and QCM due to the 

chains stretching when being deposited and moving from the high pressure environment 

of the compressed Langmuir film to the relatively low pressure substrate. 
The thickness of the deposited layer can be found through surface plasmon 

resonance SPR scans, usually with the Kretschmann geometry. By comparing the 

experimental results with the theoretical curves, the values for thickness and refractive 

index can be calculated for each layer (i. e. glass substrate, the required thin metal film 

and the organic LB layer under study). 

2. Tetrapyrrole pigments 

The materials studied in this PhD fall into the category of tetrapyrrole pigments. 
In nature these types of dye include chlorophyll (Figure 2) and the oxygen transporting 

Haem in blood (Figure 3), which are derivatives of the parent tetrapyrrole pigment 

porphin (or porphyrin) (Figure 4). 
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Figure 2- Chlorophyll a (green plant pigment) 

Figure 3- Haem (oxygen transporting molecule in blood) 
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2.1 Porphyrins 

Although Hans Fischer is widely accepted as the father of modem porphyrin 

chemistry, the macrocyclic structure of this class of molecules was first proposed by 

Küster in 1912 (7), but considered to be an inherently unstable structure due to the large 

size of the macrocyclic ring. Only much later when Fischer and his students were able 

to synthesise Haem in 1929 (8), did the proposed macrocyclic structure of these 

molecules become accepted (Figure 4). Fischer's nomenclature for these molecules can 

essentially be broken down into 3 parts. Firstly, there are 2 positions on each of the 

pyrrole rings available for substitution, these were called ß-carbons and numbered 1-8. 

Secondly, the positions next to the Nitrogen in the pyrrole rings were named a-carbons 

- but left un-numbered. Finally the bridging atoms in the methine groups were labelled 

meso-carbons and distinguished by the Greek letters a-S. 

ß-position 

N 

H 

a-position 

H 
NA N 

N/ 

meso 

Figure 4- The porphyrin structure and Fischer's nomenclature 

By 1979 IUPAC (International Union of Pure and Applied Chemistry) had 

determined that this system was too complicated for heavily substituted porphyrins and 

their own system was finalised in 1987 (9). The main difference was that all the atoms 

were numbered, including the nitrogens. For any chains substituted onto the 
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macrocycle, the positions of each of those atoms were also mapped. For example, if 

chloro-butyl was substituted onto the porphyrin at position number 13 the position of 

the chlorine atom was designated with a superscript and the molecule named 133- 

chloro-l3-butyl-porphyrin (Figure 5). 

Figure 5- IUPAC system for porphyrin nomenclature 

The co-ordination hole (i. e. the region at the centre of the macrocycle where the 

Nitrogen atoms can bond with inserted atoms) can complex most metals in the Periodic 

Table; in some cases, especially for metals with unusually large or small radii (e. g. 

nickel), the macrocycle must contort to maximise the binding. Other reasons for non- 

planarity include the oxidation of the porphyrin (producing a non-aromatic macrocycle), 

substitution of groups onto the central N atoms and the protonation of the nitrogens 

coupled with bulky substituents on the meso-carbons. 
Porphyrins are mainly used in nature to bind metal atoms, becoming vital parts 

of many biological processes. For example Haem (Figure 3) contains an iron- 

complexed porphyrin, which in haemoglobin and myoglobin reversibly binds to 

oxygen. This allows the oxygen to be carried around the body and stored in the 

muscles. In plant-life, a series of molecules called chlorophylls are vital components of 

the carbohydrate production needed for the metabolism of both the plant and the 

animals that consume it. The energy from the sunlight is converted into excited 

electrons, which are transported by a series of proteins to the actual site of the 

carbohydrate formation. With the electrons removed, water bound to the magnesium 
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centre of the chlorophyll molecules is oxidised to replenish the photosynthetic system. 
The chlorophyll molecules (Figure 2), actually a derivative of 2,3-dihydroporphyrin 

(also known as chlorin), are grouped together to increase the efficiency of the energy 

conversion process and ensure that the by-product is oxygen and not harmful 

intermediates (such as peroxide). 

2.2 Phthalocyanines (tetraazatetrabenzoporphyrins) 

Phthalocyanines are structurally related to porphyrins. They are not found in 

nature however, and were discovered by accident in 1907 as a by-product during the 

synthesis of o-cyanobenzamide (10). Linstead first used the term phthalocyanine in 1933 

to describe a new class of organic compounds (Figure 6) (11). The name itself originates 
from the Greek words naptha and cyanine meaning blue rock oil. 

Figure 6- 29-H, 31-H-phthalocyanine 
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2.3 Aromaticity 

Both the porphyrin and phthalocyanine molecules are aromatic. This is 

particularly evident with the H-NMR spectra of the metal-free porphyrins, where the 

outer protons are -5T downfield of TMS but the inner protons are -4T upfield. This is 

due to the effect of the induced magnetic field (Figure 7 and Figure 8). 

Figure 7- Outer (red) and inner (blue) protons in a porphyrin macrocycle 

19 



H ýR 

h 

Figure 8- Cross-section of the porphyrin macrocycle demonstrating the 
applied (H) and induced (h) magnetic fields 

By examining Hückel's law of aromaticity, we can find further evidence of the nature of 

the bonding in these compounds. Hückel's law states that in order for the system to be 

aromatic, there must be 4n+2 pi electrons (where n is an integer) (Figure 9) (12). 

The atoms involved in the 7L-electron system are sp 2 hybridised, hence, the 

aromatic heterocycles tend to be planar 1. 3 
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Figure 9- Diagram showing porphyrins and phthalocyanines are HOckel aromatic 

2.4 Modifications for Langmuir-Blodgett deposition 

The unsubstituted metal-free porphyrins and phthalocyanines are not particularly 

suitable for deposition by the LB technique. The central ring system is hydrophilic and 
it requires substitution of hydrophobic groups such as an alkyl chain to form the 

amphiphilic molecule required. However it is a balancing act. The aliphatic chain is 

not usually involved in any of the processes the film may be used for (e. g. gas sensing, 

organic conduction) and it is there merely to enhance the LB film. Therefore the 

component density is reduced (particularly with multilayer films) and the response may 
be weakened. This group (Nanomaterials, Cranfield) are now starting to move away 
from the traditional long chain LB forming materials and dreaming up shorter chain 

moieties to improve the component density whilst still forming good Langmuir films. 
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3. Applications of porphyrins and 

phthalocyanines in molecular electronics 

3.1 Dyes for CD discs 

Phthalocyanines are well-known commercial blue-green pigments. In fact, the 

Bank of England uses a copper-containing metallo-phthalocyanine blue dye in £5 notes 
(14). Probably the most common use for these macrocycles however, is their role in CD- 

R discs. The recordable CD consists of several layers (Figure 10) (15). When the 

reflective layer is silver, the "bottom" of the CD will appear blue with azo as the dye 

and light green with phthalocyanine. When gold is the metal used, either a green tinge 

(cyanine) or just a golden colour (phthalocyanine) is seen. The principle behind these 

CDs involves a recording laser (the same wavelength as the reading laser - 780 nm but 

10 times stronger), being focussed on the dye, causing it to absorb the light and convert 
it to heat (up to 300 °C). The resulting deformation in the polycarbonate layer and 
decomposition of the dye (altering the refractive index) leaves an optical mark (16). The 

so-called 1's and 0's required for digital storage are derived from changes in the surface 
detected by the reading laser; the l corresponding to a pit wall and the 0 to any flat 

section. 

Cross-section of CD-R disc 

Protective layer 
(3-5 µm) Gold (50 -100 nm) 

Polycarbonate ` Dye (50-100 nm) 
(3-5 µm) 

Figure 10 - Cross-section of a CD-R disc 
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The different types of dyes offer different lifetimes for the stability of the data 

recorded. For example, the green-tinged cyanine-based CD-Rs are only expected to last 

around 10 years. Alternatively, the golden or light-green phthalocyanine discs promise 

stability of up to 100 years. The recent additions of the azo (blue coloured discs) and 
hybrid (silver) cyanine-phthalocyanine dyes have produced claims that they are as 

stable as the more expensive derivatives (17). 

3.2 Photodynamic Therapy 

The use of phthalocyanines in photodynamic therapy (PDT) has also shown 

some early promise. The macrocycle is selectively absorbed into the cancerous cell and 

when irradiated, promotes the generation of singlet oxygen, which destroys the tumour 
(18) There are a number of mechanisms being investigated (Figure 11) and clinical trials 

are currently underway 9). (1 

It is the treatment of anaerobic tumours however, that is proving the greatest 

challenge in PDT. Radical photogeneration may offer some hope using irradiation of 

several phthalocyanines (particularly titanyl moieties) in aqueous suspension to form 

OH radicals (20) 

I. Pc\1 5%ater solution injected into blood 

_. 
Cancer cells consume Pc\l in a greater extent than normal 
ones 

3. Irradiation of tumour bs risible light (lamp or laser) leads to 
tumour dcstroý ing In the t%%o J)athss a\ ti 

Non-radical path, *%, 
(>. hV 

PcM0PcM*. e, -- 

O*, (singlet oxygen) 

a U*, cancer cell 

i 
ccrc+sis 

Radical pathway 
by Oz .+ CM -* PcM*_ * PcM 

Ae" Oz"- 

LOH, HOZ1- 
R 

R" + cancer cells Necrosis 

Figure 11 - Principles and two mechanisms of PDT of cancer 
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3.3 Donor-Acceptor systems with Cho 

The use of phthalocyanines as a semiconducting material in solar cells or other 

photoelectric devices has gained a large interest. Indeed some species such as H2Pc or 

TiO-Pc are already being used as photoreceptors in laser printers and photocopiers (21). 

Fullerene (C60) is a well-known electron-acceptor and when combined with 

phthalocyanines (good electron donors), the potential to form a p-n junction and 

increase the photoconductivity is often found X22' 23' 24) 

The work on these Cho-macrocycle systems is not just restricted to the 

phthalocyanines. The search for an artificial version of the highly efficient plant 

photosynthetic light conversion has led researchers to the porphyrin series of 

compounds (25,26). The porphyrin-fullerene donor-acceptor systems are now being 

investigated for their use in building devices in the "bottom up" style of molecular 
(27engineering that has been grabbing all the headlines , 28° 29' 30' 31ý 

3.4 Third-order nonlinear optics (NLO) 

In the last few years, phthalocyanines have been studied as targets for second 

harmonic generation (SHG) (32). This is the conversion of intense monochromatic light 

into radiation with twice the frequency (or half the wavelength). In a time when blue 

lasers were expensive, this application was seen as a method of converting the output 

from a cheaper 900 nm laser into the more sought after wavelength of 450 nm. Of 

course, recent laser engineering progress has now made blue lasers much cheaper, but 

SHG still remains an excellent method of characterising thin films (particularly LB 

deposited ones). 
In order to be SHG-active, the molecules must be non-centrosymmetric; 

therefore the unsubstituted macrocycles are unsuitable in this application. However, 

this restriction does not apply to third-order nonlinear optical effects (33,34,35). The 

impetus for the increased research activity into nonlinear optical properties of 

phthalocyanines has been a search for a greater understanding of the structure-property 

relationship and the strong technical interest in all-optical signal processing (36) 
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Phthalocyanines and porphyrins are suitable for third-order nonlinear 

applications as they possess a delocalised it-system and they can contain low-lying 

(37) energy states (due to metal-to-ligand and ligand-to-metal charge transfer) " 
Typical values for x °' are shown in Table 2. 

Table 2-x "'values for various phthalocyanines (DFWM = degenerate four-wave mixing) 

x`3> Molecule Fundamental Wavelength (nm) (in units Reference 
of esu) 

fluoroaluminium 5x 10"11 38 

chlorogallium 1060 2.5 x 10"11 38 
phthalocyanine 

H2-tetrakis 
O (cumylphenoxy) M) 

(DF 1x 10"9 39 
phthalocyanine 

Pt-tetrakis 
(cumylphenoxy) 1064 2x 10"10 37 
phthalocyanine 

(DFWM) 

Pb-tetrakis 
(cumylphenoxy) ýF 6 2x 10"11 37 
phthalocyanine 

) 

H2-tetrakis 
(cumylphenoxy) lWF 4x 10"12 37 
phthalocyanine 

(D M) 

3.5 Detection of molecules in the gaseous phase 

In this application there are three characteristics that can describe the ability of 
the molecules to detect the analyte gas: response time, degree of response and 

selectivity. The response time is often dependent on the thickness of the sensing 

material, as the gas must permeate through the sensor head for maximum response. Gas 

sensing performance can also be optimised where there is a high surface area to volume 

ratio. Therefore thin films are particularly desirable and LB, spin-coating and thermal 

evaporation are often the techniques employed. The degree of response may be 

determined by not only the concentration of sensing molecules but also the number of 
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sites available for the gas to attack. For example, if the molecules are clustered together 

it may take more time for the gas to reach all the available reaction sites. The 

Langmuir-Blodgett deposition technique provides the desired control over both 

molecular orientation and density in each layer. The third factor is often overlooked 

when examining a material for its sensitivity to gas. If the sensor is to have commercial 

potential, it is important to determine whether the sensor is exclusive, selective or 

comprehensive in the presence of a range of gases. The non-exclusive nature of some 

sensors can be compensated for however, with the use of a series of different techniques 

and/or materials which when coupled together in an array (or neural net), forms a 

"fingerprint" response for a particular gas. In other words, the different responses of 

each sensor node are used together to determine which gas is present. This is 

(ao) sometimes referred to as an artificial nose 

The highly conjugated it-system of the porphyrin and phthalocyanines provides 

rich ultraviolet-visible absorption spectra. The phthalocyanines in particular are readily 

oxidised and easily form the radical cation, which is a non-aromatic macrocycle and 

hence, its colour differs greatly (41). This can be monitored as the sensor is exposed to 

the analyte gas. The conductivity of the heterocycles provides another opportunity to 

monitor changes due to interaction with gaseous species. Porphyrins and 

phthalocyanines can also act as a host material for the adsorption of gases, which can be 

monitored through the quartz crystal microbalance and surface acoustic wave 
(42,43,44) , a3,44) 

Organic vapours are mainly concerned with the by-products and reagents of 

food and plastic processes. The number of gases that could be associated with this 

group is large. Typical examples are methylbenzene, trichloromethane, propanone and 
(as) alcohols . 

Another industrially based application is gases that could be considered acid or 
base precursors. The monitoring of these gases is not only required for leak detection, 

but also for in situ control of reactions (46). The gases are those that, when combined 

with water, form an acidic or basic solution. The most prominent examples are HCl and 
NH3. 

With possibly the greatest number of applications, oxidising gases are also the 

most studied of the three groups (see Table 4). Suitable examples of detection of these 
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gases can be found in such diverse areas as swimming pools (Cl2), environmental 

monitoring (03), industrial processes (various halides), bomb detection (NO2) and 

battery monitors on submarines (C12). 

It is the toxic gases that have attracted the most attention and this PhD thesis 

focuses on the common industrial reagent, chlorine. 
Using Lexis®-Nexis® (a news archive database) (47), chlorine-related incidents 

were downloaded from 1992 to 2000 inclusively, then categorised and analysed. 
Combined with the data published by Greenpeace in 1991 (48), this information 

represents most of the chlorine-related accidents around the world between 1980 and 
2000 (Figure 12). 

Chlorine accidents can be broken down into a number of scenarios: at the 

swimming baths (municipal), at a production plant (production), during its use in 

another process (industrial) or even during transfer between locations (transport) 

(Figure 13). 
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Figure 12 - Chlorine accidents around the world 
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Figure 13 - Breakdown of type of chlorine accidents by year 

3.5.1 Gas detection techniques 

3.5.1.1 Optical Sensors 

There have been many studies on the effect of gases on the optical properties of 

thin films (see Table 4). UV-VIS absorption, in particular has frequently been used to 

follow the changes in a sensor as it is exposed to the analyte. 

The main advantages and disadvantages of optical sensors are shown in Table 3. 

Table 3- Advantages and disadvantages of optical sensors compared with other types 

Advantages Disadvantages 
Frequently no requirement for Ambient light can interfere 

a reference cell 
Often a simple design Often the sensors have a low 

selectivity 
Easy to miniaturise There are few long-lifetime, 

stable, inexpensive light 

sources 
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Compounds used in this technique may be tailored to absorb (before or after 

exposure to the gas) in the 460 and 700 nm regions, which is the wavelength of cheap 

commercially available LEDs and laser diodes. The signal from a photodiode is then 

measured and the response of the sensor determined via any change in the absorption at 

the particular wavelength of the light source. Whilst no reference cell is required, the 

light intensity may be monitored through a beamsplitter and photodiode to prevent any 

fluctuations in the output from affecting the response of the sensor. 
Other types of "optical" sensor include diffuse reflectance and fluorescence, 

which produce comparative results to the absorption sensors but are more expensive to 

produce (49, so, S1) 

3.5.1.2 Quartz Crystal Microbalance (QCM) sensors 

Originally designed to monitor the progress of metal deposition in vacuum 

evaporators, QCM devices are showing some potential as sensors. Two metal plates 

separated by a piezoelectric crystal are used to generate a standing wave propagating 

through the bulk of the material. Any adsorption of Vapours onto the surface of these 

plates results in a change in the resonant frequency of the system and hence, detection 

by mass. The selectivity of these sensors can be altered with different coatings, though 

the sensitivity may also depend upon the temperature and humidity of the carrier 
(52) gas 

3.5.1.3 Surface Acoustic Wave (SA 99 sensors 

Similar to QCM based sensors, these also rely upon generating an acoustic 

wave, though the propagation is primarily along the surface rather than through the bulk 

of the crystal. This means that the SAW sensor is much more sensitive to changes on 

the surface than the QCM system. The sensor also operates at much higher frequencies 

(typically between 25-500 MHz cf. 5-30 MHz for QCM crystals) and has a reference 
line to prevent changes in room temperature or humidity from affecting the detection. 
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Again, coatings can help to improve selectivity of these devices and the production is 

(53) relatively straightforward 

3.5.1.4 Surface Plasmon Resonance (SPR) sensors 

The technique is based upon the changes in a reactive film deposited on a thin 

gold layer. A laser (typically at 632.8 nm) is fired at the reverse side of the organic- 

coated gold layer, coupled into the surface plasmon mode with a prism, and the 

reflected light measured with a detector (54) (Figure 14). As the prism is rotated, the 

measured reflectance follows a characteristic curve (Figure 15). 

photodiode 

632.8 nm laser 
Optical chopper 

Q 
iris 

Beam is coupled using 
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50: 50 
beamsplitter 

Photodiode 

Figure 14 - Schematic of simple SPR apparatus 
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Figure 15 - Typical SPR scan from 38° to 50° 
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Whilst surface plasmon resonance is a localized effect, the plasmon wave 

generated does extend up to 200 nm into an overlying dielectric. This makes it a useful 

technique for monitoring changes close to the gold layer. A change in a deposited LB 

layer, for example when exposed to a gas, can be monitored through one or more of the 

following changes: 

1. The angle of the minimum reflectance increases or decreases. 

2. The depth of the minimum reflectance increases or decreases. 

3. The minimum reflectance "dip" broadens or sharpens. 

Typically, the fixed angle surface plasmon resonance sensors are preferred as 

they offer greater commercial potential (particularly the possibility of miniaturisation) 
(55,56) The important feature of this technique is that before a measured response can be 

taken, the direction and magnitude of the change in reflected signal must be known. 

This is to ensure maximum sensitivity to changes in the SPR curve (57) 

By scanning across a range of angles, the three changes listed above may be 

detected individually. This might produce more selective sensors but with more 

equipment required, the potential for miniaturisation would be much lower. 

The other alternative for scanning a range of angles is to use a charge coupled 

" diode (CCD) array to capture a range of angles whilst in a fixed position (58) 

3.5.1.5 Electrochemical sensors 

Electrochemical sensors encompass many different technologies: conductivity, 

semiconductor, capacitance, solid-state ionic and field effect transistor sensors. Of 

these, the conductive and semiconductive sensors are the most common (see Table 4). 

The conductive sensor measures the change in the electrical conductance of a 

material with exposure to the analyte gas. Often, these sensors produce the best results 
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(in terms of sensitivity, selectivity or reversibility) when operated at elevated 
temperature (see 3.5.2 A survey of gas sensing by thin films of tetrapyrrole pigments). 

Semiconductor sensors have the same disadvantages as the conductive sensors 
(best operated at elevated temperatures, poor reversibility) but they have improved 

sensitivity (see 3.5.2 A survey of gas sensing by thin films of tetrapyrrole pigments). 
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3.5.2 A survey of gas sensing by thin films of tetrapyrrole 
pigments 

A summary of the research into phthalocyanine and porphyrin thin films 

exposed to different types of gases can be found below (Table 4). 

Table 4- Summary of research into gas sensing with porphyrins and phthalocyanines 

Type of Sensors use d for detection 
gas Examples 

Optical QCM SAW SPR Electrochemical detected 
benzene, 

44,60, 
Organic trichloromethane, 49,59 61,62, 65 59,66 67 

63,64 
propanone 

Acid and 
Base HCI, NH3, SO2 

71' 
70, 68,69 92 92 72,73,74,75,76,77 

Precursors 
68,78,79, 92,93, 58,85, 

94, 86 
75,104,105,106,107, 
108,109,110,111,112, 

Oxidising X2, NO2,03 80,81,82, 
84 85 83 

89,90, 
91 

94,95, 
96,97, 

, 99,100, 113,114,115,116,117, 
, , , 86 87 88 98 101 102, 118,119,120,121,122, 

, , 103 123,124, 

3.5.2.1 Phthalocyanines and oxidising gases 

The UV-VIS spectrum of a Langmuir-Blodgett film of a 4-substituted 

phthalocyanine polysiloxane changes in a number of ways due to the presence of a 

halogen (I2). A red-shift in the main absorption peak attributed to the adsorbed 12 

interacting with the 7r-electrons is accompanied by broadening of the absorption band, 

which according to quantum mechanics, is the result of a reduction in symmetry (due to 

LB film damage) and the states it and i* being split by the adsorbed oxidising gas 

molecules (68). The use of an amphiphilic 8-substituted copper phthalocyanine in a 
Langmuir-Blodgett film to detect an electron acceptor gas shows that the classic 

Davydov splitting observed for these structures is not observed after the introduction of 

an oxidising vapour, indicating that the initial herring-bone formation on the substrate is 

distorted by the NO2 molecules. This effect is not seen in metal-free amphiphilic 
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phthalocyanines, leading to the conclusion that the central metal atom plays an 

important role in the interaction with electrophilic molecules like NO2 (84). 

A vacuum-sublimed copper phthalocyanine film is an excellent NO2 sensing 

material for use with QCM apparatus. When compared with GC-MS, the accuracy is 

comparable and the expense is much lower although the analysis time is much greater. 

This QCM method offers a real alternative to the expensive GC-MS (89). The 

comparison of different metal centres in a series of 8-substituted ethylhexyloxy 

phthalocyanines reveals that the central atom affects the response time and the 

sensitivity of a QCM. These sensors are not reversible even under elevated 

temperatures, optical absorbance spectra indicating that there is an increase in the 

number of sites unable to form a charge-transfer complex with NO2 in the LB film (90, 

91) 

The use of a SAW sensor coated in a 4-substituted sulfonated copper 

phthalocyanine provides an inexpensive, small and sensitive NO2 sensor. The sensor 

has a linear response to the electron acceptor gas up to 12 ppm (with a mean sensitivity 

of 128 Hz/ppm) and an upper limit of 25 ppm. At this saturation point the response 

time is 10 minutes and the recovery time is 40 minutes; at greater concentrations the 

film becomes irreversibly damaged (93). However the use of lead phthalocyanine shows 

an even greater sensitivity and reversibility when the substrate is heated. In fact, the 

sensitivity increases so much for NO2 that the upper detection limit of the sensor must 

be lowered to prevent the SAW sensor "jumping" to other frequency modes (when 

exposed to 0.64 ppm at a substrate temperature of 70 °C the resulting change in 

frequency is -3 kHz). When the film thickness is reduced (15 nm) the evaporated lead 

phthalocyanine has a response time of a few minutes and a sensitivity of 800 Hz/ppm, 

the detection limit for this sensor at 120 °C is only 5 ppb (95). Thermal evaporation is 

expected to produce films that are compact and not easily accessible to the analyte gas. 
This is not seen with the lead phthalocyanine, clusters are likely to form during 

deposition initially forming a porous film (sensitivity increases with film thickness up to 

10 nm) (98). The use of simple short chain silicon phthalocyanines (e. g. t-butyl) 

deposited onto a SAW sensor also shows good sensitivity to oxidising gases and 

produced a linear response (up to 170 ppm) and a lower detection limit of 40 ppb (92). 

Further investigations into the effect of the central metal atom on the sensitivity and 
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response time of SAW sensors shows that copper phthalocyanine has a faster response 

time but lower sensitivity (than iron phthalocyanine) to NO2 (97). When comparing a 

series of phthalocyanines using SAW and SPR sensors it is notable that thin films are 

preferred; the response times are much faster for both techniques and the sensitivity of 

the SPR method is much higher with thin films (94) 

The Langmuir-Blodgett film of a silicon t-butyl phthalocyanine may be a useful 

NO2 sensor because the main absorption peak is at 633 nm (i. e. that of a HeNe laser). 

The film's absorption spectrum bleaches with exposure to an oxidising gas and partially 

recovers over a period of days at room temperature. The SPR gas sensing was 

performed on a silver-coated substrate with 10 layers of w-tricosenoic acid deposited to 

protect the metal interface from the corrosive NO2. The effect of the electron acceptor 

gas on the SPR curve of the sensor was to induce a small reduction in its halfwidth. 

There is no observed change in the minimum reflectance or the angle at which this 

occurs until significantly higher concentrations of the gas are used to attack the film. At 

this point it is likely that the angular shift observed is the result of the co-tricosenoic acid 

protective layer failing to protect the silver film and the formation of an absorbing 

surface layer on the metal interface (86). One interesting departure from the traditional 

use of silicon photodetectors in SPR experiments is the use of a CCD array to capture 

the whole SPR curve without the need for rotation stages. The use of a zinc butoxy 

carbonyl phthalocyanine deposited onto a silver layer to detect of 20 ppm NO2 is shown 

to result in a reduction in halfwidth of the SPR curve and a shift to lower angles. This 

process was irreversible due to the formation of an absorbing layer on the silver (86). 

Some reversibility can be found with the use of a gold layer (instead of silver), as it is 

more resistant to corrosive gases such as NO2. The other advantage of using gold is that 

self-assembled monolayers can be deposited with ease, providing a simple and quick 

method of coating the film (100). Thin films of crown-ether- and 8-substituted 

phthalocyanines which have been spin coated onto gold-coated substrates are capable of 
detecting NO2 concentrations of circa 1 ppm. The reversibility is lower than 

electrochemical equivalent sensors but their dependence on humidity is significantly 
less (101). The SPR characterisation of a crown-ether phthalocyanine shows that when 

exposed to an electron-acceptor gas there is a significant reduction in c; (the imaginary 

35 



part of the dielectric permitivitty) at wavelengths close to the main absorption band of 
X102 the dye, and good reversibility , 103> 

The comparison of an asymmetric phthalocyanine (with one crown ether ring 

attached) deposited by two methods (LB and spin coating) shows markedly different 

semiconducting gas-sensing properties. It is likely that the densely packed and highly 

ordered Langmuir-Blodgett films hinders the diffusion of the gaseous molecules thereby 

reducing the exposure of the bulk of the film to the gas which therefore reduces the 

sensitivity of the film and increases the response and recovery times. The randomly 

orientated and more porous spin coated films that have a higher sensitivity and lower 

response time demonstrate that the physical structure and molecular packing of the 

molecules affect the gas sensor ability (75). 

The effect of NO2 gases on the conductivity of thin phthalocyanine films can be 

monitored as a gas sensor (124). The combination of oxidising gas acting as a n-electron 

acceptor and the weak interaction between the positive charge (delocalised over the 

phthalocyanine ring) and the negative charge localised on the NO2 produces an increase 

in the conductivity of the film (104,105, tos. 115) malst the response times are relatively 
fast, the recovery period is insufficient for practical uses. Therefore the substrate is 

heated to promote desorption of the gaseous molecules (106,109,110,114) 
. It can also be 

shown that for some phthalocyanines, the use of a heated substrate increases the 

sensitivity of the sensor (111,112' 116,122,123) Whilst some structurally disordered films 

can offer more potential sites for the electron-accepting gases (113,120), other more 

ordered films also have high sensitivity and low response and recovery times (117,118,121) 

A comparison of three different phthalocyanine films, one pure, one cooled to 77 K and 

one doped (post-deposition) with NO2 shows that they all follow a linear response to the 

increase in gas concentration, although the N02-doped phthalocyanine sensor has a 
(1 response 20 times the magnitude of the other two films 19). 

3.5.2.2 Porphyrins and oxidising gases 

A comparison of zinc and metal free sulfonamido porphyrin LB films shows that 

the former responds poorly to chlorine gas, only resulting in a small decrease in the 
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Soret absorption band, but that the latter however, forms a dication through the addition 

of 2 protons to the central ring system. This is characterised by a reduction in the main 

absorption peak at 420 nm, a decrease in the Q band between 500 and 650 mm and the 

formation of new bands at 445 and 650 nm. It is thought that the metal atom effectively 

quenches any protonation of the central ring and a it-radical cation is formed through 

interaction with the electron acceptor gas. The metal free porphyrin however, forms a 
dication upon exposure to an oxidising gas (protonation of the central ring is likely to 

occur due to an interaction between the chlorine and atmospheric water). The 

orientation of the porphyrin in the Langmuir-Blodgett film is shown to have an effect on 
its gas sensing properties. The sensitivity is increased when the central ring is parallel 

to the substrate, thereby making it more accessible to the gas and indicating that it is this 

it-electron system which is the gas-sensitive region. For this particular porphyrin, the 

saturation point occurs at 2 ppm and repeated dosing experiments show that the 

sensitivity is reduced after exposure to concentrations exceeding this. It is also seen that 

a small increase in temperature of the film increases the sensitivity and reversibility of 

the gas sensor (78,79,80) 

The use of ultra fast LB deposition with an ethylhexyloxy (EHO) free base 

porphyrin indicates (by AFM) that clusters of molecules are deposited onto the surface 

of the substrate and the significant separation between these -1 µm domains allows an 

easier route for the gas to diffuse through the film. These porphyrin assemblies are 

much thicker than expected and these island-like formations may be explained by one of 

two theories. Either the clusters were pre-formed on the water surface or small droplets 

of water (with the monolayer on) are formed during the transfer process. These droplets 

evaporate, leaving the porphyrin monolayer in a patchy form and subsequent 
depositions involve preferential film growth onto these porphyrin assemblies. The 

macrocycle forms the dication upon reaction with chlorine and as only dry gases were 

used, the source of the water required to react with the oxidising gas in order to 

protonate the central ring must be the LB film itself. A comparison of the gas sensing 

properties of porphyrins trapped in sol gel matrices and their LB equivalents using EHO 

and ethylbutoxy (EBO) porphyrins demonstrates a greater sensitivity for an electron 

acceptor gas was found with the dye-doped sol gel films. These sensors are simpler to 

manufacture although there was evidence of strong moisture dependence, unlike the LB 
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films. Further studies on the LB films of these porphyrins show that the sensitivity to 

the gas is reduced when the substrate temperature is increased because desorption is 

(80, to adsorption , 81,82,87) 

A 4-substituted long chain (stearamido) porphyrin reacts rapidly with chlorine 

gas (5ppm in Nitrogen) in a similar fashion to the ethylhexyloxy and sulfonamido 

porphyrins mentioned previously. It is more noticeable that the interaction is a two- 

stage process with a quasi-static decay of the main absorption band (due to oxidation by 

the gas) coupled with a quasi-exponential growth at 460 and 700 nm (due to dication 

formation) (83). The use of a silicone rubber matrix to encapsulate a porphyrin free base 

has the advantage of simpler deposition whilst maintaining a high permeability for the 

gas to attack the dye. The use of fluorescence as the method of sensing has further 

indicated the presence of a dication on reaction with an oxidising gas such as C12 and 

control of film temperature has improved reversibility . 
(88) 

The use of an SPR sensor with an EHO porphyrin coated onto a silver layer 

shows some sensitivity for NO2 at 488 nm but poor detection at 633 nm. It is likely that 

the optical properties (i. e. thickness and dielectric permitivities of the film) measured at 
488 mit are related to the dispersion properties due to the absorption band of the dye. 

Therefore the true structural properties were estimated from measurements taken at 
(633 nm ýý 

4. The aim of this thesis 
Some of the dyes studied in this thesis have never been characterised in 

Langmuir-Blodgett films before. Others (particularly the copper tert-butyl 

phthalocyanine) have been the subjects of numerous research projects on thin film gas 

sensors and their results are well known. The inclusion of these established films offers 
the chance to compare and contrast known results with those obtained in this thesis and 

attempt to identify the role of the chemical structures of these materials in gas sensing. 
The accuracy of the analysis of Pressure-Area Isotherms (a key experiment in 

any Langmuir-Blodgett-based studies) has always been subject to the experience of the 

experimenter. A technique that relies upon pure fact and not interpretation and 
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guesswork would provide a more reliable method of analysing the floating Langmuir 

films and hence offer greater insights into the characterisation of the deposited dyes. 

The use of surface plasmon resonance and ultraviolet-visible spectroscopy for 

gas sensing has long been established. These methods provide the ability to monitor 

changes in a deposited thin film where there is some change in the electronic properties 

of the film. For example, for ultraviolet-visible gas sensing to be successful, there must 
be a change in the absorption spectra after exposure to the analyte gas. In the case of 

the macrocycles, this may be achieved through the interruption of the delocalised it- 

electrons flow around the unsaturated ring system. 
It is the aim of this thesis to characterise some porphyrins and phthalocyanines, 

determine an accurate method of analysing the Pressure-Area isotherms and determine 

whether any of the materials are sensitive to chlorine gas using surface plasmon 

resonance and ultraviolet-visible spectroscopy. 
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CHAPTER TWO 

Experimental procedures 

40 



1. Synthesis of Materials 

A short series of phthalocyanines (dyes I to III, p 60) were synthesised by Prof. 

C. L. Honeybourne (UWE, Bristol) and several free-base porphyrins (IV to IX, p 77) 

and a triple-layer porphyrin-phthalocyanine complex (X, p 94) were provided by Dr. T. 

H. Richardson (Sheffield University). 

2. Preparation of Solutions 

All the materials studied were first dissolved in trichloromethane (UL grade, 

Ultrafine Ltd. ) at a relatively low concentration (circa. 0.01 mg ml''). Initial analysis 

showed that even at 0.1 mg ml-1, particulate matter was still present in the solution. The 

use of this solvent, as opposed to another more suitable solution was due to the heavy 

emphasis on Langmuir-Blodgett experiments (for which trichloromethane has ideal 

properties). The material was weighed in a small (12 mm x4 mm x4 mm) aluminium 

boat on an electronic balance (Ohaus 200D, 0.01 mg sensitivity). The boat and the 

material were transferred into a volumetric flask that had been cleaned in an ultrasonic 

bath with a series of solvents (isopropanol, trichloromethane and ultra-pure water). The 

vessel was filled with trichloromethane to the mark on the neck of the flask (the volume 

of the aluminium boat was considered negligible). The solutions were carefully mixed 

using wrist rotation to prevent any fracturing of crystals due to more vigorous methods 

(e. g. sonication, violent vertical shaking etc. ). The volumetric flasks were covered with 

aluminium foil to prevent any light degradation. 

41 



3. Pressure-Area Isotherms 

The characterisation of the Langmuir films of each dye was performed on a 

Nima Technology 601 isotherm trough (Figure 16). The PTFE lining was cleaned prior 

to use with a 1: 1 mixture of isopropanol and trichloromethane and lint-free tissues 

(from Countdown Cleanroom Systems). On a regular basis, the trough was also cleaned 

with a warm potassium octanoate solution and rinsed with ultra-pure water. Before 

isotherms could be measured, three calibrations were required. Firstly, the area was 

measured and compared against the displayed data; the settings were adjusted as 

required. 

Figure 16 - Isotherm trough housed in a cleanroom environment on a vibration 
isolation table 

Secondly, the barrier speed was calibrated using the in-built software. Finally the 

pressure sensor's microbalance was calibrated for a weight range of 100 mg. Once 
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these had been performed, the trough was filled with fresh ultra-pure water (obtained 

from the Millipore (Milli-Q 185 Plus) ultra-pure system (which, in turn, was supplied 

with water from a Fistreem Cyclon distillation unit) ensuring that the meniscus of the 

subphase was sufficiently positive to allow for cleaning. The barrier was closed and, 

using a plastic Pasteur pipette attached to a water aspirator (Capex 2LC), any dust or 

particulate matter was removed from the water surface. The water level was adjusted so 

that the meniscus was only just visible above the level of the PTFE lined side (i. e. a 

positive meniscus). 
A piece of chromatography paper (Whatman chromatography paper, 10 mm x 

0.1 mm x -20 mm) was attached to the pressure sensor, then after lowering into the 

water, it was lifted out until just before collapse of the meniscus around it. This ensured 

maximum sensitivity to any changes in the surface tension of the water. The system 

was then left to allow the paper to equilibrate with absorption of the water (usually this 

was when the pressure sensor had reached -73 mN m 1). During this time, the water 

surface was protected from any further contamination with a plastic cover. During the 

experiments, this cover was removed to prevent water or solvent vapour being trapped 

at the water-air interface, which might have affected the pressure sensor or floating film. 

Once the pressure sensor had stabilised the reading was zeroed and the barrier opened. 

The material being studied was deposited onto the water surface using microsyringes 

(Hamilton 500 µl or 100 µl), which had been previously washed with trichloromethane 

and the relevant solution. The dye was spread over the water surface (avoiding the area 

around the pressure sensor to prevent direct absorption onto the Wilhelmy plate) and 

allowed to evaporate for around 10 minutes. For very dilute solutions where a large 

volume of dye was needed to fully appreciate the isotherm graph, no more than 1000 µl 

was deposited without a break to allow solvent evaporation. In these circumstances, 

particular care was taken to look for telltale signs of bilayer formation. This can 

manifest itself in a number of ways. Sometimes lensing can occur where new drops of 
dye solution is added to a section of subphase with a solid monolayer and forms what 
looks like a bubble on the surface. More often, film-breaks are visible as thin dark 

coloured lines around the edges of the surface water area. 
The barrier was closed at a uniform rate of 30 cm2 min 1, which is generally 

considered slow enough for molecular re-orientation on the subphase, slow enough to 
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mask any dynamic effects but quick enough to prevent the dye collecting at the edges of 

the trough and distorting the isotherm graph. Once the data has been collected, the 

material was removed from the water surface using the Pasteur pipette and water 

aspirator. The trough was again cleaned with the 1: 1 solvent mix and lint-free tissues 

ensuring that all areas were completely free of dye. 

4. Cleaning of Substrates 

The substrates mainly used in this work were glass microscope slides (BDH 

super premium microscope slides, 0.8-1.0 mm thickness 25 x 75 mm2), gold-coated 

glass microscope slides and quartz crystals (International Crystal Manufacturing Co., 

10MHz Quartz oscillators). 

4.1 Glass slides 

The glass slides were rigorously cleaned with the following procedure: 

1. Two sets of 19 slides were cleaned in one session, they were only chosen from 

brand new un-opened packs (each packet containing 50 slides). 
2. They were checked for blemishes and scratches (on average 9 or 10 were 

discarded from each new pack due to flaws), ensuring that the substrates were 
isolated from finger grease by using powder-free gloves. 

3. The slides were mounted in dye racks, immersed in isopropanol and sonicated in 

a water bath (making sure that the water level of the water was above that of the 

slides) for 15 minutes. 
4. Using plastic tweezers, each slide was removed from the isopropanol, gripped 

between a gloved forefinger and thumb and wiped in one direction first in an 

area of lint-tissue previously doused with a little propanone, then in a clean (dry) 
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area in the same direction. This removed the polish applied to the slides at 

manufacture without smearing. 
5. After wiping, the slides were immediately placed in another staining rack 

already immersed in trichloromethane. 

6. The slides were sonicated in the following solvents for 15 minutes each: 

a. Trichloromethane 

b. Isopropanol 

c. Ultra-pure water 
d. Isopropanol 

e. Trichloromethane 

f. Isopropanol 

g. Ultra-pure water. 
7. Finally the slides were immersed in isopropanol and refrigerated until required. 

When the slides were to be used, they were removed from the solvent using 

plastic tweezers and immediately dried in a fast stream of air. The solvent was 

"pushed" by the air towards the tweezers to remove any lingering contaminants from 

the surface of the substrates. The solvent was not allowed to just dry on the slides as 
this often caused streaks and smears to appear. On warmer days when the solvent was 

evaporating too quickly for this method, they were removed from the isopropanol and 

then washed in a stream of ultra-pure water and dried as above. 

4.2 Quartz Crystals 

These substrates were not only much smaller than the microscope slides but also 

used more than once. The cleaning was a much simpler process (as no polish was 

present on the crystals): washing the crystals with trichloromethane, isopropanol and 

ultra-pure water. Any droplets of water left on the substrate were removed with a lint- 

free tissue using a dabbing technique to prevent smears, streaking and more 
importantly, avoiding breaking the crystal's delicate thin metal arms (which attach the 

gold electrodes on the surface of the crystal to the power supply and measuring device). 
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At the conclusion of the experiment, the same procedure was followed to ensure that 

they were stored in a clean condition. 

4.3 Gold-Coated Glass Slides 

The microscope slides used for deposition of gold were cleaned as described in 

the Cleaning of Substrates - Glass slides section. After the coating of the gold layer 

and removal from the vacuum chamber, the slides were washed in the same procedure 

as the quartz crystals. This time however, any water droplets were either driven from the 

surface with a stream of air, or allowed to remain (if the substrate was about to be used 
for deposition). Any use of lint-free tissues to remove the extraneous liquid would have 

resulted in partial or even full removal of the very thin gold layer. 

5. Langmuir-Blodgett Deposition 

Once the Langmuir film had been examined using the isotherm technique, a 
Langmuir-Blodgett film was deposited onto a substrate. For quartz crystals, a Nima 

Technology series 2000 trough (Figure 17) was used with a vertical dipper modified to 

hold the circuit box attached to the crystal. 
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Figure 17 - Series 2000 Nima Technology single compartment round trough 

For all other depositions, a Nima technology 622 alternate layer trough with a rotating 
dipper mechanism was utilized (Figure 18). The procedure employed with both pieces 

of equipment was essentially the same. 
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Figure 18 - Alternate layer trough, Nima Technology 622 double compartment 

The PTFE lining was cleaned with the same method described in the 

Pressure-Area Isotherms section of this chapter and the pressure sensor's microbalance 

was calibrated for a weight range of 100 mg. Once the water had been added and the 

Wilhelmy plate given time to reach its equilibrium (then zeroed), the dye was spread 

over the water surface (in the case of the alternate layer trough, the side where the slide 

would penetrate the air-water interface on the down-stroke was kept clean). After 

allowing the solvent to evaporate, the area available to the molecules on the water 

surface was reduced to a pre-determined figure and, using a feedback from the surface 

pressure measurements, the barriers automatically adjusted to maintain this value. For 

the alternate layer troughs, the deposition of the Langmuir-Blodgett films then 

proceeded at 7 mm min-' during the breaching of the air-dye-water interfaces and 

100 mm min"' elsewhere. For multilayers, the speed was reduced to 50 mm min-' in the 

region where the newly deposited layer was exposed to the air, to allow it to dry and 
help reduce the loss of the film on the down-stroke into the clean (water) side of the 
trough. For the series 2000 troughs, the crystal was lowered into the water before any 
dye was spread. Once the required surface pressure was achieved, the deposition 

commenced at 7 mm min-. 
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In both cases, when the deposition was complete any water droplets were 

allowed to evaporate in the air for fear of damaging the fragile thin films with a lint-free 

tissue or a stream of air. 
The troughs were cleaned in exactly the same way as described in the 

Pressure Area Isotherms section of this chapter. 

The equipment used for depositing these materials was not area-calibrated. This 

meant that the transfer ratio (a way of measuring the approximate level of coverage of 

the substrate) could not be calculated accurately. However, comparisons of the 

up-stroke and down-stroke ratios of multilayers indicated whether the films were being 

removed when re-entering the water. 

6. Ultraviolet-Visible Spectroscopy 

The ultraviolet-visible spectra (UV-VIS spectra) of the dyes both in solution 
(trichloromethane) and after deposition were recorded using a Perkin Elmer Lambda 7 

spectrophotometer. 

6.1 Solution 

Using a pair of matched quartz cells, a background scan of trichloromethane (in 

both the sample and reference line) was taken. The cell in the sample line was emptied 

and refilled with the dye solution (see D. 2 Preparation of Solutions) and a spectrum 
between 200 nm and 900 nm obtained. Occasionally, further dilution of the dye was 

required to prevent saturation at certain wavelengths. 

6.2 Monolayer 

A background scan of clean dry slides from the same cleaning batch was run 
before replacing the sample line with the newly deposited substrate. UV-VIS spectra 
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were obtained between 300 nm and 800 nm, though often the absorption of the glass at 

330 nm meant analysis could only take place above 350 nm. 

7. Quartz Crystal Microbalance (QCM) 

Measurements 

After cleaning the series 2000 trough (see Pressure Area Isotherms) and the 

quartz crystal (Cleaning the substrates - Quartz Crystals), the Wilhelmy plate was 

allowed to equilibrate in the freshly cleaned water (a plastic Pasteur pipette and 

aspirator were used to remove any dust and floating matter from the subphase). In the 

meantime, the quartz crystal was being driven by a 9.01 V power supply (Thandar 

TS 15) and it's frequency recorded. To prevent any external effects such as static, air 

movement, dust etc. during this period the crystal was housed in a cell lined with 

aluminium foil and earthed. When the frequency change over 10 minutes was less than 

1 Hz the power was cut and the crystal lowered under the water surface. The deposition 

of the monolayer then commenced (see Langmuir-Blodgett Deposition). 

Again the crystal was placed in the earthed isolation chamber and the power 

supply reconnected. The frequency was recorded and noted every 45 minutes. Once 

the frequency change was less than 1 Hz, the value was compared to that obtained from 

the clean substrate and using the following calculations, the area per molecule on the 

substrate calculated (Equations 3-7). 

The experiment was repeated for the same dye with fresh films deposited at the 

same surface pressure. At least 5 measurements were taken for each material and the 

average molecular area considered. The range of results for each molecule was also 

examined to determine the degree of order present in the deposited film; an ordered film 

generally has a lower range of results compared to randomly orientated films. 

50 



Sauerbrey's equations 
(125): 

or 

Table 5- Sauerbrey's calculation symbols 

2 

AF= Am Equation 3 
`4 pa /Je 

Qm-_ 
AFA 

2FPgP9 
Equation 4 

, 

Symbol Meaning Unit / Value 

Am Change in mass g 

AF Change in frequency Hz 

A Electrode area 2.059 x 10-5 m2 

Pq Density of quartz 2.648 x 106 g m3 

µy Shear modulus of quartz 2.947 x 1013 gm -I S-2 

Fa Fundamental frequency of QCM 10 x 106 Hz 

Amoi Area per molecule nm2 

MW Molecular Weight g moO 

NA Avogadro's constant 6.022 x 1023 molecules mol'' 

Therefore Am = -(9.09 ± 0.0 I)xl V°AF Equation 5 

Using a -tricosenoic acid to calibrate: 

Om = -(9.44 ± 0.01)x10"10 AF Equation 6 

Using Equation 4, the change in mass (i. e. the amount deposited) is calculated and the 

area per molecule was determined by: 

Amo! - 
2A(MW1018 

Equation 7 
N. Am 
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8. Deposition of Gold Layer 

The gold layer was deposited onto glass microscope slides using an Edwards 

306A thermal evaporation unit (Figure 19). 

Figure 19 - Edwards 306A Coating System with water pumps and thickness monitor 

The deposition chamber in the Edwards coater was stored under a slight 

vacuum. Once this was removed by allowing air into the bell jar, all the areas likely to 

be exposed to the vacuum and evaporated gold were cleaned with lint-free tissues and 
isopropanol. The masks used to imprint the desired pattern of gold on the substrates 

were also cleaned and placed in the workholder ring. The crystal used to monitor the 

thickness (Intellemetrics SN66HG) was checked for cracks and defects, ensuring no 
build up of gold around the aperture of the water-cooled crystal-holder. The cleaned 

glass microscope slides (see Cleaning of Substrates - Glass , Slides), were dried 

thoroughly in a vigorous stream of air and placed between the masks. Once the slides 
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were in position and the crystal tested (using the in-built software), 80 mg of gold 
(Aldrich, 99.9999% pure) was weighed and placed into a molybdenum boat situated 
between two low-tension terminals. The boat had previously been cleaned by heating 

under vacuum and then stored with the gold in an evacuated dessicator. Once the gold 

was in position, the bell jar was sealed again and ensuring the implosion guard was in 

place, the air driven from the vacuum chamber with the rotary pump. 

When the pressure was close to 6x 10.2 mbar, the backing chamber (i. e. the 

region below the deposition area) was exposed to the diffusion pump and then the bell 

jar itself, by raising the baffle plate. At this point liquid nitrogen was introduced to help 

speed up the removal of the gases from the system. After a couple of hours of pumping 

down, the pressure was low enough to have firstly removed any water (below 

104 mbar) and secondly, was suitable for the high quality gold film coating required (no 

greater than 5x 10-6). 

The thickness monitor was switched on, allowing the deposition rate to be 

observed. The voltage applied to the molybdenum boat was slowly increased to a level 

where the gold was just beginning to pool. At this time, using a pair of polarized 

glasses, a swirling effect on the surface of the molten gold was observed. The shutter 

was opened and the voltage again adjusted to allow slow but steady coating of the glass 

slides (between 0.5 and 1.5 nm miri 1). 

Once the desired thickness was obtained the shutter was closed and any unused 

gold in the molybdenum boat burned off. The substrates were then left in the system 

under vacuum for around 30 minutes to allow the gold to anneal the glass surface. 
The diffusion pump was then isolated from the bell jar and the deposition 

chamber exposed to air. The slides were carefully removed and either cleaned (see 

Cleaning of Substrates - Gold Coated Slides) prior to immediate use or stored in a 

vacuum dessicator. 

All areas exposed to the gold were cleaned thoroughly with lint-free tissues and 
isopropanol and the chamber stored under a vacuum circa 10'2 mbar. 
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9. Surface Plasmon Resonance (SPR) 

Characterisation 

Directly after coating the glass slides with gold, cleaning and drying them, the 

slides were used for surface plasmon resonance characterisation (Figure 14 and Figure 

20). 

narrow handpass filters Optical iris rotation 
chopper staýgý 

waýelenuth (nm) 

tun. �Qt/ 

632.8 

1064.0 

532.0 

541.5 

50/50 detector 
heanms litter 

tun. (tunable), 1064.0 nm and 543.5 nm not used in these experiments 

Figure 20 - SPR apparatus diagram 

Using gloved hands (sterile non-powdered gloves), the non-coated side of the substrate 

was wiped with propanone then dried with a lint-free tissue (taking care to only wipe in 

one direction). A small drop of the matching solution (methyl benzoate, Aldrich 97% 

pure) was placed in the middle of the gold-free side (this is used to prevent an interface 

forming between the prism and the glass slide). Holding the slide at an angle, one edge 

of the BK7 prism was introduced to the base of the slope thereby preventing loss of the 
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fluid. The top edge of the prism was now pivoted on this base, slowly, to allow 

capillary action between the two glass components as they came together to drive the 

matching liquid "up" the interface. By using this technique (as opposed to introducing 

the prism face-to-face with the slide), the formation of air bubbles was discouraged. 

Once the two glass components were matched, they were placed on a lint-free tissue to 

allow any extra liquid to be absorbed by the material and then moved to the rotation 

stages. 

The prism was placed directly against the far walls of the sample stage and one 

of the ends of the slide made flush with an end of the metal holder. This was to ensure 
that scans took place at the same location. The bottom rotation stage's locking screw 

was released and the prism manually rotated until the beam was reflected off the front 

face straight back down the beam line (which equated to an internal reflected angle of 
60°). The top stage was also adjusted to align the sample detector to the beam. Both 

locking screws were tightened and a scan from 60° to 50° performed. The position of 

the front-face-reflected beam was noted at 50° and the stages' micrometers reset to 0. 

Again the locking screws were undone and this time the stages set to reflect the beam to 

the position now marked as 50°. A scan of 241 points between 50° and 38° was then 

performed ensuring that the pre-amplifiers and the lock-in amplifiers were set to 

, maximise the signal without saturation (sa) 

The data were automatically normalised and the results were compared with 
theoretical calculations. A series of error-reducing programs (including a simplex least 

squares analysis, Monte Carlo simulation and hybrid Monte-plex analysis) were used to 
find the set of values required to produce the obtained experimental data. This was 

often a black art and many attempts were required to produce least square errors which 

were low enough to be considered viable (generally below 1.5 x 10'3). Each scan was 
"fitted" to theoretical data at least 4 times and the average (including the variation) 

considered. 

To make comparisons simple, results are reported only for 632.8 rim, although 

some scans were performed at 532.0 nm as a method of checking the veracity of some 

results (mainly the thickness as other results vary with wavelength). 
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10. Molecular Modelling 

Chemdraw and Chem3D (CambridgeSoft Ltd) were used to draw the structure 

of each molecule, which could then be converted into a 3-Dimensional representation. 

A simple minimisation procedure built into the 3D package was used to reduce the 

internal steric hindrance of the molecule (caused by the positions of the atoms) by 

adjustment of bond lengths and angles. The results gave approximate values of the 

dimensions of the molecules. This allowed the orientation of the molecules to be 

estimated from SPR, QCM and Isotherm results. 

11. Chlorine Gas Sensing 

SPR and UV-VIS Spectroscopy assessed the sensitivity of the response of an LB 

film to chlorine (in the ppm range, balanced by nitrogen). 

11.1 Surface Plasmon Resonance 

The first experiment performed was to check that the reflected intensity did not 

change when just gold was exposed to the chlorine gas (i. e. that the gold didn't react to 

the gas). In total, 4 dyes were studied with this technique, though only 2 provided 

enough sensitivity to detect a change. 
After the sample had been deposited onto a fresh gold slide, the material was 

characterised by surface plasmon resonance. From the SPR result obtained, the first 

differential of the curve indicated the steepest section (Figure 21) and hence the position 

of the prism required for maximum sensitivity during the fixed angle experiments on the 

gas rig (Figure 22). 
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Figure 21 - First differential of the SPR curve can show the steepest section of the curve 

Figure 22 - SPR gas rig apparatus 
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Using Equation 8 the internal angle, °int (i. e. that displayed in the SPR graph) was 

converted into the position of the manual rotation stage required, O 

0_ sin-' 
1.1515.0U m6rn, Equation 8 

Where 1.515 and 1.00 are the refractive indices of BK7 and air respectively (at 

632.8mn). 

The stage was set to the corresponding angle and the sample detector centred on 

the beam. Nitrogen was then pumped through the system and the changes in the 

reflected intensities monitored with the lock-in amplifier (Stanford Research Systems, 

SR 850, from the sample detector) and Kiethley Scanner (199 DMM/Scanner, from the 

reference detector). When a flat baseline was achieved, the chlorine gas at the relevant 

concentration was introduced to the sample. After a period of time, the chlorine was 

switched off and the recovery under nitrogen monitored. 

11.2 Ultraviolet-Visible Spectroscopy 

With little sensitivity found with the surface plasmon resonance technique, the 

system was altered to allow for measurements with UV-VIS spectroscopy. A Charge 

Coupled Diode (CCD) array was exposed to light passing through the sample from a 

white light source via fibre optic bundles and a monochromator. This allowed spectra 

to be taken up to every 21 ms, although due to the low absorbance of the monolayers, 

the exposure time often accounted for results being taken at least every second. Also 

with some experiments lasting an hour, spectra were taken every 30 seconds to balance 

monitoring of reactions with number of spectra to analyse. The CCD array was cooled 

to 3 °C to minimize "dark noise signals" (any lower and ice crystals would have formed 

on the detector head possibly affecting the recorded spectrum). A cover was also 
designed to minimise any external light and reduce noise (though the windows were 

also blacked out and the lights turned ofd. 
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For clarity, spectra were also recorded using the Perkin Elmer 

Spectrophotometer (both before and after exposure to chlorine, with further scans taken 

to monitor the recovery in air). Initial studies showed that the time taken transferring the 

slide from the gas rig to the Spectrophotometer was negligible (comparing a transferred 

slide to one with the chlorine trapped in the sample cell). 

Glass slides from the same cleaning batch were used for background scans with 
both spectra-capturing techniques and a freshly deposited slide then inserted into the 

sample cell. In all cases the film was first exposed to nitrogen before introducing the 

relevant concentration of chlorine. 
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CHAPTER THREE 

Results and discussion 
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1. Phthalocyanines 

A short series of phthalocyanine dyes (Figure 23) were characterised in the form 

of Langmuir-Blodgett films. 
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Metal (M) 

Cu 

Zn 

H2 

01 

zz-zý R 

Substituent (R) MW 

t-butyl 800.49 

t-butyl 802.34 

t-butyl 738.96 
Figure 23 - Phthalocyanine dyes used (supplied by Prof. C. L. Honeybourne) 

These materials have significant spectral features (after dissolving in 
trichloromethane) in two distinct regions - the so-called B-band between 300 and 400 
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nm and a more intense absorbance (Q-Band) between 600 and 700 nm (e. g. dye I, 

Figure 24). The higher wavelength features have been assigned to transitions between 

(126) bonding and antibonding orbitals, e. g. irn* states 
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Figure 24 - UV-VIS absorption spectrum of dye I in trichloromethane 

Compared with other macrocycles containing a high degree of unsaturation in 

the ligand, the Q-Band is broad consisting of a series of peaks. This increase in 

complexity has been associated with the electronic transitions from filled nonbonding 

orbitals, localized in the azomethine groups (which gives rise to n 7c* excited states) 
(127) 
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When deposited as a Langmuir-Blodgett film, the spectra change in a number of 

ways. In dye I, the . max (i. e the most prominent spectral feature - in the case of 

phthalocyanines this occurs at around 650 nm) is blue-shifted by 62 nm probably due to 

solid-state packing effects (Figure 25). 
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Figure 25 - Demonstration of solid-state packing effects in dye 1; dye in trichloromethane (-) and 

monolayer (-- -) forms 

The zinc phthalocyanine (dye II) does not demonstrate any of the blue-shifting 

seen in the copper moiety; in fact a small red-shift of around 6 nm is present (which is 

within experimental error) suggesting that the packing arrangement seen in dye I does 

not occur (Figure 26). 
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Figure 26 - Demonstration of the lack of solid-state packing effects in dye 11; dye in 

trichloromethane (-) and monolayer () forms 

For dye III, the analysis of the change in absorption spectra from solution to Langmuir- 

Blodgett film proves very difficult. The 2 main peaks seen in the trichloromethane 

spectrum (at 662 nm and 669 nm) have now been reduced to just one absorbance at 

621 nm (Figure 27). It is also clear that (comparing monolayer absorbances for the 

three dyes) the intensity is significantly larger for the metal-free phthalocyanine 

(Table 6). This is a spectroscopic effect characteristic of a change in symmetry (the 

metal-free tetra-substituted moieties have, at best, a two-fold centre of symmetry, whilst 

the metallated have four-fold). 
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Figure 27 - Comparison of the UV-VIS absorbance of Ill in both trichloromethane (-) and 

monolayer (--) forms 

Table 6- Comparison of Xma. of monolayers of phthalocyanines 

Dye ?,,, (Q-Band) / nm Absorbance at 

1 615 0.0045 
II 683 0.0045 
III 621 0.0195 

Further clues to the nature of these molecules on the water surface (i. e. in 

floating film form) can be found in the analysis of their Langmuir films using pressure- 

area isotherm graphs. Initially, dye III appears to form the most stable and compact 
floating layer as it is a steep curve with no visible points of inflexion. The comparison 
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of the three macrocycles also indicates that the central atom contributes to the molecular 

area (Figure 28). 
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Figure 28 - Langmuir pressure-area isotherms of the three phthalocyanines 

(-- dye 1, dye 11, -dye 111) 

The analysis of the isotherm often proves difficult as the changes in the 

Langmuir film often provide subtle variations in the pressure-area curve's gradient. 
One way of determining the location of these is to differentiate the data. When this 

differential is equal to zero, this is called a stationary point (Table 7). It is the general 

points of inflexion that are most difficult to determine with the naked eye and in an 
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isotherm curve, these may represent the breaking of a monolayer and formation of a 

multilayers in the Langmuir film. 

Table 7- Types of Special Point and the method of determination 

Type of Point Local Local Horizontal point General point 
maximum minimum of inflexion of inflexion 

Examples 

Differential 1st Ist 1st 2nd 
used 

Sign to left of 
point where + - -+ -+ 

differential =0 
Sign to right of 

point where - + -+ +- 
differential =0 

The location of general points of inflexion (A,,, f) can be found by equating the 

second-differential to zero (Equation 9), where fI is the surface pressure. If the sign 

changes when the area is >A;,, f and <Ai,, f then it is likely to represent a breaking of the 

film. In other words, wherever the graph of the 2 °d differential crosses the x-axis, there 

is a general point of inflexion. 

d2rI 
=0 d (Area)l 

Equation 9 

A further explanation of the 2°d differential graphs can be found later in this 

thesis (H. Appendices). 

The second-differential of the isotherm of I shows that although the initial data 

may indicate that a poor Langmuir film is formed (demonstrated by the low breaking 

point), there is only one point of inflexion. This occurs at an area of 0.52 nm2 molecule 
1, where the surface pressure is -17 mN m 1; it is likely that this is the start of multilayer 
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formation (Figure 29). Indeed, previous research has already highlighted the inflexion 

at this pressure and has shown that tetrakis-tert-butyl-phthalocyanato Cu (11) is found to 
have more than I preferred configuration on the water surface (128). The initial 

orientation is determined by the concentration of the molecules on the subphase. At low 

initial concentrations the macrocycles prefer to lie flat on the water surface and as the 

number of molecules spread increases, the films become more vertically aligned. 

The formula for calculating the initial orientation on the surface is given in 

Equation 10, where N is the initial surface concentration (mol m-2), v the volume of 

solution spread on the surface (1), c the concentration of the dye (g/1), MW the molecular 

weight of the dye (g mol-) and A�o�gh the initial area of the water surface (m). 

V. C. N= 
AIr 

)U h -MW 
Equation 10 
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If N=1x 10"7 - 3.8 x 10"7 mol m-2, then the molecules are facedown. If N>3.8 x 10'7 

mol m-2, then they are tilted and densely packed. 
The initial surface concentration during the experiments was -5 x 10"7 mol m 2, 

which suggests the tilted densely packed structure, is formed. Typically, after solvent 

evaporation, a single tetra-pyrrole macrocycle might be expected to adopt the facedown 

orientation on the subphase due to the hydrophilic interaction between the nitrogen- 

atom lone-pairs and the water. This does not occur in this case because the initial 

surface concentration is high enough to induce Pc-Pc interactions (an interaction 

between phthalocyanine molecules - mainly their delocalised ic-systems), which 

partially overcome hydration of the N atoms (129,130) 
. The molecules are effectively 

forming a columnar aggregate on the water surface (but with the length parallel not 

perpendicular to the subphase), which means the tilt angles of the molecules are only 

consistent within each stack. 
The t-butyl groups attached to the periphery of the phthalocyanine macrocycle 

can be located in a number of places; many structural isomers are formed during 

synthesis. This produces some molecules with little or no symmetry and others with up 
to 4-fold symmetry. This may explain the low breaking point of the pressure-area 
isotherm of I; the random locations of the t-butyl groups on the macrocycle periphery 
induce greater steric hindrances in Pc-Pc interactions, meaning that a molecule is more 

easily squeezed out of the monolayer when compressed. For this reason, 8-substituteed 

phthalocyanines are often found to form the most stable Langmuir films (50,131) 

For the Zinc moiety, the first Langmuir film breakage occurs at around 20 mN 
m 1, the pressure-area isotherm curve is broad and although it reaches 50 mN m'1 it is 

likely to be a multilayer structure at this point (Figure 30). This is can be shown by the 

two further breakages present at circa 49 rnN m1 and 52 mN m'1. The phthalocyanine 

metal atom may affect the self-assembly properties of the macrocycle seen in I; axial 

coordination of water by the zinc may inhibit the formation of rigid monolayers, 
X132) bilayers or columnar aggregates . 
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Figure 30 - Isotherm () and 2 "d differential (-) of 11 

Similarly, the metal-free phthalocyanine has an early collapse (20 mN m"I) and 
two collapses close together towards the end of compression (45 mN m"1 and 48 mN m- 
I). Again there are no signs of a horizontal point of inflexion, which may have 

indicated a re-orientation in the Langmuir film (Figure 31). 

The comparison of the isotherms of the three phthalocyanines reveals more than 

the effect of the metal atom. The comparison leads to the conclusion that only I forms a 

stable densely packed structure (it has only one point of inflexion). This is confirmed 
by the UV-VIS spectra, where only I shows any signs of H-aggregation (also known as 

card stacking or a columnar aggregate parallel to the substrate's surface); there is a 62 

nm blue shift. In all three dyes, the films break below 21 mN m-1, which would confirm 

that the sterically hindered molecules with lower symmetry are easily squeezed out and 

multilayer formation takes place at low surface pressures. 
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Figure 31 - Isotherm () and 2 od differential (- ) of III 

By monitoring the molecular area of the dye, it can be seen that at 10 mN m"I 
the molecules are more easily squeezed out of the monolayer in III (Figure 32, arrows 
indicating the attainment of a pressure of 10 mN m"1). This highlights the fact that the 

copper moiety forms a more stable monolayer than the metal-free phthalocyanine, a 
decrease in molecular area over 75 minutes of just 1.5% compared with 22.3% for Ill. 
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Figure 32 - Area-time graphs of dye I (-) and dye III (-) when held at 10 mN m" (arrows 

indicate where target pressure is attained) 

There are two measurements commonly used to analyse the isotherm data: the 

extrapolated cross-sectional area (Ao) and the area at deposition (Ad) (6). The former is 

found by extrapolating the tangent of the solid phase of the isotherm to the x-axis and 

the latter simply by reading off the value of the area where deposition occurs. The 

experimental value of AO for dye I of 0.62 nm2 was found to be in agreement with 

previous research (133.134.135). The extrapolated cross-sectional area found for III was 

slightly lower than previously reported (130). 

Using a Quartz Crystal Microbalance (QCM) the nature of these molecules 

when deposited onto a substrate becomes much clearer. A minimum of 5 measurements 
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were taken per dye and then averaged and the variance of the results can be seen in the 

standard deviation (STD) of the data. Dyes I and III seem to form consistent 

Langmuir-Blodgett films which agree with the data collected from the isotherms, 

whereas the zinc moiety differs significantly from the Langmuir film data and the 

variance is much greater (Table 8- molecular area at deposition, Ad, measurements are 
highlighted for both isotherm and QCM and were recorded at 10 mN m-1). 

Table 8- Molecular area as measured by isotherm and QCM 

Data Source I II III 

Ad/nm2 0.57 0.81 0.36 
Isotherm 

Ao / nm2 0.62 0.90 0.38 

Ad/nm2 0.52 1.61 0.31 
QCM 

STD / nm2 0.01 0.8 0.03 

The difference between Ad from the isotherm and the QCM from the zinc t-butyl 

phthalocyanine experiments may be the result of the poor Langmuir film formed. This 

would also account for the poor consistency in the data range as indicated by the STD. 

To calculate the dimensions of the molecules (using Chem3D), measurements 

were taken for each length (Figure 33). Whilst the position of the t-butyl is unknown to 

a certain extent, this gives an approximation of the typical dimensions of the molecule 

(Table 9). 

Table 9- Measurements taken from Chem3D 

Central ato 
Macrocycle and t-butyls Macrocycle only m 1234 1234 

Copper 1.5 1.5 1.9 2.0 1.1 1.1 1.3 1.5 
Zinc 1.5 1.5 1.8 2.0 1.1 1.1 1.3 1.5 

Metal free 1.5 1.4 1.9 1.9 1.1 1.1 1.4 1.4 
All measurements are in nm and include VDWs 

average error in measurements is ± 0.05 nm 
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Figure 33 - Explanation of how phthalocyanine dimension measurements are taken using Chem3D 

(macrocycle only) 

The insertion of a metal atom appears to only slightly contort the macrocycle, 

with the N-M-N bond slightly compressing the diagonal width of the molecule. This is 

demonstrated by the consistent values for I and 2 (which are effectively the perimeter 

measurements of the macrocycle) and the varying values of the diagonal lengths 3 and 4 

(Figure 34). The reason why the macrocycle only appears to slightly contort lies in the 

N-M-N bond angle; the metal atoms do not sit in the same plane as the majority of the 

atoms in the heterocycle, requiring only a small contortion (Table 10). What the 

computer simulation does not take into account however is that there is so much 

resonance in the system, the metal atom actually complexes with all 4 pyrrole nitrogen 

atoms and the macrocycle is likely to form something like a square-based pyramid with 

the metal atom at its vertex. 
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Figure 34 - Explanation of how Chem3D interprets the change in the shape of the macrocycle with 

the insertion of a metal atom (right) when compared with the metal free (left) 

Table 10 - Angle of bonding of central atom in the phthalocyanine series 

Dye Central Metal Atom N-M-N bond angle(") 

I Cu 114.8 

II Zn 113.5 

III Hz n/a 

Using surface plasmon resonance and comparing theoretical data with the 

experimental, it is possible to measure the thickness (d) of the monolayer. The values 

for the refractive index (n) and absorption coefficient (K) can also be calculated from the 

real and imaginary parts of the dielectric permitivitty (Cr and c; respectively), which are 

also generated during fitting of the data (Table 1l). 
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Table II- calculated thickness and optical properties of the phthalocyanine dyes 

I II 111 

2.07 2.01 2.39 

Ei 0.98 0.95 0.89 
d/ nm 1.61 0.81 1.23 

n 1.47 1.45 1.57 

K 0.32 0.33 0.28 
Least Squares Error 

4x 10-4 5x 10ý 6x 10-3 
in fittin 

Using the SPR thickness and the results from the isotherm and QCM analysis, 
the average density of the molecule on the water surface and the quartz crystal can be 

calculated using Equation 11. 

Density (g cm-1) = 
mW. 1 0z' 

Equation 11 
N4. A, 

�,,,. 
d 

Where MW is the molecular weight of dye, A, no, is the molecular area (nm2 molecule-) 
from either the QCM or isotherm experiments, d is the thickness (nm) of the film as 

measured in the SPR experiments and NA is Avogadro's number. 
The results show that only II varies significantly between isotherm and QCM 

(Table 12). This difference is likely to be the result of the QCM plate passing through 

the non-rigid Langmuir film and the molecules changing their orientation and/or the 

inter-molecular distance when transgressing from the high-pressure environment of the 

Langmuir film to the relatively low-pressure QCM plate. The results show that the 

metal-free phthalocyanine (III) has a multilayer structure present both pre- and post- 
deposition. This supports the data seen in the area-time graph and its LB UV-VIS 

spectrum (whilst the spectroscopic symmetry effects account for some of the difference 

between the peak absorbances it is unlikely that the difference would be so large). 

For simple molecules such as fatty acids the Isotherm, QCM and SPR data can 

be used to calculate the average tilt angles in the Langmuir and I, angmuir-Blodgett 

films. However, with such complex molecules and the degree of aggregation present 

(although H-aggregation is only indicated in I, it is likely that there will be some local 
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interactions in dyes II and III), it is not possible to give a true value for the average 

orientation of the molecules. 

Table 12 - Density (g cm-3) calculations for the phthalocyanines 

I II III 
Isotherm 1.4 2.0 2.8 Density 

QCM 1 6 1.0 3.2 
Density . 
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2. Porphyrins 

A series of porphyrin dyes were characterised as Langmuir-Blodgett films 

(Figure 35 and Table 13). 
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Figure 35 - Molecular structure of porphyrin dyes used (supplied by Dr. T. Richardson) 



Table 13 - Substituents attached to porphyrinoid macrocycle 

Dye R' R R3 R MW 
IV H /ý\ H 895.27 

V NHCOC17H35 H NHCOC17H35 H 1740.64 

VI OCOC17H35 H OCOCI7H35 H 1744.58 

VII °", ý °"Dr", ý NH2 H 1157.61 

VIII O, ý O'ýý O ,ý O, ý 1654.46 

IX 1528.22 

The UV-VIS spectra of these porphyrins all have their peak absorbance at 

around 420 nm (the Soret or B band) and 4 less intense peaks between 500 and 700 nm, 

sometimes referred to as Q or satellite bands (Figure 36). These bands are interpreted as 

(n, n*) in origin, where B implies a strongly allowed excited state and Qa quasi- 

allowed one. A comparison of the visible spectra of the metallated and metal free 

porphyrins shows a transition from a two-banded (D4h-type) to a four-banded (D2h-type) 

spectrum. This dramatic change can be attributed to the breaking of the D4h symmetry 

of the porphyrin ring by the central proton axis. The addition of substituents to the 

phenyl groups of the tetraphenylporphyrin (TPP) ring exhibits Q bands which are red- 

shifted with respect to the TPP free base (although the Soret bands are at about the same 

wavelength) (136) 
. These Q bands are transitions normally numbered I, 11, III and IV 

starting from the low-energy end, with I and III (which are forbidden transitions) 

increasing in intensity if the porphyrin molecule is made less symmetrical through 

substitution (II and IV are allowed vibrational bands). Generally, when the 7t-electron 
density around the periphery is increased (perhaps by the addition of electron- 

withdrawing groups), a bathochromic shift is observed (137). 
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Figure 36 - UV-VIS absorption spectrum of dye IV in trichloromethane showing the main 
absorption and satellite bands characteristic to porphyrin dyes 

2.1 Tetra-substituted porphyrins 

Dyes IV, V and VI all fall into the tetra-substituted porphyrin category. Their 

UV-VIS spectra are very similar with the substituents having a small effect on the 
location of the Q bands (Table 14). 
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Table 14 - UV-VIS characteristics of the monolayers and solutions (trichloromethane) of the three 
dyes 

Dye 
Bsoiution 

(nm) 
Bmonotayer 

(nm) 
Qsolution 

(nm) 
Qmonolayer 

(nm) 

IV 419 449 515 551 590 646 523 553 594 647 

V 422 427 516 552 589 646 516 554 593 652 

VI 418 448 514 550 590 645 523 554 594 651 

The comparison of the solution (trichloromethane) and the Langmuir-Blodgett 

spectra indicates that whilst dye V does not aggregate upon deposition, the red-shift of 

around 30 mit seen for both IV and VI in the B band suggests that an ordered structure 

may be present in the deposited layer. 
The presence of the satellite bands (indeed a small shift is also present in one of 

the Q bands (IV) - from 514 / 515 to 523 nm) indicates that the peak at circa 440 nm 

present in both IV and VI dyes is the result of packing and not the formation of a 
dication species. 

The oxidation and protonation of the porphyrin ring can be demonstrated 

through the addition of a few drops of acid to a trichloromethane solution of IV. This 

results in the destruction of the peaks at 419,515,590 and 646 nm and the formation of 

a dication with peaks at 447 and 670 nm (Figure 37). 

Interestingly, when the porphyrin dication species is spread on a water surface 

and deposited as a Langmuir-Blodgett film the macrocycle appears to revert back to the 

unprotonated (original) form (from early observations of acid-contaminated solution). 
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Figure 37 - Comparison of a trichloromethane solution of IV (-) and a trichloromethane solution 
of IV with a few drops of HCI added (--) 

To determine the nature of any packing present in the Langmuir-Blodgett films, 

their pressure-area isotherms were examined. 
The comparison of the three dyes suggests that V forms a good Langmuir film 

whilst the slow initial increase in surface pressure upon compression of VI and low 

breaking point of IV implies poorer films (Figure 38). 
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Figure 38 - Langmuir pressure-area isotherms of three porphyrins 
( dye IV, dye V, -dye VI) 

The analysis of the isotherm of IV through double-differentiation of the data suggests 

that the molecules are randomly spaced out and clumping (i. e. multilayer island-like 

formation) is present at the air-water interface (Figure 39). This is in agreement with 

the suggestions of Bull et. al. (138). The isotherm clearly has a number of points of 

inflexion that may be attributed to either the (further) formation of multilayer structures 

and/or the closure of any local gaps in the film. Whilst most Langmuir films have gaps 

present before compression, few retain them after the take-off (the point where the 

surface pressure increases with decreasing molecular area). The reason why these gaps 

occur in porphyrin Langmuir films may be due to the formation of multilayer structures 

facilitated by the it-electron interactions between adjacent molecules. These island-like 
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structures when located around the Wilhelmy plate induce a local decrease in the 

surface tension and as more islands are pushed together by the decreasing surface area, 

the density increases and with it the surface pressure. The gaps in the solid dye at the 

air water interface ensure that there is a slow increase in pressure when compared with 

materials that have uniform floating film. This can be seen in the UV-VIS absorption 

spectra, where the intensities can vary between depositions of the same material under 

the same conditions. 

................................. ... 
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Figure 39 - Isotherm () and 2"d differential (- ) of IV 

The pressure-area isotherm of V has a visible point of inflexion at around 

15 mN m-1 and 4 others at various pressures (10,21,28,35 mN m-1). This indicates 

that the monolayer film starts to break at around 14 mN m-1 followed by formation of 

multilayers (signified by the points of inflexion between 15 and 40 mN m-') (Figure 40). 

The isotherm is similar to previously reported work, but the take-oil' is 

1.7 nm2 molecule-' (cf. 2.8 nm2 molecule-) (83). The reason for this difference could be 
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the compression speed during the isotherm experiments. The barrier speed used in all 

isotherm experiments was 30 cm2 min-' which is considered the best compromise 

between allowing for molecular rearrangement and preventing any loss of dye 

molecules to the edge of the trough, barriers or into the subphase itself. This value was 

not reported in the aforementioned previous research and any increase in the 

compression speed would particularly have an effect on molecules that form patchy 

films containing multilayer structures. 

Figure 40 - Isotherm () and 2 "d differential (-) of V 

In comparison the broad isotherm of VI is similar to IV, whilst it has an obvious 

significant change in gradient, the dye clearly forms a patchy, poor Langmuir film 

particularly at low pressures (Figure 41). There are many points of inflexion after take- 

off and it is likely that there are molecules aggregating together in multilayer structures 

at the air-water interface. 
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Figure 41 - Isotherm () and 2 "d differential (-) of VI 

One further point to consider is the peripheral substituent attached to the 

tetraphenylporphyrin macrocycle in dye V, it contains -NHCO-. In nature, two 

molecules containing this structure are bound together through hydrogen bonding. The 

classic example of this type of bonding is between the base pairs in DNA. Therefore 

aggregation is likely to be more prevalent between adjacent molecules of this dye than 

some other long chain substituents where steric hindrances might encourage monomers. 

The presence of island-like structures on the water surface means that Q('M 

analysis is very difficult (Table 15). The results do not correlate with those obtained 
from the pressure-area isotherms. 

Indeed even with the combination of the calculated SPR results (fable 16) to 

estimate the average density of the films the true nature of the materials on the surface 

of substrate or subphase is not clear (Table 17). The densities are not similar when 

calculated from isotherm and QCM data, indicating some clumping on the water surface 
(and further aggregation when the quartz substrate is passed through the air-water 
interface, demonstrated by the increase in density from isotherm calculations to Q('M). 
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The only conclusions that can be drawn is that their nature is to form poor Langmuir 

(and subsequently Langmuir-Blodgett) films which are difficult to characterise. 

Table 15 - Comparison of isotherm and QCM data for dyes IV to VI 

Data Source IV V VI 

Ad / nm2 0.82 1.20 1.33 
Isotherm 

A,, / nm2 1.33 1.55 2.65 

Ad / nm2 0.23 0.54 0.69 
QCM 

STD / nm' 0.02 0.03 0.13 

Table 16 - Calculated SPR data for IV, V and VI 

IV V VI 
2.30 2.32 2.17 

E; 0.29 0.30 0.83 
d/ nm 1.45 4.51 2.24 

N 1.55 1.53 1.50 
K 0.10 0.10 0.28 

Least Squares Error 
8x 104 3x 104 7x 104 in fitting 

Table 17 - Density (g cm-3) of IV, V and VI in both Langmuir and LB form 

IV V VI 

Isotherm 1.3 0.5 1.0 
Density 
QCM 4 5 1.2 1.9 

Density . I 
-j 
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2.2 Porphyrins with more than 4 substituents 

Dye VII differs from all the other porphyrins studied because there is more than 
I type of substituent attached; it has 2 amino and 4 ethylhexyloxy components. 

The addition of up to 4 more substituents to the tetraphenylporphyrin ring 

provides little change in the UV-VIS spectra (Table 18). In each case these 

macrocycles have their main absorption band (when deposited as LB films) red-shifted 
from that in trichloromethane, which is due to it-it interactions between molecules on 

the substrate. The comparison with a tetra-substituted porphyrin (e. g. VI - highlighted) 

shows that the main absorption band is slightly blue shifted in solution and red-shifted 
in monolayer form, but the satellite bands are relatively unchanged. 

Table 18 - Comparison of UV-VIS spectra of porphyrin dyes IV-IX (N,,, b,. = number of substituents) 

Dye Nsnes 
Bsolution 

(nm) 

Bmonolayer 

(nm) 
Qsolution 

(nm) 

Qmonolayer 

(nm) 

VI 4 418 448 514 550 590 645 523 554 594 651 

VII 2+4 426 432 520 558 591 652 522 561 603 656 

VIII 8 424 438 519 557 594 650 520 558 597 656 

IX 8 425 446 520 558 596 649 522 562 601 660 

The pressure-area isotherms of these more sterically hindered porphyrins 
demonstrate that IX appears to form the best Langmuir film of these three dyes; it has a 
higher breaking point and a steeper curve (Figure 42). 

Dye VII is similar in structure to VIII (NH2 and H replacing half of' the 

substituents). It is noticeable that VIII might appear to form poorer Langmuir films 

than VII and this may be due to the hydrophilic NH2 groups helping to orientate the 

molecules on the water surface, reducing the interaction between the subphase and the 

hydrophobic ethylhexyloxy groups. 
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Figure 42 -Comparison of pressure-area isotherms of dyes VII (-), VIII ( 
and IX (--) 

The analysis of the 2"d differential of the pressure-area isotherm of VII shows 

that the Langmuir film formed is actually quite poor; the curve has stationary points just 

after take-off, indicating patchiness and surface-aggregation (Figure 43). The presence 

of both ether and amino groups indicates that hydrogen-bonding will occur between 

macrocycles which, coupled with the t-t interactions of the central rings, is more 
favourable than the hydrophilic nature of the central ring system and NH2 groups. 
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Figure 43 - Isotherm () and 2 "d differential (-) of V11 

The 2"d differential of the isotherm of VIII shows that the removal of the 

hydrophilic NH2 groups and addition of more hydrophobic propylbutyloxy groups 

creates a poorer Langmuir film, with a greater number of points of inflexion after take- 

off; the formation of multilayer structures is likely to be prolific at the air-water 

interface. 

Whilst both dyes form poor floating layers with the formation of island like 

structures, what is interesting is the difference in their 2"d differential curves. Dye VII 

has points of inflexion almost directly after take-off indicating that the formation of the 

multilayers is relatively simple, whereas with VIII the formation is slightly hindered 

and the points of inflexion are further from the take-off. The steric hindrances of the 

propylbutyloxy groups are likely to be the reason for this difference, whilst in VII the 

hydrogen-bonded 
-NH2 and -OCH(C3H7)C3H7 groups counteract this effect. 
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Figure 44 - Isotherm () and 2 "d differential () of VIII 

As indicated previously, the pressure-area isotherm of IX suggests a more 

compact (and hence ordered) film compared with the other two dyes. The 2nd 

differential of this curve shows that although there is some variation around zero after 

take-off, there is no clear point of inflexion until 0.6 nm2 molecule"' which is the start of 

the clearly visible plateaux in the isotherm (Figure 45). The reasons for the improved 

Langmuir film are not easily explained from the structure of the porphyrin. The 

propylbutyloxy substituents are hydrophobic, which coupled with the hydrophilic centre 

ring system, might suggest a "dead spider" orientation (Figure 46). 

Using Chem3D it is possible to estimate the dimensions of the dye (Table 19). 

The results show (when compared to the isotherm data) that the orientation is likely to 

be a tilted edge-on configuration which maximises the 7t-7E interactions (confirmed by 

the 20 nm red-shift in the B band of the monolayer from the solution spectrum) and 

minimises the interaction between the hydrophobic propylbutyloxy groups and the 

water subphase. 
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Methods of calculating areas 3xd d. s. = dead spider configuration 1 xd 
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Figure 46 - diagram illustrating different representations of areas 
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Table 19 - Theoretical measurements and calculated areas of IX 

Thi k d measurements Calculated area 
ness ( c ) 

1234 1x2 d. s. I xd 3xd 
IX 0.3 2.0 2.0 2.3 2.3 4.0 1.7 0.4 0.5 

All measurements are in nm and include VDWs 

average error in measurements is ± 0.1 nm 

From the QCM studies of these three dyes, it can be seen that the formation of 

multilayer structures can be facilitated through the interruption of floating layer 

(Table 20). Even the "good" Langmuir film of IX forms multilayers when the quartz 

crystal passes through the air-water interface, demonstrated by the reduction in 

molecular area. The comparison Ad from the isotherm and QCM should yield similar 

results for a stable monolayer. There may be a slight expansion due to the transition 

from high pressure environment of the Langmuir film to the relatively low pressure 

quartz crystal. 

Table 20 - Comparison of isotherm and QCM data for dyes VII to IX 

Data Source VII VIII IX 
Ad / nm2 0.98 1.11 0.69 

Isotherm 
Ao / nm2 1.73 1.48 0.99 

Ad / nm2 0.54 0.65 0.28 
QCM 

STD / nm`' 0.04 0.43 0.01 

The results of the SPR experiments give a much clearer indication of the 

orientation of the molecules on the substrate surface (Table 21). 

Clearly, IX does form multilayers upon deposition; 11.74 nm is far too great to 

be a monolayer (the thickness clearly cannot exceed the maximum length of the 

molecule - measured as 2.3 nm, see Table 19) and the degree of angular shift and 

decrease in surface plasmon resonance (from gold scan to gold and LB film scan) means 

that it is not an error in theoretical fitting routine. 

Whilst VII does not form a monolayer (which would he 2.0 nm if an edge-on 

orientation was adopted), the initial interpretation of the SPR scan of VIII might 

indicate monolayer formation. In fact, if the molecules were face-down on the water 
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(and hence substrate) surface, the thickness would be no more than I nm (which 

assumes 0.3 for the thickness of the central ring and 0.6 nm for the upright 

propylbutyloxy substituents and 0.1 nm for VDW forces). 

Table 21 - Calculated SPR data for VII, VIII and IX 

VII VIII IX 

Er 2.50 2.26 2.37 

s; 0.54 0.61 0.38 
d/ nm 5.31 1.84 11.74 

n 1.49 1.52 1.50 
K 0.10 0.20 0.11 

Least Squares Error 3 1x 10- 3 3x 10- 4 9x 10- in fittin 

The calculation of the density of the dyes in both Langmuir and Langmuir- 

Blodgett form shows an increase from the air-water interface to the substrate - 
indicating the presence of island-like structures (Table 22). It is not possible to 

calculate the Langmuir density for IX by this method as there may be a significant 

change between the floating film and that deposited onto a substrate. 

Table 22 - Density (g cm-3) of V11, VI11, and IX in both Langmuir and LB form 

VII VIII IX 
Isotherm 1.3 0.5 N/A Density 

QCM 4.5 1.2 1.9 
Density 
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3. Bis-phthalocyanine / porphyrin triple- 

decker sandwich 

The use of hybrid porphyrin-phthalocyanine sandwiches has been investigated in 

the past to determine whether the advantages of each macrocycle can be incorporated 

into one material. In this case a phthalocyanine free base was linked to two 

tetraphenylporphyrin free bases with Gadolinium atoms (Figure 47 and Figure 48). 

Figure 48 - Physical representation of layout of molecules in X 
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Figure 47 - Molecular structure of X (supplied by Dr. T. Richardson) 



The UV-VIS spectrum of the dye has a main absorption peak in 

trichioromethane at 770 nm (which is red-shifted to 814 nm in monolayer form) 

(Figure 49). Additionally, there are small peaks either side of the main absorbance at 

690 and 840 nm. 
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Figure 49 - Comparison of UV-VIS spectra of X in trichloromethane (-) and monolayer () 
forms 

The pressure-area isotherm of X (and its 2"`1 differential) shows that the floating 

layer is full of patches and aggregation (Figure 50). There are points of inflexion for 

almost the entire length of the isotherm curve and the rate of increase of the pressure 

with decrease in molecular area is particularly slow. This shows that this dye does not 

favour forming Langmuir films at all. 
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Figure 50 - Isotherm () and 2 °d differential (-) of X 

The comparison of the data from isotherm and QCM experiments also indicates 

the presence of gaps on the water surface (Table 23). The large increase in molecular 
area calculated from the deposited layer is indicative of a film where gaps are not closed 
but accentuated with the passing of a quartz crystal through the air-water interface. 

Table 23 - Comparison of isotherm and QCM data 

Data Source X 

Ad/nm2 1.63 
Isotherm 

A,, / nm2 2.58 

Ad/nm2 2.22 
QCM 

1 

nm- 0.32 
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The calculation of the optical properties and layer thickness through SPR 

characterisation reveals a layer thickness of 2.46 nm (Table 24). It is not clear as to the 

nature of the molecule on the surface as the edge on orientation has a thickness of circa 

2 nm and the face-on orientation is likely to be similar (0.3 nm for each macrocycle = 

1.5 nm inc VDW, Gd radius - 0.2 nm = 0.4 gives a total of 1.9 nm). 

Table 24 - Calculated SPR data for X 

X 

£, 2.37 
s; 0.26 

d/ nm 2.46 
n 1.54 
K 0.08 

Least Squares Error 
3x 10-4 

in fitting 

The calculation of the molecular densities of the dyes on the water subphase and 
quartz substrate show that indeed the gaps in the film expand during the deposition 

process (Table 25). 

Table 25 - Density (g cm-3) of V11, VI11, and IX in both Langmuir and LB form 

X 
Isotherm 0.84 
Density 

QCM 0.62 
Density 
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4. Chlorine sensitivity 

Initially, materials were tested for their chlorine sensitivity using the SPR 

apparatus. The poor results and difficult chlorine concentration controls led to a simpler 

UV-VIS spectroscopy approach using 50 ppm chlorine. 

4.1 SPR gas sensing 

The dyes studied using this technique were I, IV, V and VII. This use of such a 

wide variety of dyes was an attempt to obtain an insight into the mechanisms involved 

in chlorine sensing using the SPR (fixed angle) technique. 

Only dye I showed a detectable response to the chlorine with the SPR apparatus; 
the resonance moved to a slightly lower angle (from 44.875° to 44.625°) (Figure 51 and 
Figure 52). 

It has been suggested by Honeybourne et al (85) that the data in the range of 
1- 10 ppm appears to f (Equation 12). 

R=R. -Be(") Equation 12 

Where R is the SPR response to chlorine, R. is the maximum response, B is a constant 

and r, the time constant, is a quadratic function of the ratio of the film thickness and the 

Fick diffusion constant (85). 

The change in the SPR curve is due to the oxidising gas molecules reacting with 

the central r`-electron system and reducing the absorbance of the dye. 

Dyes IV, V and VII did not give a detectable response when exposed to the 

chlorine gas in the range 1-10 ppm; the response at 10 ppm was less than M. Perhaps 

only the outer layer is exposed to the analyte gas and the island-like formations of these 

porphyrins on the substrate surface may actually help to protect the majority of the dye 
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molecules from the oxidising gas. A much larger dose of chlorine may be required to 

allow any changes in the LB film to be detected. 
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Figure 51 - SPR scan of a gold layer (-), dye (1) ( -) and dye exposed to 10 ppm chlorine (- ) 
symbols = data, lines = theoretical plot 

The good gas-sensing results obtained in other work with similar porphyrins 

were performed using films deposited under non-standard conditions; the rate of 

deposition was nearly 150 times faster than used in this thesis (81' 87) This allowed large 

gaps to form in the LB film, giving it a higher permeability to the gas and therefore a 

greater response. The results obtained in this thesis with poor gas-sensitivity are akin to 

those obtained elsewhere with a higher deposition pressure (x; ). This demonstrates that 
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for these non-uniform LB films, where the concentration of the dye molecules varies 
across the surface, other deposition techniques need to be considered. 
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Figure 52 - SPR dose-response curve for I 

101 



4.2 UV-VIS gas sensing 

4.2.1 Phthalocyanines 

The results from the SPR experiments on I (see SPR sensing section) indicate 

that there should be a change in the UV-VIS spectrum around the wavelength of the 

laser and this is indeed the case (Figure 53). 
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Figure 53 - UV-VIS spectra of a monolayer of I (-) after exposure to 50 ppm chlorine for 30 mins 
() and its subsequent recovery after 24 hours in air ( -) 

102 



The absorbance at the laser asvclcngth (632.8 nm) is reduced when the LB film is 

exposed to the oxidising gas, which results (in the SPR experiment) in a reduction in e; 
(represented in the SPR graph by the shift of the resonance to lower angles) (Equation 

13). 

ý, _ 4=1 
1n(10"'4) Equation 13 

The recovery of the dye after exposure to air for 24 hours indicates that the chlorine is 

not chemically reacting With the phthalocy-anine molecules. The gas is acting as an 

electron-acceptor, forming a charge-transfer complex with the phthalocyanine (the 

positive charge dclocaliscd over the central n-clectron ring). It is this reduction in 

available free electrons in the n-electron system that lowers the absorbance. 
The exposure of a multilayer (10 passes through the air-water interface) to the 

chlorine shows that the film is relatively porous; the reduction in absorbance is 

accompanied by the recovery after 24 hours in air (Figure 54). 
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Figure 54 - UV-VIS spectra of a multilayer of I (-) after exposure to 50 ppm chlorine for 30 mins 
() and its subsequent recovery after 24 hours in air (- ) 

The formation of a new peak at 670 nm can be seen through the increase in the Full- 

Width Half-Max (FWHM) measurements of the spectral features before and after 

exposure to the chlorine gas. The fresh film has a FWHM value of 116 nm whereas 

after attack from the oxidising gas, this changes to 138 nm. The changes in the spectra 

of the film may be caused by a reduction in symmetry. The charge-transfer complex 

reduces the resonance of the 7c-electron system and therefore the copper atom remains 
bound to the same pyrrole nitrogens (thereby reducing the symmetry from Doh to D2h). 

In trichloromethane, the chlorine absorbance peak (which is located circa 
200 nm) dominates the spectrum (Figure 55). The reduction in absorption bands is 

extensive due to the gas diffusing easily through the solution of dye molecules and there 
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is no recovery (even after bubbling air through the solution) as the chlorine molecules 

become trapped in the solvent. 
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Figure 55 - UV-VIS spectra of I in trichloromethane (-) and after bubbling through 50 ppm for 
30 minutes () 

Dye II does not form the ordered floating (and hence deposited) films of I. The 

density calculation indicates that a monolayer is deposited onto the substrate and (from 

the isotherm and QCM data) the molecules may adopt a more face-down orientation. 
This is confirmed with the UV-VIS gas sensitivity experiments. The reduction in the 

absorption band around 700 nm after exposure to 50 ppm chlorine (30 mins) is far 

greater than that shown for I (Figure 56). 
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Figure 56 - UV-VIS Spectra of monolayer of 11 (-) after exposure to 50 ppm chlorine for 30 mins 
() and its subsequent recovery after 24 hours in air () 

It has been previously suggested that the axial coordination of the zinc atoms 

promote the face down orientation (and hinder multilayer formation) (132). This means 

that the central 71 system will be exposed to the oxidising gas; whereas with I the 

densely packed tilted orientation will require the gas molecules to diffuse through the 

film (reducing the initial response and increasing the response time). 

The multilayer (10 passes through the air-water interface) also shows a large 

response to the chlorine gas, though a poorer recovery (compared with the monolayer or 

copper moiety) (Figure 57). 
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Figure 57 - UV-VIS spectra of a multilayer of 11 () after exposure to 50 ppm chlorine for 30 mins 
() and its subsequent recovery after 24 hours in air () 

The trichloromethane solution of II shows the same near-total reduction in the 

main absorption band as I but with the growth of a small peak at 836 nm. 
Films created from single and multiple passes through the air-water interface 

with dye III spread on the subphase, show UV-VIS spectra which change only slightly 

upon exposure to 50 ppm chlorine for 30 mins. There is a small reduction in 

absorbance of the Q band and a slight red-shift (in the film created from 5 passes the 

peak absorbance moves from 621 nm to 630 nm). 
The weak sensitivity may be the result of the poor LB film formed by the dye; 

multilayers are present at the air-water interface and therefore transferred onto the 

substrate on each pass which creates pockets of densely packed dye molecules. These 
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islands may reduce the gas response (and increase the response time), particularly if the 

regions are highly compact. 
The metal-free moiety will also be less sensitive to the chlorine gas because the 

metal atom helps to delocalise the positive charge created by oxidising gas and the 

central ic-electron ring forming a charge-transfer complex. 
The comparison of the three dyes and their response to chlorine shows that the 

response is best for the zinc moiety with nearly 3 times the response of I (Table 26). 

Table 26 - Comparison of the response (%) of three dyes in monolayer and multilayer form 

D Response 
ye Monolayer Multilayer 
I 21.0 28.2 
II 63.2 67.9 

III 5.6 6.7 

108 



4.2.2 Porphyrins 

The majority of the porphyrin dyes studied showed a poor sensitivity to chlorine 

gas with less than 15 % response after 50 ppm for 30 minutes (Figure 58 and Table 27). 
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Figure 58 - An example of poor sensitivity to 50 ppm chlorine; LB film of IV (-) and after 30 mins 
exposure to the gas () 

Table 27 - Comparison of poor response of dyes to chlorine 

Dye 
Monolayer 

Response 
IV 6 
VI <1 

VIII <1 
IX 12 
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The response of these 4 dyes to the chlorine is very different. Perhaps the most 
interesting comparison is that of dyes VIII and IX. They have similar substituents 
(ethers) but very different responses. The Langmuir films of these materials are also 

quite different, with IX clearly forming a better floating layer than VIII. This suggests 
that the "dead spider" orientation adopted by IX allows the chlorine atoms to easily 
interact with the n-electron rings, whilst the island-like formations of VIII may indeed 

restrict the chlorine from reaching some of the reaction sites. This is in contrast to the 

previously published work on this dye, where good sensitivity is reliant on non-standard 
film-transfer conditions (i. e. a very high deposition speed) (80' 81,82,87,99) 

The other two dyes both form poor Langmuir and LB films (similar to VIII) and 
their response to chlorine is poor. 

The effect of different deposition conditions on the sensitivity of VII to the 

chlorine was determined through a series of experiments. Firstly, the dye was deposited 

as a monolayer and exposed to a small amount of chlorine (<10 ppm) (Figure 59). 
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Figure 59 - Monolayer of VII (-) after exposure to <10 ppm chlorine for 30 mins () 
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A 12% reduction in the intensity of the main absorption peak (due to oxidation) and the 

growth of the dication peak (circa 490 nm) shows that this dye is responsive to chlorine 

gas. The increase in the chlorine concentration naturally results in an increase in the 

response of the dye (Figure 60). 
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Figure 60 - Monolayer of VII (-) after exposure to 10 ppm chlorine for 30 mins () 

An increase in the deposition pressure may result in a greater number of sites for 

the gas to attack. This results in an increased response of the dye to the chlorine 
(particularly the evident in the growth of the peaks at circa 480 and 750 nm) 

(Figure 61). 
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Figure 61 - Monolayer of VII deposited at a higher surface pressure (-) after exposure to 10 ppm 
for 30 mins () 

A further increase in the chlorine concentration of the analyte gas exposed to 

this high-pressure monolayer shows the response of the film increases dramatically 

(Figure 62). The reduction in the main absorbance as a result of oxidation of the 

macrocycle is clearly evident, although the degree of protonation of the dye has hardly 

changed with the increased gas concentration (if anything the dication production is 

lower for the increased C12 ppm). This indicates that in these experiments the water 

required for the protonation of the macrocycle may come from the gas. There are two 

possible sources of water that can be used to protonate the porphyrin free base - the gas 

mixture or the LB film itself. Other workers have suggested that the water trapped in 

the LB film is used by the chlorine atoms to form an acid and hence protonate the 
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macrocycle (80° g7). In those cases, there was a dessicator present on the gas lines to 

remove any water vapour. 
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Figure 62 - Monolayer of VII deposited at a higher pressure (-) after exposure to 50 ppm chlorine 
for 30 mins () 

For these experiments there was no such filter. The result is indicative of the gas lines 

supplying the water for a number of reasons. The source can be determined through 

analysis of the results and step-by-step elimination of the various possible contaminants 

(Table 28). Another point to consider is that the C12 was purchased from BOC Special 

Gases is balanced (100 ppm in N2) with nitrogen, which is guaranteed to have a low 

water concentration. The N2 cylinder is the standard industrial gas used throughout the 

world and can contain up to 5% water. 
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Table 28 - Possible sources of water vapour and the effect of increasing Cl2 concentration 

Possible source Result of increased 
of water vapour chlorine concentration 

Reasons 

More chlorine 
atoms to combine 

LB film Increase in protonation with the water to 
form the acid and 

therefore the 
dication 

A combination of 
more chlorine 

atoms and more 
Clz line Increase in protonation water molecules 

will result in more 
acid molecules - 
therefore more 

protonation 
As the C12 

concentration is 
increased the 

amount of nitrogen 
N2 line Decrease in protonation required to balance 

it is reduced, 
therefore the water 

vapour is also 
reduced 

Of course, there may be water in the N2 line and trapped in the LB film. This provides 

the explanation for the slight decrease in the observed dication formations for only the 

high-pressure monolayers when chlorine is increased. There will be more water trapped 
in the low-pressure film as there are a larger number of holes and defects in which the 

water molecules can reside. This compensates for the loss of water due to the decrease 

in N2 associated with the higher Cl2 concentration. 
The comparison of multilayers (5 passes through the air-water interface) 

exposed to 10 ppm and 50 ppm (Figure 63) demonstrates little change in the dication 

formation and only a slight decrease in the oxidation of the macrocycle for the increased 

concentration. This indicates that there is little water trapped in the film. 
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Figure 63 - Multilayer of VII (-), after exposure to 10 ppm chlorine for 60 mins ( ), after 
exposure to 50 ppm for 30 mins (-) 

It can be seen that the multilayer films show both oxidation and protonation 

processes quite clearly. The reduction of the main absorption band and the growth of 

the dication peak (circa 480 nm) can be monitored during the exposure to the chlorine 

(Figure 64). 

In the diagrams, spectra were recorded every 30 seconds and the absorbances at 
428 nm and 468 nm recorded. The intensities were then plotted against the time and the 

data fitted to the classic 2nd order decay curve. It is a 2nd order decay because there are 
two processes involved: the initial response of the surface and a bulk diffusion response. 

The two time constants calculated from the theoretical curve which is fitted to the 

experimental data shows that indeed this is a2 stage response. 
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Figure 64 - UV-VIS spectra of V during exposure to 50 ppm chlorine (arrows indicate direction of 
peak growth/decay as time progresses) 

The ISt time constant is 31 seconds, whilst the 2nd constant is 425 seconds. 't'his 

shows that the surface response is much faster than that of the bulk diffusion, as 

expected. These values are slightly different from the previously reported values of 33 

and 329 seconds (83). The reason for the discrepancies may lie in the deposition 

conditions, in the reported work the films were deposited rapidly, which resulted in 

highly porous films. This means that there is less surface coverage (which results in a 

slightly higher 1 s` time constant), whilst the holes in the film allow the gas to diffuse 

through the film quickly (giving a much lower 2°(1 time constant). 
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Figure 65 - Absorbance decrease at 428 nm (") during exposure to 50 ppm chlorine and the fitted 
theoretical 2nd order decay curve (- ) 

The response of V to the chlorine gas can also be compared to previous work 

through the normalised absorbance decay (Figure 66). The lines marked on the graph 

represent the final normalised absorbance of the same dye in previous work for low () 

and high (-) deposition pressures. The reason why the decay isn't as extensive as that 

of the previous work again lies in the deposition conditions. The porous multilayers 
deposited by other workers appear to facilitate bulk diffusion, which would have a 
higher number of reaction sites and therefore a greater response (Richardson refs). 
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Figure 66 - The decay of the normalised absorbance whilst exposed to 50 ppm chlorine (") and the 

corresponding results for previous work at low () and high (--) deposition pressures 

The effect of the substituent on the sensitivity of the material is difficult to 

determine. There are a number of factors which may result in a decreased response to 

the oxidising gas when comparing similar materials. For example, the orientation of the 

porphyrin on the substrate may prevent the gas from binding with some dye molecules. 
The electron-withdrawing strength of the substituents may also alter the ability of the 

central it-electron system to react with the chlorine atoms to form the dication (resulting 

in a diminished sensitivity to the gas). 
Quality is described in the Collins English Dictionary as a "degree or standard of 

excellence" (139). The 2"d differential graphs provide a method of estimating the quality 

of the Langmuir-Blodgett films; through the measurement of the number of points of 
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inflexion. The greater the number of these points, the poorer the film is likely to be. 

The dyes can be then ranked I to 6 for their quality and also their response to chlorine 

(based on the percentage response of the monolayer) (Table 29). 

Table 29 - Comparison of the quality of the Langmuir-Blodgett film with Chlorine sensitivity 

Dye IV V VI VII VIII IX 
"Quality" 6 2 5 3 4 1 
of LB film 
Response 4 2 5= 1 5= 3 

toC12 

The results indicate that the film quality may indeed play a part in the sensitivity 

of these materials to the gas. The dyes are split into two groups - ones that form 

comparatively good films (yellow) and those that don't (white). The most responsive 

sensors fall into the group with the fewest points of inflexion whilst the poorer 
deposited films result in a lower (if any) sensitivity to chlorine. 

The gas reacts with the porphyrin by initially oxidising the macrocycle, followed 

by protonation and formation of the dication. If the gas cannot interact with the it- 

electron system (due to the orientation of the molecules in the LB film), this reaction 

will have a higher activation energy and hence the dye will be less sensitive. 

120 



4.2.3 Bis-phthalocyanine / porphyrin triple-decker sandwich 

The triple-decker sandwich dye X is not suitable for UV-VIS gas-sensing as it 

degrades in light (Figure 67). The spectrum gradually decreases significantly in less 

than 24 hours making it useless as an optical sensor. 
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Figure 67 - Dye X (-), after 24 hours in the dark () or 24 hours under normal laboratory 
lighting (----) 
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1. Conclusions 

The use of differentiation to aid the analysis of the Pressure-Area isotherms 

provides an accurate and reliable method of determining the quality of deposited 

Langmuir-Blodgett films. Further work on this new concept may eventually provide a 

method of grading all LB films for direct comparisons of differing deposition 

conditions. 

The effect of the metal atom on the quality of the Langmuir (and Langmuir- 

Blodgett) film formed can be seen in the comparison of copper, zinc and metal-free t- 

butyl phthalocyanines. The results of the copper phthalocyanine are comparable to 

work performed by other research groups and suggest that it adopts an edge-on 

orientation due to the strong interactions between the n-electron rings, whilst the axial- 

coordination of water molecules to the zinc atom means the metallated phthalocyanine 

molecules assume a more face-down position. 
The porphyrin molecules can be split into two groups - those forming poor LB 

films and not-so poor LB films. Surprisingly, the two octa-substituted "ether" dyes do 

not form similar floating layers. The ethylhexyloxy porphyrin is a poor dye for use with 

Langmuir-Blodgett work, whilst the not-so-different propylbutyloxy porphyrin forms 

possibly the best film of all the porphyrins. The results of the characterisation are 

similar to the work of Richardson's research group but due to differing experimental 

conditions, not the same. The work in this thesis, performed at much slower 

compression and deposition speeds, appear to produce more uniform films. 

The SPR C12-sensing studies produced a good result for I, but were discontinued 

because the control over the chlorine concentration and background noise was 

notoriously difficult. 

The UV-VIS C12-sensing studies produced a fascinating series of results for the 

phthalocyanines where the face-down zinc phthalocyanine are far more sensitive than 

the edge-on copper and random metal-free moieties. 
The gas-sensing properties of the porphyrins generally match the results of the 

quality of the film. This showed that the orientation of the dye molecules might play a 

vital role in the chlorine-sensitivity of the films. Indeed, the results from Richardson on 
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the same porphyrins (but deposited in non-standard conditions) show that not only the 

orientation but the porosity of the film play an important role in the chlorine sensitivity. 
The fast deposition of Richardson's porphyrin films produce thicker, more porous films 

that have a higher sensitivity than the more uniform thinner films produced in this 

thesis. If this is indeed the case a simple spacer molecule could be used to decrease the 
density of the film and increase its chlorine sensitivity (see 2. Suggestions for further 

work). 

One of the porphyrins (V) demonstrated a two-stage response to the chlorine for 

the oxidation of the macrocycle. The time constants obtained were comparable to 

results obtained from the same dye by Richardson. The lower density of the other 

research group's films explains the differences; a lower surface coverage produces a 

slower surface response and the higher porosity provides faster bulk diffusion. 

The porphyrin/phthalocyanine triple-decker sandwich dye not only formed a 

poor Langmuir film, but also was also highly sensitive to light, making it unsuitable for 

chlorine gas sensors of this type. 
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2. Suggestions for further work 

2.1 Alterations to deposition conditions 

We have already seen that the orientation of the molecules plays an important 

role in the sensitivity of the films to the chlorine gas. One possible solution to poor 

sensing films, without the need to deposit in non-standard conditions, is to use another 
floating molecule to dilute (and hence separate) the dye molecules on the water surface. 
It is important that this spacer molecule is both inert to the analyte gas and the dye 

molecules to prevent any changes from the exposure to chlorine. 
Some of these experiments have already been carried out and have shown some 

initial promise. 
Firstly, stearic acid (S. A. ) was deposited onto a glass slide and then checked for 

any changes in the absorption spectrum after exposure to chlorine gas. Then it was 

mixed with the dye in trichloromethane to determine if acid was weak enough for the 
dye to remain its pure form (cf. the dication upon the addition of a few drops of HCl) 

(Figure 68). 
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Figure 68-Mixture of VIII and stearic acid (1: 10) in trichloromethane 
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The 4 satellite bands and location of the Soret band shows that the acid has not 

protonated the LB film. 

Secondly, the mixed film was deposited as a monolayer and exposed to chlorine 

gas. The comparison to the pure dye deposited under the same conditions shows that it 

may be worth exploring this further (Figure 69 and Figure 70). 
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Figure 69 - Monolayer of VIII(-) after exposure to 50 ppm chlorine for 30 mins () 

The sensitivity of multilayers can also be increased using this method. The 

simple deposition of mixed layers, however, does not alter the response of the film to 

the chlorine (Figure 71). There must be stearic acid layers deposited between each 

mixed film layer (Figure 72). 

Another method of improving the sensitivity was the increased deposition 

pressure (Figure 73). This yielded a surprising improvement in the response to chlorine 

and should be investigated further (possibly with the use of S. A. spacer layers for 

multilayers). 
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Figure 70 - Monolayer of VIII and S. A. (1: 10) (-) after exposure to 50 ppm for 30 mins () 
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Figure 71 - Multilayer (5 passes) of mixed floating film of VIII and S. A. (1: 10) (-) after exposure 
to 50 ppm chlorine for 30 mins () 

127 



0.06 

0.04 11, 

V 
O 
fß 

O 

Q 0.02 

0.00 
400 500 600 700 800 

Wavelength (nm) 

Figure 72 - Multilayer of VIII and S. A. mixed film (1: 10,5 passes) with 4xS. A. spacer layers (-) 

after exposure to 50 ppm chlorine for 30 mins (- ) 
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Figure 73 - Monolayer of VIII deposited at high pressure (-) and exposed to 50 ppm chlorine for 
30 mins () 
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2.2 Investigation of chain lengths in ether substituents 

Dyes VII, VIII and IX are similar in chemical structure, but very different in 

Langmuir film and Gas-sensing properties. The effect of altering the chain lengths of 
the ether substituents should be investigated to determine which provides the best 

floating monolayer and is most responsive to chlorine. 

2.3 Potential commercial investigations 

If a commercial sensor is to be built, dyes must be chosen which have 

absorbances that decay or grow within the range of the light source (for example circa 
680 nm for a cheap red LED) when the film is exposed to the analyte gas. Other issues 

such as the requirements for background scans should also be investigated. 
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Appendix 

Explanation of 2nd differential graphs 

The example below is an isotherm of stearic acid -a standard calibration 

material used with Langmuir troughs. Using the 2"d differential several features become 

evident. 
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and are maxima in the 2°d differential. They correspond to the large 

changes in the gradient of the isotherm where the former marks the take-off 

point and the latter indicates the end of the plateaux associated with the 

orientation change of the molecules on the water surface. 
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® 
and 

© 
are points of inflexion in the isotherm. In the 2 °d differential, 

they mark a change in the gradient directly between minima and maxima. In 

the case of the latter point, it marks the start of the collapse of the floating 

film. For stearic acid, the gradient of the curve is steep at this point, 
indicating that whilst the dye molecules are stable at the air-water interface, 

only a slight reduction in the area will result in the collapse of the 

monolayer. 

is the point of collapse of the film. In most stearic acid isotherms this would 
be denoted by a global minima. However, in this case the experiment was 

terminated before the surface pressure reached the point where the collapse 

is clearly evident (a decrease can be seen in the pressure with decreasing 

area). 
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